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Bile acid biology and the enterohepatic cycle
Since the 1928 Nobel Prize was awarded to Adolf Windaus for his research into 
the chemical structure of bile acids, bile acids have been recognized mainly for 
their function as enteral detergents, facilitating the uptake of fat and fat-soluble 
vitamins in the gut. Bile acids are synthesized from a cholesterol backbone in 
hepatocytes, forming the primary bile acids cholate (CA) and chenodeoxycholate 
(CDCA) (Lefebvre, Cariou, & Lien, 2009). A�er synthesis, bile acids are stored in 
the gallbladder and mixed with bicarbonate-rich bile �uid to be secreted as bile 
into the lumen of the duodenum a�er ingestion of a meal containing fats and 
carbohydrates. �ere, their amphipathic nature aids digestion and absorption by 
forming micelles with dietary lipids. 

Subsequently, bile acids are absorbed in the distal ileum and transported back 
to the liver via the portal circulation for reuse, forming a closed loop known as 
the enterohepatic circulation. Generally, bile acids do not pass the enterocyte 
membrane by passive di�usion, but, rather, are taken up by dedicated molecular 
transport in the distal part of the small intestine (Hofmann & Hagey, 2008). 
A fraction of primary bile acids that escape uptake in the terminal ileum is 
deconjugated and dehydroxylated by the bacterial microbiome in the colon to 
form deoxycholate (DCA) and lithocholate (LCA), the so-called secondary bile 
acids. CA and CDCA are converted into DCA and LCA, respectively. Because 
human hepatocytes lack the molecular pathway to rehydroxylate DCA (in contrast 
to rodents) this secondary bile acid accumulates to form a considerable part of 
the circulating bile acid mix in humans, usually around 35%. �ese secondary 
bile acids are predominantly taken up by colonic mucosa, allowing for e�cient 
recycling of sterols. �e fraction of the bile acid pool that is not reabsorbed and thus 
lost in the feces, ~5% per cycle of the enterohepatic circulation, is compensated for 
by de novo bile acid synthesis. �is process refuels the enterohepatic cycle. It is 
worth mentioning that the enterohepatic cycle is highly dynamic. �e �ow of bile 
acids through the di�erent compartments is not only dependent on the chemical 
structure and conjugation status of the bile acid mix, but also on factors such as 
intestinal motility (Sips et al., 2018). 

Because of their soap-like nature, bile acids are reported to be cytotoxic in high 
concentrations, although evidence for in vivo toxic e�ects is sparse. However, 
conjugation to a glycine or taurine amino-acid group decreases cytotoxicity and 
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1
increases solubility, aiding secretion into bile �uid. �ough intestinal bacteria 
deconjugate bile acids, the majority of the human bile acid pool (around 80%) is 
in its conjugated form throughout the enterohepatic cycle (Hofmann & Hagey, 2008). 
Bile acids are preferentially conjugated to taurine by bile acid coenzyme A:amino acid 
N-acyltransferase (BAAT), but as taurine is less prevalent in the human diet, the human 
bile acid pool is predominantly glycine-conjugated (Hardison & Grundy, 1983). 

Taking into account the steps of synthesis, conjugation to amino-acids, 
dehydroxylation by bacteria to secondary bile acids, a certain degree of 
rehydroxylation in hepatocytes and loss in the feces, it is easy to understand that 
the resulting mixture of bile acids, which we call the bile acid pool, is a variable 
entity, both within and between individuals and species (Lefebvre, Cariou, Lien, 
et al., 2009). To compound these di�erences, di�erent bile acid species and 
conjugation states impart di�erences in hydrophilicity and a�nity for the various 
bile acid receptors (Parks et al., 1999; Sato et al., 2008). �is may have consequences 
for their proposed e�ects on biological processes and translation of preclinical 
�ndings to therapeutic settings, as described in this thesis.

Bile acids as metabolic hormones
�e traditional view of bile acids as enteral detergents was upended when, in 
1999, it became evident that bile acids are ligands for the (until then) orphan 
nuclear receptor farnesoid X receptor (FXR), exerting negative feedback on 
their own biosynthesis (Parks et al., 1999). Activation of FXR was shown to 
suppress transcription of the CYP7A1 gene and thereby expression of cholesterol 
7α-hydroxylase, which is the rate-limiting enzyme of bile acid synthesis (Lefebvre, 
Cariou, & Lien, 2009). In the distal ileum, activation of FXR in enteroendocrine 
L-cells induces increased expression and secretion of ileal Fibroblast Growth 
Factor 19 (FGF19). FGF19 is an enterokine that in turn represses hepatic bile acid 
production through the FGF-receptor-4 (FGFR4) by inhibiting CYP7A1, creating 
a negative feedback loop (Schaap et al., 2014). Besides this established pathway, 
FGF19 has also been implicated in regulation of metabolism. Transgenic mice 
overexpressing FGF19 or treated with an FXR ligand are resistant to diet-induced 
obesity and insulin resistance (Tomlinson et al., 2002)(Renga et al., 2010). In 
mice, FGF19 represses genes involved in gluconeogenesis and lipogenesis, instead 
stimulating fatty acid oxidation and glycogen synthesis (Kir et al., 2011; Pottho� et 
al., 2011; Schaap et al., 2014). 
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FXR is also found in white adipose tissue (WAT), although its physiological 
role there is unknown. In vitro, activation of FXR by a speci�c and potent FXR 
ligand (INT747) in conjunction with insulin stimulates adipocyte di�erentiation, 
suggesting a role in enhancing insulin signaling (Rizzo et al., 2006). In pancreatic 
beta cells, which express FXR in vivo, glucose-dependent insulin transcription 
and secretion were increased by activation of FXR in vitro (Renga et al., 2010). 

In addition to FXR, bile acids are ligands for the transmembrane receptor 
Takeda G-coupled protein receptor 5 (TGR5), sometimes referred to as GPBAR1 
(Kawamata et al., 2003; Maruyama et al., 2002; Sato et al., 2007; Watanabe et al., 
2006), which is involved in metabolic signaling. Bile acids stimulate TGR5 on the 
luminal membrane of enteroendocrine L-cells to secrete Glucagon-like peptide-1 
(GLP-1), a so-called incretin hormone that in turn stimulates glucose-dependent 
insulin secretion in the pancreatic beta cell (Katsuma et al., 2005). Outside of the 
enterohepatic circulation, TGR5 is mainly expressed in muscle and brown adipose 
tissue, though it has not yet been determined whether is has a relevant function in 
humans. In vitro and in mice, stimulation of TGR5 with bile acids increases resting 
energy expenditure through increased activation of iodothyronine deiodinase 2, 
which in turn activates thyroid hormone (Watanabe et al., 2006). In these tissues, 
insulin sensitivity is increased a�er TGR5 activation (�omas et al., 2008; Watanabe 
et al., 2006). Bile acids may also stimulate insulin release independently from GLP-
1, as TGR5 is expressed in pancreatic beta cells (as well as FXR, as mentioned 
previously) (Kumar et al., 2012; Renga et al., 2010). Activation of TGR5 on human 
pancreatic beta cells leads to rapid basal and glucose-dependent insulin secretion 
in vitro (Kumar et al., 2012). 

In addition to these metabolically active tissues, TGR5 is also expressed in 
macrophages and Kup�er cells, were TGR5 appears to suppress markers of 
in�ammation. In a mouse model of atherosclerosis, activation of TGR5 was 
protective (Pols et al., 2011), an e�ect that was lost in TGR5 -/- mice. �is e�ect 
has been supported by animal and in vitro studies(Keitel et al., 2008)(Ichikawa 
et al., 2012). �is points to a role for bile acid in regulating the postprandial 
pro-in�ammatory state (Meessen et al., 2019).

Besides the two speci�c bile acid receptors, a number of other nuclear receptors 
have been described to be activated by bile acid metabolites, notably the 
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1
Constitutive Androstane receptor (CAR), the Pregnane X receptor (PXR), the Liver 
X receptor (LXR) and the vitamin D receptor (VDR) (Li & Chiang, 2012). �ese 
are xenobiotic/endobiotic sensing receptors known to be involved in regulation of 
hepatic drug oxidation, conjugation and transport, which has considerable overlap 
with bile acid metabolism. �e interaction of bile acids with these receptors falls 
outside of the scope of this thesis.

Most of the metabolically active tissues expressing bile acid receptors are not 
exposed to their ligands either through bile in the gut lumen or via the portal 
circulation. So how would they be activated in a physiological setting? As described 
in the previous section, concentrated bile from the liver and gallbladder �ows 
into the intestinal lumen. A�er reuptake, they enter the portal circulation, where 
the liver e�ciently extracts bile acids from the portal vein for rehydroxylation, 
conjugation and resecretion. Notably, a fraction bypasses the liver to enter the 
systemic circulation, where they can be measured in a postprandial peak, reaching 
a concentration of approximately 1-20 µmol/L 30 to 90 minutes a�er a mixed meal 
(N. F. LaRusso et al., 1978). As a consequence, extra-intestinal tissues are exposed 
to bile acid concentrations that might be high enough to exert biological e�ects 
through their receptors, although peripheral concentrations are much lower 
compared to portal vein concentrations (N. LaRusso et al., 1974). �is is of critical 
importance in the assessment of the physiological role of bile acids in human 
energy metabolism, as most of the aforementioned pathways and e�ects have 
only been described in the context of supraphysiological stimulation or knock-out 
rodent models.

Bile acids in obesity and type 2 diabetes mellitus
As discussed in the previous sections, bile acid levels in the enterohepatic and 
systemic circulation are responsive to nutrient intake, making bile acid receptors 
ideally positioned in the digestive system to function as postprandial metabolic 
integrators by sensing and conveying information about nutrient status (Angelin 
& Bjorkhem, 1977; Sonne et al., 2016). Indeed, impaired bile acid signaling has 
been implicated in the deranged glucose metabolism of patients with obesity and 
type 2 diabetes mellitus (DM2). �is is illustrated by the altered plasma bile acid 
concentrations and bile acid pool composition in patients with insulin resistance 
and DM2 (Brufau et al., 2010; Haeusler et al., 2013). In these patients, plasma 
bile acid levels are increased compared to healthy controls, in particular cholic 
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acid and deoxycholic acid (Haeusler et al., 2013; Brufau et al., 2010). While this 
relationship is poorly understood, there is some evidence that insulin normally 
regulates production of cholic acid and deoxycholic acid through the transcription 
factor Forkhead box protein 1 (FoxO1), which represses Cyp8b1, one of the 
enzymes responsible for bile acid synthesis (Haeusler et al., 2012). �e impaired 
insulin signaling in DM2 is then thought to lead to increased generation of 
bile acids.

In contrast, obesity is characterized by decreased postprandial concentrations 
of bile acids in plasma, while markers of bile acid synthesis were shown to be 
increased (Glicksman et al., 2010; Haeusler et al., 2016). �e blunted postprandial 
peaks could be attributed to slower intestinal transit in obese subjects, a theory 
that is underlined by the quick restoration seen in these patients a�er undergoing 
Roux-en-Y gastric bypass (RYGB) (Ahmad et al., 2013).

Bariatric surgery on the other hand, RYGB in particular, increases fasting and 
postprandial plasma bile acid levels, resulting in a complete cure of DM2 in many 
cases, although if and how these changes are related is presently unclear (Jørgensen 
et al., 2015; Schauer et al., 2012). 

�is data from human models of DM2 and obesity suggests that bile acids play a 
role in modulating the postprandial metabolic response (changes in glucose and 
lipid metabolism in response to a sudden in�ux of nutrients) (Lefebvre, Cariou, & 
Lien, 2009). �ere seems to be a signaling role in liver, white and brown adipose 
tissue, pancreas, and in muscle, where the two bile acid receptors are expressed 
in varying levels of abundance. As discussed above, postprandial plasma bile 
acid peak concentrations may be high enough to activate these receptors in vivo. 
Recently, trying to emulate the success of GLP-1 receptor-targeted therapies, 
TGR5 has been proposed as a pharmacological target to combat obesity and DM2 
(Maruyama et al., 2002; Sato et al., 2008; �omas et al., 2009; Watanabe et al., 2004, 
2006). As of the writing of this thesis, this has not yielded any safe and e�ective 
compounds.
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1
Conclusion

Many preclinical studies have been performed since the initial discovery TGR5 to 
elucidate its physiology as a bile acid receptor and possible value as a therapeutic 
target in DM2, obesity and non-alcoholic steatohepatitis (NASH). However, the 
question remains whether the discovered pathways function similarly in human 
physiology, and if they do, whether they their e�ects are large enough to be relevant. 
In particular, profound interspecies di�erences in the biology of bile acids and bile 
acid receptors in multiple cells and tissues hamper translation to human patho-
physiology. �erefore, we aimed to perform translational studies to uncover the 
relevance and biological importance of the postprandial bile acid response. 

Outline

Part II – Variations in bile acid levels: Since it has been proposed that bile acids 
regulate lipid and carbohydrate metabolism, we set out in chapter 2 to describe 
postprandial plasma concentrations of 12 individual bile acid species in patients 
with DM2 and healthy controls using a 75-g oral glucose tolerance test and three 
isocaloric and isovolemic liquid meals with low, medium, and high fat contents, 
respectively.

Because variation within, and between, subjects turned out to be considerable, we 
subsequently investigated portal bile acid concentrations and their increase a�er 
a meal, and compared these to peripheral plasma concentrations in a transorgan 
porcine model. In chapter 3 we describe this model that we used to investigate 
postprandial plasma concentrations in multiple compartments as well as 
transorgan �uxes of bile acids, glucose and insulin using the para-aminohippuric 
acid dilution method. Eleven pigs with multiple intravascular catheters received 
a standard mixed-meal. Additionally, we sampled fasted venous and portal blood 
from non-diabetic obese patients during gastric bypass surgery as a human 
reference point.

Part III - Intervention: To further examine regulating mechanisms in postprandial 
bile acid metabolism, we devised several interventions aiming to mimic the e�ect 
of physiological stimuli on insulin sensitivity. In chapter 4 we used a 2-week very-
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low-calorie diet (VLCD) to investigate the e�ects of rapid weight loss on bile acid 
pool composition and postprandial dynamics. We performed mixed meal tests in 
insulin resistant obese subjects before and a�er the diet. We measured postprandial 
plasma levels of glucose, insulin, bile acids and the enterokines GLP-1 and FGF19.

In chapter 5 we describe the e�ect of starvation-induced insulin resistance on bile 
acid metabolism. We investigated the postprandial bile acid response in relation to 
insulin, GLP-1 and FGF19 a�er 40 hours of starvation. A�er �nding a correlation 
between postprandial levels of insulin and glycine-conjugated deoxycholic acid 
(gDCA), we performed a follow-up experiment in which we administered gDCA 
with the meal to try to modulate postprandial glucose, insulin and GLP-1 levels.

A�er these dietary and pharmacological interventions, we performed bile acid 
measurements in a bariatric model in chapter 6. �e duodenal-jejunal bypass liner 
(DJBL) is an intraduodenal device that leads to rapid weight loss and restoration 
of insulin sensitivity in a similar fashion to Roux-en-Y gastric bypass (RYGB) 
surgery. Analogous to �ndings a�er RYGB, increased systemic bile acid levels are 
candidate e�ectors for the bene�cial e�ects on metabolism. We performed mixed 
meal testing in 17 obese patients with DM2 directly before, one week a�er and 
6 months a�er DJBL placement. 

Part IV - Central nervous system: Since autonomic innervation is involved in the 
regulation of many endocrine and metabolic processes, we speculated that bile 
acids metabolism could be regulated in a similar fashion. In chapter 7, we examine 
whether circadian rhythms in�uence postprandial bile acid responses. Obese 
patients with DM2 show a disturbed diurnal rhythm in plasma glucose tolerance. 
Since circulating bile acids a�ect glucose metabolism and bile acid synthesis is 
known to be regulated by the circadian clock, we hypothesized that obese patients 
with DM2 show an altered diurnal rhythm of postprandial bile acid plasma 
excursions. We studied 6 obese patients with DM2 and 6 matched controls who 
were provided with three equicaloric equidistant meals per day for three days. 
Extensive blood sampling was performed throughout the study day. 

Part V - Bile acids in perspective: Finally, we re�ect on the di�erences between animal 
and human studies and their consequences for the future use of bile acid targeted 
therapy in clinical practice. Chapter 8 details the profound interspecies di�erences 

570617 Nierop, Sam van.indd   18 06-12-2021   21:05



Introduction

19

1
in the biology of bile acids and their receptors in di�erent cells and tissues. While 
preclinical studies show promising e�ects, clinical studies are scarce. We give a 
summary of key concepts in bile acid metabolism; outline di�erent downstream 
e�ects of TGR5 activation; and review available data on TGR5 activation, with a 
focus on the translation of preclinical studies into clinically applicable �ndings.
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Abstract

Context: Bile acids regulate lipid and carbohydrate metabolism by interaction with 
membrane or intracellular proteins including the nuclear farnesoid X receptor 
(FXR). Postprandial activation of ileal FXR leads to secretion of �broblast growth 
factor 19 (FGF19), a gut hormone that may be implicated in postprandial 
glucose metabolism.
Objective: To describe postprandial plasma concentrations of 12 individual bile 
acids and FGF19 in patients with type 2 diabetes (T2D) and healthy controls.
Design and Setting: Descriptive study, performed at the Center for Diabetes 
Research, Gento�e Hospital, Hellerup, Denmark.
Participants: Fi�een patients with T2D and 15 healthy matched controls with 
normal glucose tolerance.
Interventions: A 75-g oral glucose tolerance test and three isocaloric and isovolemic 
liquid meals with low, medium, and high fat content, respectively.
Main Outcome Measures: Bile acid and FGF19 concentrations.
Results: Postprandial total bile acid concentrations increased with increasing 
meal fat content (P < .05), peaked a�er 1–2 hours, and were higher in T2D 
patients vs controls (oral glucose tolerance test, low and medium fat meals, P < .05; 
high fat meal, P = .30). Di�erences re�ected mainly unconjugated and glycine-
conjugated forms of deoxycholic acid (DCA) and to a lesser extent cholic 
acid (CA) and ursodeoxycholic acid (UDCA), whereas chenodeoxycholic 
acid (CDCA) concentrations were comparable in the two groups. FGF19 
concentrations tended to be lower in T2D patients vs controls, but di�erences 
were not statistically signi�cant due to considerable variation.
Conclusion: Postprandial plasma patterns of bile acids with FXR agonistic properties 
(CDCA, DCA, and CA) and FXR antagonistic properties (UDCA) in T2D 
patients support the notion of a “T2D-bile acid-FGF19” phenotype with possible 
pathophysiological implications. (J Clin Endocrinol Metab 101: 3002–3009, 2016)
Abbreviations: AUC, area under the curve; BMI, body mass index; CA, cholic acid; 
CDCA, chenodeoxycholic acid; DCA, deoxycholic acid; EGP, endogenous glucose 
production; FGF19, �broblast growth factor 19; FXR, farnesoid X receptor; 
GLP-1, glucagon-like peptide-1; HbA1c, hemoglobin A1c; NGT, normal glucose 
tolerance; OGTT, oral glucose tolerance test; TBA, total bile acid; T2D, type 2 
diabetes; TGR5, Takeda G-coupled protein receptor 5; UDCA, ursodeoxycholic 
acid.
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Introduction

Since the discovery that bile acids are ligands for the nuclear farnesoid X receptor 
(FXR) and the Takeda G-coupled protein receptor 5 (TGR5), studies in both 
animals and humans have established that bile acids are metabolic integrators 
involved in glucose, lipid, and energy metabolism, particularly in the postprandial 
state (1). Several recent reviews have addressed conditions in which TGR5 and 
FXR have emerged as new targets for pharmacological agents (2, 3). TGR5 
activation has been linked to increased energy expenditure in muscle and brown 
adipose tissue, immunosuppressive e�ects in immune cells, and–perhaps most 
importantly in the present context-secretion of intestinal L-cell satiety products 
such as peptide YY and the incretin hormone glucagonlike peptide-1 (GLP-1) 
(2, 4). FXR activation by bile acids a�ects the expression of multiple key regulatory 
genes encoding components of the bile acid synthesis cascade, as well as genes acting 
in numerous metabolic pathways (5). Interestingly, a recent study demonstrated 
that FXR activation in L cells decreases GLP-1 secretion in response to glucose 
(6). Most of the e�ects of FXR and TGR5 activation have been corroborated in 
animal models and to a lesser degree in human studies. Alteration of the bile acid 
pool has been shown to induce changes of parameters that are part of the metabolic 
syndrome (ie, insulin resistance, hyperglycemia, hepatic steatosis, low high-density 
lipoprotein cholesterol levels, and cardiovascular risk) (7).

Intriguingly, drugs modulating the enterohepatic circulation of bile acids by 
binding bile acids in or inhibiting their absorption from the small intestine have 
been shown to improve glycemic control in patients with type 2 diabetes (T2D) 
(3, 8). �e metabolic e�ects of bile acids may involve the gut hormone �broblast 
growth factor 19 (FGF19), which is released from the terminal ileum upon bile 
acid-induced FXR activation. FGF19 exerts pleiotropic e�ects on hepatic bile acid 
metabolism as well as lipid, protein, and glucose metabolism (9). In light of the 
predominance of postprandial glycemia in determining overall glycemic control 
in T2D patients (10), as well as the accumulating evidence that bile acids play an 
important part in the whole-body response to nutrient ingestion (1), we hypothesized 
that postprandial bile acid concentrations in T2D patients could reveal a 
“T2D-bile acidFGF19” phenotype with possible pathophysiological implications. 
�us, we performed a characterization of postprandial concentrations of 
12 plasma bile acids and FGF19 a�er various meal stimuli in patients with T2D 

570617 Nierop, Sam van.indd   27 06-12-2021   21:05



Chapter 2

28

and healthy age-, gender-, and body mass index (BMI)matched control subjects 
with normal glucose tolerance (NGT). 

Subjects and Methods

Participants
A detailed description of the experimental procedures and subjects was provided 
previously (11). In short, plasma was obtained from 15 patients with T2D (mean 
duration of T2D, 7.5 years [range, 6 –20]; age, 59.4 ± 9.6 years [mean ± SD]; 
BMI, 28.0 ± 2.2 kg/m2; hemoglobin A1c [HbA1c], 7.5 ± 1.4%) and 15 healthy, 
age-, gender-, and BMI-matched control subjects (age, 59.7 ± 10.0 years; BMI, 
27.9 ± 2.0 kg/m2; HbA1c, 5.2 ± 0.2%). None of the T2D patients had overt 
diabetic complications. Eight patients were treated with metformin, three with 
sulfonylurea, and four with diet only. Patients were instructed to abstain from taking 
blood glucose-lowering drugs for at least 1 week before the �rst study day.

Study design
Patients underwent four separate “meal” tests (visits were separated by 2– 4 days) 
as follows: 75-g oral glucose tolerance test (OGTT; 75 g of water-free glucose 
dissolved in 300 mL water), and three isocaloric (500 kcal) and isovolemic (350 mL) 
liquid meals (low fat, 2.5 g fat, 107 g carbohydrate, and 13 g protein; medium fat, 
10 g fat, 93 g carbohydrate, 11 g protein; and high fat, 40 g fat, 32 g carbohydrate, 
and 3 g protein). Written informed consent was obtained from all participants. Results 
on postprandial glucose metabolism, gallbladder emptying, and gut hormone 
secretion have been reported previously (11).

Sample collection
Arterialized blood samples were drawn 20, 10, and 0 minutes before and 15, 
30, 45, 60, 90, 120, 180, and 240 minutes a�er ingestion of the OGTT or meals. 
Blood was collected into chilled tubes containing EDTA and a speci�c dipeptidyl 
peptidase 4 inhibitor (valine-pyrrolidide, �nal concentration of 0.01 mmol/L; 
a gi� from Novo Nordisk) for plasma analyses of individual bile acids and 
FGF19. Tubes were kept on ice, centrifuged for 20 minutes at 1200 × g and 4°C,
and stored at –20°C until analysis. Samples were analyzed for unconjugated 
cholic acid (CA), chenodeoxycholic acid (CDCA), deoxycholic acid (DCA), and 

570617 Nierop, Sam van.indd   28 06-12-2021   21:05



Postprandial bile acid concentrations

29

2

ursodeoxycholic acid (UDCA), as well as their corresponding glycine and taurine 
amidates (conjugates). Total bile acid (TBA) concentrations were determined by 
calculating the molar sum of all 12 bile acids. Bile acids were measured using an 
ultra-performance liquid chromatography ionization tandem mass spectrometry 
method (12) (Supplemental Data). A sandwich ELISA kit was used for colorimetric 
determination of FGF19 in plasma (FGF19 Quantikine ELISA kit, catalog no. 
DF1900; R&D Systems), following the manufacturer´s instructions. Intra- and 
interassay coe�cients of variation were 6.0 and 7.5%, respectively.

Presentation of bile acid data
Bile acid concentrations are presented according to biological groupings (TBA, 
primary bile acids [CA, CDCA], and secondary bile acids [DCA, UDCA]) in 
Table 1 and Figures 1 and 2. Postprandial area under the curve (AUC) calculations 
for bile acids and FGF19 concentrations are shown in Table 1, and postprandial 
pro�les and AUCs are displayed graphically in Figures 1 and 2. Time courses for 
individual bile acids are found in mental Figures 1–4. Fasting concentrations of 
bile acids and FGF19 are presented in Supplemental Table 1. Bile acids conjugated 
with glycine or taurine are termed amidates in tables and �gures.

Statistical analysis
Results are reported as medians and interquartile ranges (25th– 75th percentiles). 
Baseline values are de�ned as the mean of the three values obtained before 
consumption of the meals, and AUC values were calculated using the trapezoidal 
rule. �e e�ect of group and meal type was analyzed by repeated measures ANOVA 
in a linear mixed-e�ect model using group and meal as �xed e�ects and subjects 
as random e�ect. �e assumptions of a Gaussian distribution of residuals and 
homogeneity of variances were assessed visually by drawing histograms, residual 
plots, and probability plots. If assumptions could not be met, continuous variables 
were transformed using Box-Cox transformations. We chose to calculate type III 
sums of squares for the �xed e�ects. Between-group di�erences were tested using 
Student’s t test and Holm-Sidak’s adjustment for multiple comparisons. Correlations 
were assessed with the Spearman rank correlation test. A two-sided P value of .05 
was used to indicate signi�cant di�erences. Statistical analyses were performed using 
GraphPad Prism version 6.0b for Windows/Mac (GraphPad So�ware) and R (3.2.1) 
for Windows/ Mac (http://cran.r-project.org).
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Results

Postprandial concentrations of TBA
Postprandial TBA concentrations increased with increasing meal fat content 
(post-test for linear trend, P < .001), peaked a�er 1–2 hours, and were higher 
in T2D patients vs NGT subjects (OGTT, low and medium fat meals, P < 
.05; high fat meal, P = .30) (Figure 1 and Table 1). Fasting concentrations of 
total, unconjugated, and amidated bile acids were marginally increased in T2D 
patients vs NGT subjects (Supplemental Table 1). A subgroup analysis revealed 
no di�erences in TBA and FGF19 concentrations in metformin-treated patients vs 
patients treated with sulfonylureas and diet only (data not shown).

Postprandial concentrations of primary bile acids (CA and CDCA)
Postprandial total CA concentrations were dominated by glycine conjugates, 
which were higher in T2D patients vs NGT subjects (Table 1 and Figure 2) a�er 
OGTT and low and medium fat meals, but not a�er the high fat meal. Other CA 
fractions did not di�er between the two groups. In comparison with the other bile 
acids measured, glycine-conjugated CDCA was the dominating bile acid found 
postprandially (Figure 2). In both groups, a clear and positive e�ect of meal fat 
(post-test for linear trend, P < .001) was demonstrated, but no between-group 
di�erences were present. �ere was a tendency to higher taurine conjugates in NGT 
subjects, but this di�erence was not statistically signi�cant (Supplemental Figure 4). 
Fasting concentrations of total and unconjugated CA and CDCA were comparable 
between groups, whereas glycine-conjugated CA and taurine-conjugated CA and 
CDCA were marginally higher in T2D patients vs NGT subjects (Table 1).

Postprandial concentrations of secondary bile acids (DCA and UDCA)
Postprandial DCA concentrations were markedly higher in T2D patients a�er all 
meal stimuli. �ese di�erences re�ected unconjugated and glycine-conjugated bile 
acids and, to a lesser extent, taurine conjugates (Table 1 and Figure 2). Although 
postprandial UDCA concentrations were 5- to 10-fold lower relative to the 
other bile acids measured, a clear increase was demonstrated in T2D patients vs 
NGT subjects. As for DCA concentrations, this di�erence re�ected increased 
unconjugated and glycine-conjugated UDCA. However, in both groups, taurine 
conjugates were very low. Again, meal fat content associated positively with bile 
acid concentrations (post-test for linear trend, P < .001). Fasting concentration of 
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total, unconjugated, and glycine and taurine conjugates of DCA and UDCA were 
also higher in T2D patients vs NGT subjects (Supplemental Table 1).

Figure 1. TBAs and FGF19. Postprandial plasma concentrations of TBA and FGF19 are shown during a 75-g 
OGTT and three isocaloric (500 kcal)  and isovolemic (350 mL) liquid meals (low fat, 2.5 g fat, 107 g carbohydrate, 
and 13 g protein; medium fat, 10 g fat, 93 g carbohydrate, 11 g protein; and high fat: 40 g fat, 32 g carbohydrate, 
and 3 g protein) in NGT subjects (A and C, n = 15) and T2D patients (B and D, n = 15). AUC is shown for TBA 
(E) and FGF19 (F) in NGT subjects and T2D patients. Median and interquartile range values are shown. 
*, Signi�cant di�erences (P < .05) vs NGT.
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Figure 2. Individual bile acids. AUC is shown for TBA, unconjugated (uncon) CA, CDCA, DCA, and UDCA, 
and their corresponding glycine (g) and taurine (t) amidates during a 75-g OGTT and three isocaloric (500 kcal) 
and isovolemic (350 mL) liquid meals (low fat, 2.5 g fat, 107 g carbohydrate, and 13 g protein; medium fat, 10 g 
fat, 93 g carbohydrate, 11 g protein; and high fat, 40 g fat, 32 g carbohydrate, and 3 g protein) in T2D patients 
and NGT subjects. Median and interquartile range values are shown. *, Signi�cant di�erences (P < .05) vs NGT.

Postprandial concentrations of FGF19
Both fasting and postprandial concentrations of FGF19 varied considerably in 
both groups. Hence, although NGT subjects tended to have higher postprandial 
FGF19 concentrations, di�erences were not statistically signi�cant (Figure 1, Table 
1, and Supplemental Table 1). 

In both groups, postprandial peak concentrations occurred late (~3–4 hours a�er 
meal ingestion) and were more pronounced with increasing meal fat content 
(post-test for linear trend, P < .001). By grouping the four meal responses 
together, correlation analyses showed a weak, but signi�cant, positive correlation 
between TBA and FGF19 concentrations (AUCs) in both NGT subjects (r = 0.411; 
P < .001) and T2D patients (r = 0.519; P < .001). �e association between FGF19 
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and the individual bile acids (total concentrations) showed similar patterns (NGT 
vs T2D: CA, r = 0.426 and P < .001 vs r = 0.471 and P < .001; CDCA, r = 0.384 
and P = .003 vs r = 0.520 and P < .001; DCA, r = 0.361 and P = .005 vs r = 0.322 
and P < .017; UDCA, r = 0.188 and P = .15 vs r = 0.107 and P = .44). Postprandial 
concentrations of FGF19 and C-peptide were inversely associated in both NGT 
subjects (r = -0.266; P = .04) and T2D patients (r = -0.383; P = .003), whereas the 
association between FGF19 and glucose was negatively associated only in NGT 
subjects (r = -0.310; P = .02) vs T2D patients (r = 0.061; P = .66).

