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Biliopancreatic diversion (BPD) improves insulin sensi-
tivity and decreases serum cholesterol out of proportion
with weight loss. Mechanisms of these effects are
unknown. One set of proposed contributors to meta-
bolic improvements after bariatric surgeries is bile acids
(BAs). We investigated the early and late effects of BPD
on plasma BA levels, composition, and markers of BA
synthesis in 15 patients with type 2 diabetes (T2D). We
compared these to the early and late effects of Roux-en-Y
gastric bypass (RYGB) in 22 patients with T2D and 16 with
normal glucose tolerance. Seven weeks after BPD, insulin
sensitivity had doubled and serum cholesterol had halved.
At this time, BA synthesis markers and total plasma BAs,
particularly unconjugated BAs, had markedly risen; this
effect could not be entirely explained by low FGF19. In
contrast, after RYGB, insulin sensitivity improved gradu-
ally with weight loss and cholesterol levels declined
marginally; BA synthesis markers were decreased at an
early time point (2 weeks) after surgery and returned to
the normal range 1 year later. These findings indicate that
BA synthesis contributes to the decreased serum cho-
lesterol after BPD. Moreover, they suggest a potential
role for altered enterohepatic circulation of BAs in
improving insulin sensitivity and cholesterol metabo-
lism after BPD.

Among bariatric operations, biliopancreatic diversion
(BPD) stands out as having the strongest effect on weight
loss and the highest frequency of type 2 diabetes (T2D)
resolution (1,2). It also significantly reduces cardiovascu-
lar risk (3,4). Many of the beneficial metabolic effects of
BPD might be expected to be due to weight loss, as with
other bariatric surgeries. However, the improvements in

insulin sensitivity after BPD exceed predictions based on
weight loss (5). Moreover, even in the absence of exces-
sive weight loss, BPD can resolve or improve T2D and
reduce serum cholesterol (6,7). The former effects have
been attributed to improved insulin sensitivity and en-
hanced b-cell function, but the mechanisms of these
improvements, and the reduced serum cholesterol, re-
main unknown (6).

Bile acids (BAs), which are synthesized from choles-
terol in the liver, potentially play a role in the metabolic
effects of bariatric surgery. Several studies have shown
that plasma BAs increase after Roux-en-Y gastric bypass
(RYGB) and sleeve gastrectomy (8–11). Because BAs can
act in an endocrine fashion to regulate a variety of glucose
and lipid metabolic pathways (12–15), it has been specu-
lated that increased BAs may contribute to at least some
of the metabolic improvements after surgery (16,17). In-
deed, it was recently shown that the BA receptor farnesoid
X receptor (FXR) is required for metabolic improvements in
mice subjected to sleeve gastrectomy (18). However, de-
spite the abundant evidence for increases in plasma BAs
after bariatric surgery, the cause is unknown. Moreover,
effects of BPD on BAs have not yet been reported, and
BPD may have distinct effects on BAs compared with
RYGB.

Plasma BA levels mainly reflect two major aspects of
BA transport: 1) absorption of these molecules from the
intestine and 2) uptake from the plasma, which occurs
primarily in hepatocytes (19,20). Under physiologic con-
ditions, the rate of BA synthesis is not a major contribu-
tor to plasma BA levels. However, increasing BA synthesis
in mice by threefold overexpression of the rate-limiting
enzyme of BA synthesis (cytochrome P450, family 7,

1Institute of Clinical Physiology, National Research Council, Pisa, Italy
2Department of Clinical and Experimental Medicine, University of Pisa, Pisa, Italy
3Cardiometabolic Disease, Merck Research Laboratories, Kenilworth, NJ
4Department of Pathology and Cell Biology, Columbia University, New York, NY

Corresponding author: Rebecca A. Haeusler, rah2130@columbia.edu.

Received 13 February 2015 and accepted 21 May 2015.

This article contains Supplementary Data online at http://diabetes
.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0214/-/DC1.

© 2015 by the American Diabetes Association. Readers may use this article as
long as the work is properly cited, the use is educational and not for profit, and
the work is not altered.

