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Context: Bile acids and fibroblast growth factor 19 (FGF19) have been suggested as key mediators
of the improvements in glucose metabolism after Roux-en-Y gastric bypass (RYGB).

Objective: To describe fasting and postprandial state total bile acid (TBA) and FGF19 concentrations
before and after RYGB and relate them to parameters of glucose metabolism, glucagon-like pep-
tide-1, cholecystokinin, and cholesterol fractions.

Design and Setting: A prospective descriptive study was performed at the Department of Endo-
crinology, Hvidovre Hospital, Hvidovre, Denmark.

Patients: Thirteen type 2 diabetic (T2D) patients and 12 normal glucose tolerant (NGT) subjects
participated in the study.

Intervention: A 4-hour liquid meal test was performed before and 1 week, 3 months, and 1 year
after RYGB.

Main Outcome Measures: We measured fasting and postprandial TBA and FGF19 concentrations.

Results: Fasting TBA concentrations decreased in NGT subjects (P � .001) and were unchanged in
T2D patients 1 week after surgery, but then increased gradually in both groups with time from
surgery (ANOVA Ptime � .001). Area under the curve (AUC) TBA was decreased in NGT subjects 1
week after RYGB (before surgery, 567 mmol � min/L [interquartile range, 481–826]; 1 wk, 419
[381–508]; P � .009) and was unchanged in T2D patients (894 [573–1002]; 695 [349–1147]; P � .97)
but then increased with time from surgery in both groups (Ptime � .001). Fasting FGF19 concen-
trations were unchanged acutely after RYGB (NGT, 140 pg/mL [100–162], 134 [119–204], P � .42;
T2D, 162 [130–196], 154 [104–164], P � .68) and remained unchanged throughout the follow-up
period. AUC FGF19 increased gradually with time after surgery (Ptime � .001), resembling the
changes seen with AUC TBA. One week after RYGB, glucose metabolism improved, low-density
lipoprotein-cholesterol and high-density lipoprotein-cholesterol decreased, and cholecystokinin
and glucagon-like peptide-1 secretion increased, whereas FFA concentrations were unchanged.

Conclusion: TBA and FGF19 do not explain acute changes in glucose metabolism, cholesterol
fractions, and gut hormone secretion after RYGB. (J Clin Endocrinol Metab 100: E396–E406, 2015)
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Early after Roux-en-Y gastric bypass (RYGB), hepatic
insulin sensitivity is increased, and postprandial in-

sulin secretion is improved. A low-calorie diet and rapid
exposure of the enteroendocrine cells to ingested nutri-
ents, resulting in reduced hepatic glucose production and
exaggerated glucagon-like peptide-1 (GLP-1) secretion,
are considered responsible for these early metabolic
changes (1). Recently, however, bile acids (BAs) have been
suggested as key mediators of the post-RYGB improve-
ments in glucose metabolism (2).

After RYGB, total BA (TBA) plasma concentrations are
increased (3–5). It is currently not known why this occurs,
but it could reflect BA’s increased delivery to and reab-
sorption from the distal small intestine. BAs bind to the
transmembrane G protein-coupled receptor 5 receptor
on enteroendocrine L-cells, stimulate GLP-1 release,
and furthermore activate the intestinal intracellular
farnesoid X receptor (FXR), inducing fibroblast growth
factor 19 (FGF19) synthesis and secretion (6, 7).

Treatment with tauroursodeoxycholic acid for 4 weeks
improved hepatic and peripheral insulin sensitivity in
obese nondiabetic subjects (8). Furthermore, treatment of
isolated pancreatic islets with BAs or FXR agonists in-
creased glucose-stimulated insulin release (9, 10), and in
FXR knockout mice, vertical sleeve gastrectomy (which
resembles RYGB with respect to postoperative metabolic
changes) did not lead to improvements in glucose metab-
olism (11). Changes in BA composition may alter the abil-
ity of bile to activate FXR and transmembrane G protein-
coupled receptor 5, and additionally, the presence of high
levels of 12�-hydroxylated (12�-OH) BAs has been asso-
ciated with insulin resistance, which could also play a role
after RYGB (12–14). In rodents, administration of human
FGF19 stimulates hepatic glycogen synthesis and inhibits
gluconeogenesis (8, 15, 16). Thus, changes in BA concen-
tration and composition have the potential to influence
several aspects of post-RYGB glucose metabolism.

Gerhard et al (17) found remission of diabetes during
the first year after RYGB to be associated with higher
fasting state TBA and FGF19 concentrations, and Kohli et
al (5) demonstrated a significant correlation between post-
operative TBA concentrations and peak GLP-1 concen-
trations and an inverse correlation with 2-hour postpran-
dial glucose concentrations 3 months after RYGB, but not
after gastric banding (5, 17). Yet, studies reporting
changes in TBA and FGF19 within the first postoperative
week where major changes in glucose metabolism occur

are few and small and do not include patients with pre-
operative type 2 diabetes (T2D) (4, 18, 19).