Discussion

�e major �ndings in this study are: 1) T2D patients exhibited increased fasting 
and postprandial TBA concentrations a�er a wide range of nutritional stimuli in 
comparison with NGT subjects; 2) di�erences re�ected mainly unconjugated and 
glycine-conjugated forms of the secondary bile acids DCA and UDCA and to a 
lesser extent CA, whereas postprandial CDCA concentrations were comparable 
among the two groups; and 3) postprandial concentrations of taurine-conjugated 
bile acids were also slightly higher in T2D patients (DCA). Furthermore, both 
fasting and postprandial FGF19 concentrations tended to be lower in T2D patients 
vs NGT subjects, but due to large variability, these di�erences were not statistically 
signi�cant. Lastly, in both groups, a positive correlation between postprandial 
TBA and FGF19 concentrations was demonstrated.

�e aim of the present study was to assess postprandial bile acid concentrations in 
T2D patients in order to shed more light on the possible mechanisms underlying 
the role of bile acids in metabolic regulation and T2D pathophysiology. Recent 
years have seen extensive research on bile acid metabolism in T2D, but no previous 
study has addressed postprandial bile acid concentrations of individual bile acids 
together with FGF19 a�er a wide range of di�erent meals. �e importance of this 
focus is highlighted by recent data showing that bile acids are not just luminal 
signaling molecules that activate TGR5 (leading to GLP-1 secretion) and FXR 
(leading to FGF19 secretion) in the intestine (3). FXR and TGR5 receptors 
are widely expressed and may even be found on pancreatic β-cells (6, 13–15). 
In fact, systemic bile acids seem to stimulate TGR5 and FXR, which positions
postprandial plasma bile acids suitable for the regulation of overall glucose 
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homeostasis (1, 6, 16, 17). Such a concept could �t with the established notion 
that in T2D patients with a relatively low HbA1c (~7.5% [58 mmol/mol] or 
less), postprandial glycemia, as opposed to preprandial blood glucose, makes the 
predominant contribution to overall glycemic control (10). Indeed, postprandial 
hyperglycemia—an early defect seen in impaired glucose tolerance and T2D—is a 
major contributor to HbA1c and is even recognized as an independent risk factor 
for cardiovascular disease (18, 19)—a link that may also prove important considering 
the emerging evidence suggesting a role of bile acids in cardioprotection (20).

Substantial rearrangements of bile acid metabolism in T2D patients are well 
established, including changes in pool size, pool composition, synthesis rate, 
and postprandial plasma concentrations (21–27). We show that postprandial 
concentrations of secondary bile acids were higher in T2D patients vs NGT subjects. 
Indeed, on most study days, even fasting concentrations of total and secondary bile 
acids were higher in T2D patients vs NGT subjects. Moreover, we found increased 
postprandial CA concentrations (mainly glycine amidates), whereas CDCA 
concentrations (the predominant bile acid) were comparable among the groups. 
�e design of the isovolemic and isocaloric meals allowed us to dissect in more 
detail how postprandial bile acid concentrations are a�ected by the fat content in 
the meal. Clearly, in both groups the high fat meal resulted in much higher plasma 
bile acid concentrations compared to the other meals—in fact, the CA and CDCA 
concentrations in T2D patients were equaled in the NGT group a�er the high fat 
meal (Figure 2). All four stimuli led to augmented DCA and UDCA concentrations 
in the T2D patients vs NGT subjects. Hence, postprandial concentrations of bile 
acids were clearly in�uenced acutely by meal composition. Most likely, this re�ected 
increased gallbladder emptying a�er a larger fat stimulus (11) and increased 
enterohepatic circulation of all bile acid species, but it could also point toward the 
notion of acute e�ects of macronutrient composition constituting an important 
regulator of postprandial bile acid pool composition similar to changes seen a�er 
more extensive diet changes (28). Indeed, the meals also di�ered with regard to 
carbohydrate and protein content. Interestingly, even oral glucose resulted in 
increased TBA plasma concentrations in T2D patients, whereas concentrations in 
NGT subjects were almost una�ected. �is could �t with our �nding of increased 
gallbladder emptying in the T2D group (~30 vs ~20% in the NGT group) a�er the 
OGTT (11). Indeed, oral glucose is a minor stimulus for gallbladder contraction 
but—perhaps counterintuitively—a rather good stimulus for FGF19 secretion, 
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as recently demonstrated by Morton et al (29). However, in contrast to the data 
by Morton et al (29) showing that FGF19 concentrations increase preferentially 
in response to carbohydrates as opposed to protein and fat, we found that FGF19 
concentrations increased with increasing fat and decreasing carbohydrate content 
in the meals. Notably, despite some gallbladder contraction a�er the OGTT (11), 
FGF19 concentrations remained more or less at the basal concentration in the 
NGTgroup and increased slightly in the T2D patients (Figure 1). �us, although 
the data by Morton et al (29) indicate that the increase in postprandial FGF19 
concentrations involves mechanisms additional to bile acid-induced FXR activation, 
our data �t with the notion of FXR dependency. However, in our T2D patients, 
there was a clear dissociation between postprandial concentrations of bile acids 
and FGF19 (but positive correlations were still demonstrated) compared to NGT 
subjects, and the “dose-response” relationship between fat (gallbladder contraction) 
and FGF19 was clearly reduced. �is may indicate that bile acid-induced FXR 
activation is impaired in T2D, leading to decreased secretion of FGF19, which 
could explain the higher bile acid concentrations because FGF19 inhibits bile acid 
synthesis (30). Indeed, reduced FGF19 concentrations in T2D patients have been 
reported in recent clinical studies (31–33). Although mechanisms independent of 
FXR could be at work in T2D (ie, altered synthesis, secretion, and degradation of 
FGF19, activation of the pregnane X and vitamin D receptors by bile acids) (7), 
the enterohepatic bile acid composition is a likely determinant of the degree of 
FXR activation. However, in our study, CDCA concentrations, the most potent 
natural ligand of FXR, were unaltered in T2D patients vs NGT subjects, whereas 
DCA concentrations (a much weaker FXR agonist) were higher along with CA (not 
an FXR ligand). Such bile acid milieu should, theoretically, favor FXR activation 
and subsequent FGF19 secretion. However, postprandial UDCA concentrations 
were slightly higher in T2D patients vs NGT subjects. Although plasma UDCA 
concentrations were very low, this �nding is of interest because UDCA is considered 
an FXR antagonist (5, 34).

Interestingly, using the murine GLUTag L-cell line, human intestinal biopsies, 
and di�erent mouse models, Trabelsi et al (6) demonstrated that FXR activation 
inhibited glycolysis and ATP production, which in turn decreased proglucagon 
transcription and GLP-1 secretion in response to glucose. In contrast, FXR 
de�ciency or FXR deactivation (using bile acid sequestering agents) promoted GLP-
1 production and secretion (6). �us, this newly identi�ed FXR/GLP-1 pathway 
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suggests a positive e�ect of FXR antagonism on glucose homeostasis, which is 
also evidenced by the success of bile acid sequestering therapy for the treatment 
of T2D (3, 6). However, reduced FGF19 concentrations, achieved with bile acid 
sequestration (FXR inactivation), is not likely to explain the bene�cial e�ect of 
bile acid sequestering agents. Indeed, animal studies have shown that FGF19 has 
insulin-like e�ects in the liver (9). �us, FGF19 promotes protein and glycogen 
synthesis in the liver without promoting lipogenesis—in fact, FGF19 may even 
reduce triglycerides and cholesterol through currently unknown mechanisms (35, 
36). A physiologically important di�erence is the temporal relationship between 
postprandial insulin and FGF19 secretion. As has been shown in other human 
studies and is con�rmed in our study, FGF19 peak concentrations are segregated 
from insulin (~3 hours vs ~1 hour). Mice studies suggest that FGF19 —similar to 
insulin—is responsible for curbing postprandial endogenous glucose production, 
which is augmented in T2D (9). Speci�cally, FGF19 may be responsible for a 
delayed repression of gluconeogenesis, whereas postprandial insulin works 
in the early postprandial phase (37). Because gluconeogenesis accounts for 
approximately half of the endogenous glucose production (EGP), being low for 
up to approximately 4 hours a�er a meal (38), such a temporal relationship of 
postprandial insulin and FGF19 could physiologically make sense. However, 
our �nding of very small FGF19 perturbations (in both T2D patients and NGT 
subjects) a�er a 75-g OGTT prompts questions about the idea that FGF19 is an 
important inhibitor of postprandial EGP by suppression of hepatic gluconeogenesis. 
However, EGP could be stimulated via bile acid-induced glucagon release from 
the intestine (39).

In summary, we �nd that T2D patients exhibit marked changes in fasting and 
postprandial bile acid concentrations compared to matched NGT subjects. �ese 
di�erences were dominated by increased unconjugated and glycine-conjugated 
secondary bile acids in T2D patients compared to NGT subjects, whereas 
primary bile acids were comparable among the two groups. In contrast, FGF19 
concentrations tended to be lower in T2D patients vs NGT subjects. Most likely, 
these changes arise secondary to the T2D disease, as suggested by recent studies. 
�eoretically, this “T2D-bile acid-FGF19” phenotype results in altered FXR/
FGF19 signaling in the small intestine and the liver, which could potentially add 
to the deterioration of postprandial glycemic homeostasis in T2D.
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Abstract

Background & aims: Bile acids (BAs) play a key role in lipid uptake and metabolic 
signalling in di�erent organs including gut, liver, muscle and brown adipose tissue. 
Portal and peripheral plasma BA concentrations increase a�er a meal. However, 
the exact kinetics of postprandial BA metabolism have never been described 
in great detail. We used a conscious porcine model to investigate postprandial 
plasma concentrations and transorgan fluxes of BAs, glucose and insulin using the 
para-aminohippuric acid dilution method.
Methods: Eleven pigs with intravascular catheters received a standard mixed-meal 
while blood was sampled from di�erent veins such as the portal vein, abdominal 
aorta and hepatic vein. To translate the data to humans, fasted venous and portal 
blood was sampled from non-diabetic obese patients during gastric by-pass surgery.
Results: �e majority of the plasma bile acid pool and postprandial response 
consisted of glycine-conjugated forms of primary bile acids. Conjugated bile acids 
were more e�ciently cleared by the liver than unconjugated forms. �e timing and 
size of the postprandial response showed large interindividual variability for bile 
acids compared to glucose and insulin.
Conclusions: �e liver selectively extracts most BAs and BAs with highest a�nity 
for the most important metabolic BA receptor, TGR5, are typically low in both 
porcine and human peripheral circulation. Our findings raise questions about the 
magnitude of a peripheral TGR5 signal and its ultimate clinical application.
Abbreviations: BAs, bile acids; ASBT, apical sodium-dependent bile acid 
transporter; OST, organic solute transporter; NTCP, taurocholate cotransporting 
polypeptide; OATP, organic anion transporting polypeptide; mEH, microsomal 
epoxide hydroxylase; BSEP, bile salt export pump; FXR, farnesoid X receptor; 
TGR5, takeda G protein-coupled receptor 5; FGF, fibroblast growth factor; GLP-1, 
glucagon-like peptide 1; PAH, para-aminohippuric acid; TCA, trichloroacetic acid; 
A, abdominal aorta; V, caval vein; R, renal vein; P, portal vein; H, hepatic vein; HQ, 
hindquarter muscle; PDV, portal drained viscera; SPL, splanchnic compartment; 
K, kidneys; LC/MS/MS, liquid chromatography tandem mass spectrometry; 
UDCA, ursodeoxycholic acid; CA, cholic acid; CDCA, chenodeoxycholic acid; 
DCA, deoxycholic acid; LCA, lithocholic acid; HDCA, hyodeoxycholic acid; g, 
glycine-conjugated; t, taurine-conjugated; LOQ, lower limit of quantification; 
BMI, body mass index; ANOVA, analysis of variance; AUC, area under the curve; 
CYP7A1, cytochrome P450 7A1; KO, knock-out; SHP, short heterodimer partner; 
EC50, half maximal e�ective concentration.
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Introduction

Bile acids (BAs) are intestinal lipid solubilizers, facilitating uptake of fats and fat-
soluble vitamins. BAs are synthesised in the liver from cholesterol, conjugated 
to either glycine or taurine, and stored in the gallbladder. A�er a meal, BAs 
are released into the intestine and are taken back to the liver via the superior 
mesenteric and the portal veins, a very e�cient BA transporter system (reviewed 
in [1]). In the intestine, unconjugated BAs can di�use passively over the intestinal 
border whereas conjugated forms require active transport to be taken up from 
the intestinal lumen. Active transport from the intestinal lumen is mediated 
by the apical sodium-dependent BA transporter (ASBT) in the distal ileum. 
Subsequently, BAs are transported over the basolateral side of the enterocyte via 
the organic solute transporter (OSTa/OSTb) and enter the liver via the portal 
vein. �e liver clears most BAs from the portal blood via the Na+ taurocholate 
cotransporting polypeptide (NTCP) which is highly expressed in the liver and has 
a high a�nity for all conjugated BA. NTCP is aided by transporters of the organic 
anion transporting polypeptide (OATP) family that can transport unconjugated 
and sulphated BAs. In addition, it is hypothesized that the enzyme microsomal 
epoxide hydrolase (mEH) can also function as a sodium-dependent BA transporter 
on the sinusoidal plasma membrane [2]. Hepatic BAs are excreted into the biliary 
tract via the bile salt export pump (BSEP) on the canalicular membrane.

Most of the BAs recycle in the enterohepatic circulation and only a small 
amount of BAs appears in the peripheral circulation. �is may have important 
consequences for the presumed metabolic e�ects of BAs that are mediated by the 
nuclear farnesoid X receptor (FXR) and the transmembrane Takeda G protein-
coupled receptor 5 (TGR5) [3]. FXR regulates liver BA synthesis and metabolism, 
but can also contribute to glucose and lipid metabolism by stimulating the release 
of fibroblast growth factor (FGF) 15/19. TGR5 is not only proposed to mediate the 
e�ects of BAs on glucagon-like peptide-1 (GLP-1) and insulin release in the gut 
and pancreas, but also to a�ect energy expenditure and possibly insulin sensitivity 
via organs such as muscle or brown adipose tissue [3]. Portal vein and peripheral 
plasma BA concentrations peak a�er a meal [4-7]. �ese observations suggest that 
BAs are potentially important postprandial signals to modulate metabolic and 
endocrine regulation in the gut, liver, muscle and fat.
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Since the discovery of FXR and TGR5, it has been known that di�erent BAs show 
a hierarchy in receptor activation [8-11]. Additionally, transmembrane transport 
and conjugation may modulate activation patterns. Hence, porto-peripheral 
di�erences of di�erent BA forms and their conjugation and hydrophobicity 
profiles may predict FXR and TGR5 activation in gut, liver and peripheral organs. 
In an observational study, we investigated postprandial transhepatic BA fluxes in 
conscious pigs before and a�er a mixed meal (Fig. 1). �e pig model has been 
used for diabetes and metabolic research because of its resemblance to human 
physiology [12]. �e aim of this study was to gain more insight in the postprandial 
transhepatic BA fluxes and plasma profiles of the di�erent BAs and to predict the 
potential relevance of BAs for FXR and TGR5 activation. In addition, we analysed 
human portal and peripheral vein BA profiles to translate the experimental results 
to relevant human data. �ese data illustrate that the liver selectively extracts 
most BAs with high TGR5 a�nity, which consequently are typically low in the 
peripheral circulation.

Materials and methods

Animals
Eleven female cross-bred pigs (20-25 kg, 8-12 weeks old) from a commercial 
breeder (Rosenbaum Farms, Brenham, TX) were individually housed in galvanized 
bar runs (2 × 3 m) enriched with straw and toys to acclimatize for 2 weeks before 
surgical catheter placement. �ey were kept on a 12 h light–dark cycle (lights on at 
7 AM) with a radio turned on during the light period. Environmental temperature 
was 21–25 °C. �e pigs were fed 1 kg/day, Harlan-Teklad Vegetarian Pig/Sow 
Grower (Harlan laboratories, Indianapolis, IN). Water was available ad libitum. 
Data on acylcarnitines from this study have been published previously [13]. All 
animal experiments were approved by the Institutional Animal Care and Use 
Committee of Texas A & M University, USA.

Surgery
We placed the intravascular catheters one week before the experiment using the 
surgical techniques described earlier [14,15]. In short, we fasted the animals for 
16 h before surgery and sedated them using an intramuscular injection of tiletamine-
zolazepam (3.3 mg/kg) (Telazol; Zoetis, Kalamazoo, MI). Animals were intubated 
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and the anaesthesia continued with isoflurane (2%). In total, we implanted 
7 intravascular catheters (Fig. 1) as well as a feeding tube inserted percutaneously 
into the stomach.

In order to measure organ fluxes, we placed two catheters upstream of the organs 
for para-aminohippuric acid (PAH) infusion. For muscle flux measurements, we 
implanted the PAH infusion catheter into the abdominal aorta with its tip 5 cm 
above the bifurcation and the other PAH infusion catheter into the splenic vein. We 
inserted sampling catheters into the abdominal aorta above the right renal artery (A) 
for pre-organ compartment arterial plasma concentrations; into the inferior caval 
vein (iliac circumflex profunda vein) (V) with its tip 5 cm above the bifurcation 
for muscle flux measurements and venous concentrations; into the le� renal vein 
(R) for kidney flux measurements; into the portal vein with its tip in the liver hilus 
(P), and into the hepatic vein (H) by direct puncture of the liver for the splanchnic 
measurements. To reassure that the catheter H was correctly placed in the hepatic 
vein, we punctured the external side of the liver and pushed in the catheter for 20 
cm, then we retracted it to 5 cm to ensure we were not in the inferior caval vein. We 
secured all catheters in place and tunnelled them through the le� abdominal wall. 
A�er abdominal closure the pigs were dressed with a canvas harness to protect the 
catheters. To keep the catheters patent they were filled with 0.5 mL of gentamycine 
(20 mg/mL) and a-chymotrypsin solution (225 U/mL).

A�er surgery we checked the animals twice daily for four days on body temperature, 
catheter patency and overall behaviour. Also, animals received i.v. injections with 
antibiotics (6.25 mg/kg lincomycin and 12.5 mg/kg spectinomycin) and analgetics 
(2 mg/kg flunixin meglumine) and the animals were allowed to recover for 
7-10 days. During this period they were also habituated to the experimental cage 
(0.9 × 0.5 × 0.3 m on wheels).

Experimental procedure
�e animals were conscious during the whole experimental procedure. We 
removed all food at 16:00 h the day before the experiment. On the day of the 
experiment all animals were first weighed and at 08:00 h (t = - 60 min), an hour 
before the meal, we started the continuous infusion of 25 mM PAH at 60 mL/h 
and reached steady state before the sampling started. At t = -10,- 5 and 0 min, we 
took three baseline blood samples from all catheters. Samples were always taken 
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in the same order during the experiment: A, P, H, V, R. At 09:00 h, t = 0, the pigs 
received their test meal via the gastric feeding tube. For a pig of 25 kg, the test meal 
consisted a 600 mL mixture of 78 g of crude whey protein isolate (100% Premium 
Whey Protein; Body Fortress, Bohemia, NY) and 110 g of carbohydrates (Malto 
dextrin; Muscle Feast, Hebron, OH) in water, and 22 g of olive oil (30% of daily 
energy intake; Korger, Cincinnati, OH). We administered the complete test meal 
within approximately 5 min and took postprandial blood samples at t = 0, 10, 20, 
30, 45, 60, 90, 120, 180 and 240 min. A�er the experiment, pigs were returned to 
their normal cages with their normal food and water available. Malfunctioning 
catheters accounted for missing data (two hepatic vein catheters and one renal 
vein catheter).

Fig. 1. Intravascular sampling catheters and transorgan flux measurements. (A) Schematic overview of 
placement of intravascular catheters. �e blood stream is going in a clockwise direction from the heart 
with arterial blood in red and venous blood in blue. Circles with an arrow indicate sampling catheters and 
black arrows indicate the two infusion catheters for para-aminohippuric acid (PAH) and urinary loss via the 
kidneys. A: arterial line, sampling catheter in the abdominal aorta above the right renal artery to measure 
pre-organ concentrations; V: venous line, sampling catheter in the iliac circumflex profunda vein with its 
tip 5 cm above the bifurcation; R: renal line, sampling catheter in the le� renal vein; P: portal line, sampling 
catheter in the portal vein with its tip in the liver hilus; H: hepatic line, sampling catheter in the hepatic vein 
by direct puncture of the liver. (B) Formulas to calculate the plasma flow through the organ compartments. 
Blood sampling started when PAH concentrations reached steady state (60 min). Plasma flow through the 
hindquarter muscle (HQ), the intestine (portal drained viscera, PDV) and the splanchnic compartment 
(SPL, intestine and liver) can be calculated with the upper flow formula. For HQ the PAH infusion site is 
the catheter in the abdominal aorta. For PDV and SPL the infusion site is the catheter into the splenic vein. 
[PAH]pre is the PAH concentration in the main bloodstream, sampled through line A. [PAH]post is the PAH 
concentration in the e�erent vein of the organ: line P for PDV, line H for SPL and line V for HQ. Plasma flow 
through the kidneys (K) can be calculated with the lower formula. Note that for K the extracted PAH is the 
infused [PAH] from both infusion sites. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.)
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Sample preparation
A�er withdrawal, we immediately placed the blood samples on ice. For the PAH 
concentration measurements, we pipetted 250 mL of blood into a tube containing 
25 mL of trichloroacetic acid (TCA), thoroughly vortexed, and subsequently, 
together with the remaining blood samples, centrifuged at 8000 g for 5 min at 4 °C.
A�er spinning, we transferred the plasma samples into clean tubes and snap 
froze them in liquid nitrogen and stored them at 80 °C until further analysis. 
For measurements, samples were defrosted and thoroughly homogenized using 
a multivortex and subsequently centrifuged for 3 min at 1780 or 1800 g and 
aliquoted for BA, insulin and glucose concentration measurements.

PAH concentrations and flow calculations
�e PAH concentrations of the TCA plasma samples were compared to PAH 
standards and read out using a microplate spectrophotometer (Spectramax; 
Molecular Devices, Sunnyvale, CA) and So�maxPro so�ware (Molecular Devices) 
[16]. We calculated plasma flow through the organs using the dilution of PAH 
over the organ compartment [14,15]. Blood sampling (Fig. 1) started when PAH 
concentrations reached steady state (60 min). So PAHIN PAHOUT. We calculated the 
plasma flow through the hindquarter muscle (HQ), the intestine (portal drained 
viscera, PDV) and the splanchnic compartment (PDV and liver, SPL) with the 
formula:

For HQ the PAH infusion site is the catheter in the abdominal aorta. For PDV 
and SPL the infusion site is the catheter into the splenic vein. [PAH]pre is the PAH 
concentration in the main bloodstream, sampled through line A. [PAH]post is the 
PAH concentration in the e�erent vein of the organ: line P for PDV, line H for SPL 
and line V for HQ. Plasma flow through the kidneys (K) can be calculated with 
the formula:

Note that for K the extracted PAH is the infused [PAH] from both infusion sites. 
We interpolated missing data points and used the mean plasma flow of all pigs for 
further flux calculations.
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Glucose and insulin concentrations
We measured glucose concentrations in duplicate with a glucose oxidase method 
using the Biosen C-line plus glucose analyser (EKF Diagnostics, Barleben/
Magendeburg, Germany) and insulin concentrations in duplicate with a 
porcine Insulin ELISA (version 4.0, Mercodia, Uppsala, Sweden) according to 
the manufacturer protocol. Plates were read with a spectrophotometer (Varioskan 
Flash version 2.4.3, �ermo Scientific) running matching SkanIt so�ware. �e 
calibration curve was a cubic polynomial extrapolated to concentrations of 
0.01-2.0 ng/L. Samples outside this range were set to ≤ 0.01 or ≥ 2.0 ng/L, 
respectively. Insulin concentrations were not measured in renal vein samples.

BA concentrations
We measured BA concentrations by liquid chromatographytandem mass 
spectrometry (LC/MS/MS, Supplemental Methods). Pigs have an abundant 
BA profile [17,18]. Here, we focused mainly on BAs that are prevalent in 
humans to enable translation: ursodeoxycholic acid (UDCA), cholic acid (CA), 
chenodeoxycholic acid (CDCA), deoxycholic acid (DCA), lithocholic acid (LCA) 
and hyodeoxycholic acid (HDCA, non-human), and their glycine- (g) and taurine- 
(t) conjugated forms. In the humans, 15 BAs were measured: UDCA, CA, CDCA, 
DCA and LCA and their g- and t- conjugated forms. For sample preparation, a�er 
homogenizing and spinning, 25 mL plasma was aliquoted into a clean tube for BA 
analysis. For every 10 samples prepared, one quality control standard plasma was 
included. To each sample, we added 250 mL internal standard and vortexed for 60 
s. Samples were centrifuged at 15,800 ×g and the supernatant poured into a clean 
glass tube.

�e fluid was evaporated under nitrogen at 40 °C. Before measuring samples were 
reconstituted in 100 mL 50% methanol in water, vortexed for 60 s and centrifuged 
for 3 min at 1800 ×g. We transferred the supernatant into a 0.2 mm spin-filter and 
centrifuged at 2000 ×g for 10 min. A�er filtering, the samples were transferred 
into LC/MS vials and analysed (10 mL injection volume). �e lower limit of 
quantification (LOQ) was 0.05 mM for all BA forms.

In pigs, all measured concentrations of CA, tCA, gCA, DCA, gDCA and tDCA 
were below the LOQ. Unconjugated UDCA concentration was never calculated 
due to interfering peaks in the chromatogram. �erefore, we excluded the 
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conjugated and unconjugated forms of CA and DCA, and unconjugated UDCA 
from analysis. In humans, UDCA, tUDCA and tDCA were excluded from analysis 
due to interfering peaks in the chromatogram. For all the other BAs, when a 
concentration was below the lower LOQ, its value was set to 50% of the detection 
limit i.e., 0.025 mM.

Organ flux calculations
In the present model we measured organ flux through the hindquarter muscle 
compartment (muscle flux), the kidney compartment (renal flux), the intestine 
and pancreas compartment (portal drained viscera (PDV) flux) and the splanchnic 
compartment: the PDV plus the liver (SPL flux). We calculated liver flux as SPL flux 
minus PDV flux. Flux through a compartment was calculated as the mean plasma 
flow through that compartment multiplied with the arterio-venous di�erence in 
concentration of glucose, insulin or BA. A positive flux value is interpreted as 
appearance or production by the compartment, while a negative flux is interpreted 
as disappearance or uptake in the compartment.

Human study
We took blood samples from the cubital vein and portal vein from consecutive 
subjects during elective gastric by-pass surgery. Eleven healthy non-diabetic 
patients participated in this study (1 male, 10 females; age 46.0 ± 12.7 yrs; body mass 
index 41.4 ± 2.8 kg/m2; mean ± SD). All participants gave informed consent before 
the surgery and the protocol was approved by the Medical Ethical Committee of 
the Academic Medical Centre and Slotervaart Hospital, Amsterdam. None of the 
patients used BA sequestrants. Subjects were fasted overnight prior to the surgery. 
First, a preoperative peripheral venous sample was taken. During the surgery, the 
portal vein puncture was performed as previously described [19]. Glucose, insulin 
and BA concentrations were measured in these samples.

Statistics
Calculations were made using Microso� Excel 2010 version 14.0 and area-
under-the-curve analysis and statistics were done in Graphpad Prism version 7. 
For porcine data analysis paired t-test or repeated measure ANOVA with Tukey 
post-hoc analysis were used where appropriate. For human data we used non-
parametric tests.

570617 Nierop, Sam van.indd   51 06-12-2021   21:05



Chapter 3

52

Detected numeric outliers were excluded based on Grubbs’ test. Data are presented 
as mean ± standard error of the mean (SEM).

Results

Glucose and insulin concentrations and transorgan fluxes validate 
the porcine model
In addition to the BAs, we measured glucose and insulin concentrations and 
transorgan fluxes. �ese data confirm the reproducibility of our postprandial 
model. �e postprandial responses of glucose and insulin concentrations showed 
similar responses in all pigs with low interindividual variability (Supplemental 
Figs. S1-4). Plasma glucose and insulin concentrations increased a�er the meal 
in all blood vessels as shown in Fig. 2A, B. Postprandial concentrations of both

Fig. 2. �e postprandial glucose and insulin response throughout the body. Postprandial plasma 
concentrations (A-B) and transorgan fluxes (C-D) for glucose (A, C) and insulin (B, D). Fasted state before 
the meal is averaged at t = 0. A positive flux denotes net production by the organ(s). A negative flux reflects 
net uptake by the organ(s). Please note that in the fasted state liver glucose flux is positive (30 mmol/kg BW/
min). Data represented as mean ± SEM. PDV: portal drained viscera (intestine and pancreas). N = 11, except 
for the hepatic line (N = 9) and renal line (N = 10) and appurtenant analysis.
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Fig. 3. Postprandial released BAs are e�ciently cleared by the liver. (A) During fasting enterohepatic 
BA concentrations (P) are ~6 times higher than peripherally (V). (B-E) BA concentration curves show 
an increase a�er food intake, time 0 represents the fasted state. CDCA: chenodeoxycholic acid (green), 
HDCA: hyodeoxycholic acid (pink), g: glycine (triangle), t: taurine (circle). (F) �e individually depicted 
postprandial area under the curve (AUC) of CDCA and HDCA and their conjugates shows that the main 
di�erence between the enterohepatic and peripheral BA profile is the ratio between gCDCA and gHDCA. 
Peripheral BA profiles are very similar. R: renal line. (G) Hepatic uptake of conjugated BA is higher than 
for unconjugated forms and especially conjugated CDCA is e�ciently cleared. BA clearance was calculated 
as [BA]portal vein aorta — [BA]hepatic vein = [BA]portal vein+aorta. Data represented as mean ± SEM. N = 11; hepatic 
outcomes (N = 9). ***p < 0.001, two-tailed paired t-test. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.)

glucose and insulin peaked within the first hour and, subsequently, returned 
to baseline in 4 h. As expected, the concentrations of both glucose and insulin 
were highest in the portal vein, since glucose and insulin directly appear here 
postprandial from the intestine and pancreas, respectively (AUC glucose mmol/L 
one-way ANOVA: portal 2143 ± 90 vs hepatic 1744 ± 119, arterial 1727 ± 85, 
renal 1629 ± 92 and venous 1571 ± 80; p < 0.0001. AUC insulin mmol/L one-way 
ANOVA: portal 162 ± 14 vs hepatic 104 ± 12, arterial 88 ± 8 and venous: 81 ± 9; p 
< 0.0001). Fig. 2C,D show that glucose and insulin transorgan fluxes in the fasted 
state (i.e., t = 0) were low, except for the positive liver flux, which reflects hepatic 
glucose output. Transhepatic glucose flux increased initially, but subsequently 
decreased to zero within 1 h. �erefore, a�er administration of the meal, hepatic 
glucose production may have continued for a brief period. Together with glucose 
from the portal drained viscera (PDV, i.e., intestine and pancreas), this resulted 
in a substantial postprandial glucose peak in the peripheral circulation. Insulin 
flux across the liver was negative which demonstrates hepatic insulin clearance. 
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As a consequence, plasma insulin concentrations in the hepatic vein and beyond 
were substantially lower than in the portal vein. �e postprandial negative muscle 
flux indicates uptake of glucose by the muscle. �e negative kidney glucose flux 
indicates uptake of glucose by the kidneys.