Diabetes Volume 64, October 2015 3377

M
E
T
A
B
O
L
IS
M

http://crossmark.crossref.org/dialog/?doi=10.2337/db15-0214&domain=pdf&date_stamp=2015-09-11
mailto:rah2130@columbia.edu
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0214/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0214/-/DC1


subfamily A, polypeptide 1 [Cyp7a1]) leads to approxi-
mately twofold higher levels of plasma BAs (21). BA syn-
thesis occurs primarily in hepatocytes and is tightly
regulated through two negative feedback loops. The first
feedback loop is initiated in ileum, where FXR activation
induces fibroblast growth factor 19 (FGF19), a secreted
protein that binds to FGF receptors on hepatocytes. This
pathway suppresses the expression of CYP7A1, encoding
the first and rate-limiting enzyme of BA synthesis, and
cytochrome P450, family 8, subfamily B, polypeptide 1
(CYP8B1), encoding the enzyme responsible for BA 12a-
hydroxylation. The second feedback loop takes place in
hepatocytes, where FXR activation induces the small het-
erodimer partner (SHP), which also suppresses the ex-
pression of CYP8B1 and, potentially to a lesser extent,
CYP7A1 (22,23).

After synthesis of BAs in the liver, these molecules are
conjugated to an amino acid and secreted into the
canaliculi. After reaching the distal small intestine, most
BAs are actively transported across enterocytes into the
portal circulation. A portion of BAs enters the colon,
where these molecules are deconjugated and dehydroxy-
lated by gut microbes. Unconjugated BAs can undergo
passive diffusion, allowing them to be reabsorbed. Once in
the portal vein, the majority of BAs are taken up into
hepatocytes, thus completing the enterohepatic circula-
tion, but a fraction enters the systemic circulation. Thus,
increases in plasma BAs after bariatric surgery may be due
to alterations in BA transport or a combination of altered
BA transport and increased BA synthesis.

One might expect BPD to alter both BA transport and
synthesis. For example, 1) there may be reduced absorp-
tion of BAs in ileum, because the surgery reduces the
surface area of ileum that is exposed to BAs, and 2) this
may result in poor activation of the FXR-FGF19 pathway
in enterocytes, thereby releasing feedback inhibition of
BA synthesis. The latter effect has been speculated as
the cause of decreased plasma cholesterol after BPD
(24), but this possibility has not yet been investigated.

The goal of this study was to investigate BA levels,
composition, and markers of BA synthesis after BPD,
in comparison with RYGB. We examined 15 patients
with T2D undergoing BPD and 38 patients undergoing
RYGB, 22 with T2D and 16 that displayed normal glucose
tolerance (NGT). We measured fasting plasma BAs,
markers of BA synthesis, and FGF19 at baseline and at
two follow-up visits.

RESEARCH DESIGN AND METHODS

Subjects
The study subjects were 38 morbidly obese patients (16
NGT and 22 T2D) undergoing RYGB and 15 patients with
T2D undergoing BPD. Subjects were studied before sur-
gery, early after surgery (2–10 weeks), and 1–2 years later.
Lengths of time between surgeries and follow-up visits are
listed in Table 1. At each of three time points, we performed
a euglycemic-hyperinsulinemic clamp (respectively, in 12, 9,
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and 12 RYGB-NGT patients; in 14, 12, and 13 RYGB-T2D
patients; and in 15, 15, and 15 BPD-T2D patients). In the
BPD group, the patients were treated by oral hypoglycemic
agents and/or insulin (metformin in 6, metformin plus
sulfonylurea in 3, and metformin plus insulin in 6), and
in the RYGB group, 5 patients were treated by diet alone
and 17 by oral hypoglycemic agents and/or insulin (met-
formin in 13 and metformin plus sulfonylurea and insulin
in 2 each). The patients with diabetes on oral antidiabetic
agents were asked to stop them 48–72 h before surgery; in
those on insulin, injections were discontinued 16 h before
the metabolic study (patients on bedtime glargine had been
switched to NPH 2 days before the study). Glucose flux
data from the 15 BPD-T2D patients (7) and from 12
RYGB-NGT and 13 RYGB-T2D patients (25) have been
previously reported.