Here we report changes in TBA, BA composition, and
FGF19 concentrations in normal glucose tolerant (NGT)
subjects and patients with T2D matched for age, gender,
and body mass index (BMI) within the first postoperative
week and later after RYGB. We also report fasting and
postprandial state 7a-hydroxy-4-cholesten-3-one (C4)
concentrations and cholecystokinin (CCK) secretion. Fi-
nally, we relate TBA and FGF19 concentrations to mea-
sures of insulin resistance, �-cell function, GLP-1 secre-
tion, and cholesterols and free fatty acids (FFAs).

Patients and Methods

Patients
Thirteen T2D patients (seven male, six female; fasting glu-

cose � 7.0 mmol/L; � one antidiabetic medication; diabetes
duration, 6 [range, 2–8] y; BMI, 44 [40.8–45.5] kg/m2; age, 54
[49–57] y) and 12 NGT subjects (three male, nine female; fasting
glucose � 6.1 mmol/L [three subjects had fasting glucose � 5.6
mmol/L]; no antidiabetic medications; BMI, 41 [38.4–43.4] kg/
m2; age, 47 [30–55] y) were recruited from the bariatric surgery
program of Hvidovre Hospital (Hvidovre, Denmark). All had
accomplished a required preoperative 8% diet-induced total
body weight loss before inclusion and met the criteria for bari-
atric surgery in Denmark. No participant had a history of cho-
lecystectomy before inclusion. Written informed consent was
obtained from all participants. The study was approved by the
Municipal Ethical Committee of Copenhagen in accordance
with the Helsinki-II Declaration.

Previously, results on glucose metabolism and secretion of gut
hormones (20) and FFAs (21) were reported, but in the present
study we report new data on TBA, BA molecular species, FGF19,
and CCK and reanalyze previous data to evaluate the role of TBA
and FGF19 in post-RYGB glucose metabolism (ClinicalTrials-
.gov ID NCT00810823) (20, 21).

Study design
Participants were studied before and 1 week, 3 months, and

1 year after RYGB. On each study day, three fasting samples
were drawn, a liquid meal was then ingested, and blood was
sampled frequently for 4 hours. See Ref. 20 for a detailed
description.

Surgical procedure
RYGB was performed at the Hvidovre Hospital Department

of Surgery, as described previously (20). Cholecystectomy was
not performed in any participant preoperatively or postopera-
tively, and none received medical gallstone prophylaxis
postoperatively.

Departments of Endocrinology (N.B.J., C.D., K.N.B.-M., S.M.) and Surgery (V.B.K.), Hvidovre Hospital, DK-2650 Hvidovre, Denmark; Diabetes and Obesity Biology (B.S.W., T.R.C.), Novo
Nordisk A/S, DK-2760 Måløv, Denmark; Sorbonne Universités (D.R., L.H.), UMPC Univ Paris 06, INSERM ERL 1157, CNRS UMR 7203 LBM, CHU St-Antoine, F-75012 Paris, France;
Department of Clinical Biochemistry (J.F.R.), Rigshospitalet, University of Copenhagen, DK-2100 Copenhagen, Denmark; and Novo Nordisk Foundation Center for Basic Metabolic Research
(J.J.H.), Department of Biomedical Sciences, University of Copenhagen, DK-2200 Copenhagen, Denmark
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Pre- and postoperative diets
Patients consulted dieticians regularly before surgery. Energy

distribution of the recommended preoperative diet was 48%
carbohydrate, 27% fat, and 25% protein. For the first 4 post-
operative weeks, patients were on a liquid meal (first 2 wk) or
pureed food regimen with an energy distribution of 37% car-
bohydrates, 33% fat, and 30% protein. Thereafter, recom-
mended energy distribution was 48% carbohydrates, 24% fat,
and 28% protein.

Sample collection and laboratory analysis
Blood for TBA, FGF19, low-density lipoprotein (LDL), high-

density lipoprotein (HDL), and total cholesterol analysis was
collected into EDTA tubes containing dipeptidyl peptidase-4 in-
hibitor (1 �g/mL blood; DPP4-010; Linco Research), a protease
inhibitor cocktail (10 �L/mL blood, Sigma P8340; Sigma), Pe-
fabloc SC (4-[2-Aminoethyl] benzenesulfonyl fluoride hydro-
chloride) (10 �L/mL blood, catalog no. 11 429 868 001; Roche
Diagnostics), and aprotinin (500 kallikrein inhibitor units/mL
blood, Trasylol 10 000 kallikrein inhibitor units/mL; Bayer).
Blood for analysis of BA molecular species concentrations in the
fasting and postprandial states was collected into EDTA tubes
without enzyme inhibitors at 0 and 45 minutes. Tubes were
placed on ice and centrifuged at 4°C; the supernatant was im-
mediately collected, placed on dry ice, and then stored at �80°C
until analysis.

TBA concentrations were determined using the enzymatic-
calorimetric Diazyme TBA Assay (Diazyme Laboratories) ac-
cording to the manufacturer’s protocol (intra-assay coefficient of
variation [CV], 3.9%; interassay CV, 2.9%).

BA molecular species concentrations and C4 were measured
by HPLC coupled to tandem mass spectrometry (HPLC-MS/MS)
as previously described (22, 23). The hydrophobicity index re-
flects BA hydrophobicity, taking into account the retention time
of different BAs on a C18 column with a gradient of methanol;
lithocholic acid has the highest retention time, and tauroursode-
oxycholic acid-3S has the lowest.