BAs continuously cycle in the enterohepatic circulation of pigs regardless 
of food status
Total BA concentrations in the portal vein were at least 6 times higher than 
in the other blood vessels, reflecting that most BAs are contained within the 
enterohepatic cycle (fasted state total BA concentration in portal vein: 25.01 
± 2.8 mM and caval vein: 4.29 ± 1.0 mM, p < 0.0001). In addition, the baseline fluxof 
portal vein BAs indicates that BAs also circulate in the enterohepatic circulation in 
the postabsorptive state, while total BA concentrations between the hepatic, renal 
or caval veins and aorta were not di�erent (Fig. 3B-E).

Postprandial BA concentrations rise with large variability between animals
A�er the meal, BA concentrations increased in the portal vein, and, to a much 
lesser extent, in the peripheral circulation, with a broad peak around 1.5-2 h a�er 
the meal (Fig. 3B-E). In contrast to the relatively uniform postprandial glucose 
and insulin responses, these postprandial BA responses revealed relatively large 
interanimal variabilities (Supplemental Figs. S5-9). When aligning the individual 
postprandial concentration curves at their peak a significant postprandial rise 
in BA concentration becomes apparent, for example for glycine-conjugated 
hyodeoxycholic acid (gHDCA) (Supplemental Fig. S10). �e most prominent 
BAs present in the portal vein were glycine-conjugated (g) chenodeoxycholic acid 
(CDCA) and gHDCA, followed by their taurine-conjugated (t) and unconjugated 
forms (Fig. 3E,F). Conjugated and unconjugated forms of lithocholic acid (LCA) 
and ursodeoxycholic acid (UDCA) were well detected in the portal vein but their 
concentrations were very low elsewhere (Fig. 4).

Porcine hepatic clearance is most e�cient for conjugated CDCA forms
�e BA profile in the peripheral circulation was similar to the portal vein, albeit 
with much lower concentrations except for gCDCA (Figs. 3 and 4). Even though 
gCDCA and gHDCA were the most prominent BAs in the portal vein, hepatic 
vein concentrations of gCDCA were much lower than gHDCA concentrations 
(Fig. 3F; ratio gHDCA:gCDCA in P: 0.95 ± 0.1 vs in V: 3.04 ± 0.3; p < 0.0001).
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Fig. 4. Lithocholic acid forms, BAs with high TGR5 a�nity, are mainly found in the enterohepatic 
circulation and not peripherally. (A) Lithocholic acid (LCA) and its glycine- (g) and taurine- (t) conjugated 
forms are present in pig plasma in stable low concentrations. gLCA shows a postprandial increase in the 
portal vein but not in the peripheral circulation. �e other forms do not show a postprandial response and 
conjugated forms of LCA are not even detected outside the enterohepatic circulation. Fasted state: x = 0, 
PDV: portal drained viscera, dotted line indicates the 50% detection limit, undetected concentrations were 
set to this number (0.025 mmol/L). N = 11. (B) Transorgan fluxes of LCA forms. Like the other BAs LCA 
and conjugates are released from the intestine and very e�ciently taken up by the liver.

To quantify hepatic clearance rates, we calculated the di�erences between 
BA concentrations proximal and distal of the liver: 
[BA]portal vein aorta - [BA]hepatic vein = [BA]portal vein aorta.

Indeed, the hepatic clearance rate of gCDCA was significantly higher than that 
of gHDCA (t = 60 min, p < 0.0001, Fig. 3G). In general, the hepatic clearance 
rates of conjugated BA were significantly higher than the clearance rates of their 
unconjugated forms.

Postprandial BA exposure is high in the enterohepatic cycle compared 
to the peripheral circulation
Transorgan flux is di�erent from clearance, since it is calculated by multiplying 
concentration di�erence by plasma flow. In the fasted state, BA flux in the 
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portal vein was considerable (i.e., enterohepatic cycle). However, a�er the meal 
transorgan fluxes doubled, in particular of the glycine-conjugated BA (Fig. 5A). 
�us, the postprandial exposure to BA in the enterohepatic circulation was high. 
�e postprandial peak in portal BA concentrations was also clearly visible in the 
BA fluxes, as shown in Fig. 5. For all BAs the PDV flux was always positive with a 
clear postprandial peak, while the liver flux was negative and mirrored the curve of 
the PDV flux. �ese fluxes show the appearance of BA from the gut into the portal 
vein and the e�cient absorption of BA by the liver. �ere was no net transorgan 
BAs flux over the kidneys and hindquarter (Supplemental Fig. S11).
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Fig. 5. BAs are released from the intestine and subsequently very e�ciently absorbed by the liver. (A and B) 
A�er meal intake the BA flux over the portal drained viscera (PDV) steeply increases. A positive flux denotes 
net production by the organs. Data represent mean ± SEM with N = 11. (C and D) Postprandially, the liver 
takes up most released BAs. A negative flux reflects net uptake by the organ. CDCA: chenodeoxycholic acid, 
HDCA: hyodeoxycholic acid, g: glycine-conjugated form, t: taurine-conjugated form. Data represent mean 
± SEM with N = 9.

Peripheral exposure to the secondary BA with the highest TGR5 
a�nity is low
Lithocholic acid (LCA) is a secondary BA that has a high a�nity for TGR5. 
�erefore, LCA had our special interest. In the fasted state unconjugated LCA 
concentration in the portal vein was approximately two times higher than gLCA 
and tLCA (Fig. 4A). In general, LCA and its conjugates were detected in all portal 
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samples, but not in all samples from other sampling sites. A�er the meal, portal 
gLCA concentration showed a robust postprandial peak, in contrast to LCA and 
tLCA concentrations that did not change compared to the fasted state (Fig. 4A). 
PDV and liver flux curves resembled the postprandial concentration curves, 
although, because of the biliary secretion, the liver flux was negative (Fig. 4B). 
�erefore, analogous to primary BAs, the glycine-conjugated forms increase a�er 
the ingestion of a meal. In the peripheral circulation LCA concentration was five 
times lower compared to the portal vein (Fig. 4A, p < 0.01). Conjugated forms of 
LCA were undetectable.
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Fig. 6. Portal and peripheral plasma BA profile of nondiabetic obese humans. Portal BA concentrations are 
much higher than peripheral plasma concentrations. In humans most of the BAs in plasma are conjugated to 
glycine. UDCA: ursodeoxycholic acid, CA: cholic acid, CDCA: chenodeoxycholic acid, DCA: deoxycholic 
acid, LCA: lithocholic acid, g: glycine-conjugated, t: taurine-conjugated. Data represented as mean ± SEM. 
N = 11.

Translating the porcine BA profile to humans
We translated our porcine findings to humans using portal and peripheral blood 
samples of patients during bariatric surgery. All subjects were obese, but none 
of the subjects had type 2 diabetes mellitus (mean ± standard deviation: fasting 
plasma glucose: 5.6 ± 0.5 mmol/L; fasting plasma insulin: 73 ± 31 pmol/L). 
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Total BA concentrations were significantly higher in the portal vein compared to 
the peripheral circulation: 7.43 ± 7.2 vs 0.68 ± 0.5 mmol/ L, respectively (p 0.01). 
In peripheral veins BA concentrations were low and consisted of conjugated and 
unconjugated forms (Fig. 6). Portal BA concentrations were high and consisted 
mainly of conjugated forms, whereas the concentrations of unconjugated BAs 
were similar to those in the periphery (Fig. 6). Similar to pigs, LCA and conjugates 
were only detected in the portal vein. However, the human BA profile contained 
another secondary BA, i.e., deoxycholic acid (DCA), that circulated in the portal 
vein and the periphery and has been associated to insulin sensitivity [20-22].

Discussion

�e aim of this study was to quantify porto-peripheral postprandial plasma BA 
profiles and transorgan flux. Fasting and postprandial peripheral and portal BA 
concentrations and fluxes are substantial which is supported by the enterohepatic 
cycle turnover of 12 times per day [23,45]. Physiological cycling of the BA pool 
may have advantages. In general, metabolic or endocrine cycles enable rapid 
physiological adaptations when demanded. In the case of the enterohepatic cycle, 
continuous cycling permits a swi� increase of BAs (i.e., concentration) when 
needed postprandially. Continuous cycling of BAs may also prevent unlimited 
BA synthesis via FGF15/19 e�ects on CYP7A1, which is the rate-limiting enzyme 
of the major classical pathway in BA biosynthesis [24,25]. Liver and intestinal 
FXR KO murine models have shown that Cyp7a1 repression depends mainly on 
intestinal FXR activation via FGF15 [26,27]. Additionally, BAs inhibit Cyp7a1 via 
FXR and small heterodimer partner (SHP) in the liver [3,28,29].

�e postprandial BA curves showed a large variability. La Russo et al. found 
that in humans peripheral conjugated CA forms show modest intra-individual 
variability with respect to the time of peak, however, peak height in these subjects 
showed up to ~30% variation [5]. Steiner et al. describe in detail the intra- and 
inter-individual variability in daily peripheral plasma BA concentrations of 4 
healthy humans [30]. Intra-individual variability of postprandial BA curves and 
its determinants (e.g., gut luminal BA appearance, gut microbioma characteristics, 
BA transporter genotypes, BA synthetic capacity, gut motility and others) need to 
be investigated in future studies. 
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We focused on human BAs and the porcine BA profile mainly consists of 
CDCA and HDCA forms. CDCA is a primary BA, whereas HDCA may be both 
primary (since it was detected in germ free pigs [31]) and secondary. Notably, the 
concentration of the unconjugated forms was una�ected by the ingestion of a meal. 
So the postprandial response was mainly explained by the glycine-conjugated 
forms of CDCA and HDCA. Di�erences in the postprandial response between 
conjugated and unconjugated BAs may be due to microbiota and the a�nity of 
the BA forms for their transporters [1]. We found that conjugated BAs are more 
e�ciently cleared than their unconjugated forms, showing the high e�ectiveness 
and expression of NTCP in the liver. 

HDCA cannot di�use passively and is only a substrate for OATP1, but not for 
NTCP, which might explain the relative lower HDCA clearance compared to 
CDCA forms [32]. Despite the large increase in conjugated BA flux through 
the enterohepatic pathway a�er food intake, hepatic clearance of the BAs 
remained stable. �e unconjugated BAs flow through the enterohepatic cycle 
passively regardless of food status and do not appear to have an additional role in 
postprandial fat digestion [33].

LCA forms have the highest TGR5 a�nity, but are o�en ignored in humans 
because of their low peripheral plasma concentrations. In the pigs, we showed that 
unconjugated LCA outnumbered conjugated LCA forms in contrast to HDCA and 
CDCA forms. �e unconjugated LCA can either be derived from deconjugation 
and transformation of CDCA, or deconjugation of gLCA or tLCA by gut bacteria 
[34]. LCA was already high in fasted samples and did not show a postprandial 
change, again indicating ongoing cycling and deconjugation without food intake. 
However, gLCA showed an increase a�er the meal, which is likely to rely on 
early re-uptake of gLCA that has been excreted by the liver. �e human LCA 
conjugation profile was very much comparable to the porcine profile enabling 
translation. In the enterohepatic circulation the LCA forms and concentrations 
are likely su�cient to signal TGR5 in intestinal L-cells or liver Kup�er cells.

�e porcine BA forms, i.e., HDCA, are not found in humans, whereas pigs do 
not have DCA which has a relatively high TGR5 a�nity [11]. To speculate on 
the potential of the plasma bile acid pool to activate TGR5 we used a simplified 
method to calculate the hypothetical TGR5 activating capacity for which we 
used the plasma BA concentration and the published EC50 of the BAs for TGR5
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(Fig. 7) [11]. �is superficial approach does not take into account the shape and 
range of linearity of the concentrationeactivation curve and the resulting measure 
overestimates TGR5 activity since BA concentrations were below their EC50 value. 
However, it shows that TGR5 activation potential may be much higher in the portal 
vein than elsewhere, most likely because concentrations are also much higher in 
the portal vein. Interestingly, calculated human TGR5 activation capacities were 
not di�erent from pigs, whereas the pool composition is very di�erent. �is could 
be explained by the fact that pigs had higher concentrations of BAs, including 
LCA, and thus similar TGR5 signalling.

Postprandial BAs have been studied to a limited extend, however this is the most 
sizable study so far in terms of postprandial time points, number of animals/
humans and number of individual LC/MS/MS BAs analyses [7]. We did not 
perform activating calculations for FXR since the necessary data are not uniformly 
published for this receptor [8,35]. Alternatively, a more uniform hydrophobicity 
index has been used to qualify BAs, but these data are not available for all BAs 
[36-38]. In addition, FXR is located in the nucleus, which complicates the 
calculation of potential FXR activation with plasma BA concentrations even more.

Our study has strengths and weaknesses. �e porcine model is suitable for diabetes 
and metabolic research because it mimics human physiology and pathophysiology 
in many respects [12]. More importantly, the pig has a dayenight rhythm comparable 
to humans, is omnivorous and its intestinal transit time and e�ciency of digestion 
resemble that of humans [39]. In an e�ort to translate the porcine data to humans, 
we included healthy obese subjects undergoing bariatric surgery. Fasting plasma 
BA concentrations are not di�erent in obese subjects despite lower postprandial 
concentrations [40,41]. BMI is positively correlated to total BA concentrations and 
markers for hepatic BA synthesis in plasma [41,42]. So the human data presented 
in this study may alter from (postprandial) BA metabolism in lean subjects. Our 
speculation that TGR5 activation is greater within the entero-hepatic cycle would 
greatly benefit from additional measurements in the pigs such as plasma GLP-1 
concentrations since intestinal TGR5 activation triggers release of GLP-1 [43]. In 
addition, FGF19 concentrations would be interesting to indicate activation of the 
FXR-FGF19 axis and its beneficial e�ects on liver metabolism [43]. Unfortunately, 
the numerous blood samples limited the amount of blood per sample. Feeding pigs 
via a gastric tube may have prevented a normal postprandial hedonic response, 
but the amount and composition of the meal still elicited a robust physiological 
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postprandial response. Finally, animals received antimicrobial therapy 
peri-operatively and this may have a�ected BA pool composition although this 
has not been reported previously for the antibiotics that we used.

In conclusion, the liver selectively extracts most BAs and BAs with high TGR5 
a�nity are typically low in the porcine and human peripheral circulation. Our data 
do not preclude a role for BAs to activate TGR5 in the periphery postprandially. 
However, their low peripheral plasma concentrations and high interindividual 
variability raise questions about the magnitude of such a signal and the ultimate 
clinical application of TGR5 agonists if the liver is not passed [44].
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Fig. 7. Hypothetical TGR5 activating capacity is higher for the portal vein compared to the periphery, 
independently of food intake. �is measure expresses in one number the potential amount of TGR5 
activation by the total bile acid pool and is calculated for individual BAs in the pool by dividing the average 
concentration by their EC50, wherea�er all are totalled. �e value is lower in a peripheral vein (V) compared 
to the portal vein (P) in healthy obese humans (grey) and in pigs (black). �ere are no di�erences between 
the fasted and the postprandial state (fed pigs vs fasted pigs). However, when comparing the fasted state to 
the peak of the postprandial concentration curve (fed pigs peak) food intake caused a significant increase 
in the TGR5 activating potential of over 30%. Data represent mean ± SEM. Porcine outcomes fasted vs fed 
staged were tested with a one-way ANOVA and Tukey post-hoc test, *p < 0.05.
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Abstract

Background & aims: Bile acids (BA) are pleiotropic hormones a�ecting glucose 
and lipid metabolism. �e physiochemical properties of di�erent BA species a�ect 
their enterohepatic dynamics and their a�nity for bile acid receptors. �e BA pool 
composition is altered in patients with type 2 diabetes and obesity. In this study 
we used a 2-week very-low-calorie diet (VLCD) to investigate the e�ects of weight 
loss on BA pool composition and postprandial dynamics.
Methods: We performed mixed meal tests in obese, insulin resistant subjects before 
and a�er the VLCD. We measured postprandial plasma levels of glucose, insulin, 
BA and the BA-induced enterokine fibroblast growth factor 19 (FGF19).
Results: �e VLCD decreased weight by 4.5 ± 2.3 kg (p < 0.0001) within 14 days. 
Weight loss increased peak postprandial deoxycholate (DCA) levels (median 
[IQR]: 0.90 [0.90] vs. 1.25 [1.35] mmol/L; p = 0.045*). Other BA species, glucose, 
insulin and FGF19 levels and prandial excursions were not significantly a�ected. 
�e VLCD decreased resting and postprandial energy expenditure by 7 and 11% 
respectively.
Conclusions: VLCD induced weight loss increased postprandial DCA peak levels 
and decreased resting energy expenditure in obese insulin resistant subjects.
Abbreviations: BA, bile acid; CA, cholic acid; DCA, deoxycholic acid; CDCA, 
chenodexocholic acid.
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Introduction

BA are increasingly recognized as pleiotropic hormones with e�ects on glucose 
and lipid metabolism, in addition to their role as intestinal emulgators [1]. �is 
has led to multiple observations that BA metabolism is altered in metabolic disease 
such as obesity and type 2 diabetes mellitus [2,3]. Patients with type 2 diabetes 
mellitus show increased fasting levels of deoxycholic acid (DCA), a secondary BA 
formed by microbial conversion of cholic acid (CA) [4].

Recently, it was also shown that insulin resistance in healthy human subjects is 
positively correlated to levels of a certain subset of BA that are hydroxylated at the 
12α position (12α-OH BA, i.e. CA and DCA) [5]. It is presently unclear whether 
these changes are causally involved in insulin resistance. Roux-en-Y gastric bypass 
surgery also increase plasma BA levels. �erefore, BA are putative mediators 
for the beneficial e�ects on metabolism and body weight present a�er bariatric 
surgery [6].

Primary BA are synthesized from cholesterol in the hepatocyte and subsequently 
conjugated with glycine (G) or taurine (T), yielding glyco- and tauro-conjugates of 
CA and chenodeoxycholate (CDCA). Exposure to microbiota in the distal ileum 
and colon leads to deconjugation and dehydroxylation of CA and CDCA yielding 
the secondary BA DCA and lithocholic acid (LCA), respectively. Intestinal 
reabsorption from the intestinal lumen and hepatic extraction from the portal 
circulation occur through passive and active transport. Subsequently, hepatic 
return completes the enterohepatic cycle. BA enter the systemic circulation in a 
pattern of postprandial peaks followed by lows, periodically exposing peripheral 
tissues to concentrations that may be high enough to activate the Farnesoid X 
Receptor (FXR) and G-protein-coupled transmembrane BA receptor (GPBAR1/
TGR5) [7-10].

�ese BA receptors are present on tissues inside and outside the trajectory of the 
enterohepatic circulation. FXR is a nuclear receptor that regulates BA homeostasis in 
the liver, amongst others by exerting negative feedback control of bile salt synthesis. 
In contrast, TGR5 is a transmembrane receptor that is abundantly expressed in the 
gut, brown adipose tissue (BAT) and skeletal muscle [7,8]. Activation of FXR and 
TGR5 induces secretion of fibroblast growth factor 19 (FGF19) from enterocytes 
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and glucagon-like peptide-1 (GLP-1) from enteroendocrine L-cells, respectively 
[11-13]. In turn, FGF19 suppresses hepatic BA synthesis and gluconeogenesis 
via the FGF receptor 4 (FGFR4). GLP-1 increases the amount of insulin that is 
released by the pancreatic beta cell in response to glucose [14] making it useful in 
diabetes therapy. Possibly, BA can also directly stimulate beta cell insulin release 
via both FXR and TGR5 [15,16].

Is had been shown that postprandial circulating glycine-conjugated BAs are lower 
in obese subjects, but it is unknown whether this is reversible [3]. We assessed 
the e�ects of a twoweek very low calorie diet (VLCD) weight loss intervention on 
fasting and postprandial plasma BA profiles.

Materials and methods

Subjects
We recruited a total of 12 male and female insulin resistant obese subjects (HOMA-
IR >2.7, BMI >30 kg/m2, age 18-55 years). Exclusion criteria were any previous 
surgery or current diseases of the liver, biliary or gastrointestinal tract; ethanol 
abuse; weight loss or weight gain in excess of 10% of body weight in the 6 months 
prior to start of the study; use of any medication or herbal supplement; fasting 
plasma glucose >7.0 mmol/L, HbA1c > 53 mmol/mol, creatinine >120 mM, or 
abnormal renal, liver or thyroid function defined as >2 times the upper limit of the 
reference interval. Written informed consent was obtained from all subjects before 
start of the study. �e study was approved by the AMC Medical Ethics Committee. 
�e study was conducted in accordance with the principles of the Declaration of 
Helsinki (sixth revision, 2008).

Hypocaloric VLCD diet
Subjects were instructed to follow a 450 kcal/day diet for 14 days. �e diet consisted 
of 3 sachets of a liquid meal replacement formula (Modifast Intensive®, Nutrition 
et Sante´, France). Modifast Intensive® is a commercially available diet product, 
supplying 51% of energy as carbohydrates, 20% as protein and 29% as fat. Subjects 
were encouraged to complement the diet with low-caloric raw vegetables. Daily 
phone calls were conducted by the investigators to ensure diet compliance.
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In order to counteract the insulin-desensitizing e�ects of prolonged fasting on 
glucose and lipid metabolism, the diet period was followed by three days on a 
eucaloric free diet [17]. Subjects were instructed to eat their estimated daily caloric 
need (estimated using the Harris Benedict equation).

Study design
�e study was performed between May 2012 and February 2014 at the Department 
of Endocrinology and Metabolism of the Academic Medical Center Amsterdam. 
On study days, subjects were admitted at 07:30 h to the Metabolic Unit a�er an 
overnight fast. A cannula was inserted into an antecubital vein for blood sampling. 
�is hand was kept in a heated hand box throughout the test to arterialize venous 
blood. At 09:30 h, 3 blood samples were taken at 10-minute intervals for the 
determination of basal plasma glucose and insulin concentrations. At 10:00 h, 
subjects consumed a standard meal consisting of 50 g of parmesan cheese, 60 g 
of boiled egg and 75 g of glucose dissolved in 200 ml water (559 kcal; 30% from 
fat, 16% from protein, 54% from carbohydrates), a�er which blood samples were 
obtained at 0, 15, 30, 45, 60, 75, 90, 120, 150, 180 and 240 min a�er the meal. 
Blood was collected into chilled tubes containing either EDTA or Heparin as 
anticoagulant on ice and immediately centrifuged, and plasma was subsequently 
stored at 20 °C until analysis. For GLP-1 assays, a dipeptidyl peptidase inhibitor 
(Ile-Pro-Ile, Sigma-Aldrich, St. Louis, MO, USA) was added at 0.01 mg/ml and 
plasma was stored at 80 °C. Resting energy expenditure was measured for a 10 
min-interval at baseline, 90 and 240 min a�er the meal by indirect calorimetry 
using a ventilated hood system (Vmax Encore 29; SensorMedics, Anaheim, CA). 
Energy expenditure was calculated as described by Frayn [18]. �e abbreviated 
Weir equation was used to calculate 24-hour energy expenditure.

Laboratory analysis
Plasma glucose concentrations were analyzed bedside using the glucose oxidation 
method (EKF Diagnostics, Barleben/Magdeburg, Germany). Insulin was 
determined on an IMMULITE 2000 system (Siemens Healthcare Diagnostics, 
Breda, the Netherlands). GLP-1 concentrations were measured by ELISA using 
a commercially available assay (EMD Millipore, Billerica, MA, USA). BA were 
determined using a UPLC-tandem MS method to detect CA, CDCA, DCA and 
UDCA in their conjugated and unconjugated forms [19]. FGF19 was measured 
using an in-house developed ELISA as published previously [20].
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Calculations and statistical analysis
HOMA-IR was calculated from fasting plasma glucose (FPG) and fasting plasma 
insulin (FPI) as described by Wallace and Matthews [21]. Fractions of a particular 
BA species were calculated as the sum of individual measurements of nonconjugated 
and glycine- and taurine-conjugated forms. Total BA were calculated by adding up 
all individual BA measurements. Area-under-the-curve (AUC) and incremental 
AUC (iAUC) were calculated using the trapezoidal method. Statistical analysis 
was performed using IBM SPSS Statistics 22 (IBM, Armonk, NY, USA). Data was 
visually and statistically assessed for normality and logarithmically transformed 
were appropriate. Comparisons between 2 test conditions were made using 
either paired t-testing for normally distributed data or Wilcoxon matched-pairs 
signed rank testing for nonparametric data. Correlations were assessed using 
Pearson’s correlation for normally distributed populations or Spearman’s Rho for 
nonparametric data. Data presented are mean and standard deviation (m ± s) for 
normally distributed variables or median and interquartile range (m [IQR]) for 
other variables. Graphs were made using GraphPad Prism 6.0 (GraphPad So�ware 
Inc., La Jolla, CA, USA).

Results

Baseline
We included 12 obese, insulin resistant subjects. Subject characteristics and clinical 
chemistry pre- and post-VLCD are summarized in Table 1.

Table 1: Study participants.

Pre-VLCD Post-VLCD p
N 12 12 -
Sex (f/m) 4/8 - -
Age (y) 43.5 ± 14.2 - -
Body weight (kg) 126 ± 7 121 ± 7 0.0001
BMI (kg/m2) 39.8 ± 2.0 38.4 ± 2.0 0.0001
FPG (mmol/L) 4.5 ± 0.2 4.7 ± 0.1 0.78
FPI (pmol/L) 119 ± 11 122 ± 18 0.93
HOMA-IR 3.5 ± 0.4 3.7 ± 0.5 0.67
HbA1c (mmol/mol) 39 ± 1 - -

Values are presented as m ± SE.
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All subjects completed the entire VLCD period in full compliance with the diet. 
Mean weight loss was 4.5 ± 2.3 kg (p < 0.0001). �ere were no significant e�ects 
of the diet on fasting plasma glucose (4.6 ± 0.6 vs. 4.7 ± 0.4 mmol/L; p = 0.78) or 
insulin (119 ± 36 vs. 122 ± 58 pmol/L; p = 0.94), which was reflected in unaltered 
HOMA-IR (3.5 ± 1.2 vs. 3.7 ± 1.7 mmol/L; p = 0.67).

Meal test
Postprandial glucose and insulin excursions were una�ected by the VLCD (Fig. 1). 
Neither peak levels (insulin: 1313 [892] vs. 1570 [964] pmol/L; p = 0.75; glucose: 
7.8 [1.9] vs. 7.8 [0.9] mmol/L; p = 0.90) nor AUC (insulin: 158100 [88793] vs. 
180273 [131372] pmol min L-1; p = 0.70; glucose: 1368 [190] vs. 1310 [130] mmol 
min L-1; p = 0.39) showed any significant e�ect of the diet for either plasma glucose 
or insulin.

Fig. 1. Postprandial glucose (A) and insulin (B) concentrations were not a�ected by the VLCD. A mixed 
meal was consumed at T = 0 min. Values are mean ± SEM.

BA and FGF19
Postprandial BA curves are shown in Fig. 2. Several derivative measures of 
postprandial plasma BA curves are listed as a ‘bilogram’ in Table 2. �e VLCD 
increased peak levels of total DCA (0.90 [0.90] vs. 1.25 [1.35] mmol/L; p = 0.045*). 
However, the VLCD did not alter the iAUC of total DCA and baseline, peak, AUC 
or iAUC of other BA fractions (total BA, total CA, total CDCA, glycine-conjugated 
BA, taurine-conjugated BA, unconjugated BA and 12α-OH BA). Additional BA 
species concentrations are listed in Supplementary Table S1. FGF19 levels in 
plasma were identical at baseline and increased postprandially on both test days 
(Fig. 3). �ere was no significant increase in AUC, iAUC or postprandial peak 
height a�er the intervention (see Table 2, iAUC not shown).
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Table 2: Bilogram and FGF 19.

Bile acid fraction Pre-VLCD Post-VLCD p
Total bile acids (mmol/L) baseline 0.80 (1.25) 1.05 (1.08) 0.87

peak 3.80 (3.32) 4.05 (2.95) 0.46
AUC 517 (400) 517 (227) 0.72

Total CA (mmol/L) baseline 0.10 (0.18) 0.15 (0.28) 0.75
peak 0.60 (0.90) 0.85 (0.88) 0.82
AUC 92 (81) 65 (129) 0.94

Total CDCA (mmol/L) baseline 0.40 (0.38) 0.40 (0.55) 0.54
peak 2.00 (1.80) 2.00 (1.53) 0.70
AUC 257 (226) 231 (79) 1.00

Total DCA (mmol/L) baseline 0.25 (0.28) 0.30 (0.53) 0.12
peak 0.90 (0.90) 1.25 (1.35) 0.045*
AUC 146 (139) 162 (149) 0.23

Total Glycine-conjugated BA (mmol/L) baseline 0.30 (0.40) 0.55 (0.55) 0.53
peak 2.90 (2.68) 2.60 (2.68) 0.67
AUC 357 (314) 313 (87) 0.75

Total Taurine-conjugated BA (mmol/L) baseline 0.00 (0.15) 0.00 (0.10) 0.75
peak 0.35 (0.53) 0.40 (0.80) 0.51
AUC 64 (49) 53 (48) 0.79

Total unconjugated BA (mmol/L) baseline 0.30 (0.58) 0.50 (0.55) 0.64
peak 0.65 (0.98) 1.05 (1.83) 0.72
AUC 91 (195) 146 (188) 0.70

Total 6 BA (mmol/L) baseline 0.40 (0.80) 0.45 (1.53) 0.58
peak 1.65 (1.53) 2.50 (2.30) 0.39
AUC 242 (185) 237 (269) 0.43

FGF19 (ng/mL) baseline 0.09 (0.06) 0.10 (0.11) 0.26
peak 0.29 (0.30) 0.32 (0.28) 0.91
AUC 56.5 (46.0) 40.8 (34.2) 0.31

Values are presented as median (IQR). �e unit of bile acid peak and baseline values is mmol/L, the unit 
of AUC is mmol min L-1. P-values were calculated using the related-samples Wilcoxon Signed Rank test. * 
denotes p < 0.05.

Table 3: Indirect calorimetry.

Pre-VLCD Post-VLCD p
REE/kg fasting 17.9 (7.2) 18.0 (4.3) 0.04
kcal 1.5 h postprandial 22.8 (6.1) 20.2 (2.8) 0.02

4 h postprandial 19.1 (6.4) 18.6 (4.0) 0.03
REE total fasting 1938 (736) 1810 (356) 0.03
kcal 1.5 h postprandial 2210 (594) 1959 (273) 0.02

4 h postprandial 2047 (638) 1859 (377) 0.03
RQ fasting 0.84 (0.08) 0.79 (0.06) 0.12

1.5 h postprandial 0.83 (0.06) 0.79 (0.07) 0.65
4 h postprandial 0.82 (0.04) 0.81 (0.04) 0.35

Values are presented as median (IQR). P-values were calculated using the related samples Wilcoxon Signed 
Rank test.
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Fig. 2. Postprandial concentrations of total BA (A), total DCA (B), total CDCA (C) and total CA. A mixed 
meal was consumed at T = 0 min. Values reported are median [IQR]. Totals reflect grouped unconjugated 
and glycine- and taurine conjugates of the respective BA species.

