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Gastric bypass leads to the remission of type 2 diabetes independently of weight loss. Our hypoth-
esis is that changes in bile flow due to the altered anatomy may partly explain the metabolic
outcomes of the operation. We prospectively studied 12 patients undergoing gastric bypass and
six patients undergoing gastric banding over a 6-wk period. Plasma fibroblast growth factor
(FGF)19, stimulated by bile acid absorption in the terminal ileum, and plasma bile acids were
measured. In canine and rodent models, we investigated changes in the gut hormone response
after altered bile flow. FGF19 and total plasma bile acids levels increased after gastric bypass
compared with no change after gastric banding. In the canine model, both food and bile, on their
own, stimulated satiety gut hormone responses. However, when combined, the response was
doubled. In rats, drainage of endogenous bile into the terminal ileum was associated with an
enhanced satiety gut hormone response, reduced food intake, and lower body weight. In conclu-
sion, after gastric bypass, bile flow is altered, leading to increased plasma bile acids, FGF19, incretin.
and satiety gut hormone concentrations. Elucidating the mechanism of action of gastric bypass
surgery may lead to novel treatments for type 2 diabetes. (Endocrinology 153: 3613–3619, 2012)

A link between bile acids and glycemic control has been
suggested by studies showing improved blood glu-

cose in patients with type 2 diabetes when receiving the
bile acid sequestrants cholestyramine and colesevelam (1–
5). Several possible mechanisms have been proposed, in-
cluding the disruption of enterohepatic circulation of bile
acids and a number of different effects through the farne-
soid X receptor (FXR) pathway, which is the intracellular
signaling pathway for bile acids (4, 6). Bile acids also ac-
tivate the cell-membrane G protein-coupled receptor,
TGR5, which has been shown to stimulate the incretin,

glucagon-like peptide-1 (GLP-1) in vitro in an FXR-inde-
pendent manner (7). GLP-1 in turn stimulates �-cells in the
pancreas to release insulin (8).

Gastric bypass surgery is being used as a treatment for
type 2 diabetes, although the mechanism of action remains
largely unclear (9–11). The improved glycemic control in
the immediate postoperative period is weight loss inde-
pendent, because simultaneous improved insulin secretion
and reduced insulin resistance have been observed be-
tween d 2 and 7 after gastric bypass (9). The early increase
in insulin secretion was associated with an enhanced
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GLP-1 response (9), which may partly be explained by
L-cell stimulation from bile acids (12–14). Moreover, the
decrease in insulin resistance may also be the result of
increased fasting plasma bile acid levels after gastric by-
pass surgery (15, 16), because firstly, bile acids inhibit
gluconeogenesis in an FXR dependent and independent
manner (17–20) and bind to TGR5, leading to cAMP gen-
eration and activation of the intracellular type 2 thyroid
hormone deiodinase (21). Secondly, bile acids also act via
the phosphatidylinositol 3 kinase/serine-threonine kinase
pathway directly promoting insulin signaling and glyco-
gen synthase activation, thus aiding insulin-dependent
control of glucose metabolism in the liver (22). Thirdly,
possible effects of bile acids on fibroblast growth factor
(FGF)19 could lead to enhanced mitochondrial activity,
which improves insulin resistance (23). Recently FGF19
has been shown to regulate glycogen metabolism in an
insulin-independent manner (24). Furthermore, FGF19
has been shown to correlate with nutritional status (25).
Finally, tauroursodeoxycholic acid has also been shown to
protect against the onset of insulin resistance in obese and
diabetic mice by alleviating stress in the endoplasmic re-
ticulum (26).

The prolonged improvements in glycemic control after
gastric bypass are further aided by the substantial and
maintained weight loss. The attenuated appetite may be
partly explained by enhanced satiety gut hormones from
the endocrine L cell, such as peptide YY (PYY), GLP-1,
and oxyntomodulin (27, 28). Bile acids are also implicated
in the release of these L-cell hormones.

We hypothesized that the altered anatomy after gastric
bypass affects bile delivery to the terminal ileum and lead
to elevated plasma bile acids. We postulated that changes
in bile flow result in increased satiety gut hormone re-
sponses, reduced food intake, and weight loss. Our aim
was to test this hypothesis in humans after gastric bypass
surgery and to explore further the potential mechanisms
involved in two animal models of altered bile flow.

Materials and Methods

The human studies were performed according to the principles of
the Declaration of Helsinki. The Somerset Research and Ethics
committee approved the study (LREC protocol no. 05/Q2202/
96). The canine studies were approved by the ethics committee
of Onderstepoort Vetinary School (University of Pretoria). The
rat studies were approved by the Home Office United Kingdom
(PL 70-6669).