FGF19 concentrations were determined using a commercial
human FGF19 sandwich ELISA kit (intra-assay CV, 6.0%; inter-
assay CV, 7.5%) (Biovendor). LDL, HDL, and total cholesterol
were analyzed with commercial enzymatic assays from Roche
according to the manufacturer’s protocols (Roche Diagnostics
Gmbh). Sample collection and laboratory analyses for insulin,
C-peptide, GLP-1, CCK, and FFA have been described previ-
ously (21, 24).

Calculations
Areaunderthecurve(AUC)wascalculatedusingthetrapezoidal

method, and insulin resistance was estimated using the homeostasis
model assessment of insulin resistance (HOMA-IR), prehepatic
insulin secretion rates, and �-cell glucose sensitivity (�-GS) as
previously reported (20). Relative BA fractions were calcu-
lated by dividing individual BA molecular species concentrations
with total BA concentrations measured by HPLC-MS/MS.

Statistical analysis
Data are expressed as median [interquartile range (IQR)].

Preoperative between-group differences were tested using the
Mann-Whitney U test. Effects of time after surgery and diabetes

Table 1. Fasting State TBA and FGF19 Concentrations and Measures of Glucose Metabolism, Gut Hormones,
Cholesterol, and FFAs

NGT

Pre 1 wk 3 mo 1 y

Fasting TBA and FGF19 concentrations
TBA, �mol/L 1.9 [1.2–2.6] 1.2 [0.3–1.9]** 2.2 [1.6–2.9] 2.7 [1.9–3.6]
FGF19, pg/mL 140 [100–162] 134 [119–204] 194 [120–266] 137 [99–236]

Fasting measures of glucose metabolism,
gut hormones, cholesterol, and FFAs

Glucose, mmol/La 5.3 [5.0–5.8] 5.0 [4.8–5.3]* 4.9 [4.6–5.2]* 5.0 [4.7–5.1]*
HOMA-IRa 2.6 [2.2–2.8] 1.4 [1.3–1.8]** 1.3 [1.1–1.4]** 1.1 [0.8–1.3]**
GLP-1, pmol/La 10 [9–11] 10 [9–13] 9 [9–13] 12 [9–14]
CCK, pmol/L 0.90 [0.63–1.15] 0.43 [0.18–0.55]** 0.37 [0.26–0.63]* 0.37 [0.22–0.53]**
LDL-cholesterol, mmol/L 2.6 [2.2–2.8] 2.3 [2.0–2.4]* 2.2 [1.8–2.5]* 1.6 [1.5–2.1]**
HDL-cholesterol, mmol/L 0.76 [0.68–0.95] 0.66 [0.62–0.75]** 0.81 [0.71–0.93] 1.1 [0.98–1.1]**
Total cholesterol, mmol/L 3.9 [3.5–4.2] 3.7 [3.4–4.0] 3.4 [3.1–3.7]* 3.3 [3.1–3.8]
FFAs, mmol/Lb 0.68 [0.52–0.98] 0.76 [0.67–0.90] 0.65 [0.60–0.73] 0.48 [0.23–0.57]*

Postprandial measures of glucose
metabolism and gut hormones

2-h glucose, mmol/La 5.6 [5.1–5.9] 5.3 [4.7–5.6] 4.1 [3.9–4.7]* 4.1 [3.9–4.5]**
AUC glucose, mol � min/La 1.4 [1.3–1.5] 1.4 [1.3–1.4] 1.3 [1.2–1.3] 1.2 [1.2–1.3]*
�-GS, pmol � min�1 � kg�1/mmola 3.9 [3.2–5.7] 3.6 [2.1–4.6] 5.3 [2.5–6.7] 4.2 [2.8–5.5]
AUC GLP-1, nmol � min/La 2.6 [2.2–3.1] 9.1 [7.0–12.8]** 8.1 [5.5–11.2]* 8.0 [5.8–9.5]*
AUC CCK, pmol � min/L 422 [300–468] 585 [387–692]** 586 [322–795]* 475 [394–520]*

Abbreviation: Pre, preoperative value. Data are expressed as median [IQR].
a Data previously reported in Ref. 20.
b Data previously reported in Ref. 21.

* P � .05 vs Pre; ** P � .001 vs Pre.
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status were analyzed by ANOVA in a linear mixed effects model
using time from surgery and group (T2D or NGT) as fixed effects
and subjects as random effect. Post hoc within-group changes vs
preoperative values were tested using Wilcoxon’s matched-pairs
signed-rank test. Effects of RYGB on BA molecular species frac-
tions in each group were tested using Wilcoxon’s matched-pairs
signed-rank test. A two-sided P value �.05 was considered sta-
tistically significant.

To examine the effect of TBA on FGF19 concentrations and
the effect of TBA and FGF19 on glucose metabolism, data were
analyzed by ANOVA in an extended mixed effects model where
FGF19 or parameters of glucose metabolism (fasting glucose,
HOMA-IR, �-GS, etc) were explained using time from surgery,
group, and TBA/FGF19 as fixed effects and subjects as random
effect. In all models, continuous variables were log-transformed,
and normal distribution of model residuals was tested with Sha-
piro-Wilks test. Analyses were performed using the R3.1.1 sta-
tistical software package (R Foundation for Statistical Comput-
ing, Vienna, Austria).