Energy expenditure
�e VLCD decreased both total resting energy expenditure (REE) and REE per kg 
body weight (Table 3). Respiratory quotient (RQ) did not change during the course 
of the meal test, and baseline values were similar before and a�er the VLCD.

Fig. 3. Postprandial FGF19 concentrations at individual timepoints, iAUC and AUC were not a�ected by the 
intervention. Values reported are median [IQR].
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Discussion

Here, we studied the e�ects of dietary short-term weight loss on plasma BA 
composition in obese insulin resistant subjects. �e 3-day eucaloric period 
following the hypocaloric diet phase allowed us to isolate the e�ects of weight loss 
from the generally insulin desensitizing e�ects of prolonged energy deficit [22]. 
We found that among BA, dietary weight loss by VLCD in this study modestly 
increased only postprandial peak levels of deoxycholic acid. Figure 2 suggests 
higher BA concentrations in the first hour a�er the test meal, but this was not 
found to be significant (data not shown).

Postprandial BA levels in the systemic circulation are determined by the uptake 
rate from the gut and hepatic uptake from the portal vein. Uptake from the gut is 
by passive and active transluminal transport, where the latter depends on the ileal 
enterocytic BA transporter apical sodium-dependent BA transporter (ASBT) [23]. 
Hepatic uptake from the portal blood relies on expression of Na+-taurocholate 
co-transporting polypeptide (NTCP) and members of the organic anion transport 
family. Hepatic uptake via NTCP has a substrate preference for trihydroxylated 
(i.e. CA in humans) over dihydroxylated BA (i.e. CDCA and DCA), and for 
conjugated over unconjugated BA as reported by Hofmann [24]. A preferential 
decrease in DCA uptake over other BA therefore seems unlikely; thus the DCA 
specific increase in our study may be attributed to an increased DCA uptake from 
the gut.

�e modest increase of peak DCA levels that we found is supported by di�erent 
studies that have shown DCA responsiveness to di�erent interventions [4,6,25]. 
Increased gut DCA uptake can be explained by a variety of non-mutually exclusive 
ways. First, the proportion of DCA in the total BA pool could be increased, similar 
to the BA pool of patients with T2DM. �at in turn leads to increased postprandial 
DCA concentrations in plasma. �e changes in the circulating BA pool could be 
driven by changes in the microbiome under the influence of caloric restriction, 
leading to increased rates of conversion of CA into DCA. �at would also 
explain why the increase in DCA was mainly composed of unconjugated DCA 
(Supplementary Table S1). �e early phase of the postprandial bile acid response 
reflects the influx of bile acids that are stored in the intestine in the fasting state. 
We showed previously that vancomycin treatment selectively modulated the gut 
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microbiome and subsequently decreases postprandial plasma DCA levels and 
peripheral insulin sensitivity [25]. Alternatively, increased activity of the sterol 
12α-hydroxylase CYP8B1 would shi� de novo BA synthesis towards production 
of CA, the precursor of microbiota-generated DCA [26]. CYP8B1 is under control 
of various signals amongst which insulin is a potent suppressor [26]. We cannot 
exclude the possibility that during the hypocaloric diet insulin sensitivity may 
have been lower thereby repressing CYP8B1 to a lesser degree.

Interestingly, several studies indicate that obese, insulin resistant subject have 
increased fasting levels of DCA [2,4], with one group finding decreased total 
BA in obese subjects [3]. Brufau and colleagues showed by using stable isotope 
tracers that obese patients with type 2 diabetes mellitus exhibit increased 
CA synthesis, increased rates of DCA input and consequentially an enlarged 
DCA pool [4]. Haeusler et al. expanded this observation to healthy human 
subjects. In a large cohort of nondiabetic subjects, insulin resistance assessed by 
euglycemic-hyperinsulinemic clamp studies was associated with an increase in 
fasting levels of 12αOH-BA, to which DCA was the largest contributor [5]. In 
a follow-up study, they showed that 12αOH-BA synthesis was preferentially 
increased in obese, insulin resistant subjects, leading to higher fasting and peak 
levels of total BA [2]. �ey associated these changes to decreased expression of bile 
acid transporters in liver biopsies from patients undergoing Roux-en-Y gastric 
bypass, with these bile salt transporters hypothesized to be under acute control 
of insulin signaling. In light of these studies, it is counterintuitive that plasma 
DCA levels are high in obese and diabetic subjects and increase further a�er 
weight loss. Although we cannot explain this finding, it is likely that activity of BA
transporters, expression of CYP8B1 and the gut microbiome all play a role.

Energy expenditure was decreased by the diet, which is consistent with the large 
body of literature describing decreased basal metabolism during calorie restriction 
[22]. BA are thought to be able to increase energy expenditure through activation 
of TGR5-signaling in myocytes and brown adipocytes. In these cell types, TGR5-
activation has been shown to lead to increased expression of type 2 deiodinase, 
which converts thyroid hormone into its active form [27]. �is in turn leads to an 
increase in thermogenesis, resulting in weight loss. Of the circulating BA, DCA is 
the most e�ective ligand for TGR5 with an EC50 of 0.79-1.25 mmol/L depending 
on conjugation state [12]. In our study, despite DCA levels reaching higher 
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peak levels, energy expenditure went down. Additionally, BA levels and energy 
expenditure were not correlated (data not shown), demonstrating that the change 
in BA in our study did not modulate energy expenditure directly or later a�er 
the meal. �e timing of the energy expenditure measurements did not coincide 
with the peak in bile acid levels in our studies, which may explain why there 
was no discernible e�ect. �is does mean that postprandial BA concentrations 
are unlikely to play a large role in physiological control of total daily energy 
expenditure. Supra-physiological stimuli might be capable of enhancing energy 
expenditure, as proposed recently by Broeders and colleagues [28]. Strengths of 
this study include the paired design, allowing for a relative small sample size and 
the use of more sensitive statistical methods, the longer timeframe of postprandial 
plasma sampling compared to previous studies using mixed-meal testing, and the 
highly sensitive HPLC-MSMS method for measuring all physiologically relevant 
BA. Limitations of the study include the fact that we did not perform clamp 
studies to assess insulin sensitivity since we were interested in the postprandial 
BA curve. Additionally, the gut microbiome may have been altered by the dietary 
intervention. Finally, our intervention may not have been long enough to change 
BA levels profoundly. DCA constitutes a large part of the BA pool. Although we 
have previously seen acute meal e�ects on postprandial BA curves (unpublished 
data), slow changes in the composition of the BA pool and a presumably intact 
negative feedback mechanism via FXR may explain only a modest change a�er 
~11 days of hypocaloric feeding in our subjects.

In conclusion, a short-duration very low calorie diet modestly increased the DCA 
component of the postprandial BA response in obese subjects while decreasing 
energy expenditure. Changes in activity of BA transporters, CYP8B1 and the gut 
microbiome may be involved in this response.
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Abstract

Bile acids, glucagon-like peptide-1 (GLP-1), and �broblast growth factor 19 
(FGF19) play an important role in postprandial metabolism. In this study, we 
investigated the postprandial bile acid response in plasma and its relation to 
insulin, GLP-1, and FGF19. First, we investigated the postprandial response to 
40-h fast. �en we administered glycine-conjugated deoxycholic acid (gDCA) 
with the meal. We performed two separate observational randomized crossover 
studies on healthy, lean men. In experiment 1, we tested 4-h mixed meal a�er an 
overnight fast and a 40-h fast. In experiment 2, we tested a 4-h mixed meal test with 
and without gDCA supplementation. Both studies measured postprandial glucose, 
insulin, bile acids, GLP-1, and FGF19. In experiment 1, 40 h of fasting induced 
insulin resistance and increased postprandial GLP-1 and FGF19 concentrations. 
A�er an overnight fast, we observed strong correlations between postprandial 
insulin and gDCA levels at speci�c time points. In experiment 2, administration 
of gDCA increased GLP-1 levels and lowered late postprandial glucose without 
e�ect on FGF19. Energy expenditure was not a�ected by gDCA administration. 
Unexpectedly, 40 h of fasting increased both GLP-1 and FGF19, where the former 
appeared bile acid independent and the latter bile acid dependent. Second, a single 
dose of gDCA increased postprandial GLP-1. �erefore, our data add complexity 
to the physiological regulation of the enterokines GLP-1 and FGF19 by bile acids.

Abbreviations: bile acids; FGF19; GLP-1; type 2 diabetes; postprandial metabolism
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Introduction

Bile acids (BA) are known for their role in hepatobiliary cholesterol secretion 
(37) and detergent properties that enable enteral lipid uptake (28). Recently, BAs 
have gained interest for their role as hormone-like mediators involved in energy 
metabolism (33). �eir e�ects are mainly mediated by the nuclear Farnesoid X 
Receptor (FXR) and the transmembrane Takeda G-protein-coupled receptor 
(TGR5) (24, 33). BA dynamics in the enterohepatic and systemic circulation 
are responsive to nutrient intake, and BA receptors are ideally positioned in the 
digestive system to function as postprandial metabolic integrators by sensing and 
conveying information about nutrient status (2, 43).

�e two main primary human BAs, cholic acid (CA) and chenodeoxycholic 
acid (CDCA), are synthesized from cholesterol in the hepatocyte, conjugated 
with either glycine or taurine, and subsequently stored in the gallbladder. A�er 
a meal, these BAs facilitate the absorption of lipids and lipid soluble vitamins. 
�e microbiota in the gut are involved in BA deconjugation and dehydroxylation, 
yielding the secondary BAs deoxycholic acid (DCA) and lithocholic acid from 
CA and CDCA, respectively. BA reabsorption occurs primarily through active 
transport in the ileum, and BAs reach the liver via the portal vein (26, 28, 44). A 
fraction of BAs escapes hepatic clearance and enters the systemic circulation in a 
pattern of postprandial peaks that may be high enough to activate BA receptors in 
the systemic circulation (9).

TGR5 is expressed by entero-endocrine L-cells in the intestine, and its activation 
by BAs results in the release of the incretin glucagon-like peptide 1 (GLP-1) (45). 
GLP-1, in turn, increases glucose-dependent insulin release from the pancreatic 
beta cells. BAs may also directly stimulate insulin release, as both FXR and TGR5 
are expressed by the beta cell (25, 38). During enterohepatic BA cycling, FXR 
activation induces a negative feedback loop comprising ileal �broblast growth 
factor 19 (FGF19) that represses hepatic BA production.

FGF19 has been suggested to inhibit gluconeogenesis and hepatic lipogenesis, 
whereas it stimulates glycogen synthesis (22, 36). In contrast, it was recently 
shown in rodents that FXR is an activator of fasting hepatic gluconeogenesis (35). 
In humans, administration of a FGF19 analog diminished liver fat without e�ects 
on plasma glucose levels (7, 18).

570617 Nierop, Sam van.indd   85 06-12-2021   21:05



Chapter 5

86

In this study, we investigated the postprandial BA response in plasma in relation 
to insulin, GLP-1, and FGF19 levels. First, we analyzed the e�ects of mixed meal 
tests a�er an overnight and a 40-h fast as model of insulin resistance, because 
BA metabolism is altered in various models of insulin resistance (5, 14, 47). We 
subsequently assessed the e�ects of oral administration of glycine-conjugated 
DCA (gDCA) on postprandial glucose, insulin, and GLP-1 levels in a second 
separate experiment.

Materials and methods

Subjects
We performed two experiments with di�erent subjects. We recruited 9 lean young 
men in experiment 1 and 10 lean young men in experiment 2. Exclusion criteria 
were body mass index (BMI) > 25 kg/m2, history of gallstones or biliary surgery, 
use of medication, substance abuse (nicotine or drugs, alcohol >2 units/day), 
liver test abnormalities (aspartate aminotransferase, alanine aminotransferase, 
bilirubin, gamma-glutamyl transferase, alkaline phosphatase), or abnormal fasted 
levels of plasma glucose or insulin. Written informed consent was obtained from 
all subjects before the start of the study procedures, and the studies were approved 
by the Academic Medical Center (AMC) Medical Ethics Committee (Amsterdam, 
�e Netherlands). �e experiments were conducted in accordance with the 
principles of the Declaration of Helsinki (sixth revision, 2008). Experiment 1 was 
�led at the ethical committee under ABR number NL4083401812. Experiment 2 
was prospectively registered at www. trialregister.nl (NTR5849).

Study Design
Both separate, but related, experiments were mono center and conducted on 
the Experimental and Clinical Research Unit of the AMC, Amsterdam, �e 
Netherlands.

Experiment 1. Each subject (n = 9) had two mixed meal tests on separate study 
days in a randomly assigned crossover design. Prior to each study day, subjects 
were instructed to either consume their regular diet followed by an overnight fast 
leading up to the study day (14 h FAST) or remain fasted for a total of 40 h (40 h 
FAST).
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Experiment 2. Each subject (n = 10) had two mixed meal tests a�er an overnight 
fast on separate study days in a randomly assigned crossover design. In balanced 
assignment, subjects underwent the control meal test (-gDCA) or received 750 
mg of gDCA in capsules concomitantly with the standard meal (+gDCA). We 
administered a similar dose as used for ursodeoxycholic acid in earlier studies 
(11, 15). gDCA capsules were prepared for each subject individually under 
responsibility of the AMC hospital pharmacy.

Mixed Meal Test
For both experiments, subjects were admitted to the unit a�er an overnight or 
40-h fast. �e liquid test meal (Nutridrink Compact, Nutricia, Zoetermeer, �e 
Netherlands) contained 16% protein, 35% fat, and 49% carbohydrates. Subjects 
ingested the caloric equivalent of 25% of their estimated daily energy expenditure 
calculated using the Harris-Benedict equation. �e test meal was ingested at time 
point 0 (t = 0). In both experiments, blood was sampled from a catheter inserted in 
a forearm vein. In experiment 1, blood samples were obtained at 0, 30, 60, 90, 120, 
180, and 240 min a�er meal ingestion and in experiment 2 at -20, -10, 0, 15, 30, 
45, 60, 75, 90, 120, 180, and 240 min. Samples were collected into chilled EDTA or 
heparincoated tubes on ice and immediately centrifuged and subsequently stored 
at -20°C until analysis. For GLP-1 samples, a dipeptidyl peptidase inhibitor (Ile-
Pro-Ile, Sigma-Aldrich, St. Louis, MO) was added to the collection tube at 0.01 
mg/mL, and plasma was stored at -80°C.

Laboratory Analysis
Plasma glucose concentrations were analyzed bedside using the glucose oxidation 
method (EKF Diagnostics, Barleben/Magdeburg, Germany). Insulin was 
determined on an Immulite 2000 system (Siemens Healthcare Diagnostics, Breda, 
�e Netherlands). Active GLP-1 concentrations were measured by ELISA (EMD 
Millipore, Billerica, MA). FGF19 was measured at the University of Maastricht 
using an in-house developed ELISA as published previously (40).

Bile Acid Analysis
Taurine- and glycine-conjugated internal standards [2,2,4,4-2H4

]taurocholic acid 
(tauro-CA), [2,2,4,4-2H4

] taurochenodeoxycholic acid (tauro-CDCA), [2,2,4,4-
2H4]glycocholic acid (glyco-CA), and [2,2,4,4-2H4] glycochenodeoxycholic acid 
(glyco-CDCA) were synthesized as described by Mills et al. (30). Plasma (50 µL) 
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was diluted with 50 µL internal standard solution (30) and 500 µL acetonitrile 
was added while mixing. A�er centrifugation, the sample was dried under N2 and 
reconstituted in 100 µL methanol:H2O (1:3). Subsequently, 10 µL of this solution 
was injected onto a UPLC column (Waters Acquity BEH C18; length 10 cm, 
internal diameter 2.1 mm, particle size 1.7 µm). �e BAs were separated using a 
gradient from 98% 5 mM ammoniumformate (pH 8.1):methanol (3:1 v:v) to 98% 
acetonitrile:H2O (9:1 v:v) in 5 min at a �ow rate of 350 µL/min.

BAs were detected with a Waters Quattro Premier XE tandem mass spectrometer 
in the negative electrospray ionization mode. For the detection of glycine- and 
taurine-conjugated BAs, cone voltage was set at 60 V and 90 V, respectively, using 
40 eV and 60 eV collision energy, respectively. Overall collision gas pressure was 3 × 
10-3 mbar argon, and the source temperature was kept at 120 °C. Glycine-conjugated 
BAs were detected by multiple reaction monitoring using speci�c transitions with 
a mass di�erence of m/z 74, since all glycine conjugates speci�cally lose the m/z 
74 fragment from the quasimolecular ion a�er fragmentation (30). Transitions: 
glyco-CDCA, glyco-DCA, and glyco-ursodeoxycholic acid (UDCA) (448®74); 
[2H4]glyco-CDCA (452®74); glyco-CA (464®74); [2H4]glyco-CA (468®74). Taurine-
conjugated BAs were detected in a similar manner using speci�c transitions 
with a mass di�erence of m/z 80 due to the loss of a part of the taurine moiety. 
Transitions: tauro-CDCA, tauro-DCA, and tauro-UDCA (498®80); [2H4]tauro-
CDCA (502®80); tauro-CA (514®80); [2H4

]tauro-CA (518®80). Unconjugated BAs 
were detected using selected ion recording (cone voltage 70 V, collision energy 10 
eV): CDCA and DCA m/z 391, CA m/z 407.

Absolute concentrations of either taurine- or glycine-conjugated CA and CDCA 
were calculated using calibration curves by relating the peak area to the peak area 
of the respective 2H4 internal standard. For DCA and UDCA conjugates, the [2H4]
CDCA internal standards were used. Calibration curves were labeled linear (r 
0.98) from 0.1 to 100 µmol/L.

Energy Expenditure
Energy expenditure (REE) was determined by indirect calorimetry before (at -30 
min), 90, and 240 min a�er the meal using a ventilated hood system (Vmax Encore 
29; SensorMedics, Anaheim, CA). Substrate oxidation was calculated as described 
by Frayn (12). �e abbreviated Weir equation was used to calculate 24-h energy 
expenditure.

570617 Nierop, Sam van.indd   88 06-12-2021   21:05



Short term starvation and bile acid supplementation

89

5

Statistical Analysis
Concentrations and area under the curves (AUCs) are presented as median and 
interquartile range (IQR) unless otherwise stated. For visual purposes, data in 
graphs are displayed as means ± SE. AUCs and incremental AUCs (iAUCs), by 
using baseline subtracted values, were calculated with the trapezoidal rule. �e 
total bile acid (TBA) concentration is the sum of the unconjugated and conjugated 
forms of CA, CDCA, DCA, and UDCA. �e lithocholic acid (LCA) concentrations 
were all below the detection limit and therefore not included in the data analysis. A 
P value below 0.05 is considered as statistically signi�cant. Comparisons between 
two conditions were evaluated with either paired t-testing for normally distributed 
data or the Wilcoxon signed rank test for nonparametric distribution. We used a 
two-way repeated measurement ANOVA (2-way RM-ANOVA) for the analyses 
of di�erences in postprandial curves between the mixed meal tests, including 
fasted concentrations (t = 0). When the two-way RM-ANOVA was statistically 
signi�cant, we performed post hoc Bonferroni testing to detect the speci�c 
di�erences in the individual time points. Correlations between individual BA 
species, insulin, GLP-1, and FGF19 were tested on all time points using Pearson’s 
correlation for normally distributed data or Spearman’s Rho for nonparametric 
data. �e Bonferroni test was used to correct for multiple testing and only highly 
signi�cant results are reported. Statistical analysis was performed using IBM SPSS 
Statistics 24 (IBM, Armonk, NY) and GraphPad Prism 7.02 (GraphPad So�ware 
Inc., La Jolla, CA). Graphs were made using GraphPad Prism 7.02.

Results

Subject Characteristics
We included 9 healthy, lean men (median [IQR] age 23.1 [2.8] years, 79.0 [14.0] 
kg, height 187.0 [9.5] cm, BMI 23.1 [2.8] kg/m2) for the experiment 1 and 10 
healthy lean men (age 24.5 [5.0] years, 74.4 [10.2] kg, height 183.0 [7.8] cm, BMI 
22.1 [2.6] kg/m2) for experiment 2. In both experiments, all subjects completed the 
study procedures.

Experiment 1
Plasma glucose and insulin concentrations a�er 40 h of fasting. Forty hours of 
fasting lowered premeal plasma glucose concentrations (baseline 14 h FAST: 5.3
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Fig. 1. Postprandial homeostasis in fasting-induced insulin resistance in healthy men. In a crossover 
design, healthy men (n = 9) consumed a standardized liquid meal test at t = 0 a�er an overnight (14-h 
FAST) or 40 h fast (40-h FAST). Postprandial excursion of glucose (A), insulin (B), total bile acids (BA; C), 
glycine-conjugated deoxycholic acid (gDCA; D), �broblast growth fac tor 19 (FGF19; E), C4 (7α-hydroxy-
4-cholesten-3-one; F). ●, 14 h FAST; , 40 h FAST. *P < 0.05, **P < 0.01, and ***P < 0.001 a�er post hoc 
analysis. Data are means ± SE.
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[0.35] mmol/L vs. 40 h FAST: 4.2 [1.0] mmol/L; P < 0.05) but had no e�ect on 
premeal insulin concentrations (baseline 14 h FAST: 7.5 [15.0] pmol/L vs. 40 h 
FAST: 7.5 [0] pmol/L; P > 0.05). Extended fasting increased postprandial glucose 
and insulin concentrations (AUC0-240 glucose 14 h FAST: 1,401.0 [240.5] mmol/L 
× min vs. 40 h FAST: 1,579.5 [498.2] mmol/L × min; P < 0.05, 2-way RM-ANOVA. 
P < 0.01; post hoc analysis time (T) 60 P < 0.05 and T90 P < 0.01 AUC0-240 insulin 
14 h FAST: 40,447.0 [8,775.0] pmol/L × min vs. 40 h FAST: 64,807.5 [67320.0] 
pmol/L × min; P < 0.01, 2-way RM-ANOVA P < 0.05, post hoc analysis T90, T120, 
and T180 P < 0.01) (Fig. 1, A and B), denoting that 40 h fasting induced glucose 
intolerance. iAUCs yielded the same results (data not shown).

Plasma BA concentrations a�er 40 h of fasting. Postprandial TBA concentrations 
increased in both conditions (Fig. 1C). Fasting and postprandial BA levels showed 
large interindividual variations in BA composition (Table 1). �e 40-h fast did not 
a�ect baseline (14 h FAST: 0.70 [0.63] µmol/L vs. 40 h FAST: 0.54 [0.60] µmol/L; 
P > 0.05) or postprandial total BA levels in plasma (AUC0-240 14 h FAST: 989.3 
[848.4] µmol/L × min vs. 40 h FAST: 987.5 [516.0] µmol/L × min; P > 0.05, 2-way 
RM-ANOVA P > 0.05) (Table 1, Fig. 1C).

�ere was no signi�cant e�ect of the 40-h fast on baseline levels or postprandial 
excursion of other individual BA species (Table 1). We did not �nd any di�erences 
in the fasted CA:CDCA ratio (14 h FAST 0.54 ± 0.3 vs. 40 h FAST 0.44 ± 0.1; P > 
0.05) and the primary (CA and CDCA): secondary bile acid (DCA and UDCA) 
ratio (14 h FAST 1.52 ± 0.7 vs. 40 h FAST 1.31 ± 0.1; P > 0.05). Furthermore, the 
postprandial CA:CDCA ratio (AUC 14 h FAST 0.39 ± 0.2 vs. 40 h FAST 0.36 ± 0.1; 
P > 0.05) and the primary:secondary bile acid ratio (AUC 14 h FAST 2.6 ± 1.6 vs. 
40 h FAST 2.6 ± 1.9; P > 0.05) did not di�er.

Since we were interested in the correlations between plasma levels of BAs and 
insulin, we performed correlation analyses at di�erent time points a�er ingestion 
of the meal. We observed a strong positive correlation between post absorptive 
insulin and gDCA levels at t = 60 min a�er an overnight fast (Spearman’s Rho 14 h 
FAST: r = +0.88, P < 0.01, Fig. 2A, 40 h FAST: r = +0.42, P = 0.27) and t = 90 min 
(14 h FAST: r = +0.75, P < 0.05; 40 h FAST: r = +0.73, P < 0.05). �e correlation 
at 60 min was strongest a�er an overnight fast, where the correlation remained 
signi�cant a�er correction for multiple testing. iAUCs showed no di�erences 
(data not shown).
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Table 1. E�ects of short-term fasting and single-dose gDCA administration on plasma bile acid composition 
in healthy men

Experiment 1, n = 9 men Experiment 2, n = 10 men
Bilogram, µmol/L 14 h FAST 40 h FAST P —gDCA +gDCA P
Total bile acids baseline 0.70 [0.63] 0.54 [0.60] 0.86 1.10 [2.14] 0.73 [1.13] 0.11

AUC 987.1 [859.1] 987.5 [515.2] 0.31 1126.7 [621.0] 1104.3 [686.7] 0.88
2-way RM-
ANOVA 0.20 0.63

Unconj. CA baseline 0.04 [0.04] 0.02 [0.02] 0.14 0.10 [0.20] 0.11 [0.75] 0.25
AUC 10.13 [3.78] 7.4 [2.69] 0.14 22.1 [106.6] 27.8 [27.5] 0.28
2-way RM-
ANOVA 0.11 0.16

G-conj. CA baseline 0.05 [0.04] 0.04 [0.07] 0.91 0.13 [0.25] 0.05 [0.09] 0.37
AUC 170.3 [130.2] 159.3 [158.6] 0.31 155.4 [143.2] 92.7 [112.1] 0.72
2-way RM-
ANOVA 0.55 0.69

T-conj. CA baseline 0.02 [0.01] 0.01 [0.02] 0.77 0.0 [0.07] 0.0 [0.01] 0.16
AUC 14.7 [17.6] 16.4 [27.4] 0.77 21.8 [22.5] 15.3 [20.8] 0.33
2-way RM-
ANOVA 0.87 0.63

Unconj. CDCA baseline 0.04 [0.04] 0.01 [0.03] 0.18 0.10 [0.34] 0.09 [0.29] 0.21
AUC 21.2 [46.0] 16.7 [10.8] 0.31 26.8 [58.6] 23.6 [30.0] 0.06
2-way RM-
ANOVA 0.46 0.62

G-conj. CDCA baseline 0.14 [0.26] 0.06 [0.11] 0.86 0.35 [0.28] 0.22 [0.15] 0.37
AUC 353.5 [399.6] 452.9 [279.6] 0.44 414.1 [285.3] 454.3 [169.1] 0.72
2-way RM-
ANOVA 0.28 0.34

T-conj. CDCA baseline 0.01 [0.02] 0.02 [0.02] 0.44 0.02 [0.05] 0.0 [0.02] 0.08
AUC 40.9 [40.0] 35.4 [58.8] 0.86 48.7 [31.8] 54.6 [35.3] 0.39
2-way RM-
ANOVA 0.28 0.50

Unconj. DCA baseline 0.11 [0.21] 0.09 [0.42] 0.83 0.22 [0.39] 0.23 [0.34] 0.31
AUC 66.8 [160.5] 108.7 [144.2] 0.26 69.0 [61.9] 48.8 [101.3] 0.58
2-way RM-
ANOVA 0.30 0.84

G-conj. DCA baseline 0.03 [0.12] 0.28 [0.74] 0.51 0.10 [0.14] 0.07 [0.04] 0.24
AUC 121.1 [227.1] 108.1 [171.1] 0.44 152.0 [141.4] 231.1 [133.0] 0.02*
2-way RM-
ANOVA 0.28 0.17

T-conj. DCA baseline 0.0 [0.01] 0.01 [0.03] 0.91 0.01 [0.08] 0.0 [0.0] 0.04*
AUC 17.1 [45.3] 17.4 [34.4] 0.77 33.4 [47.4] 21.0 [18.2] 0.06
2-way RM-
ANOVA 0.21 0.78

Data are median and [interquartile range]. AUC, area under the curve; TBA, total bile acids; G-conj., glycine 
conjugated; T-conj., taurine conjugated; CA, cholic acid; CDCA, chenodeoxycholic acid; DCA, deoxycholic 
acid; RM, repeated measures. *P < 0.05.
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Plasma GLP-1 and FGF19 concentrations a�er 40 h of fasting. Forty hours of 
fasting did not change GLP-1 baseline concentrations (baseline 14 h FAST: 4.4 
[8.7] pmol/L vs. 40 h FAST: 7.1 [15.0] pmol/L; P > 0.05) but increased postprandial 
AUC of GLP-1 (AUC0-180 14 h FAST: 1,896.0 [2,463.8] pmol/L × min vs. 40 h FAST: 
2,232.0 [2,470.5] pmol/L × min; P < 0.05, 2-way RM-ANOVA P = 0.059) (Fig. 1G). 
�e iAUC analysis for GLP-1 showed no di�erences (data not shown).

Forty hours of fasting increased FGF19 baseline concentrations (baseline 14 h 
FAST: 0.10 [0.07] ng/mL vs. 40 h FAST: 0.22 [0.40] ng/mL; P < 0.05), thereby 
tremendously increasing postprandial AUC of FGF19 (AUC0-240 14 h FAST: 58.6 
[44.3] ng/mL × min vs. 40 h FAST: 123.8 [124.1] ng/mL × min; P < 0.05, 2-way 
RM-ANOVA P < 0.01, post hoc analysis T60 and T180 (P < 0.05), T90 and T120 
P < 0.001) (Fig. 1E). However, postprandial iAUC of FGF19 was not increased 
a�er 40 h of fasting (AUC0–240 14 h FAST: 33.4 [28.2] ng/mL × min vs. 40 h FAST 
65.8 [49.8] ng/mL × min; P > 0.05). Additionally, we measured 7α-hydroxy-4-
cholesten-3-one (C4) as a marker of bile acid synthesis. In contrast to FGF19, 40 
h of fasting did not a�ect C4 baseline levels (baseline 14 h FAST: 10.0 [12.6] ng/
mL vs. 40 h FAST: 7.1 [10] ng/mL; P > 0.05). However, postprandial C4 was lower 
a�er a 40-h fast (AUC0-240 14 h FAST 3,419 [2,099] vs. 40 h FAST 2,058 [952] ng/
mL × min, P < 0.05, 2-way RM-ANOVA P < 0.01, post hoc analyses T120 P < 0.05 
and T180 P < 0.01) (Fig. 1F). TBA did not correlate with FGF19, but we observed 
a strong positive correlation between baseline glycochenodeoxycholic acid and 
FGF19 levels a�er 40 h of fasting (Spearman’s Rho +0.98, P < 0.01) and baseline 
glycocholic acid and FGF19 (Spearman’s Rho +0.81, P < 0.05) (Fig. 2, B and C).
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Fig. 2. Correlations of enteroendocrine factors in healthy men. In a crossover design, healthy male subjects 
(n = 9) consumed a standardized liquid meal test at t = 0 a�er an overnight (14-h fast) or 40-h fast (40-h 
fast). Depicted are the postprandial Spearman’s Rho correlation between insulin and glycine-conjugated 
deoxycholic acid (gDCA) 60-min postprandial a�er 14 h of fasting (P < 0.01) (A), the Spearman’s Rho 
correlation between baseline �broblast growth factor 19 (FGF19) and glycochenodeoxycholic acid 
(GCDCA) (P < 0.01) (B), and between baseline FGF19 and glycocholic acid (gCA) (P < 0.05) (C).
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Experiment 2
�e changes in GLP-1 and FGF19 and correlation between gDCA and insulin 
levels in experiment 1 prompted us to explore the e�ect of gDCA supplementation 
on these postprandial parameters.