For comparison purposes, subjects without diabetes
from a previous study (26) were selected to match the BMI
of subjects at the second follow-up for each surgery. Sub-
jects were matched to post-RYGB: n = 23, BMI = 39.76 1.4
kg $ m22, and P = 0.56 compared with post–RYGB-NGT
and P = 0.49 compared with post–RYGB-T2D. Subjects were
matched to post-BPD: n = 10, BMI = 23.56 0.7 kg $m22,
and P = 0.98 compared with post BPD-T2D.

Euglycemic-Hyperinsulinemic Clamp
After an overnight (12-h) fast, two catheters were
inserted into an antecubital vein for infusion of all test
substances and retrogradely into a vein on the dorsum
of the hand for blood drawing. The hand was heated at
55°C to achieve arterialization of venous blood. At 9:00 A.M.,
baseline blood samples were drawn. At time –20, –10,
and 0 min, blood samples were obtained from the arte-
rialized vein for the measurement of glucose and in-
sulin. At time 0, a primed-continuous insulin (Humulin R;
Eli Lilly and Company, Indianapolis, IN) infusion (at a
rate of 240 pmol $ min21 . m22) was started and con-
tinued for 180 min; plasma glucose levels were mea-
sured every 5 min throughout the clamp. Plasma insulin
concentrations were measured every 20 min between
120 and 180 min after the start of insulin infusion.
Fat-free mass (FFM) was estimated by electrical bioim-
pedance (TBF 300; Tanita, Tokyo, Japan) as previously
described (25).

Analytical Procedures
Plasma glucose was measured by the glucose oxidase
technique on a Beckman Glucose Analyzer (Beckman,
Fullerton, CA). Plasma insulin was assayed by a specific
radioimmunoassay (Linco Research, St. Charles, MO,
and MYRIA, Technogenetics, Milan, Italy, respectively).
BAs were measured by liquid chromatography–tandem
mass spectrometry (LC-MS/MS) (Waters Quattro Micro
with Waters 2795 Alliance HPLC) as previously described
(26). FGF19 was measured by ELISA (R&D Systems) in
the three surgical groups (n at each of three time points,
respectively): RYGB-NGT (n = 12, 6, and 11), RYGB-T2D
(n = 13, 10, and 14), and BPD-T2D (n = 13, 10, and 6).

BA Synthesis Markers
Sample plasma (150 mL) was transferred into a 2-mL,
96-deep well plate; this was followed by the addition of
585 mL ice-cold acetonitrile containing 0.1% formic acid
solution and 5 mL 60 ng/mL internal standard mixture made
of d6-7a,12a-dihydroxy-4-cholesten-3-one (d6-7,12-diHCO)
and d7-7a-hydroxy-4-cholesten-3-one (d7-7-HCO). The
plate was sealed and vortexed for 1 min. Then, the plate
was centrifuged for 20 min at 4,000 rpm. After this,
600 mL of supernatant was passed under positive pres-
sure through a protein precipitation plate, which retained
phospholipids but eluted the BA synthesis markers
(Ostro plate; Waters Corp., Milford, MA). The eluent was
collected and evaporated under a constant flow of N2

at 45°C. Samples were then reconstituted in 100 mL
of 80% acetonitrile + 0.1% formic acid/20% water.
The resultant extract was injected (10 mL) onto an LC-
MS/MS system operated in positive ion mode electro-
spray (UPLC/Waters TQS mass spectrometer). Isotopic
dilution quantitation was conducted to obtain concen-
trations of 7a,12a-dihydroxy-4-cholesten-3-one (7,12-
diHCO) and 7a-hydroxy-4-cholesten-3-one (7-HCO).

Data Analysis
Whole-body insulin-stimulated glucose disposal (M, in
mmol/min) was calculated as the mean exogenous glucose
infusion rate during the last 40 min of the clamp cor-
rected for changes in glucose concentration within a
distribution volume of 200 mL per kilogram of body
weight. M values were expressed per kilogram of FFM (in
mmol $ min21 . kgFFM

21) (26).

Statistical Analysis
Data are reported as mean6 SD (or median [interquartile
range] for variables with a skewed distribution). Group
differences were analyzed by Mann-Whitney U test and
paired observations by Wilcoxon signed rank test. For
selected variables, two-way ANOVA for repeated measures
was used to compare surgical operations across time of
study. Linear and nonlinear associations were tested by
standard methods. A P# 0.05 was considered statistically
significant.

