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Bile acids and their role in functional gastrointestinal disorders
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Abstract

Studies of the role of bile acids have been conducted for many years. Thanks to constantly improving research
methods, the systemic action of bile acids has been evaluated with increasing precision. It is now believed
that disturbances in the synthesis, transformation and transport of bile acids may be one of the causes
of functional bowel disorders. Constant renewal of the bile acid pool and secretion of bile acids into the gas-
trointestinal lumen is requlated by feedback loops. Bile acids play the role of signaling molecules by binding
to the appropriate receptors and influencing the synthesis of other signaling molecules at the cellular level.
Disturbances of synthesis, reabsorption and changes in the proportion of bile acids all lead to motor dys-
function and intestinal secretion. The most common symptoms are diarrhea, constipation or irritable bowel
syndrome. This article discusses the basic issues of the synthesis and circulation of bile acids. On the basis
ofin vitro and in vivo findings, an outline of the requlation of physiological processes and the pathophysiol-
ogy of diarrhea and constipation in the context of bile acids is presented. Understanding the role of bile
acids in the pathophysiology of functional intestinal diseases creates new therapeutic options for patients
suffering from functional diarrhea or constipation.

Key words: bile acids, constipation, peristalsis, diarrhea


aga.variable@gmail.com

108 R.A. Konieczny, et al. Bile acids in functional intestinal disorders

Streszczenie

Badania dotyczace roli kwasow zétciowych sa prowadzone od wielu lat. Dzieki stale udoskonalanym metodom badawczym udaje sie coraz precyzyjniej oceniac
dziatanie systemowe kwaséw z6tciowych. Obecnie uwaza sie, ze zaburzenia syntezy, przemian i transportu kwaséw zotciowych moga by¢ jedng z przyczyn czyn-
nosciowych zaburzen jelit. State odnawianie puli kwaséw zétciowych oraz ich sekrecja do Swiatta przewodu pokarmowego podlegajg requlacji na zasadzie sprze-
zef zwrotnych. Kwasy zotciowe petnig role czasteczek sygnatowych, wiazac sie z odpowiednimi receptorami i wptywajac na synteze innych czasteczek sygnato-
wych na poziomie komdrkowym. Zaréwno zaburzenia syntezy, reabsorpdji, jak i zmiany proporcji kwaséw zétciowych prowadza do zaburzert motoryki oraz sekredji
jelitowej. Najczestszymi objawami sa biegunka, zaparcie lub zespét jelita nadwrazliwego. W artykule oméwiono podstawowe zagadnienia dotyczace syntezy oraz
krazenia kwas6w zotciowych. Na podstawie wnioskow z badan in vitro oraz in vivo przedstawiono zarys requlacji proceséw fizjologicznych oraz patofizjologie moz-
liwych przyczyn biequnki i zapar¢ w kontekscie dziatania kwasw zotciowych. Poznanie roli kwaséw zotciowych w patofizjologii czynnosciowych chordb jelit stwa-

rza nowe mozliwosci terapeutyczne dla chorych na biequnke i zaparcia czynnosciowe.

Stowa kluczowe: kwasy z6tciowe, zaparcie, biequnka, perystaltyka

Studies of the role of bile acids have been conducted for
many years. Initially, interest was aroused by their par-
ticipation in the development of cholelithiasis. Thanks
to constantly improving research methods, the systemic
action of bile acids has been evaluated with increasing
precision. It is believed that disturbances in the synthe-
sis, transformation and transport of bile acids may cause
functional bowel disorders.

Bile acids are amphipathic molecules. In water, their
anionic forms combine to form micelles, which help
in the digestion and absorption of fats. In addition, bile
acids are also signaling molecules that interact with spe-
cific receptors to regulate important biological processes.
The main role of bile acids is emulsification, thus facilitat-
ing the digestion and absorption of fats in the intestine.

Bile acids are synthesized from cholesterol in liver cells.
There are 2 multi-step pathways of bile acid synthesis.
The main pathway, responsible for 95% of this synthesis,
includes microsomal cholesterol 7a-hydroxylase (CYP7A1).
The secondary pathway includes mitochondrial sterol
27-hydroxylase (CYP27A1).!

Newly synthesized bile acids are conjugated with tau-
rine and glycine, which makes them more water-solu-
ble. Conjugated bile acids are transported into the bile
by the bile salt export pump (BSEP) and multidrug-resis-
tance protein 2 (MRP2), and are stored in the gallblad-
der.2 When food enters the duodenum, cholecystokinin
causes contractions of the gallbladder and bile is ex-
creted into the duodenum. After fulfilling their func-
tion in the lumen of the gastrointestinal tract, about
95% of bile acids are reabsorbed in the small intestine.
The sodium-dependent bile acid transporter (ASBT),
also known as the ileal bile acid transporter (IBAT), up-
takes bile acids from the apical membranes of the entero-
cytes into the cells. Inside the enterocytes, bile acids are
bound to the ileal bile acid binding protein (IBABP). After
that, the organic solute transporter alpha/beta (Osto/f)
transports the bile acids into portal circulation through
the basal membranes of the enterocytes. This system
of proteins is crucial to maintain homeostasis of entero-
hepatic circulation.?