Plasma glucose and insulin concentrations a�er gDCA administration. 
Administration of gDCA had no e�ect on the total postprandial excursion of 
glucose (AUC0-240 –gDCA: 1,176.9 [173.0] mmol/L × min vs. +gDCA: 1,145.1 
[63.3]; P > 0.05, 2-way RM-ANOVA P > 0.05) (Fig. 3A). Because the postprandial 
curve showed a glucose lowering e�ect a�er gDCA administration between 
T75 and T180, we calculated the AUC of glucose for these speci�c time points 
and we found that gDCA administration decreased the AUC75-180 before glucose 
levels returned to baseline (-gDCA: 616.5 [76.3] mmol/L × min vs. +gDCA: 
544.4 [109.7]) mmol/L × min; P < 0.05). However, gDCA administration did not 
a�ect postprandial insulin concentrations (AUC0-240 –gDCA: 46,188.8 [30,275.9] 
vs. +gDCA 45,978.8 [4,4045.6] P > 0.05; 2-way RM-ANOVA P > 0.05) (Fig. 3B). 
Analyses of the iAUCs of glucose and insulin yielded the same results (data not 
shown). 

Plasma BA concentrations a�er gDCA administration. TBA excursions a�er the test 
meal were not a�ected by gDCA administration (AUC0-240 -gDCA: 1,126.6 [621.0] 
µmol/L × min vs. +gDCA: 1,104.3 [686.7] µmol/L × min; P > 0.05, 2-way RM-
ANOVA P > 0.05), although some di�erences in BA composition were uncovered 
(Table 1). In line with our expectations, postprandial gDCA concentrations (AUC) 
were increased a�er gDCA administration (AUC0-240 -gDCA: 152.0 [141.4] µmol/L 
× min vs. +gDCA: 231.1 [133.0] µmol/L × min, P < 0.05, 2-way RM-ANOVA P 
> 0.05) (Fig. 3C). Correlation analyses showed no signi�cant correlations a�er 
gDCA administration. Analysis of the iAUC of TBAs yielded the same results 
(data not shown).

Plasma GLP-1 and FGF19 concentrations a�er gDCA administration. �e AUC 
of GLP-1 was similar between the study days (AUC0-240 -gDCA: 3,110.6 [3,471.7] 
pmol/L × min vs. +gDCA: 3,232.5 [2,865.8] pmol/L × min; P > 0.05, 2-way RM-
ANOVA P > 0.05) (Fig. 2E), whereas the postprandial incremental AUC of the �rst 
phase secretion of GLP-1 was higher a�er gDCA (iAUC0-60: –gDCA: 56.8 [483.8] 
pmol/L × min vs. +gDCA: 365.7 [388.8] pmol/L × min; P < 0.01) (Fig. 2E).
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Finally, postprandial excursion of the BA/FXR-induced enterokine FGF19 was 
not a�ected by gDCA administration (AUC0-240 –gDCA: 48.8 [16.9] ng/mL × min 
vs. +gDCA: 46.7 [12.9] ng/mL × min, P > 0.05, 2-way RM-ANOVA P > 0.05) 
(Fig. 2D). We found no correlations between BAs, GLP-1, and FGF19 (data 
not shown). �e iAUCs of both GLP-1 and FGF19 yielded the same results 
(data not shown). 
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Pre- and postprandial energy expenditure. Baseline REE per kilogram body 
weight was slightly less in the control setting (–gDCA: 21.0 ± [2.51] vs. +gDCA: 
21.7 ± [2.7] kcal·kg-1·day-1; P < 0.05), whereas total REE at baseline was not 
di�erent between the groups (-gDCA: 1655.0 [244.5] vs. +gDCA: 1720.0 [164.0]
kcal·kg-1·day-1; P > 0.05). Total energy expenditure (REE) and REE per kilogram 
body weight increased 90 min a�er meal ingestion (REE –gDCA: 1,899.0 [130.0] 
vs. + gDCA: 2,057.5 [483.3] kcal·kg-1·day-1; P > 0.05; REE per kilogram body weight 
–gDCA: 24.1 [4.2] vs. +gDCA: 26.1 [4.7] kcal·kg-1·day-1; P > 0.05) and leveled o� 
again a�er 240 min (REE -gDCA: 1605.0 [301.8] kcal·kg-1·day-1 vs. +gDCA: 1,750.5 
[228.8] kcal·kg-1·day-1; P > 0.05; REE per kilogram body weight –gDCA: 20.6 [3.1] 
kcal·kg-1·day-1 vs. +gDCA: 22.0 [3.6] kcal·kg-1·day-1, P > 0.05). However, gDCA did 
not alter the postprandial response of REE. Furthermore, we did not �nd e�ects of 
gDCA supplementation on oxidation of individual macronutrients (data not shown).

Discussion

BAs and their targets GLP-1 and FGF19 have received interest as hormone-
like mediators that modulate energy metabolism. Here we explored these axes 
in response to 40 h fasting-induced insulin resistance and by administering 
oral gDCA. In the �rst experiment, we assessed the e�ects of a 40-h fast on BA 
metabolism because this induces insulin resistance (42) and BA metabolism is 
altered in various models of insulin resistance (5, 14, 47). More speci�cally, CA 
synthesis is increased and the DCA pool is relatively enlarged in patients with 
type 2 diabetes (5), most likely leading to the observed increased postprandial 
BA peaks (43, 47). Postprandial BA concentrations in plasma are suppressed in 
subjects with obesity (14).

We reproduced the e�ects of 40 h fasting on insulin sensitivity from Horton 
and Hill al. (19), but we found no e�ects of 40 h fasting on postprandial BA 
concentrations. Obviously, there are important di�erences between fasting-
induced insulin resistance and the metabolic changes seen in obesity and type 2 
diabetes (42). It was shown previously that insulin resistance a�ects the BA pool 
composition via upregulation of CYP8B1 (12α-hydroxylase, engaged in synthesis 
of CA) by diminished FoxO1 inhibition (16, 17, 20). Here we found no di�erences 
in the ratio of 12α-hydroxylated and non-12α-hydroxylated bile acids, which may 
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either negate an e�ect on CYP8B1 or may be due to considerable intraindividual 
variation. Moreover, only small changes in BA levels may be seen a�er a diet 
intervention of 2 wk (32), whereas a�er bariatric surgery bene�cial changes in 
glucose metabolism appeared a�er changes in BA pool composition (8).

We found positive correlations between gDCA and insulin levels at multiple 
postprandial time points in both overnight fasted and 40-h fasted states. TGR5 
mediates release of GLP-1 by enteroendocrine L cells in response to stimulation 
with BAs (45, 46, 49). GLP-1 can in turn lead to increased insulin release. 
Alternatively, activation of TGR5 on human pancreatic beta cells leads to rapid 
basal and glucose-dependent insulin secretion in vitro (25). DCA is a secondary 
BA that makes up around 30% of the total BA pool in humans, where it is mainly 
found in its glycine-conjugated form (5). In patients with type 2 diabetes, the 
relative contribution of DCA to the total BA pool is increased (5). �is could be 
interpreted as an adaptive response to counter declining beta cell insulin secretion. 
Sato and colleagues (39) showed that gDCA is a particularly strong TGR5 agonist, 
activating 50% of this receptor at a concentration of 1.18 µM.

Forty hours of fasting actually did increase postprandial GLP-1 concentrations. 
BAs continue to cycle in the enterohepatic cycle during fasting, but it is unclear if 
increased luminal stimulation by BAs such as gDCA increased the GLP-1 levels 
a�er the 40-h fast, because we did not witness increased BA levels in our peripheral 
samples. Preclinical work has linked an increase of GLP-1 production to an 
increase of energy status, i.e., AMPK-dependent regulation of GLP1 expression 
in L-like cells (21).

Likewise, it may be di�cult to explain both the increased basal and postprandial 
FGF19 concentrations a�er 40 h of fasting. Here, FGF19 may be high to suppress 
hepatic BA biosynthesis while starving despite absence of stimuli that would 
normally induce FGF19 release. 7α-Hydroxy-4-cholesten-3-one (C4) re�ects 
hepatic CYP7A1 activity and, indeed, we found suppressed postprandial C4 levels 
a�er 40 h of fasting as seen in other studies where high FGF19 levels lower C4 
(13, 41). However, increased basal FGF19 a�er 40 h of fasting did not result in 
statistically lower basal C4 concentrations. �is may be due to lack of power, 
insu�cient basal FGF19 concentrations to inhibit C4, or di�erent circumstances 
(i.e., glucose, insulin, and bile acid composition) in the fasted state compared 
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with the postprandial state (9). Alternatively, FGF19 is not obligatory for reduced 
BA biosynthesis (1). Forty hours of fasting induces profound reciprocal changes 
in energy metabolism that may have in�uenced FGF19 biology (42). It is also 
tempting to speculate that ongoing cycling of BAs such as CDCA, which correlated 
with FGF19 levels, may have led to increased FGF19 production as shown earlier 
in other models (29, 50).

In the second experiment, we further explored this relationship and administered 
a single dose of 750 mg gDCA with the meal. �e dose is similar to that 
recommended for ursodeoxycholic acid, prescribed for treatment of primary 
biliary cholangitis and used in translational studies (11, 15), but lower than the 
dose of CDCA (15 mg/kg) used in the study by Broeders et al. (4). Unconjugated 
DCA has been suggested to exert carcinogenic e�ects in in vitro studies employing 
supraphysiological concentrations (31). However, in our study, we administered 
glycine-conjugated DCA, which is abundantly present in the human BA pool and 
enters the gut lumen in high concentrations a�er a meal (5).

We found slightly lower plasma glucose levels in our healthy volunteers a�er gDCA 
administration between 75 and 180 min a�er the meal. Although this could be 
perceived as a chance �nding, lower glucose levels were very reproducible between 
subjects, showed marginal spread, and reached a mean di�erence of ~0.5 mM at 
time points 90 and 120 min. We could not attribute this to a relevant increase in 
insulin levels. Moreover, gDCA supplementation acutely increased GLP-1 levels. 
�is is likely explained by increased secretion and not diminished clearance, 
because GLP-1 normally is broken down quickly by dipeptidyl peptidase-4 (3). 
�e key question remains then: how does gDCA increase GLP-1 secretion? 
Stimulation of TGR5 receptors in the gut by gDCA is most likely responsible for 
this phenomenon, because the GLP-1 e�ects were rather acute (a�er 30 min, Fig. 
3E) and preceded the increased gDCA plasma levels, which only became evident 
a�er ~120 min (Fig. 3C). Our data support previous work that shows bile acids 
as important regulators of appetite- and metabolism-regulating hormones by 
activation of basolateral intestinal TGR5 (23). However, the combination of a 
short GLP-1 surge and healthy lean volunteers may have prevented clear e�ects 
on glucose levels. �e fact that we found no e�ects on FGF19 levels a�er gDCA 
administration may be explained by lower, but not absent, a�nity of gDCA for 
FXR compared with CDCA (34).
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Contrary to our expectations, we did not detect an e�ect of oral gDCA on energy 
expenditure in this study, despite observing signi�cantly increased gDCA plasma 
concentrations at the end of the meal. TGR5/DIO2 coexpression has been 
con�rmed to be present in both human skeletal muscle myoblasts and brown 
adipose tissue in humans, suggesting that this pathway is functionally active (4). 
Broeders et al. (4) described a 5% increase in early morning basal metabolic rate in 
response to two consecutive doses of unconjugated CDCA given over the course 
of 24 h. Despite the fact that unconjugated CDCA is a BA with weaker TGR5 
a�nity compared with gDCA, the increased brown adipose tissue activity was 
attributed to TGR5 activation (39).

Our study had a few limitations. First, the experiments were designed to assess 
acute e�ects of BAs mediated by TGR5 and not by changes in FXR stimulation or 
changes to the composition of the circulating BA pool. Plasma BA concentrations 
are probably not under short-term regulation but instead are a function of their 
portal concentration and a relatively constant hepatic uptake (27). However, longer 
duration of BA supplementation may lead to more profound changes in the BA 
pool and downstream targets, including prolonged TGR5 and FXR activation (10, 
48). Another limitation of this study was the high interindividual variability of BA 
curves, which is a recurring �nding in postprandial BA studies (14, 47) and may 
warrant the inclusion of a larger number of subjects. Also, the results of experiment 1 
may be a�ected by the rate of stomach emptying, which is slower a�er a 40-h fast (6). 
Finally, we were not able to measure portal vein concentrations of the substrates and 
hormones of interest, and peripheral sampling may not provide optimal information 
about changes within the enterohepatic cycle during our studies (9).

In this study, we show the di�erent e�ects of 40 h fasting and gDCA administration 
on BAs and their downstream targets GLP-1 and FGF19. Unexpectedly, 40 h fasting 
increased both GLP-1 and FGF19, where the former appeared BA independent and 
the latter BA dependent. �erefore, our data add complexity to the physiological 
regulation of the enterokines GLP-1 and FGF19 by BAs.
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Abstract

Background and Aims: Placement of the duodenal-jejunal bypass liner (DJBL) 
leads to rapid weight loss and restoration of insulin sensitivity in a similar fashion 
to bariatric surgery. Increased systemic bile acid levels are candidate e�ectors for 
these e�ects through postprandial activation of their receptors TGR5 and FXR. 
We aimed to quantify postprandial bile acid, GLP-1 and FGF19 responses and 
assess their temporal relation to the weight loss and metabolic and hormonal 
changes seen a�er DJBL placement.
Methods: We performed mixed meal testing in 17 obese patients with type 2 
diabetes mellitus (DM2) directly before, one week a�er and 6 months a�er DJBL 
placement.
Results: Both fasting and postprandial bile acid levels were unchanged at 1 week 
a�er implantation, and greatly increased 6 months a�er implantation. �e increase 
consisted of unconjugated bile acid species. 3 hour-postprandial GLP-1 levels 
increased a�er 1 week and were sustained, whereas FGF19 levels and postprandial 
plasma courses were una�ected.
Conclusions: DJBL placement leads to profound increases in unconjugated bile 
acid levels a�er 6 months, similar to the e�ects of bariatric surgery. �e temporal 
dissociation between the changes in bile acids, GLP-1 and FGF19 and other gut 
hormone responses warrant caution about the bene�cial role of bile acids a�er 
DJBL placement. �is observational uncontrolled study emphasizes the need for 
future controlled studies.
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Introduction

Bile acids have gained attention as hormone-like factors in metabolism exerting 
e�ects via the transmembrane receptor Takeda G-coupled protein receptor 5 
(TGR5) [1–4]. �e feedback repression of hepatic bile acid synthesis is managed 
through the nuclear farnesoid X receptor (FXR) and involves ileal Fibroblast 
Growth Factor 19 (FGF19) [4,5]. Intestinal L-cell secretion of glucagon-like 
peptide 1 (GLP-1) is one of the best-described ways of in-vivo stimulation of 
TGR5 by bile acids [6].

Bile acids have been implicated in the deranged glucose metabolism of patients 
with obesity and type 2 diabetes mellitus (DM2) [7,8]. Obesity is characterized 
by decreased postprandial bile acid concentrations [9] and increased bile acid 
synthesis [10]. DM2 patients have increased postprandial plasma concentrations 
of the bile acids cholate (CA), deoxycholate (DCA) and chenodeoxycholic acid 
(CDCA) [11].

Bariatric surgery, and the Roux-en-Y gastric bypass procedure (RYGB) in 
particular, increases fasting and postprandial bile acid levels and results in 45% 
of patients not needing medication a�er 5 years [12,13]. �e Duodenal-Jejunal 
Bypass Liner (DJBL, GI Dynamics, Lexington, MA) is a 60 cm long impermeable 
liner, which is delivered and retrieved endoscopically. Its placement results in 
weight loss and improvement of DM2 with lowering of the use of antidiabetic 
medication such as sulfonylurea derivatives, metformin and insulin [14–16].

Given the proposed role of bile acids in DM2 and RYGB, we examined the e�ects 
of DJBL placement on the postprandial bile acid response at di�erent time points 
a�er the procedure.

Material and methods

Subjects
Seventeen subjects with obesity and DM2 were included in the Maastricht 
University Medical Center, Maastricht, and the Atrium Medical Center Parkstad, 
Heerlen, the Netherlands between February and July 2010 as reported previously 
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[17]. Inclusion criteria were: age between 18 and 65 years; body mass index (BMI) 
between 30 and 50 kg/m2; duration of DM2 <10 years; and HbA1c between 7.5 
and 10.0%. Main exclusion criteria have been depicted earlier [17].

A B

C D

E F

Fig. 1. Postprandial course of bile acids and AUC before DJBL placement and a�er 1 and 24 weeks of DJBL 
placement. ** = p < 0.05.
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Study Design
�e DJBL was delivered and retrieved endoscopically where a�er subjects were 
studied and followed up upon as described previously [17]. Here, we report on 
three visits: 1) within one month prior to implantation (baseline), 2) one week a�er 
implantation (week 1), and 3) 24 weeks a�er implantation, just prior to removal 
(week 24). Standardized meal tolerance tests were performed. An intravenous 
cannula was placed for blood sampling. �e �rst sample was drawn a�er an 
overnight fast; subsequently a standard liquid meal was consumed (Ensure Plus, 
Abbott Laboratories, IL; 333 mL, 500 kcal, 20.8 g protein, 67.3 g carbohydrates, 
and 16.4 g fat), followed by collection of blood samples a�er 30, 60, 90, 120 and 
180 min (BD Vacutainer EDTA tube/EDTA aprotinin tube, BD diagnostics, 
Erembodegem-Aalst, Belgium). Samples were immediately cooled, centrifuged, 
and stored at −80 °C until analysis.

Laboratory Analysis
Bile acid concentrations were determined using a UPLC-tandem MS method to 
quantify CA, CDCA, DCA and ursodeoxycholic acid (UDCA) in their conjugated 
and unconjugated forms [18]. FGF19 was measured using an in-house developed 
ELISA as published previously [19]. Total bile acids were calculated by adding up 
all the individual bile acids measurements.

Ethics
�e study was approved by the Medical Ethics Committee of both centers and 
conducted according to the revised version of the Declaration of Helsinki. Written 
informed consent was obtained from every subject prior to study participation. 
Clinical Trial Registration Number: NCT00985114.

Statistical Analysis
Statistical analysis was performed using IBM SPSS Statistics 22 (IBM, Armonk, 
NY, USA). Data were visually and statistically assessed for normality and 
logarithmically transformed where appropriate. Area-under-the-curve (AUC) 
of postprandial plasma levels was calculated using the trapezoidal method; 
subsequent correction for baseline values yielded the incremental-area-under-
the-curve (iAUC). Peak time was de�ned as the �rst time point at which maximal 
concentration was reached. Comparisons between 3 test conditions were made 
using Friedman’s test to determine signi�cant di�erences. Individual comparisons 
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between 2 test conditions were made with Wilcoxon matched pairs signed rank 
testing. Correlations were assessed using Pearson’s correlation for normally 
distributed populations or Spearman’s Rho for other data. A p-value of 0.05 was 
considered statistically signi�cant a�er Bonferroni corrections. Data presented are 
mean and standard deviation (μ ± σ) for normally distributed variables or median 
and interquartile range (m [IQR]) for other variables. Graphs were made using 
GraphPad Prism 6.0 (GraphPad So�ware Inc., La Jolla, CA, USA).

Results

Lining of the Proximal Small Intestine by DJBL Reduces Body Weight
�e weight loss e�ects of the DJBL have been published previously [17]. At 
baseline, subjects (14 males, 3 females) were 51 ± 2 years old and weighed 116.0 
± 5.8 kg with a BMI of 37.0 ± 1.3 kg/m2. One week a�er placement of the DJBL, 
body weight had decreased by 4.3 ± 0.6 kg, corresponding to an excess weight loss 
of 10.2 ± 1.7% and a BMI reduction of 1.4 ± 0.2 kg/m2 (p < 0.01). A�er 24 weeks, 
at the time of device removal, mean body weight had further decreased resulting 
in a total weight loss of 12.7 ± 1.3 kg, and a BMI reduction of 4.1 ± 0.4 kg/m2 (p < 
0.01). All subjects reported lowered caloric intake during the study and 88% of the 
subjects (15/17) reported increased feelings of satiety.

Lining of the Proximal Small Intestine by DJBL Increases Fasting 
and Postprandial Unconjugated Bile Acid Levels
All subjects completed the study. AUC, fasting and peak levels of total bile acids 
and all bile acid subsets except UDCA were markedly increased 24 weeks a�er 
placement but not a�er 1 week (see Fig. 1 and Table 1). In fact, the increase of 
AUCs relied primarily on the increase in fasting plasma bile acids since incremental 
AUCs were una�ected by DJBL placement (data not shown). Peak times (time 
from start of the meal to the peak of the plasma bile acids) were unchanged for all 
bile acids and bile acid subfractions (data not shown).

�e Increase in Plasma Bile Acids by DJBL is Completely Caused 
by Unconjugated Bile Acids
To gain further insight in the composition of the bile acid pool a�er overnight 
fasting, we analysed the di�erent bile acids species as well as the conjugation status.
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Table 1 : Bilogram & FGF19.

Bile acid fraction Baseline Week 1 Week 24 p
Total bile acids Baseline 1.1 (1.5) 1.6 (1.4) 7.8 (3.9)*† b0.01
(μmol/L) Peak 4.8 (9.0) 5.9 (8.4) 13.1 (6.5)*† b0.01

AUC 679 (642) 602 (722) 1661 (966)*† b0.01
Total CA Baseline 0.1 (0.1) 0.2 (0.3) 1.6 (1.3)*† b0.01
(μmol/L) Peak 0.8 (1.3) 0.6 (0.6) 3.0 (2.9)*† b0.01

AUC 80 (123) 69 (261) 315 (306)*† b0.01
Total CDCA Baseline 0.4 (0.9) 0.5 (0.6) 3.3 (2.8)*† b0.01
(μmol/L) Peak 2.5 (3.7) 2.4 (2.7) 6.0 (4.3)*† b0.01

AUC 318 (348) 246 (222) 722 (657)*† b0.01
Total DCA Baseline 0.5 (0.4) 0.6 (0.6) 2.8 (2.3)*† b0.01
(μmol/L) Peak 1.6 (3.0) 2.4 (2.9) 4.0 (2.6)*† b0.01

AUC 222 (278) 246 (327) 519 (326)*† b0.01
Total UDCA Baseline 0.0 (0.1) 0.2 (0.2) 0.0 (0.2) 0.13
(μmol/L) Peak 0.5 (0.6) 0.4 (0.2) 0.2 (0.3)* 0.03

AUC 45 (39) 53 (33) 14 (41) 0.08
Total taurine-conjugated BA Baseline 0.1 (0.8) 0.1 (0.2) 0.0 (0.1)*† 0.01
(μmol/L) Peak 0.7 (1.2) 0.5 (0.8) 0.1 (0.1)*† b0.01

AUC 50 (126) 54 (56) 6 (24)*† b0.01
Total glycine-conjugated BA Baseline 0.5 (0.8) 0.6 (1.0) 1.3 (0.9) 0.39
(μmol/L) Peak 3.4 (5.4) 3.9 (5.0) 4.2 (3.3) 0.79

AUC 468 (543) 366 (438) 422 (306) 0.19
Total unconjugated BA Baseline 0.5 (0.6) 0.8 (0.4) 6.2 (3.7)*† b0.01
(μmol/L) Peak 1.3 (1.6) 1.5 (0.6) 8.1 (6.2)*† b0.01

AUC 156 (125) 182 (53) 1118 (789)*† b0.01
Total 12α-OH BA Baseline 0.6 (0.7) 0.8 (0.7) 4.6 (2.8)*† b0.01
(μmol/L) Peak 2.5 (5.0) 3.2 (3.5) 6.4 (4.0)*† b0.01

AUC 335 (401) 324 (404) 834 (467)*† b0.01
FGF19 Baseline 51.9 (37.5) 61.9 (20.4) 43.7 (24.2) 0.09
(pg/mL) Peak 70.7 (199.7) 111.9 (74) 91.8 (127.0) 0.84

AUC 6303 (7661) 7986 (2712) 6694 (3272) 0.10

Bilogram Baseline, peak concentration and AUC of bile acid subtypes and FGF19. Values are presented as 
median (IQR). �e unit of bile acid peak and baseline values is μmol/L, the unit of AUC is μmol/L×min. 
Overall di�erence between the three study days was assessed using the Friedman test. If signi�cant, p-values 
were calculated using the related-samples Wilcoxon signed-rank test.

* Denotes signi�cant di�erence compared to baseline.

† Denotes signi�cant di�erence compared to week 1.
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A

B

C

Fig. 2. Composition of the postprandial bile acid pool composition (AUC) for the bile acids CA, CDCA, 
DCA and UDCA before DJBL placement and a�er 1 and 24 weeks of DJBL placement (panel A). 
Composition of the postprandial bile acid pool composition (AUC) for the taurine-, and glycine-conjugated 
and unconjugated bile acids before DJBL placement and a�er 1 and 24 weeks of DJBL placement (panel B). 
** = p < 0.05. Ratio postprandial CA:DCA AUCs before DJBL placement and a�er 1 and 24 weeks of DJBL 
placement (panel C). * = p < 0.05.
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(Fig. 2, panel A). In general, CDCA was the largest contributor to the pool during 
the entire study, followed by DCA and CA respectively. Remarkably, the increase 
in plasma bile acids was completely caused by unconjugated bile acids (Fig. 2, 
panel B), which reached signi�cance a�er 24 weeks. Expressed as the fraction of 
total bile acids, unconjugated bile acid AUC rose from a median of 22% (IQR 13%) 
at baseline to 26% (IQR 20%, p < 0.01**) at week 1 and 76% (IQR 19%, p < 0.01**) 
at week 24 a�er placement. Total glycine conjugates were unaltered a�er 24 weeks 
in contrast to the taurine conjugates that showed a ~90% reduction (Table 1). 
�is pattern was also observed for the individual conjugated forms of CA, CDCA

A B

C D

E

Fig. 4. Postprandial curves of glucose (panel A), insulin (panel B), GLP-1 (panel C), CCK (panel D) and 
FGF19 (panel E) before DJBL placement and a�er 1 and 24 weeks of DJBL, ** = p < 0.05. T = 180 values are 
missing for FGF19 at baseline.
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and DCA as shown in Fig. 3, emphasizing the fact that the increase in unconjugated 
plasma bile acids a�er DJBL was not due to one bile acid species. We found no 
changes in the ratio of 12α-hydroxylated/non12α-hydroxylated bile acids (data 
not shown).

Postprandial Levels of Glucose, Insulin, GLP-1 Cholecystokinin (CCK) 
and FGF19
�e e�ects of DJBL on glucose, insulin, GLP-1 and CCK in the studied subjects 
have been published previously [16,17]. In summary, duodenal lining lowered 
glucose and CCK within one week and led to increased postprandial AUC of 
GLP-1 at week 1 and week 24 a�er DJBL placement (Fig. 4). Insulin levels were 
not a�ected. �e only bile acid species that consistently correlated with the AUC 
of GLP-1 on all study days, was fasting DCA: baseline: r = 0.50, p < 0.05*; week 1 
a�er placement: r = 0.56, p < 0.05*; week 24 a�er placement: r = 0.63, p < 0.01**. 
No other correlations were detected for bile acid species to AUC, fasting or peak 
levels of either glucose, CCK or GLP-1 (data not shown).

�ere were no signi�cant di�erences in either fasting levels, postprandial plasma 
course, or postprandial levels of FGF19 at baseline, week 1 or week 24 a�er DJBL 
placement (see Table 1). However, at baseline, there were strong correlations 
between peak FGF19 and virtually all bile acids (peak total bile acids r = 0.79, 
p < 0.001***; peak total CA, r = 0.78, p < 0.001***; peak total CDCA, r = 0.79, 
p < 0.001*** and peak total DCA, r = 0.63, p < 0.007*** that were lost a�er DJBL 
placement. Likewise, postprandial AUC of FGF19 and AUC of total bile acids 
correlated (r = 0.84, p < 0.001***) at baseline but not a�er treatment.

Individual AUCs of CA, CDCA or DCA did not correlate signi�cantly with FGF19 
AUC a�er Bonferroni correction. FGF19 samples at week 0 for timepoint 180 min 
were missing due to insu�cient sample volume.

Discussion

Duodenal lining markedly increases fasting and postprandial levels of 
unconjugated bile acids 24 weeks a�er placement of the DJBL. �e TGR5 target 
GLP-1 was higher a�er 1 and 24 weeks. Initial strong correlations of bile acids 
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and FGF19 were lost at 1 week a�er placement. Bile acid levels were unchanged 1 
week a�er placement, which supports the notion that the bile acid pool size may 
have increased gradually over time although metabolic improvements occurred 
immediately a�er placement [17]. �is is in line with several studies performed in 
patients a�er RYGB surgery [12,20–23].

�e DJBL-induced increase of bile acids was dependent on unconjugated bile 
acids, and more exaggerated compared to changes seen a�er RYGB surgery 
[12,21,23–25]. Dietary weight loss only marginally increases speci�c bile acids [26]. 
Hepatic conjugation of newly synthesized bile acids to occurs in the peroxisome, 
whereas re-conjugation of deconjugated bile acids occurs in the cytosol [27]. �e 
reconjugation machinery is able to conjugate a potentially enlarged bile acid pool, 
as 99% of serum bile acids in patients treated with large doses of unconjugated 
ursodeoxycholate is conjugated [28]. Changes in the gut microbiome are possibly 
responsible for our results. Bacterial deconjugation is complete in the cecum and 
gut biotransformation of bile acids (i.e. ratios of CA: DCA and CDCA:LCA) were 
altered a�er 24 weeks [29]. �e DJBL may have led to a di�erent interplay between 
bile acids, gut bacteria and the gut lumen with e�ects on entero-endocrine 
hormones that regulate motility, transit and bile salt reabsorption via the apical 
sodium-dependent bile acid transporter (ASBT). �is could result in increased 
deconjugation and increased colonic uptake not bu�ered by liver clearance [30]. 
�e initial increase in unconjugated bile acids a�er DJBL placement may go 
unnoticed until the amount of unconjugated bile acids reaches a tipping point, 
exceeding liver clearance.

It has been suggested that the increase in plasma bile acids a�er RYGB surgery 
may be due to increased bile acid recirculation and FXR dependent transcriptional 
upregulation [31,32]. �e former could be achieved by adaptive growth and 
concomitant increases in ASBT. However, previous studies a�er RYGB were not 
unequivocal [12,21,23–25].