RESULTS

Patient Characteristics
We analyzed three groups of patients: 1) RYGB patients
who had NGT at baseline (RYGB-NGT), 2) RYGB patients
who had T2D at baseline (RYGB-T2D), and 3) BPD
patients who had T2D at baseline (BPD-T2D). Patient
characteristics are shown in Table 1. At baseline, BPD-
T2D subjects were older and had lower BMI, lower insulin,
and higher glucose compared with RYGB subjects. Clamp-
derived insulin sensitivity (M) showed that all patients
were markedly insulin resistant. After surgery, insulin
sensitivity improved in all study participants (Table 1).
In particular, in RYGB patients (both NGT and T2D),
M rose essentially in proportion to the corresponding
weight changes, whereas in BPD patients, M improvements
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peaked at the earlier time (when weight changes were
modest) and were of greater magnitude than in RYGB
patients (14 [14] vs. 7 [21] mmol $ min21 . kgFFM

21,
P = 0.013) (Fig. 1). In support of this different time
course, two-way ANOVA was significant (P = 0.0018)
for the time 3 group interaction; viewed otherwise, the
slope of the relationship between M and BMI was signif-
icantly steeper (P , 0.02) in BPD than RYGB patients
(Supplementary Fig. 1).

Serum lipids changed differentially between the two
operations. After RYGB, LDL cholesterol levels were
only marginally (and not significantly) reduced in both
NGT and T2D patients. In contrast, after BPD, LDL
cholesterol halved already at 7 weeks, and this drop
was maintained longer term. Accordingly, two-way
ANOVA was significant (P , 0.01) for the time 3 group
interaction.

On the other hand, with RYGB, serum triglycerides
decreased late after surgery (by 20 and 45% in NGT and
T2D, respectively), whereas they were essentially unchanged
with BPD. HDL cholesterol levels were acutely decreased in
all groups but recovered (in NGT) or improved (in T2D)
after RYGB, whereas they remained slightly, if significantly,
lower with BPD (Table 1).

Effects of Surgery on BA Levels and Composition
Fasting plasma BAs increased in all groups after surgery
(Fig. 2A). Full BA data are provided in Supplementary Table 1.
However, the magnitude, timing, and species composition of
these changes were different between operations.

RYGB
Effects of RYGB on total BA levels and composition were
similar in NGT and T2D subjects. A few weeks after
surgery, plasma BAs increased only slightly, whereas levels
were higher 1 year later (Fig. 2A). Although these changes
reached statistical significance only among RYGB-NGT

subjects, the trend was the same in RYGB-T2D subjects.
When we pooled NGT and T2D subjects together, BAs
were significantly higher 13 months after RYGB (7.27 6
1.28 vs. 2.99 6 0.32 mmol/L, P = 0.003).

We next compared these post-RYGB measurements to
nonsurgical subjects by choosing healthy subjects from our
database who were BMI matched to RYGB subjects at the
second follow-up visit. Postsurgical patients had three- to
fivefold higher fasting plasma BAs than BMI-matched non-
surgical subjects (Fig. 2A). This is consistent with prior obser-
vations (11) and indicates that increased plasma BAs are due
to a body weight–independent feature of bariatric surgery.

The composition of BA species in plasma was also
affected by RYGB. Within the first few weeks after surgery,
patients showed a preferential increase in conjugated BA
species (Fig. 2B–D). By the second follow-up visit, uncon-
jugated BAs had also increased. Thus, the feature was par-
tially reversed.

BPD
Plasma BAs increased markedly in the first 2 months after
BPD and then partially declined 1 year later (Fig. 2A).
When we compared 1 year post-BPD subjects to BMI-
matched nonsurgical subjects, we found the former had
nearly ninefold higher levels compared with the latter.
Thus, the magnitude of BA alterations was much greater,
and the timing was earlier, compared with RYGB.

After BPD, conjugated BAs were increased, but this
effect was eclipsed by greater increments in unconjugated
BAs (Fig. 2B and C). This led to a preferential accumula-
tion of unconjugated BAs in plasma (Fig. 2D). Thus, BPD
and RYGB have opposite effects on the conjugation status
of plasma BAs.