Human studies
Written informed consent was obtained from all participants.

Exclusion criteria included pregnancy, substance abuse, and

more than two alcoholic drinks per day. Twelve gastric bypass
patients (seven females and five males) with mean age of 45.2 �
2.7 yr and body mass index 49.8 � 1.5 as well as six gastric
banding patients (four females and two males), with mean age
45.4 � 2.6 yr and body mass index 44 � 2.0 kg/m2 were re-
cruited. All patients were prescribed a 2-wk preoperative diet of
1000 kcal before surgery. Operations were performed laparo-
scopically by one surgeon. The technique for the gastric bypass
has been described previously (29). For gastric banding, the
Swedish Adjustable Gastric band (Ethicon Endo-Surgery, Lon-
don, UK) and the LAP-BAND (Allergan, Marlow, UK) bands
were used with the pars flaccida dissection technique and gastro-
gastric tunnelating sutures (30). Using an enhanced recovery pro-
tocol postoperatively, all patients were allowed free fluids on
return to the ward, and diet was recommenced when tolerated.
The recommended postoperative diet for the first week was the
same for the patients with banding and bypass. After a 12-h fast,
blood was obtained in tubes containing EDTA and aprotinin.
Samples were immediately centrifuged and stored in a �80 C
freezer until analysis.

Canine studies
Four male and four female Beagles were fasted overnight and

then given a standard 400 g of test meal of dog chow (Husky,
Purina, South Africa). The composition was 7.5% protein, 2%
fat, 1% fiber, 7.5% crude ash, and 82% moisture. Five milliliters
of blood were collected (in tubes containing EDTA and apro-
tinin) every 30 min from 30 min before the meal up to 150 min
postprandially.

The next day, the dogs were prepared for theater by placing
an overnight fentanyl patch and withholding food overnight.
The common bile duct was transected. An 8 French Foley cath-
eter was placed into the gall bladder. An 8 French feeding tube
was advanced through the pylorus to the duodenum with the most
distal point being 5–8 cm distal to the pylorus, close to the level of
the ampulla of Vater (Fig. 1A). For the first 12 h after the surgery,
the dogs were given ad libitum access to water but no food.

Only one dog was terminated after showing signs of jaundice
and infection. The dogs received a standard meal of 400 g of
normal chow at the start of the light phase. At this time, as much
bile as possible was aspirated from the Foley catheter and in-
jected through the gastrostomy tube, followed by a 5-ml flush of
saline. This prevented the dogs from becoming jaundiced and
allowed normal digestion.

On d 4–6, the dogs were randomized to a 180-min crossover
designed protocol of venous blood collection every 30 min after
1) a standard meal of 400 g of dog food only without bile; 2) bile
only, without food; or 3) 400 g of dog food and bile in
combination.

Rodent studies
Sixteen male Wistar obese rats were randomized to a sham

operation, which maintained the normal bile delivery to the du-
odenum or to an operation that would deliver bile to the ileum.
The bile-in-duodenum group underwent transections 1 cm prox-
imal and distal to the drainage point of the common bile duct and
reanastomosis to maintain the normal anatomy but allow for a
similar surgical insult. The bile-in-ileum group had the same
transection of the duodenum, but the proximal and distal ends of
the transected duodenum were anastomosed end to end and con-
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tinuity restored (Fig. 1B). The segment of the duodenum con-
taining the common bile duct was anastomosed side to side to the
distal jejunum, 10 cm proximally to the terminal ileum. This
allowed bile and pancreatic juices to bypass the duodenum and
most of the jejunum.

Body weight and food consumption was measured daily at the
beginning of the light phase for 28 d. Feces were collected over
a 24-h period on d 25. The rats were then fasted for 12 h before
they were terminated, and blood samples were collected.

FGF19 assay
Plasma FGF19 concentration was measured using a quanti-

tative sandwich ELISA technique (FGF19 Quantikine ELISA kit,
catalog no. DF1900; R&D Systems, Minneapolis, MN).

Bile acids assay
The measurement of fractionated

plasma bile acids was performed with liq-
uid chromatography tandem mass spec-
trometry (31). The method allowed 12
different bile acids [cholic acid (CA), che-
nodeoxycholic acid (CDC), deoxycholic
acid (DC), glycocholic acid (GCA), gly-
codeoxycholic acid (GCD), glycocheno-
deoxycholic acid (GCDC), glycolitho-
cholic acid (GLC), glycoursodeoxycholic
acid (GUDC), lithocholic acid (LC), tau-
rocholic acid (TCA), taurochenodeoxy-
cholic acid (TCDC), and taurodeoxy-
cholic acid (TDC)] to be measured within
the range of 0.1–10 �M.