�e increased GLP-1 seems attributable to increased TGR5 signalling in the gut, 
although insulin secretion remained unchanged. Moreover, GLP-1 levels increased 
at week 1 whereas bile acid levels increased later which may be explained by an 
early increase of bile acids in the gut that were not yet noticeable peripherally. 
Indeed, our �ndings are in partial agreement with a previous study that examined 
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the e�ects of DJBL and also found increased GLP-1 levels [33]. However, this 
study did not investigate subfractions of bile acids. Interestingly, they were able 
to observe an increase in FGF19 that did not result in lower plasma bile acids. 
Most subjects with obesity or DM2 exhibit reduced serum FGF19 levels [34]. 
Here, FGF19 levels were unchanged throughout the entire study. �e mismatch 
between plasma bile acid and FGF19 levels is di�cult to explain FXR sensitivity 
to its ligand could be decreased, either as a cause of the increased circulating bile 
acid pool or as a consequence of it. A recent study in healthy subjects revealed that 
FXR agonist-induced repression of bile salt synthesis occurred without alterations 
in FGF19 level [35].

Our study has a few limitations. First, we were only able to perform a short mixed-
meal test, which may have missed di�erences in postprandial signalling factors 
that occur later (such as FGF19 that peaks between 3 and 4 h). Also, we were 
not able to document the exact moment where changes in bile acid homeostasis 
became apparent due to the timing of experiments at week 1 and 24. Additionally, 
this was an observational uncontrolled study emphasizing the need for future 
controlled studies. Finally, we did not quantify satiety and appetite with visual 
analogue scores.

In this study, duodenal lining led to bene�cial improvements in glucose metabolism 
and weight in patients with DM2. Surprisingly, unconjugated bile acids showed 
a marked increase a�er 24 weeks whereas the increase in GLP-1 was evident 
a�er one week. In contrast, correlations of bile acids and FGF19 were abolished 
immediately. Our data suggest that future studies should be comparing e�ects of 
duodenal lining and other means of weight loss on bile acids, GLP-1 and FGF19 
taking into account the time course of these changes.
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Abstract

Patients with type 2 diabetes (T2D) have a disturbed diurnal rhythm of plasma 
glucose tolerance. We hypothesized that this may be due to altered diurnal 
regulation of plasma bile acid (BA) levels. We provided six T2D patients and six 
age-matched healthy controls with three identical meals per day, and measured 
plasma concentrations of primary and secondary BAs using tandem mass 
spectrometry. Postprandial BA responses were not a�ected by time of day.
However, postprandial peak times were earlier for total BAs, chenodeoxycholic 
acid, and glycine conjugates in T2D, which may be explained by increased 
intestinal and/or decreased liver BA uptake.
Keywords: Diurnal rhythm, obesity, type 2 diabetes, bile acids, glucose metabolism
Funding details: D.J.S. was supported by ZonMW Agiko stipend 92003592. 
M.R.S was supported by the Dutch Diabetes Resarch Foundation [grant number 
2011.80.1423]. �e project was supported by Abbott Nutrition with a �nancial 
grant and in-kind contribution of Ensure Plus and FreeStyle Navigators. �e 
sponsors were involved in study design only.

570617 Nierop, Sam van.indd   124 06-12-2021   21:05



Diurnal rythm of bile acids

125

7

Introduction

Bile acids (BAs) are secreted into the gut a�er every meal in order to emulsify 
lipid droplets. A�er reabsorption into the portal circulation, a fraction of BAs 
escapes the enterohepatic cycle and enters the systemic circulation in a pattern 
of postprandial peaks. Experimental and observational data suggest that these 
circulating BAs a�ect lipid and glucose metabolism (1). By binding to the nuclear 
Farnesoid X Receptor (FXR), circulating BAs decrease hepatic glucose production 
and increase muscle insulin sensitivity (2) and possibly increase pancreatic insulin 
secretion (3). Additionally, activation of the G-protein-coupled BA receptor 
(GPBAR1/TGR5) increases energy expenditure in brown adipose tissue (4) and 
intestinal incretin secretion (5).

In clinical studies, the BA sequestrants cholestyramine (6) and colesevelam 
(reviewed in (7; 8)) e�ectively reduce plasma glucose levels in patients with type 
2 diabetes, indicating that interventions in the BA pool a�ect glucose metabolism. 
In human observational studies, obese patients with type 2 diabetes showed 
exaggerated postprandial BA responses (9; 10) and patients with type 2 diabetes 
(11) and insulin resistance (12) show an altered composition of the fasting BA pool. 
Since individual BA subtypes show di�erent receptor binding a�nities in vitro (13; 
14) and in mice (15), changes in pool composition may a�ect glucose metabolism.

�ere is evidence suggesting a circadian rhythm in hepatic BA synthesis (16-19). 
�is rhythm is likely to be driven by the mammalian circadian (~24hr) timing 
system based on the molecular transcriptional-translational clock cycle (20; 21). 
However, the question whether postprandial BA excursions change over the day 
remains to be answered, since most studies investigating the diurnal patterns in 
postprandial BA excursions used varying meal sizes (22; 23) or varying intervals 
between meals (24-26). �e only study that used identical and equidistant meals 
stems from the 70s, measured only glycine conjugates using a non-speci�c 
radioimmunoassay method, and detected no diurnal rhythm in glycine conjugate 
excursions (27). Since then, more speci�c mass spectrometric methods have been 
developed to detect BA concentrations.

In a recent study we demonstrated that obese patients with type 2 diabetes 
show attenuated diurnal rhythms of plasma glucose tolerance in response to 
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three equidistant identical meals, compared to healthy control subjects (28). 
We hypothesized that an altered diurnal rhythm of postprandial BA excursions 
in obese patients with type 2 diabetes contributes to the altered diurnal rhythm 
in glucose metabolism. In the present study we determined the diurnal rhythm 
of postprandial BA excursions a�er three equidistant, equicaloric meals in 
obese subjects with type 2 diabetes and lean healthy control subjects. We used 
tandem mass spectrometry to detect the primary BAs cholic acid (CA) and 
chenodeoxycholic acid (CDCA) and the secondary BAs deoxycholic acid (DCA) 
and ursodeoxycholic acid (UDCA) in their conjugated and unconjugated forms.

Materials and methods

Subjects
�is study is an ancillary study of a previous study investigating the diurnal rhythms 
in glucose metabolism and adipose tissue gene expression of obese patients with 
type 2 diabetes (28). Brie�y, we included 6 male obese patients with type 2 diabetes 
according to the 2010 American Diabetes Association (ADA) criteria (10), BMI 
25-40 kg/m2, age 30-75 yr, and 6 healthy age-matched male control subjects with 
BMI ≤ 25 kg/m2. Exclusion criteria were any acute or chronic disease that impairs 
metabolism or food digestion or absorption, shi� work in the month prior to 
study participation and crossing more than one time zone in the month prior to 
study participation. In addition, type 2 diabetes patients were excluded if they 
used any antidiabetic drug other than metformin. Subjects were recruited by 
announcements at public locations, in local newspapers and patient magazines.

Study protocol
�e study was approved by the Institutional Review Board of the AMC, and 
performed according to the Declaration of Helsinki of October 2004. �e study 
was registered as NTR3234. �e study was performed between February 2012 and 
March 2013 at the department of Endocrinology and Metabolism of the AMC. 
During a three-day baseline assessment, participants completed food diaries and 
a sleep-wake log. Subsequently, on the morning of day 1, the average wake-up 
time and sleep time were determined for each participant from the sleep-wake 
log. Individual Zeitgeber Times (ZT) were determined with ZT 0 representing 
average wake-up time. From the lunch on day 1, participants consumed three 
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identical liquid meals (Ensure Plus; 1.5 kcal/ml, 54E% carbohydrates, 29E% fat, 
17E% protein; Abbott Nutrition, Columbus, Ohio, USA) per day. �e total daily 
amounts of calories was set at 25 kcal/kg bodyweight, except for one healthy control 
who had very high baseline daily food intake and was provided with 35 kcal/kg 
bodyweight. �e type 2 diabetes patients were instructed to pause metformin use 
from two days prior to the measurements until study end (in total 5 days).

At the evening of day 2 subjects were admitted to the clinical research unit. 
Subjects slept undisturbed in darkness (0 lux) during their habitual sleep times. 
On day 3 at ZT 0, the light was turned on at ~150 lux at eye level. Participants were 
provided with the three identical liquid meals at ZT 0:30, ZT 6:00 and ZT 11:30. 
Blood samples for BA measurements were obtained from a cannula in a peripheral 
arm vein prior to every meal and with 60-min intervals in the postprandial period. 
Blood samples were centrifuged for 10 minutes at 3000 rpm at 4°C and plasma was 
stored at -20°C.

Endpoints
Primary endpoints were the e�ect of mealtime on postprandial BA excursions 
of total BAs, CA, CDCA, DCA, UDCA, taurine conjugated, glycine conjugated 
and unconjugated BAs in lean subjects and in obese patients with type 2 diabetes. 
Secondary endpoints were the di�erences between lean control subjects and obese 
patients with type 2 diabetes in fasting total BAs, CA, CDCA, DCA, UDCA, 
taurine conjugated, glycine conjugated and unconjugated BAs.

Measurement of bile acids
Taurine- and glycine-conjugated internal standards [2,2,4,4-²H4]taurocholic acid 
(tauro-CA), [2,2,4,4-²H4] taurochenodeoxycholic acid (tauro-CDCA), [2,2,4,4-
²H4]glycocholic acid (glyco-CA) and [2,2,4,4-²H4] glycochenodeoxycholic acid 
(glyco-CDCA) were synthesized as described by Mills et al (29). Plasma (50µL) 
was diluted with 50µL internal standard solution (29) and 500µL acetonitrile was 
added while mixing. A�er centrifugation, the sample was dried under N2 and 
reconstituted in 100µL methanol:H2O (1:3). Subsequently, 10µL of this solution 
was injected onto a UPLC column (Waters Acquity BEH C18; length 10cm, i.d. 
2.1mm, particle size 1.7µm). �e BAs were separated using a gradient from 98% 
5mM ammoniumformate (pH8.1):methanol (3:1 v:v) to 98% acetonitrile:H2O (9:1 
v:v) in 5 minutes at a �ow rate of 350µl/min.
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BAs were detected with a Waters Quattro Premier XE tandem mass spectrometer in 
the negative electrospray ionization mode. For the detection of glycine- and taurine-
conjugated BAs, cone voltage was set at 60V and 90V respectively, using 40eV and 
60eV collision energy respectively. Overall collision gas pressure was 3 x 10ˉ³mbar 
argon and the source temperature was kept at 120°C. Glycine-conjugated BAs were 
detected by multiple reaction monitoring (MRM) using speci�c transitions with 
a mass di�erence of m/z 74, since all glycine conjugates speci�cally lose the m/z 
74 fragment from the quasimolecular ion a�er fragmentation (29). Transitions: 
glyco-CDCA, glyco-DCA and glyco-UDCA (448→74); [²H4]glyco-CDCA 
(452→74); glyco-CA (464→74); [²H4]glyco-CA (468→74). Taurine-conjugated BAs 
were detected in a similar manner using speci�c transitions with a mass di�erence 
of m/z 80, due to the loss of a part of the taurine moiety. Transitions: tauro-CDCA, 
tauro-DCA and tauro-UDCA (498→80); [²H4]tauro-CDCA (502→80); tauro-
CA (514→80); [²H4]tauro-CA (518→80). Unconjugated BAs were detected using 
selected ion recording (cone voltage 70V, collision energy 10eV); CDCA and DCA 
m/z 391; CA m/z 407.

Absolute concentrations of either taurine- or glycine-conjugated CA and CDCA 
were calculated using calibration curves by relating the peak area to the peak area 
of the respective ²H4 internal standard. For DCA and UDCA conjugates, the [²H4]
CDCA internal standards were used. Calibration curves were labelled linear (r 
0.98) from 0.1 to 100µmol/L.

Power analysis and statistics
�is study had su�cient power to detect a meal time e�ect of 180 μmol·min/L on 
the postprandial area under the curve (AUC) (corresponding to an average change 
of 1 μmol/L in plasma BA levels) and an e�ect of group x meal time interaction of 
360 μmol·min/L on the AUC (corresponding to an average 2 μmol/L di�erence 
between the meal e�ects of two groups). A 1 μmol/L di�erence was considered a 
relevant di�erence based on in vitro ligand-receptor interaction between BAs and 
either FXR (14) or TGR5 (30). �e study could detect overall group e�ects on AUC 
of 1100 μmol·min/L on the AUC (corresponding to a group di�erence of 6 μmol/L 
in average plasma BA levels).

Furthermore, the study had su�cient power to detect the following di�erences in 
fasting plasma levels: total BAs: 4.7 μmol/L, CA: 0.6 μmol/L, CDCA: 2.7 μmol/L, 
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DCA: 1.1 μmol/L, UDCA: 1.5 μmol/L, taurine conjugates: 0.5 μmol/L, glycine 
conjugates: 3.0 μmol/L, unconjugated: 1.4 μmol/L. Power analysis was performed 
with a signi�cance level of 0.05 a power of 80% and the observed standard 
deviations, using nQuery Advisor 7.0 (Statistical Solutions Limited).

Data are presented as means with their standard errors of the mean. �e 
postprandial period was de�ned to extend until 180min a�er meal onset, and 
AUCs were calculated with the trapezoid rule with Excel 2010 (Microso�, 
Redmond, Washington, USA). Individual postprandial peak times were de�ned 
as the �rst timepoint at which maximal concentration was reached. AUC and 
peak time data were subsequently analyzed with a full factorial repeated measures 
general linear model with meal time as the within-subjects factor and group as 
the between-subjects factor. Fasting BA levels were assessed with a two-tailed 
independent-samples Student’s t-test. All statistical tests were performed with 
IBM SPSS Statistics (version 21; SPSS, Inc.).

Results

We included 6 obese patients with type 2 diabetes (age 60±3 yr, BMI 30±1 kg/m2, 
all metformin users, diabetes duration 9±4 yr) and 6 healthy lean control subjects 
(age 57±4 yr, BMI 24±1 kg/m2) (28).

As described previously (28) the diurnal rhythm of plasma glucose iAUC was 
di�erent between obese patients with type 2 diabetes and healthy controls. �e 
obese patients with type 2 diabetes showed a decrease in plasma glucose iAUC

Table 1. Fasting bile acid levels. Plasma was obtained a�er an overnight fast on day 3. Student’s T-test showed 
no signi�cance between group di�erences. Data are means ± SEM.

Control Type 2 diabetes P value
Total bile acids (µmol/L) 2.1 ± 1.0 3.6 ± 1.1 0.327

CDCA (µmol/L) 1.2 ± 0.7 1.6 ± 0.5 0.705
CA (µmol/L) 0.4 ± 0.2 0.5 ± 0.1 0.583

DCA (µmol/L) 0.3 ± 0.0 0.8 ± 0.3 0.192
UDCA (µmol/L) 0.2 ± 0.1 0.8 ± 0.4 0.212

Glycine conjugates (µmol/L) 1.4 ± 0.7 2.3 ± 0.7 0.393
Taurine conjugates (µmol/L) 0.1 ± 0.1 0.3 ± 0.1 0.292

Unconjugated (µmol/L) 0.6 ± 0.2 1.1 ± 0.4 0.270
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Figure 1. Patients with type 2 diabetes show a reduced diurnal rhythm in postprandial plasma glucose 
excursions. 

A Patients with type 2 diabetes (closed circles connected with black line) show a decrease of the glucose 
incremental area under the curve (iAUC) from breakfast to lunch and no change in the iAUC from lunch 
to dinner, whereas healthy controls (open squares connected with striped line) showed a diurnal rhythm in 
postprandial glucose excursions with an increase of the glucose iAUC from breakfast to lunch and no change 
in the iAUC from lunch to dinner. (Linear mixed-e�ects model, group x meal time interaction P=0.004). 
B Patients with type 2 diabetes show increased insulin levels compared to healthy subjects, but neither group 
shows a diurnal rhythm in postprandial insulin excursions. Figure adapted from (28).

Figure 2. Postprandial plasma bile acids: subtypes.
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Figure 3. Postprandial plasma bile acids: conjugates.

0 4 8 12 16

0

2

4

6

8

Zeitgeber dime (hr)

D
'

lǇ
Đi

Ŷe
Đo

Ŷũ
Ƶg

at
eƐ

(µ
m

ol
/L

)

A

0 4 8 12 16

0

2

Zeitgeber dime (hr)

D
da

Ƶr
iŶ

e
Đo

Ŷũ
Ƶg

at
eƐ

(µ
m

ol
/L

)

B

0 4 8 12 16

0

2

Zeitgeber dime (hr)

D
U

ŶĐ
oŶ

ũƵ
ga

te
Ě

BA
(µ

m
ol

/L
)

C

Lean subjects (open symbols) and obese patients with type 2 diabetes (closed symbols) were provided with 
equicaloric meals at ZT 0:30, 6:00 and 11:30 (dotted lines). A glycine conjugated B taurine conjugated and 
C unconjugated bile acid excursions. Data are change versus baseline (ZT 0:15) expressed as means ± SEM. 
Zeitgeber Time 0 represents the time of lights on.

from breakfast to lunch and no change from lunch to dinner, whereas the healthy 
controls showed an increase in plasma glucose iAUC from breakfast to lunch and 
a further increase to dinner. Plasma insulin iAUC values showed no signi�cant 
rhythm over the day in either of the groups (Fig. 1).

Fasting total BA levels and fasting BA subtype levels were not di�erent between 
healthy subjects and obese patients with type 2 diabetes (Table 1). We observed 
clear postprandial peaks of total plasma BAs and the individual BA subtypes CA, 
CDCA, DCA a�er all three meals. �e major constituent of the postprandial BA 
response was CDCA (Fig. 2). Glycine-conjugated forms peaked in both obese 
patients with type 2 diabetes and healthy subjects, whereas taurine-conjugated 
and unconjugated BA peaks were less noticeable. Most BAs appeared in plasma in 
their glycine-conjugated form (Fig. 3).

Meal time did not a�ect postprandial AUCs of either total BAs, any individual BA 
subtype or the distribution of conjugated vs unconjugated BAs (Fig. 2 and 3, Table 
2). AUCs did not di�er between the obese type 2 diabetes patients and healthy 
subjects. However, postprandial peak times were earlier for total BAs, CDCA, and 
glycine conjugates in the obese patients with type 2 diabetes compared to healthy 
subjects (Fig. 2 and 3, Table 3, group e�ect on peak time P<0.05). Meal time did 
not a�ect peak times (Table 2). 
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Discussion

In the present study, we analyzed the diurnal rhythm in postprandial responses of 
all individual BA subtypes a�er equidistant equicaloric meals in type 2 diabetes 
patients and controls. Obese patients with type 2 diabetes show an attenuated 
diurnal rhythm of postprandial plasma glucose AUCs in response to equidistant 
identical meals, but no altered diurnal rhythm in postprandial BA AUCs. �erefore, 
it is unlikely that an altered rhythm in postprandial BA responses contributes to 
the disturbed diurnal rhythm in glucose metabolism in obese patients with type 
2 diabetes.

Despite the demonstration in healthy human volunteers (17; 19) of a circadian 
rhythm in BA synthesis, we did not observe a diurnal rhythm of postprandial 
total BA excursions in either obese patients with type 2 diabetes or controls. It is 
important to distinguish postprandial BA levels from BA biosynthesis. �e former 
can be measured with di�erent mass spectrometry techniques whereas the latter 
can be analyzed by di�erent isotopic dilution methods or the measurement of 
plasma 7α-hydroxy-4-cholesten-3-one (C4) levels (17; 19; 31). C4 strongly relates 
to the hepatic enzymatic activity of CYP7A1 during diurnal changes. Possibly, 
the rhythm in BA biosynthesis is bu�ered by the BA pool in the gallbladder and 
the intestine, since the majority of postprandial plasma BAs originates from the 
recirculating pool. Studies from the late 1970’s shows that the major determinant 
of serum BAs is their rate of intestinal absorption (25). Alternatively, the diurnal 
rhythm in BA biosynthesis may be counteracted by a rhythm in hepatic BA 
reuptake from the portal circulation, since in healthy humans hepatic cholesterol 
synthesis peaks during the night (32; 33), whereas BA biosynthesis peaks during 
the daytime (17). 

Since individual BA subtypes have di�erent receptor binding a�nities (13-15), 
we analyzed the diurnal rhythms in the plasma excursions of cholic acid (CA) 
and chenodeoxycholic acid (CDCA) and the secondary BAs deoxycholic acid 
(DCA) and ursodeoxycholic acid (UDCA) in their conjugated and unconjugated 
forms. CDCA was the major constituent of postprandial BA excursions, and most 
BAs appeared in the glycine-conjugated form, both in control subjects and in 
obese patients with type 2 diabetes. �is is consistent with previous studies on 
postprandial BA excursions in healthy subjects (12; 22; 26; 27; 34). However, none 
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of the individual BA subtypes or conjugates showed a diurnal rhythm in plasma 
excursions.

Postprandial BA peaks occurred signi�cantly earlier a�er all meals in obese 
patients with type 2 diabetes. Previous publications comparing postprandial BA 
concentrations between healthy and pathological states have not addressed this 
(9-11). �e earlier peaks may be explained by increased intestinal uptake and/
or decreased liver sinusoidal uptake of BAs (25). Speci�cally, increased intestinal 
absorption can be facilitated by hypertrophic changes of the gut mucosa in 
patients with type 2 diabetes (35; 36). In addition, the expression of hepatic BA 
transporters is negatively correlated with BMI (37) and reduced hepatic BA uptake 
may contribute to the earlier peak levels in patients with type 2 diabetes. �e 
di�erence in peak time did not extend to di�erences in BA peak concentrations or 
AUCs, which are mostly determined by meal size and composition (10).

�is study was speci�cally designed to detect diurnal rhythms in postprandial 
glucose and BA excursions, but not to detect small di�erences in fasting plasma 
BA levels or postprandial BA excursions between obese patients with type 2 
diabetes and healthy control subjects. Consequently, we cannot con�rm previously 
published studies showing that obese patients with type 2 diabetes have elevated 
plasma BA levels compared to healthy subjects (9-12). Although we stopped 
metformin prior to the study, we cannot exclude the possibility that chronic 
metformin use in�uenced our results since it increases the bile acid pool within 
the intestine and modulates the intestinal microbiome (38).

In conclusion, in the present study with equidistant equicaloric meals we did not 
detect a diurnal rhythm in the postprandial BA responses in either healthy subjects 
or obese patients with type 2 diabetes. �erefore, the altered diurnal rhythm of 
glucose tolerance in patients with type 2 diabetes is unlikely to be caused by an 
altered diurnal rhythm in plasma BA responses.
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Abstract

�e bile acid receptor TGR5 (also known as GPBAR1) is a promising target for the 
development of pharmacological interventions in metabolic diseases, including 
type 2 diabetes, obesity, and non-alcoholic steatohepatitis. TGR5 is expressed in 
many metabolically active tissues, but complex enterohepatic bile acid cycling limits 
the exposure of some of these tissues to the receptor ligand. Profound interspecies 
di�erences in the biology of bile acids and their receptors in di�erent cells and 
tissues exist. Data from preclinical studies show promising e�ects of targeting 
TGR5 on outcomes such as weight loss, glucose metabolism, energy expenditure, 
and suppression of inflammation. However, clinical studies are scarce. We give a 
summary of key concepts in bile acid metabolism; outline di�erent downstream 
e�ects of TGR5 activation; and review available data on TGR5 activation, with a 
focus on the translation of preclinical studies into clinically applicable findings. 
Studies in rodents suggest an important role for TGR5 in GLP-1 secretion, insulin 
sensitivity, and energy expenditure. However, evidence of e�ects on these processes 
from human studies is less convincing. Ultimately, safe and selective human TGR5 
agonists are needed to test the therapeutic potential of TGR5.
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Introduction

Reducing postprandial hyperglycaemia is one of the main goals of modern diabetes 
therapy. Strategies that increase the postprandial anabolic response, such as short-
acting insulin analogue therapy, have been shown to reduce HbA1c and long-term 
complications of the disease. Trying to emulate the success of therapies that target 
the glucagon-like peptide-1 (GLP-1) receptor, other G protein-coupled receptors 
have been suggested as potential therapeutic targets. Among these receptors, 
the G protein-coupled bile acid receptor 1 (GPBAR1), which is also known as 
TGR5, has received much attention in preclinical studies.1−4 TGR5 and its bile acid 
ligands have been suggested to be drivers of the metabolic improvements seen 
a�er Roux-en-Y gastric bypass (RYGB) surgery.5,6 As discussed in this Review, 
bile acid-induced TGR5 activation increases GLP-1 and insulin release, stimulates 
resting thermogenesis, and decreases inflammation, which are e�ects that could 
be beneficial in the treatment of obesity and type 2 diabetes.1,2

TGR5 was the first transmembrane G protein-coupled receptor shown to be 
responsive to bile acids.7,8 It predominantly transmits its signal by increasing 
intracellular concentrations of cyclic AMP (cAMP), leading to rapid 
phosphorylation of downstream kinases. TGR5 is expressed in various cell types 
involved in bile acid secretion, the anti-inflammatory response, and energy 
metabolism, including gallbladder epithelial cells (cholangiocytes), gallbladder 
smooth muscle cells, Kup�er cells, intestinal L cells, pancreatic β cells, skeletal 
muscle cells, nerve cells, and brown adipocytes8−10 (panel 1). Considering the 
meal-dependent rhythm of bile acid secretion—and thereby exposure of TGR5 
to its ligand—in metabolically active tissues, this receptor might be regarded as 
a nutrient sensor, ideally placed to regulate integration of postprandial metabolic 
processes involved in tra�cking, storage, and oxidation of nutrients.19 However, 
the interplay of nutrients, di�erent bile acids and their conjugates, GLP-1, insulin, 
and gastrointestinal transit time is complex and highly variable. TGR5 expression 
and function have mainly been studied in rodents and in vitro, and clinical studies 
are scarce. Nevertheless, treatments targeting Tgr5 might be promising for the 
treatment of several conditions such as type 2 diabetes, obesity, and non-alcoholic 
steatohepatitis.20 To establish the clinical and translational impact of current 
findings, distinct di�erentiation between human and animal bile acid physiology 
and TGR5 function is necessary.
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Here, we review physiological and pharmacological studies of TGR5 in relation to 
metabolism, and di�erences in animal and human bile acid physiology (panel 2). 
We focus on the translation of preclinical animal studies and in-vitro research to 
clinically significant improvements in the treatment of disorders such as obesity 
and type 2 diabetes.

TGR5 in GLP-1 secretion and glucose homoeostasis

Background
�e association between human bile acid and glucose metabolism originated from 
the observation that patients with type 2 diabetes have increased bile acid pools.27

In a study of bile acid kinetics from 2010,28 patients with type 2 diabetes were 
shown to have increased concentrations of deoxycholic acid in the bile acid pool, 
at the expense of chenodeoxycholic acid. Additionally, cholic acid synthesis was 
upregulated, whereas the total pool size remained the same, suggesting increased 
conversion of cholic acid by the gut microbiota. Other studies showed similar 
increases in deoxycholic acid pool size in patients with type 2 diabetes.29

One of the links between bile acids and glucose homoeostasis is TGR5-mediated 
GLP-1 secretion (figure 1).2 Subcutaneously injected GLP-1 receptor agonists have 
been part of the antidiabetic repertoire for the past 10 years. GLP-1 is a peptide 
hormone secreted by specialised enteroendocrine cells (L cells) in response to 
meal ingestion.30 GLP-1 amplifies glucose-dependent insulin secretion, inhibits 
glucagon secretion, and reduces gastric emptying and appetite.31 However, 
clinical application of GLP-1 has not delivered the impact on diabetes care that 
was predicted on the basis of its e�ect in animal studies.32 One theory is that by 
subcutaneously delivering exogenous GLP-1 receptor agonists, local e�ects of 
GLP-1 near its site of secretion in the liver—such as stimulation of local a�erent 
nerve terminals that project to the hypothalamus from the lamina propria, the 
portal vein, and the liver—are not achieved.33 Because GLP-1 function is thought 
to be at least partially dependent on this local neural activation, an attempt to 
increase endogenous GLP-1 secretion is an attractive strategy for the treatment 
of type 2 diabetes. One approach is to potentiate stimulation of GLP-1 release 
with agents that are neither deposited (ie, bile acids or synthetic TGR5 receptor 
analogues) nor absorbed (ie, bile acid binding sequestrants); this approach might 
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prove superior in controlling type 2 diabetes and obesity compared with other 
incretin-based treatment strategies. �is new treatment concept has gained 
support from preclinical and clinical studies.2,34−36

Preclinical data
�e bile acid–TGR5–GLP-1 pathway was first explored by �omas and 
colleagues,2 who showed that glucose tolerance was improved in transgenic mice 
overexpressing Tgr5, and this improvement was accompanied by increased GLP-1 
and insulin secretion. Adding a selective TGR5 agonist to a high-fat diet improved 
glucose tolerance, insulin and GLP-1 secretion, and insulin sensitivity in both 
liver and muscle of Tgr5-Tg mice, but not in Tgr5 knockout (Tgr5–/–) mice.2 �e 
insulin-sensitising e�ect might be explained by the di�erence in bodyweight, 
because GLP-1 is not known to directly a�ect insulin sensitivity.

Enteral administration of several specific TGR5 agonists increases GLP-1 
secretion and glucose tolerance.3,37−40 Stimulation of TGR5 on the basolateral side 
of the L cell has been suggested as an important mediator of bile acid-induced 
GLP-1 secretion.11,37 Rectal administration of taurocholic acid increased Glp-
1 concentrations in the portal vein of wild-type mice but not in Tgr5–/– mice, 
showing that luminal bile acid administration can induce TGR5-mediated GLP-1 
secretion.41 However, studies now show that TGR5 activation occurs basolaterally 
a�er transport across the enterocyte. Ullmer and colleagues37 used a potent non-
absorbable TGR5 agonist in monkeys and rodents to show that incretin release only 
occurred a�er intravenous administration and not a�er enteral administration. 
Another TGR5-dependent pathway that might explain increased insulin secretion 
and improved glucose tolerance in mice a�er oral administration of bile acids is 
the direct e�ects on pancreatic β cells, independent of Glp-1. Tgr5 is expressed 
in mouse and human β cells, and activation by lithocholic acid increased insulin 
secretion to a similar extent under both basal and glucose-stimulated conditions, 
suggesting that the e�ect is not glucose dependent.12 �e data from these preclinical 
trials show that bile acids increase both GLP-1 and insulin secretion, which might 
have a valuable e�ect in patients with type 2 diabetes.
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Panel 1: Tissues and cell types in which TGR5 mRNA is expressed in human beings7,8

Adipose tissue
	 •  Brown adipocytes: increase transcription of deiodinase-2 and subsequent thyroid 

hormone-induced respiration¹
Skeletal muscle
	 •  Myocytes: increase transcription of deiodinase-2 and subsequent thyroid hormone-

induced respiration¹
Intestine
	 •  Enteric neurons: decrease gastrointestinal motility¹0
	 •  L cells: basolateral TGR5 activation stimulates GLP-1 release11

Pancreas
	 •  β cells: increase glucose-dependent secretion of insulin12

Spleen
	 •  Macrophages: decrease inflammatory cytokine response13

Gallbladder
	 •  Cholangiocytes: increase secretion of chloride-rich fluid14

	 •  Smooth muscle cells: cause dilatation and increase gallbladder filling14

Skin
	 •  Neurons: relay itch signals15

Liver
	 •  Kup�er cells: decrease inflammatory response9

	 •  Sinusoidal endothelial cells: increase nitric oxide production16

Vascular wall
	 •  Smooth muscle cells: increase arterial dilatation17

	 •  Endothelial cells: decrease inflammatory response18

Stomach
	 •  Enteric neurons: decrease gastrointestinal motility¹0 
Bone marrow
	 •  Haemopoietic cells: function unknown 
Heart
	 •  Cardiomyocytes: function unknown 
Lung
	 •  Macrophages: function unknown 
Kidney
	 •  Podocytes: function unknown 
Brain
	 •  Neurons: function unknown
	 •  Astrocytes: function unknown

Tissues in which Tgr5 is expressed, but exact cell types and functions are unknown: 
thyroid, mammary, adrenal, prostate, and pituitary glands, placenta, and uterus.
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Panel 2: Enterohepatic circulation of the bile acid pool

�e enterohepatic cycle of bile acids through liver, gallbladder, intestine, and portal vein 
back to the liver (figure 1) is highly dynamic. Its timing is dependent on the chemical 
structure and conjugation status of the bile acids. Upon meal ingestion, concentrated bile 
from the liver and gallbladder flows into the intestinal lumen where it aids digestion by 
emulsifying lipids. Generally, conjugated bile acids do not pass the enterocyte membrane 
and are taken up by active transport more distally in the small intestine.21 A�er absorption, 
the liver e�ciently extracts most bile acids from the portal vein for re-secretion. Bile acids 
that are not taken up form a postprandial peak in plasma total bile acid concentration 
of approximately 1−20 μmol/L 30–90 min a�er a meal.22 �us, extraintestinal tissues are 
exposed to bile acid concentrations that are high enough to activate TGR5 (figure 1).23 �e 
dynamics of plasma bile acid concentrations are mainly a function of rate of absorption 
from the gastrointestinal tract.22 Approximately 5% of the bile acid pool is not reabsorbed 
and is lost in the faeces. �is loss of bile acids is compensated for by de-novo bile acid 
synthesis from cholesterol in the liver, refuelling the enterohepatic cycle. Synthesis of 
bile acids and the expression of various intestinal and hepatic transporters are regulated 
through feedback inhibition via the nuclear bile acid receptor FXR (reviewed elsewhere24).