Results

Effects of RYGB on fasting and postprandial state
TBA concentrations

Fasting state TBA concentrations did not differ be-
tween groups before RYGB (P � .7) (Table 1). One
week after the operation, fasting state TBA concentra-
tions were 60% decreased in NGT subjects (P � .001)

and unchanged in T2D patients, but then increased
gradually with time from surgery in both groups.

Before the operation, AUC TBA did not differ between
groups (P � .4) (Figure 1, A, B, and E).

Postprandial TBA concentrations tended to decrease 1
week after RYGB, which was most pronounced in NGT
subjects, but then increased gradually with time in both
groups (Ptime � .001). This was reflected in peak TBA
concentrations as well as AUC TBA (Figure 1, A, B, and E).

Effects of RYGB on BA composition
Before the operation, fasting BA fractions did not differ

between groups. In NGT subjects, fasting state concentra-
tions of BA fractions were either decreased or unchanged 1
week after surgery. With time from surgery, concentrations
of BA fractions gradually increased (Table 2).

The relative fraction of glyco-conjugated chenode-
oxycholic acid and cholic acid, and to a lesser extent
tauro-conjugated chenodeoxycholic acid and glyco-
conjugated deoxycholic acid, in fasting state bile in-
creased 1 week after surgery, but 1 year after surgery,
changes in relative BA composition were minor com-
pared to baseline (Figure 2A). In T2D patients, fasting
state concentrations of BA fractions were unchanged 1
week after surgery and increased with time (Table 2).

Table 1. Continued

T2D ANOVA

Pre 1 wk 3 mo 1 y Group (G) Time (T) G � T

1.4 [1.1–3.1] 1.5 [0.8–2.7] 2.2 [1.1–2.4] 2.7 [2.0–3.6]* 0.48 �0.001 0.056
162 [130–196] 154 [104–164] 138 [101–169] 175 [120–209] 0.82 0.60 0.59

8.0 [7.7–8.8] 7.3 [6.0–7.5]** 6.2 [5.6–7.9]** 5.6 [5.1–6.7]** �0.001 �0.001 �0.001
6.2 [4.4–8.0] 2.8 [2.4–3.7]** 1.9 [1.3–3.3]** 1.8 [0.9–2.6]** 0.001 �0.001 0.23
12 [8–13] 10 [9–14] 10 [8–11] 15 [12–21]* 0.51 0.02 0.19
1.0 [0.57–1.4] 0.47 [0.29–0.58]** 0.50 [0.37–0.63]** 0.30 [0.17–0.70]** 0.73 �0.001 0.99
2.1 [1.8–2.5] 1.7 [1.3–1.9]** 1.6 [1.3–1.9]** 1.7 [1.2–2.1] 0.15 �0.001 0.035
0.84 [0.67–0.99] 0.62 [0.51–0.65]** 0.82 [0.69–0.90] 1.0 [0.90–1.3]** 0.83 �0.001 0.043
3.6 [3.4–4.0] 3.1 [2.7–3.4]** 3.1 [2.6–3.3]** 3.5 [3.2–3.8] 0.30 �0.001 0.005
0.80 [0.62–0.95] 0.91 [0.66–0.97] 0.69 [0.61–0.81] 0.46 [0.39–0.49]** 0.24 �0.001 0.94

10.4 [9.1–12.4] 8.0 [6.8–9.6]* 6.7 [4.9–7.5]* 5.1 [5.0–7.1]** �0.001 �0.001 0.002
2.3 [2.1–2.5] 1.9 [1.7–2.1]** 1.7 [1.4–2.0]** 1.5 [1.4–1.8]** �0.001 �0.001 �0.001
0.9 [0.8–1.6] 1.3 [0.9–2.7]* 1.4 [0.9–2.5]** 1.6 [1.1–2.5]** 0.002 �0.001 0.005
2.9 [2.4–3.2] 7.3 [5.9–11.7]** 9.1 [6.6–11.4]** 11.0 [8.8–12.5]** 0.54 �0.001 0.008
389 [246–509] 583 [337–703]** 593 [335–747]* 594 [302–674]* 0.72 �0.001 0.44
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Figure 1. A and B, TBA profiles before (solid squares, solid line) and 1 week (open triangles, dotted line), 3 months (open squares, dotted line),
and 1 year (open circles, dotted line) after RYGB in NGT subjects (A) and T2D patients (B). C and D, FGF19 profiles before (solid squares, solid line)
and 1 week (open triangles, dotted line), 3 months (open squares, dotted line), and 1 year (open circles, dotted line) after RYGB in NGT subjects
(C) and T2D patients (D). E and F, Total AUC before and 1 week, 3 months, and 1 year after surgery in T2D patients and NGT subjects, TBA (E) and
FGF19 (F). Data are expressed as median [IQR].
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Relative bile composition was unchanged 1 week after
surgery, and that was also the case after 1 year (Figure
2B).

Postprandially, concentrations of BA fractions did
not differ between groups before the operation, except
for higher concentrations of secondary BAs in T2D
patients.

In NGT subjects, concentrations of postprandial BA
fractions decreased 1 week after surgery, but then in-
creased with time (Table 2). Relative bile composition
was little changed 1 week after surgery, but the glyco-
conjugated deoxycholic acid fraction increased in NGT
subjects after 1 year (Figure 2C).