GLP-1 and PYY assay
All samples were assayed in duplicate.

Analysis was performed with an estab-
lished GLP-1 RIA (7). PYY-like immu-
noreactivity was measured with a specific
and sensitive RIA, which measures both
the full length (PYY1-36) and the frag-
ment (PYY3-36) (32).

Bomb calorimetry
To evaluate nutrient absorption, feces

were collected over 24 h on postoperative d 25 from all rats. Feces
were dried in an oven and weighed; calorie content was measured
using an established ballistic bomb calorimeter technique (33).

Rodent C-reactive protein (CRP) assay
To assess inflammation serum CRP levels were measured (Rat

Serum CRP ELISA kit catalog no. 1010; Alpha Diagnostics In-
ternational, San Antonio, TX).

Statistical analysis
Results were analyzed using GraphPad Prism version 5.00 for

Windows (GraphPad Software, San Diego, CA). Data are ex-
pressed as means � SEM when the data follow a Gaussian dis-
tribution. When the data did not follow a Gaussian distribution,
the median (range) is used. Values for the area under the curve
(AUC) were calculated with the use of the trapezoidal rule. End
points were compared with the use of two-tailed, paired Stu-
dent’s t tests for parametric data and Mann-Whitney U test for
nonparametric data. Results were considered significant if P �
0.05.

Results

Human study FGF19
Preoperative fasted plasma FGF19 levels did not differ

between gastric banding and gastric bypass patients [me-
dian 140 ng/liter range (26–466) vs. 123 (41–406), re-
spectively; P � 0.37]. However, these values were lower
than those found in nonobese controls (34). In the gastric

FIG. 1. A, Schematic illustration of the anatomy and canulation of the canine model. A
gastrostomy tube was placed into the duodenum close to the ampulla of Vater. The common
bile duct was ligated and the gallbladder canulated to allow drainage of bile. B, Schematic
illustration of the functional anatomy of the bile in ileum group. Transections 1 cm proximal and
distal to the drainage point of the common bile duct were performed. The proximal and distal
ends of the transected duodenum were anastomosed end to end and continuity restored. The
segment of the duodenum containing the common bile duct was anastomosed side to side to
the distal jejunum, 10 cm proximally to the terminal ileum.

FIG. 2. Fasting plasma FGF19 concentrations (median and
interquartile ranges) at d 0, 4, and 42 in six gastric banding patients
(white bars) and 12 gastric bypass patients (black bars). *, P � 0.05
Mann-Whitney U test. Preop, Preoperatively.
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banding group, there was no significant change from pre-
operative values for fasting FGF19 at d 4 or 42 after sur-
gery. In the gastric bypass group, fasting levels of plasma
FGF19 were significantly increased as early as 4 d after
gastric bypass compared with preoperative values (P �
0.01) (Fig. 2). The enhanced FGF19 levels were sustained
at 42 d postoperatively (P � 0.05).

Human study plasma bile acids
Fasting concentrations of total plasma bile acids mea-

sured in banding and bypass patients preoperatively were
not different (Fig. 3). On d 4, fasting bile acids were in-
creased after gastric bypass, and there was a significant
difference compared with the banding group. By d 42 after
gastric bypass fasting, total bile acid concentrations were
higher compared with preoperative levels. There was no
difference in the banding group.

A similar pattern of results (increase in the gastric by-
pass group but not in the banding group) was previously
shown for GLP-1 and PYY in these same patients (9).

Canine studies
The responses of GLP-1 and PYY were studied in this

model after stimulation with food or bile alone or a com-
bination of both. Unfortunately, at the time of these ex-
periments, there was no available assay for canine FGF19.
Baseline GLP-1 and PYY levels were the same before and
after the operation (6936 vs. 7290 for GLP-1 and 6386 vs.
5856 for PYY). Figure 4 shows the AUC and the time
course over 150 min for the postprandial GLP-1 and PYY
response after the standard meal of 400 g of dog food. In
the operated dogs, both food alone and bile alone lead to
a significant GLP-1 and PYY response from baseline, al-
though the responses were attenuated. The response to
bile and or food alone was inferior to the combination of
food and bile either pre- or postoperatively.

Rodent studies
In this model, rats had bile draining into their ileum or

duodenum. Both the fasting plasma GLP-1 levels (Fig. 5A)
and the plasma PYY levels (Fig. 5B) were higher in the bile-in-
ileum group than in the bile-in-duodenum group (P � 0.05).