A mixture of bile acids, di�ering in TGR5 a�nity and hydrophilicity, constitutes the 
bile acid pool (figure 2). A shi� in pool composition a�ects TGR5-mediated pathways.23

In human beings, the primary bile acids cholic acid and chenodeoxycholic acid are 
the endpoint of bile acid synthesis. Primary bile acids are dehydroxylated by the gut 
microbiota in the distal ileum and the colon into their corresponding secondary bile acids: 
lithocholic acid from chenodeoxycholic acid and deoxycholic acid from cholic acid. �e 
most abundant bile acid species in human beings are cholic acid, deoxycholic acid, and 
chenodeoxycholic acid, whereas they are cholic acid and muricholic acid in rodents and 
chenodeoxycholic acid and hyocholic and hyodeoxycholic acid in pigs.21,23,25

Because of their soap-like nature, bile acids are cytotoxic in high concentrations. 
Conjugation decreases cytotoxicity and increases solubility, aiding secretion into bile. 
Although intestinal bacteria deconjugate bile acids, the majority of the human bile acid 
pool (~80%) is in its conjugated form throughout the enterohepatic cycle.21 Bile acids 
are preferentially conjugated to taurine, which is reflected in the predominance of these 
conjugates in the murine bile acid pool. Because taurine is less prevalent in the human diet, 
the human bile acid pool is predominantly glycine conjugated.26

Clinical data
Before the discovery of TGR5, a study showed that infusion of deoxycholic acid 
into the colon of human participants induced a dose-dependent increase in 
peptide YY (PYY) and glucagon-related compounds.42 Rectal administration 
of taurocholic acid prompted a dose-dependent GLP-1 response and suppressed 
appetite in both patients with type 2 diabetes and healthy participants.43 However, 
intrajejunal infusion of taurocholic acid alone did not seem to a�ect plasma 
glucose concentrations or GLP-1 secretion whereas coadministration of glucose 
and taurocholic acid increased GLP-1 secretion, suggesting a glucose-dependent 
e�ect of bile acids on GLP-1 secretion.44 A small study in healthy participants45
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showed that ursodeoxycholic acid (a bile acid found predominantly in bear bile, 
a synthetic version of which is used to treat gallstones and liver diseases such as 
primary biliary cirrhosis) mixed with a meal increased postprandial plasma GLP-
1 and decreased plasma glucose concentrations. Insulin concentrations remained 
unchanged, indicating a higher ratio of insulin to glucose, and thus increased 
insulin secretion. In another study,36 an intragastric infusion of 1·25 g unconjugated 
chenodeoxycholic acid slightly increased plasma GLP-1 concentrations without 
e�ects on glucose and insulin concentrations. Bile acids are ligands for multiple 
receptors, so whether these e�ects are purely TGR5-mediated is unclear.

Only one human trial involving a specific TGR5 agonist has been published to 
date. �e GlaxoSmithKline (Brentford, London) compound SB-756050 is a 
specific TGR5 agonist.46 Four overlapping cohorts received either placebo, SB-
756050 15 mg, 50 mg, or 100 mg once a day, or 200 mg twice a day for 6 days. 
However, short-term daily use did not dose-dependently a�ect plasma glucose, 
GLP-1, or other endpoints in a consistent fashion. Low, but not higher doses of 
the compound caused an unexpected increase in glucose excursions in patients 
with type 2 diabetes a�er an oral glucose challenge.46 At intermediate doses the 
concentration of incretin hormones increased, but no e�ect on glucose was 
shown. �is phenomenon was not seen at lower and higher doses. �e authors 
attribute the variability to di�erential activation of proximal and more distant 
TGR5 targets in the gut. �e other known specific agonists include the cholic acid 
derivative 6α-ethyl-23(S)-methylcholic acid (INT777, a compound discovered 
in 2009 that has been used in all landmark animal studies2) and two groups of 
non-bile acid-related compounds known as 3-aryl-4-isoxazolecarboxamides47 and 
2-aryl-3-aminomethylquinolines.39 None of these compounds have yet been tested 
in clinical trials.

�e notion of bile acid-induced GLP-1 secretion via TGR5 has also gained support 
from studies in patients with obesity and type 2 diabetes undergoing RYGB 
surgery, in which the stomach is restricted to a small pouch and is diverted to 
empty more distally on the mid-jejunum, bypassing the duodenum and much of 
the jejunum. Type 2 diabetes is resolved in 78% of these patients postoperatively, 
alongside substantial increases in postprandial GLP-1, PYY, and early-phase 
insulin secretion.48−51 Postprandial bile acid concentrations, which are lower in 
patients with obesity than in those who are not obese,52 are restored a�er RYGB 
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surgery.53 Patti and colleagues54 showed that fasting bile acid plasma concentrations 
were negatively correlated to postprandial glucose and positively correlated to 
postprandial GLP-1 plasma concentrations in patients who had undergone RYGB 
surgery. �e surgery might increase luminal bile acid delivery to the distal bowel 
and thereby enhance TGR5-mediated GLP-1 secretion with beneficial e�ects on 
glucose and insulin concentrations. Alternatively, the increased plasma bile acid 
concentrations could increase systemic TGR5 activation, leading to increased 
energy expenditure as described later in this Review. By contrast, Jørgensen and 
colleagues55 showed that although diabetes resolution occurs very rapidly (<1 
week), postprandial bile acid concentrations only increase slowly in the months 
following the surgery, questioning an acute e�ect.

Generally, bile acids might contribute to GLP-1 and insulin secretion via TGR5, 
but there is no robust evidence that TGR5 activation contributes directly to 
increased insulin sensitivity in human beings (figure 3). Additionally, possible 
confounding factors related to food intake exist when comparing rodent biology 
to human biology, such as day versus night feeding cycles, feeding behaviour 
(meals vs grazing), and exposure to stress. As such, bile acid-based therapies for 
patients with type 2 diabetes to increase GLP-1 secretion seem promising, but 
require further study.

TGR5 and bile acid sequestrants

Preclinical data
Bile acid sequestrants are non-absorbable resins that bind negatively charged 
bile salts, and other negatively charged molecules, in the intestinal lumen. �ese 
complexes are then excreted in the faeces, diverting bile acids from the enterohepatic 
circulation. �e reduced bile acid concentration in the enterohepatic circulation 
increases bile acid synthesis, which uses cholesterol as its substrate, ultimately 
lowering plasma cholesterol. In addition to combating dyslipidaemia, bile acid 
sequestrant therapy lowers HbA1c in patients with type 2 diabetes.56 In Tgr5–/– 

enteroendocrine cells from tissue explants and in Tgr5–/– mice, these metabolic 
improvements (ie, amelioration of dyslipidaemia and lower HbA1c) a�er bile acid 
sequestrant treatment have been shown to be dependent on TGR5-mediated GLP-
1 release.35,41 Bile acids bound to the sequestrant colesevelam are still able to activate 
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TGR5,41 thus bile acid sequestrants increase the postprandial GLP-1 response by 
promoting the delivery of bile acids to the distal intestine where L-cell density is 
higher. Similarly, 2-week oral administration of an inhibitor of the ileal sodium/
bile acid cotransporter in diabetic rats decreased intestinal bile acid reabsorption 
and increased faecal excretion of bile acids.57 Glucose concentrations during 
an oral glucose tolerance test were dose-dependently lowered, accompanied by 
greater GLP-1 and insulin secretion.57

Clinical data
In human beings, bile acid sequestering agents have been reported to lower plasma 
glucose concentrations, although the causal mechanisms probably involve more 
than TGR5 activation alone.28,56,58 Two clinical studies in patients with type 2 
diabetes given bile acid sequestrant therapy used plasma GLP-1 concentration as 
an endpoint and both reported an increase in GLP-1 secretion.59 However, Brufau 
and colleagues28 found no correlation between the e�ects of 6 weeks of sequestrant 
therapy on glucose metabolism and various parameters of bile acid metabolism 
in patients with type 2 diabetes, or in healthy controls. Inhibition of the ileal 
sodium/bile acid cotransporter in human beings actually increases peak GLP-1 
concentrations, in accordance with higher luminal bile acid concentrations that 
activate TGR5.60

In conclusion, although rodent studies suggest that bile acid-mediated TGR5 
signalling strongly increases GLP-1 secretion and insulin release, corresponding 
evidence for these mechanisms in human beings does not exist. �e distal 
intestinal L cells, where Tgr5 is expressed abundantly, are the most potent sites 
of bile acid-induced GLP-1 secretion. However, orally administered bile acids 
induce minimal GLP-1 secretion, with almost no e�ect on glucose and insulin 
concentrations.36,61 Here, the postprandial mechanisms in humans (interplay of 
nutrients, bile acids, incretins, and gastrointestinal transit time) are complex and 
variable. Rates of gastric emptying di�er between species and could play a role in 
the di�erential e�ects seen with bile acid sequesterant-based treatments. Other 
species di�erences may also contribute to the di�erent e�ects seen with such 
treatments between species.
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A small proportion of bile acids
escapes hepatic uptake and
reaches the systemic circulation

Bile acids are synthesised in the
liver and stored in the gallbladder

95% of bile acids are
returned to the liver
via the portal vein

�e majority of conjugated bile acids
are actively reabsorbed more distally
along the ileum

Colonic bacteria dehydroxylate
bile acids to form secondary
bile acids, which are passively
reabsorbed

A small proportion of conjugated
bile acids enter the portal vein
through passive di�usion along
the small intestine

Figure 1: �e enterohepatic circulation of bile acids
A�er a meal, bile � ows into the intestine. A�er reabsorption, the liver extracts most but not all bile acids 
from the portal vein, leading to postprandial peaks in systemic plasma concentration.
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Figure 2: Biochemical properties of the bile acid pool
�e basic chemical structure of bile acids (A), and the speci�c hydroxyl groups that characterise each speci�c 
bile acid and their a�nity to TGR5 (B). An OH group at R1, R2, or R3, and its spatial orientation determine 
the type of bile acid. R2 marks the site of dehydroxylation. X marks the site of conjugation.21 +=weak a�nity. 
++=moderate a�nity. +++=strong a� nity. –=no a�nity. –/+= weak or no a�nity.

570617 Nierop, Sam van.indd   151 06-12-2021   21:05



Chapter 8

152

TGR5 and energy expenditure

Preclinical data
One of the potential targets of extraintestinal bile acid signalling is the increased 
energy expenditure leading to reduced weight gain seen in animal models of 
obesity (figure 3). Watanabe and colleagues1 showed that dietary supplementation 
of cholic acid in mice prevents and reverses high-fat diet-induced weight gain via 
Tgr5-dependent energy expenditure in muscle and brown adipose tissue (BAT). 
Quantitative real-time PCR analysis of BAT in these mice showed upregulation of 
key genes in energy expenditure such as peroxisome-proliferator-activated receptor 
γ coactivator 1α (Pgc1α) and type II iodothyronine deiodinase (Dio2). Increased 
transcription of these genes induces upregulation of uncoupling protein 1 (Ucp1) 
in mitochondria, which diverts electron gradients towards thermogenesis instead 
of ATP production. �e e�ect of cholic acid supplementation on bodyweight was 
lost in Dio2-knockout mice that were fed a high-fat diet.

In-vitro stimulation with either bile acids or a specific TGR5 agonist of BAT 
cells isolated from mice that were either fed chow or a high-fat diet increased 
transcription and activity of DIO2 and UCP1 through TGR5 activation.1 In-
vivo studies with other natural and semisynthetic selective TGR5 agonists have 
confirmed the observed e�ects on energy expenditure and bodyweight.2,3 Treatment 
with colestilan, a second-generation bile acid sequestrant, had opposing e�ects 
on parameters of bile acid signalling—for example, decreasing activation of the 
bile acid receptor FXR—but mimicking the e�ects of cholic acid supplementation 
on the bile acid pool and energy expenditure in diet-induced obese mice.62 By 
contrast, bodyweight of Tgr5–/– mice fed an isocaloric diet is similar to that of wild-
type mice.2,4,63

Plasma bile acid concentrations are consistently increased in animal models of 
RYGB surgery.64 RYGB leads to weight loss through increased energy expenditure 
and changes in gastrointestinal physiology, which has been detected by pair-feeding 
experiments and indirect calorimetry in rodents.65,66 Both the resting energy 
expenditure and the postprandial increase in thermogenesis were significantly 
increased in mice that had RYGB surgery compared with mice that had not 
undergone surgery; these changes might be due to increased TGR5 activation due 
to increased plasma bile acid concentrations, but other explanations are possible. 67
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Figure 3: E�ects of TGR5 activation in various tissues 

TGR5

TGR5 is expressed on astrocytes and neurons, 
and its function is currently unknown. TGR5 on 
peptidergic neurons of dorsal root ganglia in 
the spinal cord transmits itching signals

GLP-1 secretion
Preclinical

TGR5 is expressed on L cells and intestinal 
epithelium. L cells secrete GLP-1 in response 
to bile acids or selective agonists, leading 
to improved glucose tolerance and 

 increased satiety.
Clinical

Rectal infusion studies confirm
glucose-dependent secretion of GLP-1 in 
human beings. Selective agonism with 
SB-756050 did not give a conclusive outcome.

Insulin secretion
Preclinical

LCA stimulation of human and mouse β cells 
in vitro leads to increased glucose-dependent 
and glucose-independent insulin release. 
Both TGR5 and FXR are expressed on β cells.

Clinical
No evidence in human beings.

Thermogenesis
Preclinical

TGR5 is expressed in adipocytes and myocytes.
Expression of UCP1 is increased. Thyroid hormone
conversion in brown adipose tissue and muscle
is increased. Resistance to high-fat 

 feeding-induced weight gain.
Clinical

Bile acids are associated with weight loss in 
patients that have undergone RYGB. Coexpression 
of TGR5/DIO2 occurs on myocytes but not on 
adipocytes. Fasting bile acid levels are not 
correlated with energy expenditure. Brown adipose  
tissue is probably not the primary physiological  

 site of thermoregulation.

Inflammation
Preclinical

TGR5 is expressed on Kupffer and B cells,
monocytes, macrophages, sinusoidal and
vascular endothelium. Stimulation with
bile acids or specific antagonists decreases
cytokine release and inflammation through 
the NFκB pathway. Inflammation in colitis,
atherosclerosis, and liver inflammation models

 are decreased. 
Clinical

Inflamed colon tissue from patients with Crohn’s
disease is infiltrated with TGR5-expressing
monocytes. TGR5 expression is not affected
by obesity or a high-fat diet

LCA=lithocholic acid. RYGB=Roux-en-Y gastric bypass.

Clinical data
Tgr5 is expressed in human BAT, and coexpression of Tgr5 and Dio2 has been 
shown, suggesting that the bile acid–TGR5–DIO2 pathway is present in human 
BAT.68 However, rodents and human beings are fundamentally di�erent when it 
comes to thermoregulation (figure 3). Rodents depend on thermogenesis in BAT to 
maintain core body temperature, whereas the physiological role of BAT in human 
beings is only partially understood. In rodents, BAT is mostly located in a few 
well-circumscribed compartments, and is reliably activated upon cold exposure. 
In human beings, these compartments are quite small and scarce; additionally not 
all human beings show the same thermogenic response to cold.69

Human skeletal muscle cells also coexpress Tgr5 and Dio2, and can be activated 
in vitro by stimulation with bile acids or a specific TGR5 agonist.1 In vivo, resting 
energy expenditure has been positively correlated with fasting concentrations 
of bile acids in lean healthy men; particularly with deoxycholic acid, which is a 
potent TGR5 stimulator.8,70 However, Brufau and colleagues71 found no correlation 
between fasting bile acid concentrations and resting energy expenditure in patients 
with cirrhosis, patients with type 2 diabetes, or matched controls. Orally delivered 
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chenodeoxycholic acid was proposed to increase BAT thermogenesis in lean 
healthy volunteers via TGR5 stimulation.68 However, the temporary 5% increase 
in basal energy expenditure was not readily explained by the marginally increased 
BAT activity, suggesting that other bile acid signalling pathways such as FXR and 
its downstream hormone, fibroblast growth factor 19, might be more important 
than chenodeoxycholic acid.

An increase in both fasting and postprandial bile acid concentrations is well 
established in patients a�er they have undergone bariatric surgery.54,55,72,73 Whether 
the increase in plasma bile acid concentrations precedes the increase in energy 
expenditure, however, is controversial. Notably, the postprandial neuroendocrine 
response, consisting of hormone and bile acid release a�er a meal, is blunted in 
patients with obesity but restored a�er RYGB surgery.53 Werling and colleagues74

showed that both postprandial and total energy expenditure were increased in 
seven women with stable bodyweight 9 years a�er RYGB surgery, compared with 
women matched for anthropometric parameters who had undergone vertical sleeve 
gastrectomy. �e e�ect in women who had RYGB surgery was ascribed to increased 
postprandial neuroendocrine response. Major limitations in these studies are the 
heterogeneity of patient populations (eg, sex, body composition, BMI, surgical 
technique) and the short timeframe in which energy expenditure measurements 
were done (ie, resting instead of total or postprandial energy expenditure).

In conclusion, Tgr5–Dio2-mediated thermogenesis in murine BAT suggests 
a promising bile acid signalling-related pharmacological target. However, 
quantitative and physical properties of human thermogenesis (eg, organ site and 
size, molecular mechanisms) restrict the clinical translation of animal studies to 
human beings at present.

TGR5 as a modulator of inflammatory signals

Background
With the presumed function of TGR5 as a nutrient sensor, its role in modulating 
inflammation is of interest. Additionally, the postprandial state is established to 
be proinflammatory and atherogenic. TGR5 is abundantly expressed on immune 
cells of the monocyte lineage, namely Kup�er cells, monocytes, macrophages, and 
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also on T lymphocytes (figures 2, 3).7,75 Initially, exposure of macrophages to bile 
acids was thought to dampen the proinflammatory cytokine response, but TGR5 
also modulates inflammatory signals in other ways.7,75−77 Controlling postprandial 
inflammatory responses in the intestine and liver might be required for a normal 
physiological response to food intake.

Preclinical data
In vitro, TGR5 activation in Kup�er cells decreases expression of interleukins 
and TNFα a�er stimulation with lipopolysaccharide.9 �is e�ect was mediated 
by inhibition of the NfκB pathway.78 Additionally, TGR5 stimulation reduces 
lipopolysaccharide-induced liver inflammation in mice.79 Without the presence 
of an inflammatory stimulus, TGR5 might actually increase the expression of 
interleukin 1β and TNFα.80 �is theory is disputed by most other studies, which 
have found an anti-inflammatory e�ect.13 Treatment with the cholic acid derivative 
INT777 led to increased NfκB-mediated cytokine release in primary cultures of 
macrophages isolated from wild-type and Tgr5–/– mice, but not in those from 
Tgr5-overexpressing mice.13 TGR5 activation also showed antiatherogenic e�ects 
in a mouse model of atherogenesis.13 Similarly, TGR5 activation increased the ratio 
between the anti-inflammatory interleukin 10 and proinflammatory interleukin 12

in human macrophages,81,82 and monocyte-derived dendritic cells produced less 
interleukin 12 and TNFα a�er contact with bacterial pathogens when cultured 
with a TGR5 agonist.83 By contrast, one report showed increased bile acid-induced 
inflammatory responses in a human monocyte line that could have been species-
dependent.84 Finally, TGR5 activates the Akt-mTOR signalling pathway, which 
attenuates the inflammatory chemokine response of macrophages.85

Clinical data
Cipriani and colleagues86 and Yoneno and colleagues87 showed increased Tgr5 
expression in lamina propria mononuclear cells in ex-vivo colonic samples 
from patients with Crohn’s disease with colonic inflammation. Here, Tgr5 
expression might be upregulated in response to inflammatory cells or luminal 
antigens. Polymorphisms in the Tgr5 gene are associated with primary sclerosing 
cholangitis, further suggesting a link with inflammatory conditions.88

Food intake has been shown to evoke a postprandial inflammatory response;89–91 this 
response depends on the fat content of the meal and is characterised by increased 
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circulating lipopolysaccharide and chylomicrons that induce mononuclear cell 
expression of inflammatory proteins such as interleukins, TNFα, and NFκB.91−94

�is phenomenon is exaggerated in patients with obesity and type 2 diabetes.14,89

In summary, preclinical evidence shows that TGR5 modulates inflammatory 
signals predominantly via the monocyte lineage. Whether TGR5 modulates 
postprandial inflammation under physiological conditions is of clinical interest 
and remains to be elucidated.

Challenges for clinical application
Although the possible benefits of bile acid therapy could be large, the greatest 
concern for clinical application will be to restrict unwanted e�ects, because 
Tgr5 is widely expressed (panel 1). Several drug development studies done by 
pharmaceutical companies have led to the discontinuation of TGR5-based trial 
programmes.

In the gallbladder, where Tgr5 is expressed to a higher degree than in any other 
tissue, TGR5 activation causes smooth muscle relaxation and secretion of chloride-
rich fluid, leading to increased gallbladder filling and potentially increasing the 
risk of gallstone formation.95 Findings from a drug development study using small 
molecule agonist compounds showed that exaggerated gallbladder filling occurred 
at the same doses needed to induce GLP-1 secretion in rats.96

In another pharmacochemical study, Fryer and colleagues97 reported large 
reductions in peripheral vascular tone and blood pressure immediately upon 
infusion of low doses of a TGR5 agonist in dogs. �ey were not able to separate 
this unwanted e�ect from the intended e�ects on inflammation, leading them 
to discontinue development of these agonists. Other pharmacochemical reports 
have also mentioned (but did not actually show) cardiovascular e�ects such as 
treatment-dependent changes in heart rate and blood pressure.17

Other clear side-e�ects are nausea or obstipation, mediated by TGR5-expressing 
neurons in the gastrointestinal tract, and pruritus.15 Bile acids have long been 
suspected to be the e�ectors of the itching sensation reported by patients with 
cholestatic liver disease. Using Tgr5–/– and Tgr5-Tg mice, Alemi and colleages15

showed that activation of TGR5 induced the release of itch neuropeptides. If 
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TGR5-mediated itch is present in human beings as well as mice, which seems likely 
given the overlap between human and rodent tissue distribution of the receptor, it 
could prove a major barrier in implementing TGR5-targeted therapy.

Some reports have shown increased cell proliferation in response to TGR5 
activation. In in-vitro models of gastric98 and endometrial cancer,99 stimulation 
with high doses of TGR5 agonists promoted cell proliferation. Increased TGR5 
expression on tumour cells has also been correlated with worsening clinical 
prognosis in patients with oesophageal and gastric adenocarcinoma.100,101 Adverse 
e�ects have mainly been reported in cell cultures or animal models under extreme 
conditions and await further investigation. Regardless, these side-e�ects raise 
concern that systemic TGR5 agonists will not be tolerated therapeutically.

Conclusion
Since the discovery of bile acid-mediated activation of TGR5, many preclinical 
studies have been done to elucidate the physiology of this receptor and its potential 
as a therapeutic target in type 2 diabetes, obesity, and non-alcoholic steatohepatitis. 
However, profound interspecies di�erences in the biology of bile acids and their 
receptors in di�erent cells and tissues exist, which hampers the translation of 
preclinical findings to human pathophysiology.

Studies in rodents point to an important role for TGR5 in GLP-1 secretion, 
insulin sensitivity, and energy expenditure. Targeting the immune system 
through TGR5 could also prove beneficial in inflammatory conditions. Studies 
of administration of natural bile acids and bile acid-sequestering agents, and 
models of bariatric surgery provide only limited mechanistic clues, as a result 
of the complex dynamics of the multi-compartmental enterohepatic circulation. 
Although we acknowledge that molecular mechanisms in human beings are 
harder to understand than those in rodents, future studies should aim to study 
the equivalent processes in human beings.

Studies in human beings should focus on TGR5 activation within the enterohepatic 
cycle and its potential role in GLP-1 secretion and modulation of inflammation. 
TGR5-mediated increases in energy expenditure via BAT and white adipose tissue 
browning would require systemic administration, which is unlikely to be achievable 
in human beings because no safe systemic TGR5 agonists exist. Non-absorbable 
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compounds, such as those being developed for other intestinal receptors, might 
not deliver the desired e�ect, because basolateral TGR5 stimulation is required 
for GLP-1 secretion. Hepatic clearance of novel TGR5 agonists should be very 
high to prevent side-e�ects. �e question then is how TGR5 ligands can be 
increased and made to be e�ective in the enterohepatic cycle only. �is specificity 
might be achieved via changes in bile acid pool composition, either by extended 
administration of bile acids with high TGR5 a�nity or manipulation of bile acid 
biosynthesis and bile acid transporters. Alternatively, synthetic agonists could be 
developed that are contained within the enterohepatic circulation, either using 
dual ligand methods or by optimising first pass clearance. Both academic and 
pharmaceutical researchers have put much e�ort into developing clinical TGR5 
agonists; however, these agonists have not yet reached clinical application.

�e metabolic phenotypes of Tgr5 polymorphisms should be studied in human 
beings to assess the contribution of TGR5 to clinically relevant outcomes. 
Ultimately, strategies to increase TGR5 signalling will require more insight into 
the dynamics of physiological bile acid metabolism and transport.
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�e foundation of the present thesis is the relatively underexplored notion that 
bile acids may act as endocrine hormones through the receptors Takeda G 
protein-coupled receptor 5 (TGR5) and Farnesoid X Receptor (FXR) in human 
metabolism. �e experimental studies described here address three important 
topics in the current understanding of human (and porcine) bile acid biology, 
namely natural variation, response to metabolic challenges and enterohepatic 
versus systemic e�ects. We chose to investigate postprandial bile acid metabolism 
in di�erent metabolic states and to modulate the postprandial bile acid response 
using interventions aimed at energy metabolism.

Bile acids as systemic postprandial signals
Bile acids and bile alcohols likely arose from the need of early vertebrates to excrete 
cholesterol in a water-soluble form in a watery environment. �ey are structurally 
diverse molecules in vertebrate biology, di�ering in the number and orientation 
of hydroxyl subgroups on the sterol backbone, and are instrumental in absorbing 
lipid-soluble nutrients (Hofmann, 2009). Two speci�c bile acid receptors have 
been described, namely FXR and TGR5, with di�ering a�nity for each individual 
bile acid subtype, as well as the non-speci�c nuclear receptors Constitutive 
Androstane Receptor (CAR), Vitamin D Receptor (VDR), Liver X Receptor 
(LXR) and Pregnane X Receptor (PXR) (Lefebvre et al., 2009). While both FXR 
and TGR5 have been found to be heavily involved in feedback regulation of bile 
acid metabolism, their role in human energy metabolism remains underexplored. 
�ey are found outside of the enterohepatic tissues, and have been shown to 
interact with glucose, energy and lipid metabolism in human and rodent models 
of metabolic disease, but whether they play a relevant part is so far unknown (for 
a further discussion of the underlying evidence, see chapter 8). While peripheral 
plasma levels do peak to levels shown to activate these receptors (Sato et al., 2008a), 
it remains in question whether these are relevant signals in human physiology. In 
chapter 5 of this thesis, we have described trends and signi�cant correlations at 
multiple timepoints postprandially between bile acids (in particular the secondary 
bile acid glycodeoxycholic acid, gDCA) and both GLP-1 and insulin levels. �is 
suggests that the postprandial increase in GLP-1 is at least in part explained 
by enteral stimulation of TGR5 by bile acids, as previously described by Kuhre 
and colleagues (Kuhre et al., 2018). In addition, supraphysiological stimulation 
with gDCA also led to an increase in early postprandial levels of GLP-1, further 
supporting this notion. �is could be a direct e�ect of gDCA on enteroendocrine 
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cells through TGR5, but the timing argues against it: GLP-1 levels rapidly 
increased in the �rst hour a�er administration of gDCA. On the whole, it does �t 
our assumed idea of bile acids as metabolic signals, stimulating downstream GLP-
1 e�ects: increasing pancreatic beta cell mass, glucose-dependent insulin release 
and sensation of satiety. In our study, the increased GLP-1 levels did not translate 
into higher insulin or lower glucose levels, which may be explained by well-tuned 
compensatory mechanisms in these healthy individuals, which are absent in 
metabolically deranged patients.

In obese insulin resistant patients with type 2 diabetes (DM2), the relative 
contribution of DCA, a strong TGR5 agonist, to the total bile acid pool is increased 
(Brufau et al., 2010; Glicksman et al., 2010; Haeusler et al., 2013; Vincent et al., 
2013). We speculate that this may be an adaptive response to hyperglycemia, 
analogous to the increase in insulin seen in these patients when they develop 
insulin resistance. In this view, decreased insulin signaling increases bile acid 
synthesis through decreased activation of FOXO1, which normally suppresses 
CYP8B1 transcription. Increased enteral bile acid signaling through TGR5 could 
then lead to an increase in circulating GLP-1, which in turn stimulates glucose-
dependent insulin release from the pancreatic beta cell. 

Natural variation in bile acid pool composition
Recurring themes in this thesis are the large intra- and interindividual variations 
in both human and porcine postprandial bile acid pro�les. We have demonstrated 
this in healthy subjects (Chapters 2, 3 and 5) as well as in subjects with metabolic 
disturbances (Chapters 2, 5 and 6). �is is in line with data reported by others. 
Already in 1978, LaRusso et al found intra-individual variations in postprandial 
peak-time and peak levels (LaRusso et al., 1978; Schalm et al., 1978). �is 
has been repeated in more detail by Steiner et al., who describe considerable 
interindividual variations in bile acid levels over the course of a 24-hour study 
day (Steiner et al., 2011).