In T2D patients, changes in postprandial concentra-
tions of BA fractions paralleled changes in TBA concen-
trations (Table 2), and the changes in relative composition
were minor after surgery (Figure 2D). We could not dem-
onstrate any group differences in the fasting or postpran-
dial state bile composition.

Fasting state hydrophobicity index increased margin-
ally (�3%) compared to baseline in T2D patients 3
months and 1 year after surgery, but remained unchanged
in NGT subjects. In the postprandial state, minor changes
were observed. Fasting and postprandial state BA synthe-
sis as evaluated by concentrations of the BA intermediate,
C4, changed in parallel with TBA (Table 2).

Effects of RYGB on fasting and postprandial state
FGF19 concentrations

Fasting state FGF19 concentrations did not differ be-
tween groups (P � .3) before RYGB and were unchanged
in both T2D and NGT subjects after surgery (Table 1).

Preoperatively, postprandial FGF19 concentrations
did not differ between groups (P � .3) (Figure 1, C, D,
and F). There were no immediate effects of surgery, but
gradually, over the first postoperative year, AUC
FGF19 (Ptime � .001) increased (Figure 1, C, D, and F).

In the linear mixed effects model, log-transformed AUC
TBA significantly explained changes in log-transformed
AUC FGF19 (ANOVA, P � .001) with a �-coefficient of
0.36, corresponding to an approximately 30% increase in
AUC FGF19 with a doubling of AUC TBA. Postprandial
FGF19 concentrations increased with a delay of approx-
imately 60 minutes compared to TBA concentrations and
reached peak levels with a delay of 60–75 minutes at all
study points (Figure 1, C and D).

Effects of RYGB on measures of glucose
metabolism, CCK, cholesterol fractions, and FFAs

The effects of RYGB on glucose metabolism in these
patients have been described earlier (20) and are summa-
rized in Table 1. In short, in NGT subjects, fasting glucose

decreased and HOMA-IR improved approximately 50%,
whereas GLP-1 secretion was greatly increased. In patients
with T2D, fasting glucose and glucose tolerance improved
substantially, HOMA-IR decreased, �-GS improved, and
GLP-1 secretion increased. Three months and 1 year after
surgery, HOMA-IR improved further in both groups, and
GLP-1 secretion remained elevated. Only T2D patients
experienced further improvements in glucose tolerance
during follow-up (20).

Fasting state CCK concentrations decreased by ap-
proximately 50% immediately after RYGB in both groups
and remained decreased (Table 1). However, AUC CCK
increased in both groups acutely and remained elevated.
The altered CCK secretion could not explain changes in
fasting or postprandial state TBA concentrations in the
linear mixed effects model.

LDL and HDL cholesterol concentrations were de-
creased early after RYGB in both groups, but HDL cho-
lesterol concentrations increased late after RYGB com-
pared to before surgery (Table 1). Eight patients in the
T2D group received statin therapy. This was discontinued
in two patients at 1 year. In the NGT group, one subject
was on statin treatment before and after surgery.

Relationship between TBA and FGF19
concentrations and measures of glucose
metabolism, fasting state cholesterol, and FFAs

In the linear mixed effects model, fasting state TBA and
FGF19 concentrations did not explain fasting glucose con-
centrations or HOMA-IR. Neither postprandial TBA
(AUC TBA) nor postprandial FGF19 (AUC FGF19) con-
centrations explained changes in glucose tolerance. GLP-1
secretion was not associated with changes in postprandial
TBA, but there was a significant association between log-
transformed AUC TBA and log-transformed �-GS (P �

.037; �-coefficient, 0.13). Fasting state TBA concentra-
tions did not explain LDL, HDL, or total cholesterol con-
centrations after RYGB nor FFA concentrations.

Discussion

In this study, we showed that fasting and postprandial
state TBA were decreased in NGT subjects and un-
changed in T2D patients, whereas FGF19 concentra-
tions did not increase in any group acutely (1 wk) after
RYGB. In contrast, at this early time after surgery, glu-
cose tolerance had improved greatly, insulin resistance
decreased, and �-cell function and postprandial GLP-1
secretion had increased in T2D patients. Similar im-
provements in insulin resistance and GLP-1 secretion
were seen in NGT subjects. From these results it follows
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that changes in the plasma BA pool as reflected in the BA
plasma profile or in FGF19 secretion, at least in this
population, do not explain the acute changes in glucose
metabolism seen after RYGB.

Existing literature is ambiguous regarding TBA concentra-
tions in T2D patients vs NGT subjects, with some studies find-
ing elevated TBA concentrations in T2D patients (17) and oth-
ersreportingcomparableconcentrations(25).Likewise,FGF19
concentrations have been reported by some to be lower in T2D
patients than controls, whereas others have not found any dif-
ference (17, 26). In our study, TBA and FGF19 concentrations
did not differ between T2D and NGT subjects.