Figure 6A demonstrates that both the bile-in-ileum and
bile-in-duodenum groups lost a similar initial amount of
weightduringthefirst4dwhilerecoveringfromsurgery.The
bile-in-duodenum group, however, reached their preopera-
tive weight within 8 d. The bile-in-ileum group weighed sig-
nificantly less than the bile-in-duodenum group on d 6 (P �
0.05) and continued to have a lower bodyweight for the du-
ration of the study (P � 0.05). Figure 6B shows that the rats
in the bile-in-ileum group ate significantly less than the bile-
in-duodenum group (P � 0.05).

Fecal parameters at 25 d after the operation did not
reveal differences between the bile-in-ileum and the bile-

in-duodenum groups at the end of the
experiment in dry weight (4.12 �
0.20 vs. 4.28 � 0.18 g, P � 0.55) or
in calorific content (3.58 � 0.4 vs.
3.58 � 0.4 fecal kcal/24 h, P � 0.91).
There was no evidence of increased
inflammation in the bile-in-ileum
compared with the bile-in-duode-
num group either by white cell count
(11.5 � 0.32 � 1000/�l vs. 11.64 �
0.42 � 1000/�l, P � 0.79) or CRP
(370.88 � 26.03 vs. 378.5 � 21.71
�g, P � 0.83).

Discussion

We showed in obese patients that
FGF19 and plasma total bile acids

FIG. 3. Fasting total plasma bile acid concentrations at d 0, 4, and 42
in six gastric banding patients (white bars) and 12 gastric bypass
patients (black bars). *, P � 0.05 Mann-Whitney U test. Preop,
Preoperatively.

FIG. 4. A, AUC for the postprandial GLP-1. B, AUC for postprandial PYY response after 400 g of
food in dogs pre- or postoperatively either receiving food alone without bile (food), bile alone
without food (bile), or food and bile in combination (food � bile).*, P � 0.05. The time course
of the postprandial response for GLP-1 (C) and PYY (D).
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were increased after gastric bypass but not after gastric
banding. We have shown previously that GLP-1 and PYY
are affected in the same way as FGF19 in these patients (9).
How could the alterations in gastro-intestinal physiology
produce these changes?

Both food and bile on their own can release GLP-1 and
PYY as shown in the canine model, but the combination
of food and bile (before surgery or after surgery) resulted
in greater PYY responses compared with food alone,
whereas GLP-1 also showed a trend to be higher after the
combination of food and bile. Endogenous bile acids and
pancreatic juices delivered in the rat model 10 cm proxi-
mally to the terminal ileum were also associated with el-
evated plasma GLP-1 and PYY, reduced food intake, and
lower body weight. Taken together, these data suggest
that one of the mechanisms by which a gastric bypass leads
to beneficial elevations of GLP-1 and PYY may be through
the undiluted flow of bile through the biliopancreatric
limb and the altered delivery of bile to the terminal ileum.

Well-matched patients undergoing gastric banding
were used as a control group, because they have a similar
laparoscopic surgical insult and identical preoperative and
immediate postoperative diets compared with bypass, but
in the gastric banding operation, there is no change in the

anatomy of the gut that would affect
bile flow. Exogenous bile salts have
been shown to be the most potent
stimulus of gut hormones from the
endocrine L cells, such as PYY in rab-
bit colon explants (12), in vivo in
conscious dogs (13), and in humans
(14). GLP-1, PYY, and bile are re-
leased postprandially and in propor-
tion to the amount of calories con-
sumed. Although early arrival of
nutrients at the terminal ileum still
remains a possibility, the reduced gut
motility and early peak GLP-1 and
PYY responses postprandially sug-

gest other mechanisms, which may involve bile in the re-
lease of L-cell hormones.

The gallbladder is not usually removed during Roux-
en-Y gastric bypass, and there is no indication that gall-
bladder contraction is adversely affected after gastric
bypass. Previous studies suggested an increase in chole-
cystokinin after jejunoileal bypass, which may result in
enhanced bile flow from the gallbladder or liver (34). After
gastric bypass, the length of small bowel from the ampulla
of Vater to the terminal ileum is reduced by 100–150 cm,
and bile may thus reach the terminal ileum before the in-
gested food, which triggers the release of bile. We postu-
late that due to the anatomical changes after gastric by-
pass, bile progresses down the biliopancreatic limb to the
distal L cells in an undiluted state. This could lead to in-
creased availability of bile acids in the distal intestine with
the potential to engage TGR5 on L cells. Bile acid activa-
tion ofTGR5hasbeen found tostimulateGLP-1production
in vitro and may explain the early and exaggerated release of
incretin gut hormones, such as GLP-1 and subsequently in-
sulin (8). Bile acids would normally be more bound up in
micelles due to the presence of nutrients and therefore less
likely to stimulate L cells for peptide secretion.