We speculate that the variability in the data can arise from multiple sources. Firstly, 
we are measuring peripheral plasma concentrations in a system where there is �ow 
through di�erent compartments, as evidenced by our catheter study in a porcine 
model (Chapter 3). �is means that more robust signals that are contained in the 
enterohepatic cycle may remain out of sight, bypassing the sampled compartment. 
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Secondly, timing matters. It has previously been published that postprandial bile 
acid concentrations in peripheral plasma are crucially dependent on intestinal 
transit time (Meessen et al., 2020), which may di�er both between and within test 
subjects, dependent on genetics and behavior leading up to study days, leading to 
signal interference. �is is again illustrated by the work of LaRusso and Steiner, 
where the arrival of bile acids in the sampled compartment, peripheral plasma, 
appeared to vary widely between and within subjects.

A third factor is the striking interindividual di�erence in bile acid pool composition 
and conjugation state in both healthy and diseased subjects. �is may be explained 
by heterogeneity of the enterohepatic enzymatic apparatus tasked with bile acid 
circulation, arising from not only genetic variation but also anatomic, dietary and 
behavioral factors as well as the host microbiome. We speculate that the existence 
of these di�erent bile acid “phenotypes” could be a contributing factor in the 
development of metabolic disease at a later age. To explore this further, more 
research is needed into the determinants of bile acid pool composition, i.e. enteral 
and hepatic transport kinetics, intestinal transit time, and bile acid synthesis.

Ultimately, the wide array of individual bile acid pool compositions found in 
otherwise healthy subjects may be indicative of the absence of a strong causal 
link between bile acid pool composition and the pathophysiology of energy 
metabolism. 

Bile acid responses to metabolic challenges
A point of interest of current bile acid research is the suggested involvement of 
bile acids in the pathophysiology of obesity and DM2. As such, bile acid biology 
has been shown to be altered in patients with obesity and/or DM2 (Brufau et al., 
2010; Glicksman et al., 2010; Haeusler et al., 2013; Sonne et al., 2016; Vincent et al., 
2013). We set out to characterize the postprandial bile acid response in a selection 
of models of metabolic derangement. 

We showed that in healthy, lean, male subjects, bile acid levels peak postprandially 
in unison with insulin and GLP-1. A�er a 40-h fast, an intervention known to 
powerfully induce insulin resistance in a short time-span, bile acid responses 
were una�ected. �is suggests that the acutely developed increase in postprandial 
glucose and insulin levels in these fasting subjects, denoting insulin resistance, 
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are not the result of an increase in bile acid levels outside of the enterohepatic 
circulation. Of course, the insulin insensitivity of obesity and DM2 may not arise 
from the same pathways as fasting-induced insulin resistance (Soeters et al., 2012).

�e lack of an e�ect of short-term fasting on bile acid concentrations also denotes 
that the relationship between insulin resistance and bile acids as seen in obesity and 
DM2 likely develops over a longer period of time. �is is additionally supported 
by our own results a�er placement of the duodenal-jejunal bypass liner (DJBL), 
where bene�cial e�ects on insulin and glucose levels predate the massive changes 
in bile acid metabolism, as well as reports by other authors (Dutia et al., 2015; Haeu 
et al., 2015; Kohli et al., 2013; Patti et al., 2009). �is �ts with the concept of a bile 
acid pool that is constantly e�ciently being recycled (as we also demonstrated in 
chapter 3), only showing gradual change a�er several cycles when the underlying 
deconjugation and rehydroxylation apparatus is adjusted. Alternatively, changes 
in the bile acid pool could occur immediately a�er placement, but not become 
apparent until hepatic deconjugation and clearance is overwhelmed, leading to 
increased peripheral plasma bile acid levels. �is is supported by the increase in 
GLP-1 and FGF19 seen immediately a�er placement of the DJBL, which suggests 
that bile acid signaling within the enterohepatic circulation is increased, even 
though peripheral bile acid levels are (still) low (Kaválková et al., 2016).

Recent papers have described increased synthesis of 12α-hydroxylated bile acids in 
insulin resistant human subjects (Haeusler et al., 2013; Legry et al., 2017). In mice, 
decreased insulin signaling leads to reduced activity of the transcription factor 
FoxO1, which normally represses Cyp8B1. �e subsequent increase in Cyp8B1 
activity then leads to a bile acid pool more skewed to 12α-hydroxylated subtypes, 
which have less a�nity for FXR (Haeusler et al., 2012). �e authors of this �nding 
speculate that this leads to a decrease in FXR-activation and a subsequent increase 
in triglyceride levels, linking bile acid pool changes to the dyslipidemia that is 
characteristically seen in DM2. We were unable to show any signi�cant changes 
in the 12α-hydroxylated subfraction of bile acids in our studies. �is is most likely 
explained by the timescale involved for changes in hepatic insulin sensitivity to 
translate to changes in the bile acid pool measurable in peripheral plasma. 
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Bile acid signals in the portal and systemic compartments
As we describe in Chapter 3, postprandial bile acid concentrations in portal 
blood are circa �ve- to tenfold higher than in venous blood due to e�cient 
hepatic extraction. In particular, conjugated versions of the strong TGR5 agonists 
lithocholic acid (LCA) and hyodeoxycholic acid (HDCA, a secondary bile acid 
speci�c to pigs, comparable to the human deoxycholic acid (DCA)) are cleared 
more e�ciently than unconjugated bile acids and chenodeoxycholic acid (CDCA), 
which has weak a�nity for TGR5 (Sato et al., 2008b). �is again raises questions 
whether the TGR5-activating signal in the systemic compartment is meaningful 
in normal physiology. It has been suggested that supraphysiological stimulation of 
TGR5 with 15 mg/kg oral CDCA increases energy expenditure in vivo, an e�ect 
that is traceable to increased glucose uptake by brown adipose tissue (Broeders 
et al., 2015). In this study, CDCA concentrations of 12 mmol/L were reached, 
representing a concentration around �ve- to tenfold higher than that normally 
seen a�er a meal, though this is subject to interindividual variability. In our study 
with gDCA (Chapter 5), we did not see an increase in resting energy expenditure 
a�er a single dose of 750 mg gDCA, which was around 10 mg/kg. Interestingly, 
gDCA levels in venous blood were only modestly raised, to a peak level of ~1.4 
mmol. �is suggests that the oral gDCA was hepatically cleared, foregoing direct 
e�ects outside of the enterohepatic circulation. �is is in line with our �nding 
that unconjugated bile acids pass the liver barrier more easily than conjugated bile 
acids, making them more suitable to target the systemic compartment.

Future perspectives
Bile acids and their downstream e�ectors remain a promising area of potential 
treatment in DM2, obesity and liver disease. However, before potential treatments 
can be implemented, more research into basic human bile acid metabolism is 
needed. As referred to in this thesis, the relation between bile acid pool changes in 
metabolic disease and development of metabolic impairment has so far not been 
solved. �e direction of causality in particular needs to be identi�ed: how is bile 
acid metabolism a�ected by metabolic disease, or are bile acid changes a link in 
the chain of events leading from obesity to hyperlipidemia and insulin resistance 
and eventually full-blown DM2?

A compounding factor is the e�cient negative feedback-inhibition loop of 
bile acids on their own synthesis via FXR and FGF19, which makes the system 

570617 Nierop, Sam van.indd   170 06-12-2021   21:05



Discussion and future perspectives

171

9

resistant to short-term disturbances. �is leads to a slow timeframe in which 
interventions in bile acid metabolism lead to observable changes in the bile acid 
pool, and thus to a temporal disconnect between interventions and outcomes, 
making those outcomes di�cult to interpret. We do know that alterations in bile 
acid synthesis can have large e�ects on the bile acid pool, as evidenced by the 
grossly abnormal bile acid pool compositions in patients with inborn errors of bile 
acid metabolism such as cerebrotendinous xanthomatosis. Unfortunately, these 
defects are exceedingly rare therefore not available for larger-scale studies. While 
in vitro and rodent models o�er the opportunity to isolate molecular mechanisms, 
there is a need for more translational and physiological studies in human models 
of metabolic disease. �e challenge will be to gain a direct view into the di�erent 
compartments of the enterohepatic bile acid pool, as sampling the peripheral 
circulation alone does not capture the majority of bile acid-receptor interactions. 
Creative solutions involving clinicians, such as peroperative sampling of the portal 
vein or nuclear imaging techniques, will need to be found to sample the relevant 
compartments. Another avenue of great interest is the development of speci�c 
synthetic TGR5 and FXR agonists. Making these widely available for research 
would open up new opportunities to dissect human bile acid physiology.
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Bile acid metabolism in humans: postprandial perspective

Chapter 1 
An introduction in current understanding of bile acid biology. �is chapter 
outlines the enterohepatic cycle of bile acid synthesis, secretion and reabsorption, 
as well as the presumed role of bile acids in metabolism through their e�ects on the 
two main bile acid receptors, Farnesoid X Receptor (FXR) and Takeda G-protein 
coupled receptor 5 (TGR5). �erea�er, the research questions and experiments 
that form the basis of this thesis are described.

Chapter 2 (Sonne et al., 2016)
In this chapter, we investigated the e�ect of diabetes on postprandial bile acid 
levels and the gut hormone �broblast growth factor-19 (FGF19). We describe 
postprandial plasma concentrations of 12 individual bile acid subspecies as well 
as FGF19 in ��een patients with type 2 diabetes (DM2), compared to healthy 
controls with normal glucose tolerance. To this end, we used a 75-g oral glucose 
tolerance test and three isocaloric and isovolemic liquid meals with low, medium, 
and high fat content, respectively. We showed that postprandial total bile acid 
concentrations increased with increasing meal fat content (p<.05), peaked a�er 1–2 
hours, and were higher in DM2 patients than in controls (oral glucose tolerance 
test, low and medium fat meals, p<.05; high fat meal, p=.30). �e di�erences 
re�ected mainly unconjugated and glycine-conjugated forms of deoxycholic acid 
(DCA) and to a lesser extent cholic acid (CA) and ursodeoxycholic acid (UDCA), 
whereas chenodeoxycholic acid (CDCA) concentrations were comparable in the 
two groups. FGF19 concentrations tended to be lower in patients with DM2 then 
in controls, but the di�erence was not statistically signi�cant due to considerable 
variation.

Chapter 3 (Eggink et al., 2018)
Bile acids play a key role in lipid uptake and possibly in metabolic signalling in 
di�erent organs including gut, liver, muscle and brown adipose tissue. Portal 
and peripheral plasma BA concentrations are known to increase a�er a meal 
containing fats and carbohydrates. However, the exact kinetics of postprandial 
bile acid metabolism have never been described in great detail. We used a porcine 
model to investigate postprandial plasma concentrations and transorgan �uxes 
of bile acids, glucose and insulin, using the para-aminohippuric acid dilution 
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method. To this end, eleven pigs with indwelling intravascular catheters received 
a standardized mixed meal. During and a�er the meal, venous blood was sampled 
from di�erent veins such as the portal vein, abdominal aorta and hepatic vein to 
calculate �uxes of bile acids across di�erent organ compartments. To compare the 
data to humans, fasted venous and portal blood was obtained from non-diabetic 
obese patients during gastric bypass surgery.

�e majority of the circulating plasma bile acid pool and postprandial response 
consisted of glycine-conjugated forms of the primary bile acids CA and CDCA. 
Conjugated bile acids, which have higher a�nity for TGR5, were more e�ciently 
cleared by the liver than unconjugated forms. Taking into account the previously 
published EC50 of individual BA subtypes for TGR5, the potential TGR5-activating 
signal in the portal vein was ~5-10 times stronger than in the systemic circulation. 
�e timing and size of the postprandial response showed large interindividual 
variability for bile acids.

Chapter 4 (van Nierop et al., 2017a)
�e physiochemical properties of di�erent bile acid subspecies a�ect their 
enterohepatic dynamics and their a�nity for bile acid receptors. �e composition 
of the bile acid pool is known to be altered in patients with type 2 diabetes and 
obesity, as we have again observed in Chapter 2, suggesting a causal link between 
bile acid metabolism and metabolic derangement. Here, we used a 2-week very-
low-calorie diet to investigate the e�ects of acute weight loss through calorie 
restriction on bile acid pool composition and postprandial bile acid dynamics. 
We performed mixed meal tests in obese, insulin-resistant subjects before and 
a�er the weight loss period. Weight loss increased peak postprandial levels of the 
secondary bile acid DCA and decreased resting energy expenditure. Other BA 
species, glucose, insulin and FGF19 levels and postprandial excursions were not 
signi�cantly a�ected. We hypothesize that the modestly increased postprandial 
DCA levels are secondary to a combination of increased intestinal uptake and 
increased CYP8B1 activity. Additionally, the timeframe of the intervention may 
have been too short to induce observable changes in the bile acid pool. 
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Chapter 5 (van Nierop et al., 2019)
In this study, we investigated the postprandial bile acid response in peripheral 
plasma and its relation to insulin, GLP-1, and FGF19. First, we investigated the 
postprandial response a�er a 40-h fast. �en we administered glycine-conjugated 
deoxycholic acid (gDCA) with the meal. We performed two separate observational 
randomized crossover studies on healthy, lean men. In experiment 1, we tested a 4-h 
mixed meal a�er an overnight fast and a 40-h fast. In experiment 2, we tested a 4-h 
mixed meal test with and without gDCA supplementation. Both studies measured 
postprandial glucose, insulin, bile acids, GLP-1, and FGF19. In experiment 1, 40 h 
of fasting induced insulin resistance and increased postprandial GLP-1 and FGF19 
concentrations. A�er an overnight fast, we observed strong correlations between 
postprandial insulin and gDCA levels at various time points. Unexpectedly, 40 h of 
fasting increased both GLP-1 and FGF19. If this is due to increased enteral TGR5 
and FXR activation due to exposure to bile acids, that would be counterintuitive, 
as enteral bile acid levels are usually linked to food intake. Alternatively, FGF19 
could be upregulated through some other mechanism in order to suppress bile 
acid synthesis during starvation. In the second experiment, we observed increased 
postprandial GLP-1 levels a�er a meal in the fed state, indicating enteral TGR5 
activation by orally administered bile acids. gDCA stimulation did not a�ect 
FGF19-levels, suggesting no enteral FXR-activation. Energy expenditure was not 
a�ected by gDCA administration. �is experiment is a �rst step to explore the 
feasibility of bile acid supplementation in humans with metabolic disorders.

Chapter 6 (van Nierop et al., 2019)
Placement of the duodenal-jejunal bypass liner (DJBL), a bariatric device, in obese 
patients with type 2 diabetes leads to rapid weight loss and restoration of insulin 
sensitivity in a similar fashion to bariatric surgery. Increased systemic bile acid 
levels are candidate e�ectors for these e�ects through postprandial activation 
of their receptors TGR5 and FXR. We aimed to quantify postprandial bile acid, 
GLP-1 and FGF19 responses and assess their temporal relation to the weight loss 
and metabolic and hormonal changes seen a�er DJBL placement. To that end, we 
performed mixed meal testing in 17 obese patients with type 2 diabetes mellitus 
(DM2) directly before, one week a�er and 6 months a�er DJBL placement. A 
weight loss 4.3 ± 0.6 kg was achieved at 1 week, which increased to 12.7 ± 1.3 
kg a�er 6 months. Both fasting and postprandial bile acid levels were unchanged 
at 1 week a�er implantation, and greatly increased 6 months a�er implantation. 
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�e increase consisted of unconjugated bile acid species. 3 hour-postprandial 
GLP-1 levels increased a�er 1 week and were sustained, whereas FGF19 levels and 
postprandial plasma courses were una�ected. We conclude that DJBL placement 
leads to profound increases in unconjugated bile acid levels a�er 6 months, similar 
to the e�ects of bariatric surgery. �e temporal dissociation between the changes 
in bile acids, GLP-1 and FGF19 and other gut hormone responses suggest that the 
improvement in insulin sensitivity is not induced by increased bile acid signaling. 
�is observational uncontrolled study emphasizes the need for future controlled 
studies.

Chapter 7 (Stenvers et al., unpublished)
Patients with type 2 diabetes have a disturbed diurnal rhythm of plasma glucose 
tolerance. We hypothesized that this may be due to altered diurnal regulation of 
plasma bile acid levels. We provided six patients with DM2 and six age-matched 
healthy controls with three identical meals per day, and measured plasma 
concentrations of primary and secondary BAs using tandem mass spectrometry. 
Postprandial BA responses were not a�ected by time of day. However, postprandial 
peak times were earlier for total BAs, chenodeoxycholic acid, and glycine conjugates 
in DM2, which may be explained by increased intestinal and/or decreased liver BA 
uptake. Our results suggest that while bile acid synthesis is known to vary during 
the day, bile acid responses to a meal do not, and are therefore not responsible for 
the altered diurnal rhythm of glucose tolerance seen in DM2.

Chapter 8 (van Nierop et al., 2017b)
In chapter 8 we reviewed the literature on the physiological relevance of the 
Takeda G protein-coupled receptor 5 (TGR5) with a focus on translating the data 
to clinical applications in human metabolism. We summarize the key concepts of 
bile acid signaling and discuss the physiological and pharmacological literature 
on TGR5 activation in glucagon-like receptor 1 (GLP-1) secretion and glucose 
homeostasis, energy expenditure and modulation of in�ammatory signals. �e 
available preclinical data suggests that TGR5 plays a role in GLP-1 secretion, insulin 
sensitivity and energy expenditure. However, evidence in humans is ambiguous 
and clinical application is still far away. Ultimately, safe and selective human TGR5 
agonists are needed to further study the therapeutic potential of TGR5.
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Nederlandse samenvatting

Dit proefschri� gaat over de relatie tussen galzure zouten (in dit proefschri� 
doorgaans galzouten genoemd) en stofwisseling. In het bijzonder hebben we 
gekeken naar de rol van galzouten als signaalmoleculen en hun e�ect op het 
glucosemetabolisme en de energiehuishouding in de postprandiale periode 
(d.w.z. na de maaltijd), wanneer het lichaam zich aanpast om binnenkomende 
voedingssto�en te verwerken. Daar een groot deel van onze kennis over galzouten 
tot dan toe uit diermodellen a	omstig is, hebben we onderzoek gedaan in humane 
modellen.

Hoofdstuk 1
In het eerste hoofdstuk beschrijven we de huidige stand van de wetenschap 
rondom de biologie van galzouten en wat er tot nu toe bekend is over hun rol als 
signaalmoleculen in glucosemetabolisme en de energiehuishouding. Galzouten 
zijn een groep nauw verwante steroïde moleculen die worden geproduceerd in de 
lever en opgeslagen in de galblaas. Na een vetrijke maaltijd worden ze in de darm 
uitgescheiden, waar ze vanwege hun am�pathische structuur bijdragen aan het 
oplossen van vetten en vetoplosbare vitaminen. Aan het eind van de dunne darm 
worden ze heropgenomen door de darmwand en via de poortader teruggevoerd 
naar de lever, waar ze grotendeels worden heropgenomen voor hergebruik. Dit 
wordt de enterohepatische kringloop genoemd. Tijdens deze kringloop ondergaat 
een deel van de galzouten een transformatie door bacteriën die in de darm leven. 
De resulterende moleculen worden secundaire galzouten genoemd, en vormen 
een belangrijk deel van de uiteindelijke galmix.

Naast hun rol als vetoplossers is de afgelopen jaren steeds meer bekend geworden 
over de rol van galzouten als endocrien hormoon. Er zijn twee speci�eke 
galzoutreceptoren ontdekt, de Farnesoid X Receptor (FXR) en de Takeda 
G-protein-coupled Receptor 5 (TGR5), die na activatie e�ect hebben op het 
galzout-, glucose-, energie- en lipidenmetabolisme. Het grootste deel van het 
onderzoek hiernaar is in dieren, vooral muizen en ratten, verricht en kan derhalve 
niet één-opéén op mensen worden toegepast.
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Hoofdstuk 2 (Sonne et al., 2016)
In dit hoofdstuk onderzoeken we het e�ect van type 2 diabetes mellitus op 
postprandiale galzout- en FGF19-spiegels in het plasma. We vergelijken hiervoor 
postprandiale spiegels van de 12 belangrijkste galzoutsoorten en FGF19 tussen 
15 patiënten met goed-gereguleerde type 2 diabetes mellitus, en 15 lee�ijd-, 
geslacht- en BMI-gematchte gezonde proefpersonen. Er werden 4 verschillende 
vloeibare maaltijden getest, die elk evenveel calorieën bevatten, maar verschilden 
in samenstelling van macronutriënten. Patiënten met type 2 diabetes hadden 
iets hogere galzoutspiegels in de gevaste toestand, en hun galzoutpiek na de 
maaltijd was hoger. Voor beide groepen gold dat de galzoutpiek hoger werd met 
een toenemende vethoudendheid van de maaltijd. FGF19-spiegels stegen met de 
galzouten mee, maar verschilden niet signi�cant tussen de groepen. 

Hoofdstuk 3 (Eggink et al., 2018)
Galzouten spelen een belangrijke rol in vetopname en hebben mogelijk een 
endocriene functie in verschillende organen, zoals darm-, lever-, spier- en 
bruin vetweefsel. We weten dat galzoutspiegels in zowel de portale circulatie 
als perifeer plasma stijgen na de maaltijd, maar de exacte kinetiek van deze 
compartimenten is nooit in detail beschreven. We gebruikten een varkensmodel 
om postprandiale stromen van individuele galzoutsoorten over verschillende 
lichaamscompartimenten te beschrijven. Hiervoor brachten we in elf gezonde 
varkens intravasculaire catheters in, en dienden ze een gestandaardiseerde maaltijd 
toe. In de postprandiale periode maten we in verschillende compartimenten 
insuline, glucose, galzouten en para-aminohippuurzuur om de stromen over de 
verschillende compartimenten te berekenen. Om dit met mensen te proberen 
te vergelijken verkregen we peroperatief portaal en perifeer plasma van obese 
patiënten zonder diabetes die een gastric bypass ondergingen.

Het grootste deel van de galzouten buiten het portale systeem bestond uit glycine-
geconjugeerde vormen van de primaire galzouten cholaat en chenodeoxycholaat. 
De lever klaarde geconjugeerde galzouten e�cienter dan ongeconjugeerde 
galzouten. We berekenden uit eerder gepubliceerde gegevens over de a�niteit 
van verschillende galzout-subtypes voor TGR5 een index voor potentiele TGR5-
activatie. Die index was in portaal bloed ongeveer 5-10 keer hoger dan in perifeer 
bloed. Opvallend was dat het tijdsbeloop en de intensiteit van postprandiale 
galzoutpieken sterk verschilde tussen individuen.
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Hoofdstuk 4 (van Nierop et al., 2017a)
De chemische eigenschappen van de verschillende galzoutsoorten bepalen 
deels hun kinetiek in de enterohepatische kringloop en hun a�niteit voor de 
galzoutreceptoren. Het is bekend dat patiënten met obesitas en type 2 diabetes 
een afwijkende samenstelling van de galmix hebben (zoals we ook in hoofdstuk 2 
beschrijven), hetgeen een causaal verband suggereert tussen galzoutmetabolisme 
en metabole ontregeling. In deze studie gebruikten we een twee weken durend zeer 
laagcalorisch dieet om het e�ect van snel gewichtsverlies middels calorierestrictie 
op de galmix en op postprandiale galzoutspiegels te onderzoeken. Voor en 
na de dieetperiode voerden we gestandaardiseerde maaltijdproeven uit. Na 
gewichtsverlies zagen we toegenomen postprandiale pieken van deoxycholaat, een 
secundair galzout, en afgenomen basaalmetabolisme. Andere galzouten, FGF19-, 
insuline- en glucosespiegels bleven gelijk. De toegenomen deoxycholaatspiegels 
kunnen mogelijk worden toegeschreven aan verhoogde opnamecapaciteit in de 
darm, danwel toegenomen productie door het enzym CYP8B1. Het lijkt erop 
dat de interventieperiode te kort is geweest om grote e�ecten op de galmix te 
induceren, en dat de veranderingen die we zien bij obesitas zich op een langere 
tijdschaal afspelen.

Hoofdstuk 5 (van Nierop et al., 2019)
In deze studie onderzochten we in gezonde proefpersonen de relatie tussen 
postprandiale galzout-, GLP1, FGF19- en insulinespiegels. We voerden 
gestandaardiseerde maaltijdproeven uit na een vastenperiode van 12 en van 40 
uur. Na de lange vastenperiode waren de proefpersonen minder gevoelig voor de 
werking van insuline, en stegen de GLP1- en FGF19-spiegels fors, maar bleven de 
galzouten gelijk. Het lijkt erop dat de vastenperiode toegenomen enterale activatie 
van TGR5 en FXR door galzouten teweeg hee� gebracht. We vonden na de korte 
vastenperiode sterke correlaties tussen postprandiale insulinespiegels en spiegels 
van glycodeoxycholaat, een secundair galzout.

In een tweede experiment dienden we glycodeoxycholaat toe bij de maaltijd, 
waarop de postprandiale spiegels van GLP1, maar niet FGF19, toenamen, hetgeen 
speci�ek enterale activatie van TGR5 suggereert. De gestegen GLP1-spiegels 
hadden geen e�ect op insuline- of glucosespiegels of op het basaalmetabolisme.
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Hoofdstuk 6 (van Nierop et al., 2019)
Het plaatsen van een DJBL (duodenojejunale bypass liner, een medisch hulpmiddel 
dat opname van voedsel in de dunne darm grotendeels verhindert) bij patiënten 
met type 2 diabetes bewerkstelligt snel gewichtsverlies en vaak terugkeer naar 
normale glucosetolerantie, zoals ook vaak gezien wordt na bariatrische chirurgie. 
Een mogelijke verklaring voor het verbeteren van de glucosetolerantie zijn de fors 
verhoogde galzoutspiegels die deze patiënten ontwikkelen na de interventie. We 
lieten 17 obese patiënten met type 2 diabetes gestandaardiseerde maaltijdproeven 
met galzoutmetingen ondergaan vóór, een week na, en 6 maanden na plaatsing 
van de DJBL. 

Na plaatsing van de DJBL toonden de patiënten snel gewichtsverlies en resolutie 
van hun diabetes. Gevaste en postprandiale galzoutspiegels waren onveranderd 
na een week, maar gigantisch toegenomen na 6 maanden, een toename die vooral 
bestond uit een toegenomen absolute hoeveelheid ongeconjugeerde galzouten 
in de galmix. GLP1 was reeds na een week toegenomen, terwijl FGF19 de hele 
periode onvranderd bleef. Gezien de temporele dissociatie tussen het herstel van 
insulinegevoeligheid en spiegels van galzouten, GLP1 en FGF19 concluderen we 
dat het e�ect van de DJBL op insulinegevoeligheid niet wordt verklaard door 
toegenomen galzoutsignalering.

Hoofdstuk 7 (Stenvers et al., niet gepubliceerd)
Patiënten met type 2 diabetes hebben een verstoord ritme in hun glucosetolerantie. 
Wij testten de hypothese dat dit secundair was aan een verstoord ritme in het 
galzoutmetabolisme. Hiertoe voerden wij 3 identieke gestandaardiseerde 
maaltijdproeven uit over de loop van een etmaal bij 6 patiënten met type 2 diabetes, 
en 6 gezonde proefpersonen, waarbij we postprandiale insuline-, glucose- en 
galzoutspiegels maten. De galzoutspiegels verschilden niet over de loop van de 
dag, terwijl de insulinegevoeligheid wel varieerde. We viel op dat galzouten bij 
patiënten met type 2 diabetes iets vroeger na de maaltijd pieken, mogelijk door 
toegenomen opname in de darm. Wij concluderen dat postprandiale galzoutpieken 
niet varieren over de dag, en dat galzouten dus niet betrokken zijn bij de ritmiciteit 
van glucosetolerantie.
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Hoofdstuk 8 (van Nierop et al., 2017b)
In dit hoofdstuk beschouwen we de literatuur rondom de fysiologische relevantie 
van TGR5, waarbij we ons richten op het vertalen van de beschikbare gegevens 
naar klinische toepassingen in metabole ziekten zoals diabetes mellitus en 
obesitas. We vatten de belangrijkste concepten binnen het galzoutonderzoek 
samen en bespreken de beschikbare literatuur over de e�ecten van TGR5-activatie 
op secretie van GLP1, glucosehomeostase, basaal energiemetabolisme en het 
reguleren van in�ammatie. Preklinisch onderzoek, vooral in muizen en ratten 
uitgevoerd, suggereert dat TGR5 een belangrijke rol speelt in deze processen, maar 
de beperkte hoeveelheid data uit menselijk onderzoek is ambigu. Samenvattend is 
er nog een lange weg te gaan voor TGR5-modulatie klinisch toepasbaar zal zijn. 
De belangrijkste stap op die weg is het ontwikkelen en beschikbaar maken van 
veilige en selectieve TGR5-agonisten voor klinisch onderzoek.
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daar keihard te pipetteren), waarbij jij natuurlijk weer precies wist hoe je dat het 
goedkoopste en e�cientste kon aanpakken… 

Het endolab, en dan met name Dries Kalsbeek, Erik Endert en An Ruiter. Dank 
voor het gastvrij toelaten en hulp bij het uitvoeren van de metingen. Als ik nog 
eens met dubieuze ELISA-kitjes aan kom zetten zal ik tevoren waarschuwen!

Het lab Genetisch Metabole Ziekten op F0. Fred, Arnold en Arno, dank voor jullie 
ervaren bijstand bij de spectrometrie van galzouten (en natuurlijk de galalcoholen). 
Zonder metingen geen data!
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�e Gento�e group, David Sonne and Filip Knop: thank you for your hospitality, 
your collaboration and advice. It was a pleasure comparing notes on yet unrealized 
projects and funding!

De NUTRIM groep in Maastricht, in het bijzonder Charlotte de Jonge, Steven Olde 
Damink en Frank Schaap, voor hun feedback op manuscripten en het uitwisselen 
van gedachten over FGF19 en galzoutfysiologie. 

Mijn opleiders, eerst Marjolein Rentick, en later Hilde Peters, Marian Muis en �era 
Links: dank voor het geduld, de aanmoediging en het geschonken vertrouwen. Ik 
heb geluk dat ik het vak van jullie mag leren.

Mijn paranimfen: Dirk Jan, we vroegen ons af of galzouten een rol konden spelen 
in het bepalen van de ritmiciteit van glucosetolerantie gedurende de dag, en het 
antwoord loog er niet om: nee, dat kon niet. Jammer dat het de vakbladen (nog) 
niet hee� gehaald… 

Jesse, dank voor je wijze advies door de jaren heen op alle vlakken des levens. 
Hopelijk staan we nog jarenlang samen bij zonsopgang op het ijs (hoewel de 
vooruitzichten voor natuurijs deze eeuw niet gunstig zijn…)

Aan mijn broeders van het Westersch Litterarisch Gezelschap V.N.I.C.A., wijze 
raad van een ordelijke huisvader: promoveren, begin er niet aan!

Lieve papa en mama, dank voor jullie onmeetbare bijdrage, aan dit proefschri� 
maar ook aan de mooie dingen des levens. Zonder jullie had ik het niet gekund.

Allerliefste Jesse, ik kan je niet genoeg bedanken voor je engelengeduld, voor alle 
doorwaakte nachten, voor onze reizen, onze verhuizingen, voor Isaak en Jet. Ik 
beloof je dat ik me nooit meer zoiets op de hals zal halen…
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