Steinert et al (18) reported decreased fasting TBA con-
centrations 1 week after RYGB surgery in seven NGT
subjects. Correspondingly, at 1 week postoperatively we
found fasting state TBA concentrations decreased in NGT
subjects and unchanged in T2D patients. In two smaller
studies, postprandial TBA concentrations were un-
changed or decreased 1 week after RYGB in NGT subjects
(18, 19). Our results confirm these findings and extend
them to T2D patients. A number of studies have reported
elevated fasting and postprandial state TBA concentra-
tions after RYGB compared to levels before surgery or to
matched controls, but they have all been performed
months to years after surgery (3, 4, 17, 27–30). This is in

accordance with our data, where we found a highly sig-
nificant effect of time from surgery and increased fasting
and 3-fold increased postprandial TBA concentrations 1
year after the operation.

Theoretically, TBA concentrations could decrease, but
individual BA concentrations could increase if BA com-
position changed dramatically as a consequence of RYGB.
To address this problem, we measured BA molecular spe-
cies using HPLC-MS/MS in both the fasting and postpran-
dial state, but we could not demonstrate any major
changes in BA composition after RYGB, and none of the
BA fractions measured increased in concentration 1 week
after surgery. Instead, they changed largely in parallel with
TBA concentrations, and these findings are in line with
earlier reports (5, 18, 19, 28, 29).

Different BA fractions have been associated with dif-
ferent features of T2D. For instance, a high molar ratio of
12�-OH BAs to non-12�-OH BAs has been associated
with increased insulin resistance, and high concentrations
of tauro-conjugated BAs have been associated with in-
creased fasting state glucose concentrations (14, 31). The
unchanged 12�-OH BAs/non-12�-OH BA molar ratio
and gradually increasing tauro-conjugated BA concentra-
tions do not immediately support a role for these bile frac-
tions in the improved glucose metabolism after RYGB, but

Table 2. Fasting and Postprandial State BA Fraction Concentrations, C4, and Hydrophobicity Index (HI) Before and
After RYGB

NGT

Pre 1 wk 3 mo 1 y

Fasting
Total BAs, �mol/L 1.24 [1.05–1.62] 0.79 [0.47–1.34]* 1.76 [1.14–2.56] 1.36 [1.09–2.54]
Primary BAs, �mol/L 0.66 [0.38–1.25] 0.45 [0.27–0.84] 0.94 [0.64–1.42] 0.65 [0.44–1.46]
Secondary BAs, �mol/L 0.56 [0.44–0.68] 0.36 [0.23–0.76] 0.75 [0.43–1.10] 0.78 [0.45–1.01]
Conjugated BAs, �mol/L 0.70 [0.48–0.91] 0.67 [0.34–1.24] 1.04 [0.65–1.25] 0.79 [0.45–0.99]
Unconjugated BAs, �mol/L 0.43 [0.35–0.75] 0.19 [0.13–0.26]** 0.59 [0.29–1.55] 0.55 [0.45–1.02]
12�-OH BAs, �mol/L 0.65 [0.36–0.80] 0.41 [0.28–0.61] 0.99 [0.49–1.35] 0.80 [0.58–1.46]
12�-OH/non-12�-OH BA ratio 0.99 [0.76–1.41] 0.85 [0.66–1.18] 1.27 [0.77–1.51] 1.29 [1.11–2.62]
Tauro-conjugated BAs, �mol/L 0.13 [0.07–0.22] 0.13 [0.09–0.23] 0.09 [0.07–0.19] 0.11 [0.06–0.17]
Glyco-conjugated BAs, �mol/L 0.50 [0.35–0.60] 0.47 [0.26–0.80] 0.69 [0.50–1.01]* 0.59 [0.32–0.82]*
C4, nmol/L 8.4 [4.0–12.8] 3.1 [1.7–5.1] 4.4 [1.7–7.0] 7.9 [3.6–25.9]
HI 1.25 [1.18–1.27] 1.19 [1.18–1.23] 1.25 [1.19–1.28] 1.26 [1.21–1.30]

Postprandial
Total BAs, �mol/L 2.45 [1.78–3.34] 1.62 [0.71–1.96]* 4.56 [3.29–5.92]* 6.22 [4.39–10.0]*
Primary BAs, �mol/L 1.30 [0.87–2.26] 0.89 [0.38–1.27] 2.92 [1.68–3.87] 4.31 [2.28–4.84]*
Secondary BAs, �mol/L 0.85 [0.70–1.20] 0.58 [0.33–0.76] 1.64 [1.12–1.99]* 1.96 [1.40–5.98]*
Conjugated BAs, �mol/L 1.75 [1.29–2.47] 1.26 [0.59–1.65] 2.70 [1.61–4.34] 5.74 [2.23–8.32]*
Unconjugated BAs, �mol/L 0.49 [0.27–0.68] 0.21 [0.17–0.37] 0.66 [0.29–1.94] 0.80 [0.45–1.58]
12�-OH BAs, �mol/L 0.99 [0.79–1.50] 0.79 [0.37–0.85] 2.36 [2.12–2.70]** 3.70 [1.83–7.58]**
12�-OH/non-12�-OH BA ratio 0.89 [0.56–1.25] 0.90 [0.85–1.00] 1.06 [0.70–1.91] 1.45 [1.08–2.07]
Tauro-conjugated BAs, �mol/L 0.33 [0.22–0.44] 0.25 [0.11–0.32] 0.70 [0.12–0.93] 1.12 [0.24–1.59]*
Glyco-conjugated BAs, �mol/L 1.35 [0.35–1.81] 0.89 [0.44–1.27] 1.84 [1.18–3.34] 4.67 [1.77–6.50]*
C4, nmol/L 7.6 [6.2–14.0] 3.3 [2.3–7.9] 6.0 [2.2–8.3] 7.1 [3.8–15.6]
HI 1.21 [1.20–1.24] 1.20 [1.17–1.23] 1.23 [1.19–1.26]* 1.22 [1.21–1.27]

Abbreviation: Pre, preoperative value. Data are expressed as median [IQR].