Effects of Surgery on BA Synthesis and FGF19
To investigate whether increases in fasting plasma BAs
after bariatric surgery were due to changes in BA synthesis,
we measured two indirect markers of BA synthesis: 1)
7-HCO, a marker of total BA synthesis (27), and 2)
7,12-diHCO, a marker of the branch of BA synthesis that
is 12a-hydroxylated by CYP8B1 (Supplementary Table 1).
Furthermore, we considered the ratio of 7-HCO to
7,12-diHCO to be a marker of the proportion of new BA
synthesis that is 12a-hydroxylated. We also measured
FGF19, the ileum-secreted peptide that suppresses hepatic
BA synthesis.

RYGB-NGT
After RYGB, BA synthesis markers were not increased;
in fact, they tended to be decreased at the earlier
follow-up (Fig. 3A and B). There was no change in the
12a-hydroxylated proportion of BA synthesis in RYGB-
NGT subjects (Fig. 3C). There was also no change in
FGF19 in these subjects (Fig. 3D).

RYGB-T2D
BA synthesis markers tended to decrease after surgery in
this cohort (Fig. 3A and B). This pattern was similar to

Figure 1—Time course of BMI (shaded areas are mean6 SEM) and
M values in the three study groups. Note that M trajectories are
mirror images of the corresponding BMI trajectories in RYGB-
NGT and RYGB-T2D, whereas in BPD, M values are disjoined
from BMI.
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what we observed in the RYGB-NGT cohort. When we
pooled the RYGB-NGT and RYGB-T2D groups, there was
a significant decrease early after RYGB in both BA synthe-
sis markers: 7-HCO (8.97 6 1.47 vs. 18.17 6 2.64 ng/mL,
P = 0.02) and 7,12-diHCO (0.58 6 0.10 vs. 1.22 6 0.20,
P = 0.01). By the second follow-up visit after surgery,
these markers rose back up into the normal range and
were similar to BMI-matched nonsurgical subjects (Fig. 3A
and B). This demonstrates that the increase of plasma BAs
after RYGB cannot be explained by increased BA synthesis.

At baseline, RYGB-T2D patients showed an elevation in
the proportion of BA synthesis that was 12a-hydroxylated
(Fig. 3C). This is consistent with the effects of insulin re-
sistance and T2D to increase BA 12a-hydroxylation (26,28).
After surgery, this ratio gradually decreased into the range
of healthy, nonsurgical subjects (Fig. 3C). Thus, this reduc-
tion in preferential 12a-hydroxylation may be due to
improved insulin sensitivity.

Another potential contributor to the levels of 12a-
hydroxylation in T2D subjects is FGF19, as it suppresses
both CYP7A1 and CYP8B1. RYGB-T2D patients showed

low FGF19 at baseline, in comparison with NGT subjects
(Fig. 3D). This is consistent with previous observations
(8). After surgery, FGF19 gradually increased. Therefore,
increased levels of this hormone after RYGB may play a
role in the decreases in BA synthesis and 12a-hydroxylation
in these patients.

BPD-T2D
The effects of BPD on BA synthesis markers were
opposite the effects of RYGB. Within the first 7 weeks
after BPD, BA synthesis markers were increased three- and
fivefold (Fig. 3A and B). One year later, these levels rose to
be six- and eightfold higher than baseline. When BA syn-
thesis markers were normalized to serum total cholesterol
levels (29,30), the pattern was accentuated (Supplementary
Table 1). The increase compared with BMI-matched non-
surgical subjects was even greater. There was no significant
effect of BPD on the proportion of BA synthesis that was
12a-hydroxylated (Fig. 3C). These findings demonstrate
that BPD causes a strong and sustained increase in overall
BA synthesis.

