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Chapter 67
Metabolic Syndrome and the Influence
of Bile Acids

Flavio Kreimer, Fernando Kennedy Pereira Chaves,
and Guilherme M. Campos

67.1 Bile Acids

Bile acids (BAs) are synthesized from cholesterol in the liver and are components
of bile. Traditionally, BAs have the function of emulsifying lipids and assisting in
the absorption and digestion of dietary fats. They play a key role in the absorption
of fat-soluble vitamins such as vitamins A, D, E, and K. After taking part in small
intestine digestion processes, bile acids are almost completely (95%) resorbed in
the distal ileum and then are taken up from portal blood through the liver (enterohe-
patic circulation). Excess cholesterol in the body is also converted into bile acids
and eliminated by bile, thus maintaining cholesterol hemostasis [1]. Bile acids not
only play a role in the absorption of lipids in the intestine but also seem to be part of
a larger physiological system in response to ingested nutrients which involves glu-
cose metabolism [1, 2]. Bile salts induce hepatic glycogen synthesis, inhibit gluco-
neogenesis, improve insulin sensitivity, and control glucose metabolism [2].

It has been suggested that BAs are important mediators of weight loss and meta-
bolic changes after bariatric surgery and different BA fractions have been associated
with different characteristics of glucose metabolism [3-5]. They perform as signaling
hormones, activating nuclear and membrane-coupled receptors in the intestine, liver,
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muscle, and adipose tissue. Furthermore, they regulate the balance of bacterial flora,

while the latter reciprocally regulate the metabolism and composition of Bas [4].
Thus, understanding the physiology of BA regulation after bariatric surgery is an

important therapeutic target in treating severe obesity and its metabolic sequelae.

67.2 Bile Salt Physiology

Bile is predominantly composed of water and several dissolved substances, includ-
ing cholesterol, amino acids, enzymes, vitamins, heavy metals, bile salts, bilirubin,
phospholipids, and other constituents such as drugs and toxins. The cells that line
the intrahepatic and extrahepatic bile ducts have the function of altering and refining
the content of hepatically synthesized bile through a complex mechanism, con-
trolled by a multitude of molecules, hormones, and neurotransmitters [1, 2]. Bile
acids undergo chemical modification through conjugation in the liver and dehydrox-
ylation by intestinal bacteria [6]. It is important to stress the fact that bariatric sur-
gery also results in significant changes in intestinal microbiome and the dynamic
interactions between bile acids and intestinal microbiota after bariatric surgery may
contribute to metabolic improvements, although the detailed mechanisms leading to
these effects require further investigation [6].

Bile salts participate in enterohepatic circulation in two types of chemical struc-
ture—primary, cholic acid and chenodeoxycholic acid, and secondary, deoxycholic
acid and lithocholic acid—which are formed in the terminal ileum from the primary
bile salts as a result of a structural change called 7-alpha dihydroxylation, by the
action of microflora bacteria, especially the anaerobic ones. In humans, the reuptake
of conjugated Bas is performed by transport protein Na* taurocholate cotransporting
polypeptide (NTCP), while the non-conjugated bile acids are absorbed by organic
anion transporters which also absorb bilirubin and other anions. The total pool of
bile acids in humans is tightly controlled by coordinated regulation of the expres-
sion of genes involved in the synthesis, secretion, reabsorption, and reuptake of bile
acids by the liver [7, 8].

67.3 Increased Bile Acid Levels and the Improvement
of Metabolic Syndrome After Bariatric Surgery

For over four decades, it has been known that deficiencies in insulin signaling and
glycemic control can precipitate multiple disruptions in BA physiology. Several
studies have shown that bile acid levels and composition are altered after bariatric
surgery [2, 5, 9].

Creating a long bilioprancreatic limb that is then not exposed to other nutrients
other than lipids from bile and also allowing bile to reach the distal without mixing
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with other nutrients, which takes place, for example, in DS and RYGB surgeries, is
associated with weight loss, increased serum bile acid levels, improved glucose toler-
ance, and increased postprandial GLP-1 secretion. The altered anatomy leading to
changes in bile acids contact and interaction with the small intestines and other nutri-
ents have been implicated as one of the main mediators for the effect on GLP-1 levels
after surgery. GLP-1 is a incretin hormone secreted by the L cells of the distal intes-
tine usually in response to intestinal nutrients and stimulates insulin secretion [10].