* P � .05; ** P � .001 vs Pre.
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given great interindividual variability in BA composition
and the subtle effect sizes previously reported in humans,
the current study has insufficient power to evaluate model-
based associations between BA fractions and measures of
glucose metabolism (14, 31).

It has been argued that improved glycemia has inhibi-
tory effects on BA metabolism but this is still debated (31,
32). Our results do not lend support for glycemia per se as
a regulator of BA concentrations.

A few studies have reported increased fasting FGF19
concentrations after RYGB (4, 17, 27), and one study has
reported unchanged postprandial FGF19 concentrations
3 weeks after RYGB (33). We did not find changes in
fasting state FGF19 concentrations after RYGB, but post-
prandial FGF19 secretion increased gradually with time
from surgery in parallel with postprandial TBA concen-
trations and was significantly increased 1 year after
RYGB. Furthermore, we were able to explain part of the
FGF19 response by changes in TBA concentrations, as
would be expected from the regulation of FGF19 secretion
through FXR, and the concentration profiles nicely
showed how FGF19 increased with a lag time of approx-
imately 60 minutes after rising TBA concentrations. Our
results show that as with TBA, the time-point after surgery

at which patients are examined is important when evalu-
ating whether postprandial FGF19 concentrations are el-
evated or not after RYGB.

Pronounced improvements in glucose metabolism
are seen early after RYGB (20, 34 –36), but whereas
fasting glucose concentrations in T2D patients and in-
sulin resistance in both groups decreased greatly 1 week
after RYGB, fasting TBA and FGF19 concentrations did
not increase; and whereas GLP-1 secretion increased in
both groups and �-cell function and glucose tolerance
improved dramatically in T2D patients immediately af-
ter RYGB, postprandial TBA and FGF19 concentra-
tions were not increased. Furthermore, we were unable
to demonstrate a relationship between fasting or post-
prandial TBA and FGF19 concentrations and glucose
tolerance or most measures of glucose metabolism be-
fore and after RYGB. Although we did find a significant
association between postprandial TBA concentrations
and �-cell function, the effect size was far too small to
explain the large changes taking place immediately after
RYGB. Changes in cholesterol and FFA concentrations
could not be explained by changes in TBA either. Taken
together, our results do not support the hypothesis that

Table 2. Continued

T2D ANOVA

Pre 1 wk 3 mo 1 y Time (T) Group (G) T � G

0.94 [0.73–1.13] 0.94 [0.62–1.29] 1.34 [0.88–1.94]* 2.13 [1.22–2.55]** �0.001 0.86 0.086
0.35 [0.29–0.46] 0.39 [0.30–0.62] 0.61 [0.44–0.95]** 1.43 [0.48–1.69]** �0.001 0.47 0.035
0.55 [0.46–0.71] 0.53 [0.32–0.63] 0.71 [0.44–0.97] 0.72 [0.66–0.99]* �0.001 0.50 0.72
0.60 [0.53–0.78] 0.72 [0.52–0.98] 0.87 [0.62–0.98] 0.90 [0.72–1.53]** 0.049 0.74 0.26
0.33 [0.22–0.38] 0.26 [0.21–0.36] 0.58 [0.36–0.77]* 0.48 [0.41–1.80]* �0.001 0.77 0.26
0.49 [0.36–0.63] 0.53 [0.33–0.66] 0.82 [0.47–1.1]* 0.89 [0.69–1.8]** �0.001 0.78 0.34
1.17 [0.87–1.40] 1.21 [0.76–1.41] 1.57 [1.14–1.64] 1.61 [0.97–2.62] 0.11 0.24 0.69
0.10 [0.07–0.14] 0.16 [0.09–0.32] 0.15 [0.09–0.20] 0.15 [0.11–0.24] 0.12 0.27 0.54
0.40 [0.36–0.58] 0.39 [0.32–0.59] 0.60 [0.51–0.72] 0.59 [0.55–1.19] 0.027 0.90 0.39
13.7 [6.2–19.9] 7.5 [4.1–18.0] 9.1 [6.7–10.0] 18.7 [8.6–29.0] 0.002 0.044 0.64
1.20 [1.17–1.22] 1.19 [1.17–1.22] 1.24 [1.21–1.26]** 1.24 [1.20–1.29]* �0.001 0.12 0.56