Figure 2—Plasma BA phenotypes after BPD and RYGB. A: Total plasma BAs. B: Conjugated BAs. C: Unconjugated BAs. D: The
percentage of total BAs that is conjugated vs. unconjugated. Data plotted are mean 6 SE. Time points are indicated on the x-axis. 1,
presurgery; 2, first follow-up visit after surgery; 3, second follow-up visit after surgery. Gray rectangle shows the mean6 SE for nonsurgical
patients BMI matched to RYGB subjects at the second follow-up visit (;1 year after surgery). Blue rectangle shows the mean 6 SE for
nonsurgical patients BMI matched to BPD subjects at the second follow-up visit (;1 year after surgery). *P < 0.05, **P < 0.01, and ***P <
0.001, compared with baseline of each surgery group; §P< 0.05, §§P< 0.01, and §§§P< 0.001, compared with nonsurgical subjects BMI
matched to surgical subjects at the second follow-up, by Mann-Whitney U test.
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We expected that one reason for the increase in BA
synthesis would be decreased FGF19, because the area of
ileum that is exposed to BAs is shortened by the surgery.
In fact, FGF19 levels were highly variable and showed
only a trend toward decreased levels after BPD (Fig. 3D).
Thus, additional mechanisms may be involved in the in-
creased BA synthesis after BPD.

In the pooled data of the BPD-T2D group, M values
were positively associated with all BA measures, the
strongest one being with the ratio of unconjugated to
conjugated BAs, whereas LDL cholesterol levels were
reciprocally related to this ratio (Fig. 4). LDL cholesterol
was also negatively associated with 7-HCO (r =20.34, P =
0.039) and 7,12,-diHCO (r = 20.39, P = 0.015). No such
correlations were found in the RYGB groups.

DISCUSSION

This work shows that BPD causes major alterations in BA
homeostasis. Key findings are that after BPD, 1) BA syn-
thesis markers increase manifold, 2) plasma BAs are high

and preferentially unconjugated, and 3) these changes are
sustained over time. These findings are in contrast to
what happens after RYGB: 4) BA synthesis markers de-
crease, 5) plasma BA composition shifts to be preferen-
tially conjugated, and 6) these features both return to
normal after 1 year.

The implication that BA synthesis increases after BPD,
but not RYGB, may explain the former’s stronger effect to
reduce serum cholesterol (Table 1), although reduced cho-
lesterol absorption likely also plays a role (31). In this
regard, BPD mimics some of the effects of blocking in-
testinal BA absorption through the use of BA sequestrants
or inhibitors of apical sodium-dependent bile acid trans-
porter (ASBT). Each of these treatments results in in-
creased conversion of cholesterol into BAs (32,33).
These effects are predicted to be due to release of feed-
back inhibition of hepatic BA synthesis, and it has been
shown that BA sequestrants cause reductions in fasting
and fed levels of FGF19 (28,34). We predicted the same
after BPD. However, we saw only a mild reduction in

Figure 3—Plasma markers of BA synthesis after BPD and RYGB. A: 7-HCO. B: 7,12-diHCO. C: Ratio of 7,12-diHCO to 7-HCO. D: FGF19.
Data plotted are mean6 SE. Time points are indicated on the x-axis. 1, presurgery; 2, first follow-up visit after surgery; 3, second follow-up
visit after surgery. Gray rectangle shows the mean 6 SE for nonsurgical patients BMI matched to RYGB subjects at the second follow-up
visit (;16 months after surgery). Blue rectangle shows the mean6 SE for nonsurgical patients BMI matched to BPD subjects at the second
follow-up visit (;13 months after surgery). *P < 0.05 and **P < 0.01, compared with baseline of each surgery group; §§§P < 0.001,
compared with nonsurgical subjects BMI matched to surgical subjects at the second follow-up; †P < 0.05, RYGB-T2D compared with
RYGB-NGT at baseline, by Mann-Whitney U test.
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fasting plasma FGF19 after BPD. Thus, other feedback
mechanisms originating in intestine or liver may also be
disrupted after BPD.

Studies of another malabsorptive bariatric operation,
the biliointestinal bypass, may offer additional insight.
This surgery differs from BPD in that the bile is directed
into the nonfunctional jejunum, thus permitting normal
uptake of BAs throughout the distal small intestine, while
still maintaining nutrient malabsorption due to a short
common limb. Benetti et al. (35) showed that after bilio-
intestinal bypass, cholesterol absorption was decreased,
as expected, and this was compensated by increased he-
patic cholesterol synthesis. Interestingly, BA synthesis
was also increased, despite the expectation of normal
FGF19 (which was not measured). This raises the possi-
bility that additional, non-FGF19, signaling events that
regulate BA synthesis become disrupted after this surgery.
The authors speculate that the increase in BA synthesis
was secondary to increased cholesterol synthesis (35).
Perhaps a similar mechanism is invoked after BPD.