Although the canine studies
should be interpreted with caution,
especially because the anatomical
changes are dissimilar to gastric by-
pass, we would suggest that both bile
and food contribute to the postpran-
dial gut hormone response. The role
of bile can be attributed to the fact
that bile conjugated with food facil-
itates better digestion of complex in-
gested fats by intestinal lipases into
smaller lipid subunits, therefore lead-
ing to a more effective stimulation of
L cells (35). Inhibition of intestinal

FIG. 5. Plasma GLP-1 (A) and PYY (B) levels in rats that had bile draining into their duodenum or
bile draining into their ileum.

FIG. 6. A, Weight of rats in bile-in-duodenum (solid line) and bile-in-ileum (broken line) groups
before and up to 28 d after surgery. B, Food intake of bile-in-duodenum (solid line) and bile-in-
ileum (broken line) rats before and up to 28 d after surgery. *, P � 0.05.
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lipases leads to attenuated postprandial GLP-1 and PYY
associated with increased appetite (35). However, the re-
sults of the rodent studies do not support this hypothesis,
because the distal intestinal delivery of bile should inter-
fere with the intestinal digestion of fats and hence lead to
reduced L-cell responses. As the opposite was demon-
strated, the effect of bile on digestion of ingested fats can-
not explain the enhanced gut hormone response, suggest-
ing that bile acids may play a role as signaling molecules.

Bile acids may also influence glucose metabolism by
altering body weight. Weight loss may result from en-
hanced satiety, which may be facilitated via L cell-derived
gut hormones (9, 25). In addition, bile acids increase en-
ergy expenditure in brown adipose tissue, thus preventing
obesity and insulin resistance via induction of the cAMP-
dependent thyroid hormone-activating enzyme type 2 io-
dothyronine deiodinase (21). This is achieved via the
TGR5 and is consistent with recent findings that in rat
models, gastric bypass prevented the decrease in energy
expenditure after weight loss (36, 37).

Activation of the FXR� may also mediate the effects of
bile acids on energy homeostasis via FGF19 released from
ileal enterocytes, leading to improved metabolic rate and de-
creased adiposity (38, 39). FGF19 has recently been shown
to inhibit hepatic gluconeogenesis (40). FGF19 was only as-
sayed in humans, because unfortunately there are no reliable
assays foruse indogsorrats.FGF19andtheFGF15ortholog
in rodents are thought to provide feedback inhibition of bile
acid synthesis in the liver. Why the increased levels of FGF19
after gastric bypass are associated with an increase in total
bile acids is not immediately apparent, unless the changes in
ileal bile acid absorption and FXR-mediated FGF19 produc-
tion are much greater than the effects on the liver.

Some of the beneficial metabolic effect of Roux-en-Y
gastric bypass on glycemic control may be attributed to
changes in bile acids (15). Our prospective study confirms
the previous cross sectional observation that total plasma
bile acids are elevated after gastric bypass. We went on to
show that this happens as early as 42 d after surgery. We
propose an additional mechanism for the observed im-
provements in glycemic control involving altered bile flow
after gastric bypass. The changes facilitated by bile may
increase satiety and improved glycemic control via gut
hormones as well as a direct effect on insulin resistance.
Therefore, bile may be one of the key products of the
proximal gut, which transfers a message to the distal gut
and to other metabolically active tissues.

Limitations of our study include the lack of random-
ization in the human studies. However, the groups were
well matched for preoperative patient characteristics. Por-
tal vein levels of FGF19 and bile acids were not measured,
and the relationship between portal veins and systemic levels

after gastric bypass is not currently known. Furthermore
only fasting levels of FGF19 and bile acids were measured.
Postprandial changes may also occur and are the subject of
future studies. In the canine experiment, a dislodgement of
either the feeding tube or the Foley catheter could have lead
to chemical peritonitis affecting the results. However, the
postmortem examination confirming the position of the
tubes makes this unlikely. In the rat experiment, the differ-
ence in the severity of the operative procedures may have
caused different inflammatory response, but the lack of dif-
ference in the biochemical and histological markers of in-
flammation mitigates against this.

In conclusion, Roux-en-Y gastric bypass causes
changes in bile flow resulting in increased total plasma bile
acids concentrations, FGF19, GLP-1, and PYY. Altering
the flow of endogenous bile leads to an increase in gut
hormone responses, which can be further enhanced by the
synergistic delivery of food. Bile may partly explain the
pleotrophic metabolic effects seen after gastric bypass sur-
gery and could be a therapeutic target for novel surgical
devices or pharmaceuticals.
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