2.38 [2.19–3.85] 1.20 [0.44–3.95] 2.76 [1.94–3.82] 5.72 [3.54–10.1]** �0.001 0.86 0.79
1.06 [0.84–1.88] 0.69 [0.23–2.10] 1.46 [1.07–2.07] 3.95 [2.03–7.39]** �0.001 0.81 0.63
1.18 [1.12–1.69] 0.66 [0.27–1.56] 1.28 [0.90–2.30] 2.30 [1.62–4.62]* �0.001 0.39 0.50
2.04 [1.69–3.33] 1.08 [0.35–3.85] 2.51 [1.49–3.54] 4.88 [3.08–8.18]* �0.001 0.56 0.98
0.48 [0.22–0.58] 0.21 [0.16–0.41]** 0.54 [0.37–1.00] 0.77 [0.55–1.76]* �0.001 0.78 0.61
1.46 [1.07–1.93] 0.65 [0.28–2.29] 1.33 [1.05–2.54] 2.52 [2.33–5.62]** �0.001 0.61 0.54
1.09 [0.88–1.59] 1.17 [0.96–1.52] 1.19 [1.14–1.64] 1.42 [0.95–2.62] 0.083 0.27 0.16
0.53 [0.39–0.86] 0.24 [0.13–1.21] 0.39 [0.27–0.68] 0.79 [0.64–1.26] 0.006 0.84 0.82
1.44 [1.13–2.20] 0.79 [0.23–2.29] 1.54 [1.11–2.77] 3.72 [2.34–6.53]* �0.001 0.61 0.99
11.2 [6.0–14.3] 7.4 [3.4–17.8] 10.5 [6.1–12.8] 19.4 [2.9–24.3] 0.075 0.15 0.66
1.21 [1.18–1.22] 1.17 [1.15–1.20] 1.23 [1.19–1.25] 1.22 [1.20–1.24] 0.024 0.016 0.54
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BAs and FGF19 are key mediators of the metabolic
changes seen early after RYGB.

This is, to our knowledge, the largest study that ad-
dresses the changes in BA concentrations 1 week after

RYGB surgery and the first study to do it in two well-
characterized groups of NGT and T2D patients. Only a
few studies report both TBA and FGF19 concentra-
tions, and none has such postprandial temporal reso-

Figure 2. Relative BA molecular species in the fasting and postprandial states in NGT subjects (A and C) and T2D patients (B and D) before and
after RYGB. Data are expressed as median [IQR]. *, P � .05; **, P � .001.
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lution as ours. A further strength is the prospective de-
sign of the study, allowing assessment of changes in
fasting and postprandial state total and BA molecular
species and FGF19 concentrations throughout the first
postoperative year.

Subjects underwent an 8% diet-induced weight loss be-
fore surgery, as required by Danish health authorities.
Such preoperative weight losses have not been applied in
other studies of RYGB-induced changes in TBA concen-
trations. This raises the question of whether our findings
are a result of the preoperative weight loss rather than
RYGB. However, a diet-induced weight loss would be
expected to decrease TBA concentrations, and this would
in turn increase the likelihood of demonstrating a post-
RYGB increase in TBA concentrations (5, 37). Diet-in-
duced weight loss does not seem to affect FGF19 concen-
trations (33).

Dietary composition may influence BA synthesis and
composition. One study investigating effects of eucaloric
diets with different fat energy percentages reported that
high (83%) and low (0%) fat energy diets both had the
capacity to reduce primary BA synthesis compared to a
normal fat energy diet (41%), although the TBA pool re-
mained unchanged (38). After RYGB, dietary fat energy
percentage does not change greatly, but the amount of
calories and fat ingested is reduced, and this could poten-
tially reduce BA synthesis. Dietary fat and fiber composi-
tion might also influence BA synthesis. We did not spe-
cifically address synthesis of primary BAs but did measure
C4, a BA intermediate and a marker of BA synthesis (12),
and this decreased numerically 1 week after surgery. The
increased postprandial CCK response after RYGB seemed
without importance in determining the postprandial TBA
profile.

A limitation of this study is the use of HOMA-IR, which
has been suggested to reflect hepatic insulin resistance
rather than whole-body insulin sensitivity (39). This is
confirmed by our recent report that hepatic insulin sensi-
tivity increased within 1 week after RYGB with further
smaller increases after 3 months and 1 year mirroring the
changes in HOMA-IR reported here (40). However, from
the present study, associations between BAs and periph-
eral insulin sensitivity cannot be evaluated. Furthermore,
when describing the role of BAs in GLP-1 secretion, the
assumption is made that plasma TBA concentrations re-
flect luminal TBA concentrations; ie, when plasma TBA
concentrations do not change early after RYGB, it is be-
cause luminal TBA concentrations in the terminal ileum
do not change. Finally, BA composition was not evaluated
in portal blood or in feces.

In conclusion, fasting and postprandial state TBA and
FGF19 concentrations were not increased immediately af-

ter RYGB in NGT subjects or in T2D patients, whereas
consistent increases were seen after 1 year. In contrast, in
T2D patients, glucose metabolism improved markedly
within the first postoperative week, including improved
insulin sensitivity and �-cell function and a grossly exag-
gerated GLP-1 response. Comparable changes were found
in NGT subjects. This temporal dissociation between im-
provements in glucose metabolism and changes in TBAs
and FGF19 concentrations does not support the hypoth-
esis that TBAs and FGF19 are key mediators of the met-
abolic changes taking place early after RYGB. Neverthe-
less, it remains possible that increased TBA and FGF19
concentrations contribute to long-term metabolic im-
provements in glucose metabolism.
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