67.4 FXR and TGRS Bile Acid Nuclear Receptors
as Molecular Targets of Surgery Bariatric

In the twenty-first century, there was the identification of BA receptors: the farne-
soid receiver X receptor (FXR) and the G protein-coupled bile acid receptor 5
(TGRS). They perform as signaling molecules to regulate the lipid and glucose
homeostasis [2, 9].

Animal model studies have shown that the effects of bile acids on glucose metab-
olism can be mediated by the activation of L cells via the TGRS receptor and the
FXR signaling [5, 9, 11]. FXR and TGRS, along with BAs, participate in the insulin
release signaling mechanism. It is important to consider that BAs and their targets
are present and involved in cellular bioenergetic control within the same organs and
tissues impaired by insulin resistance in severe obesity. Strong evidence links mark-
edly anomalous BA metabolism to the pathophysiology of severe obesity, insulin
resistance, NAFLD (nonalcoholic fatty liver disease), and T2D (type 2 diabetes) [9].

FXR is expressed at high levels in the liver and intestine. Similar to other nuclear
receptors, once activated, FXR is translocated to the cell nucleus, where it forms a
dimer (in this case a heterodimer, with) and binds to hormone response elements on
the DNA, which regulates the expression of certain. BAs function as endogenous
ligands for FXR, so that enteric and systemic release of BAs induces FXR-driven
changes in gene expression networks. The complex role of FXR in metabolic
homeostasis is evident in studies in mice [11, 12]. In the liver, FXR activation sup-
presses hepatic BA synthesis, changes BA composition, and contributes to liver
regeneration, as well as to glucose, lipid, and cholesterol homeostasis.

In addition to expression in the liver, FXR is also expressed in the intestine,
where it regulates the production of the endocrine hormone FGF19 which, along
with the hepatic FXR, seems to be involved in the control of the synthesis, transport,
and metabolism of BA [11-13]. FXR plays a central role in mediating the negative
feedback regulation of BA synthesis. Bile acid biosynthesis is tightly controlled by
intrahepatic negative feedback signaling elicited by bile acid binding to FXR, as
well as by enterohepatic communication involving ileal bile acid reabsorption [3,
8]. In severely obese non-diabetic adults, the body mass index can be positively cor-
related with FXR mRNA expression in the liver and ileum, and inversely related to
hepatic NTCP expression [9, 14]. That reduces fasting or postprandial BA reuptake
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in the liver [14]. In fact, the expected inhibitory effects of FXR positively regulate
BA synthesis [9, 14, 15].

BAs in the small and large intestine partly regulate the intestinal microbiota,
incretin secretion, and FGF15/19 production, which then assists modulating whole-
body lipid, glucose, and energy homeostasis. As a primary bile acid receptor, FXR
has been investigated for its role in bariatric surgery [11]. Absence of FXR in ani-
mals results in those being unable to maintain lower body weights after vertical
gastroplasty; rather, they increase energy intake to compensate for early postsurgi-
cal weight loss [2, 16].

Conversely, TGRS functions as a cell surface receptor for bile acids. The receptor
is implicated in the suppression of macrophage function and in the regulation of
energy homeostasis by bile acids [5]. Bile acids, through the activation of TGRS in
muscle and brown adipose tissue, are capable of increasing energy expenditure and
preventing—or even reversing—induced obesity in mice [5, 9, 17]. These changes
resulted in increased TGRS signaling in the ileum and brown adipose tissues, con-
comitant with improved glucose control and increased energy expenditure. It is
accepted that bariatric surgery achieves its postoperative therapeutic effects through
improving TGRS signaling.

67.5 Bile Acid and Duodenal Switch and Its Derivatives

T2D resolution occurs most commonly and rapidly after Roux-en-Y gastric bypass
(RYGB) and biliopancreatic bypass (BPD), which share the common feature of a
proximal small intestine bypass. Surgically induced decrease in caloric intake,
weight and fat mass loss, changes in carbohydrate, fat and protein absorption, or
changes in intestinal hormone release all combined promote the dramatic effect of
bariatric surgery on T2D [9, 10, 18].

Research in humans indicate that gene expression of the farnesoid X receptor
(FXR), which is a target of the BAs, is increased in the liver but decreased in the
small intestine after RYGB. In contrast, intestinal expression of the transmembrane
G protein-coupled BA receptor (TGRS) is upregulated after surgery. These changes
were followed by NAFLD and/or T2D regression after 1 year [9]. Animal models
suggest that the control of T2D after gastrointestinal bypass surgery may result
directly from the redirection of nutrients in the intestine [4, 15].