How might these changes in BA synthesis and trans-
port relate to other metabolic improvements after sur-
gery? We find it unlikely that increased BA synthesis
alone is sufficient to cause these effects, as we and others
have found that BA synthesis also increases during
conditions of metabolic impairment, including human
obesity and T2D (26,36,37). On the other hand, it is
possible that the interruption in enterohepatic circulation
of BAs after BPD could play a part. In fact, BA sequestrants

and ASBT inhibitors are known to affect more than just
cholesterol-BA balance; they also cause improvements in
glycemia (38,39). The molecular mechanisms of these ef-
fects are actively debated but may be related to increased
splanchnic glucose uptake or increased glucagon-like pep-
tide 1 (GLP-1) secretion due to increased intestinal sig-
naling by BAs or free fatty acids (38,40). Indeed, GLP-1 is
increased after BPD (7,41); thus, it is possible that the
reduction in ileal uptake of BAs or nutrients after BPD
contributes to the increases in GLP-1. However, GLP-1 is
unlikely to explain the improvements in peripheral insulin
sensitivity after BPD (5). Could other effects of interrupt-
ing the BA enterohepatic circulation be involved in these
improvements? Further studies will be required to answer
this question.

What of the effect of BPD to preferentially increase
unconjugated BAs? This effect may be due to the
combination of increased BA flow into the colon and the
well-documented expansion of gut microbiota after BPD
(42). Deconjugation affects the ability of BA species to pass
through cell membranes and to agonize BA receptors (43–
45); thus, it is conceivable that increasing the levels of
unconjugated species may affect the localization and mag-
nitude of BA receptor activation. The contribution of this
aspect of the phenotype may be worth investigating in
future studies.

We are intrigued that RYGB subjects have high plasma
BAs but low to normal levels of BA synthesis markers.
This indicates that the cause of high plasma BAs is altered
plasma BA transport. The two major determinants of BA
transport are absorption from the intestine and uptake
into the liver. We speculate that after RYGB, uptake of
BAs in the small intestine is enhanced. This would be
consistent with the increases in FGF19 that we observed
in RYGB-T2D patients and that others have also reported
(8,46,47) and with the increased postprandial and post-
glucose BA excursions that occur after RYGB (48,49). This
may also explain the preferential increase of conjugated
BAs that we observed after RYGB, as these species are the
ones that are preferentially taken up by ASBT (19). Others
have pointed out that increases in fasting plasma BAs
occur relatively late after surgery (;1 year) and therefore
cannot explain immediate improvements in glycemia
(49,50). However, we would not exclude the possibility
that changes in BA transport and tissue-specific signaling
may occur earlier than that and may contribute to
improvements in glucose homeostasis.

It must be pointed out that the subjects undergoing
RYGB were morbidly obese NGT or T2D, whereas those in
the BPD group were overweight and T2D. While we set up
comparisons with BMI-matched nonsurgical control sub-
jects, the relative influence of BMI and hyperglycemia on
the observed BA changes cannot be directly assessed in
the surgical groups. Exploratory analyses (not shown)
suggest that the surgically induced changes in BAs and
their synthetic markers were substantially independent of
BMI and presence of diabetes.

Figure 4—Association between the unconjugated-to-conjugated BA
ratio and insulin sensitivity (M) and LDL cholesterol in the BPD group.
The power functions fit the pooled data from all three studies.
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Overall, these findings highlight that elevated plasma BAs
after different bariatric surgeries can arise through distinct
mechanisms. The upregulation of BA synthesis after BPD
confirms our prediction and may partially explain the
powerful decrease in plasma cholesterol in these subjects.
However, the mechanism responsible for the upregulation of
BA synthesis is likely to involve signaling other than FGF19,
and this warrants further investigation. Finally, we would
suggest that further examination of changes in BA transport
and BA signaling may shed additional light on the impact of
BAs on glucose and lipid metabolism after bariatric surgeries.
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