Systemic BA concentrations can begin to increase as early as 1 week after RYGB
and VSG (vertical gastrectomy), which contrasts directly with the reduced BAs after
non-surgical diet [2, 6, 15]. Interestingly, higher systemic concentrations may help
explain why intestinal FXR and TGRS are differentially impacted by RYGB. Whereas
FXR is a nuclear receptor and requires intracellular BA transport for ligand-depen-
dent activation, TGRS is a basolateral receptor that, unlike FXR, shows an increased
signaling potential in response to increased systemic BAs. Growing evidence indi-
cate that altered BA physiology and signaling through FXR and TGRS may support
or enhance metabolic improvements related to weight loss [15].
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Since FXR inhibits glycolysis, downregulation of FXR after DS and other deriva-
tions may support the improvement in glucose uptake and use in the small intestine,
observed after bariatric surgery [11, 14, 15]. In addition to the direct effects of FXR
signaling in hepatic BA, glucose, and lipid metabolism, the inhibition of intestinal
FXR after RYGB is also associated with upregulation of TGRS [5, 9], which prob-
ably contributes to increased postprandial levels of hormones such as GLP1 and YY
peptide (PYY) by means of enteroendocrine L cells after bariatric surgery [9, 15].

BAs stimulate the secretion of gastrointestinal hormones (such as GLP-1, PYY,
and GIP) through the activation of TGRS receptors located on the basolateral mem-
brane of enterocytes. Therefore, the higher GLP-1 postprandial levels observed in
individuals who underwent BPD/DS (biliopancreatic diversion with duodenal
switch) can be attributed to bile acid interactions across a longer intestinal length,
leading to greater stimulation of GLP-1-producing cells [19].

Importantly, DS, VSG, and RYGB result in greater weight loss and changes in
BA concentrations, as well as greater changes in FXR and TGRS signaling and
higher cardiometabolic improvements as compared to the restrictive-only adjust-
able gastric band procedure [2, 4, 9].

Total bile acid concentrations increased substantially at 5 years after RYGB and
DS with greater increases in total and primary bile acids after DS; however this
effect was greater in patients with prior cholecystectomy. Higher levels of total bile
acid in 5 years have been associated with decreased body mass index (BMI), greater
weight loss, and lower total serum cholesterol [4]. A long biliopancreatic loop may
be important for metabolic improvement after bariatric surgery and suggests that
BAs are involved in this process [4, 12].

The mechanisms explaining the higher BA concentrations after BPD/DS (bilio-
pancreatic diversion with duodenal switch), when compared to RYGB, are unknown
and may have several different origins. Differences in intestinal absorption may
contribute to it. The longer biliopancreatic loop in BPD/DS leads to the transport of
high concentrations of primary BAs through a longer segment of small intestine that
sees no other form of luminal nutrients than lipids of bile and only mixing with food
and promoting digestion and absorption of fat in the common loop. The higher pri-
mary BA concentrations after BPD/DS were predominantly due to an increase in
unconjugated and glycine-conjugated primary Bas, but the site of greater absorption
(BP or common channel) and whether differences in liver BA reuptake from portal
circulation occurs are still under investigation [4, 9, 15].

In normal anatomy, BAs in the proximal intestine are mostly conjugated primary
BAs. A possible explanation for the increase in unconjugated BAs could be the
microbial contamination in the small intestine due to changes in intestinal anatomy,
resulting in higher unconjugated BA production by the intestinal microflora bacteria
and the subsequent absorption at the biliopancreatic loop [4, 14, 15]. This may mean
that the higher BA levels we observed after BPD/DS (and also RYGB) does not
necessarily reflect an actual increase in the size of the bile salt reservoir, but may be
a result of shorter enterohepatic cycles [4, 15, 20]. Altered microbial metabolism
may be involved, since it may modulate the BA pool. Changes in the BA synthesis
or excretion may also be involved [14, 15].
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67.6 Conclusions

Several studies have shown that fasting and postprandial bile acid levels and com-
position are altered after bariatric surgery. The hormonal roles of bile acids in meta-
bolic regulation make them prime candidates for mediators of the beneficial effects
of bariatric surgery. Growing evidence indicates that altered BA physiology and
signaling through FXR and TGRS may support or enhance metabolic improvements
related to weight loss. BAs stimulate the secretion of gastrointestinal hormones
(such as GLP-1, PYY, and GIP) through activation of TGRS receptors located in the
basolateral membranes of enterocytes.

A long biliopancreatic loop seems to be related to an increase in unconjugated
BA through a higher concentration of primary BAs, and this mechanism may be one
of the driving forces of metabolic improvement after bariatric surgery.
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