Bile acids that are not absorbed in the small intestine
are partially dehydroxylated and deconjugated from
the taurine and glycine groups to form secondary bile ac-
ids. Secondary bile acids are reabsorbed only by passive
transport (diffusion) from the large intestine or excreted
with a stool. Passive absorption (another means of diffu-
sion) depends on the pH and on the extent to which bile
acids have been biologically processed by the bacterial
flora of the colon.* In healthy people, the enterohepatic
circulation of the bile acid pool takes place in 6-10 cycles
per day, and the pool of bile acids is about 2.7 g (median
25-75 percentile of 2.5-3.1 g).>

Regulation of bile acid synthesis

Due to the loss of bile acids with stool, their constant
synthesis is needed to renew the pool. This process is reg-
ulated on the basis of feedback loops. The best-charac-
terized receptor involved in this process is the farnesoid
X receptor (FXR). The highest expression of FXR encod-
ing mRNA occurs in the ileum; its expression is lower
in the liver and large intestine.®

Bile acids bind to the FXR receptor and increase
the synthesis of fibroblast growth factor 19 (FGF-19).
It is a signal molecule produced by ileum cells and is re-
leased into the venous (portal) blood. A specific fraction
of receptors — FGF19-R - is found in hepatocytes. When
combined with the FGF-19, a cascade of intracellular sig-
nals is triggered in hepacytes, leading to the suppression
of CYP7A1 expression and, as a consequence, suppres-
sion of bile acid synthesis.”

Methods for determining
bile acids in vivo

Various methods using different measurements have
been created to study the enterohepatic circulation of bile
acids. In addition to determining the amount of bile acids
in the stool, which is troublesome because it requires 2
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to 3 days of stool collection, there are a number of meth-
ods to assess malabsorption of bile acids.

A test based on determining 23-seleno-25-homotauro-
cholic acid (SeHCAT) — homotaurocholic acid labeled with
selenium 75 — is considered the gold standard in the di-
agnosis of bile acid malabsorption in several European
countries; however, in Poland this is not a routine test.
The test starts with the administration of a radioactive la-
bel in the form of an oral capsule. The SeHCAT molecule
facilitates accurate assessment of the active absorption
of bile acids because it does not undergo passive penetra-
tion through the intestine wall and resists bacterial decon-
jugation.® The test entails measuring radiation after 3 h,
which is treated as point 0. The next measurement is car-
ried out after 7 days. Label retention below 10% is consid-
ered pathological; it indicates a high loss of bile acids with
stool and insufficient active absorption of bile acids.

To assess the current synthesis of bile acids, the con-
centration of intermediate substances from the synthesis
pathway is determined. The intermediate molecule most
frequently used in this test is 7-alpha-hydroxy-4-cho-
lesten-3-one (C4). Its concentration can be measured
in peripheral blood and reflects the current synthesis
of bile acids.

Studies of C4 concentration have shown increased syn-
thesis of bile acids in patients after ileal resection, in pa-
tients with Crohn’s disease and in patients with irritable
bowel syndrome with diarrhea (IBS-D). The values noted
were significantly higher than in healthy volunteers.’

Studies are still being carried out in search of the op-
timal bile acid malabsorption biomarker for clinical use.
Such an indicator could be, for example, the concentra-
tion of FGF-19 alone or in combination with other pa-
rameters. One study reported on the utility of fluorine
(19F)-labeled bile acid analogs and magnetic resonance
imaging (MRI) in identifying altered bile acid transport
in mice.! Two groups of mice were compared: wild-type
and FGF15-deficient mice (FGF15 is a murine homo-
log of human FGF-19). After dosing the animals orally,
the researchers quantified 19F-labeled bile acid analog
levels in the gallbladder, liver, intestine, and plasma using
liquid chromatography. The signal of the 19F-labeled bile
acid analogs measured in the gallbladders of the FGF15-
deficient mice was several times less intensive than
in the gallbladders of the wild-type mice. The authors
of that study suggested that 19F-labeled bile acid analogs
combined with MRI are a potential tool for diagnosing
bile acid diarrhea due to FGF-19 deficiency.

Disorders of bile acid absorption

Several studies have found that diarrhea after ileal
resection results from bile acid absorption disturbance
or biliary acid malabsorption (BAM). There are 3 types
of disturbances of bile acid absorption': BAM Type 1,

associated with structural damage of the ileum caused
by the inflammatory process, post-radiation changes
or following intestinal resection; BAM Type 2, which
is idiopathic, including situations in which absorption
disorders can be determined using reliable tests, but
the etiology is not known; and BAM Type 3, which is sec-
ondary to other diseases.

Changes in the proportions
of bile acids

In addition to quantitative changes, deviations
in the proportions of bile acids are also important. They
can be the cause or the effect of certain diseases. For ex-
ample, in patients with diarrhea or altered intestinal flo-
ra, the amount of chenodeoxycholic acid (CDCA) may
be equal to the amount of deoxycholic acid.!? In patients
with Crohn’s disease, due to impaired bile acid absorption,
higher concentrations of primary (cholic and chenode-
oxycholic) acids and reduced concentrations of second-
ary acids were found in bile from the gallbladder as com-
pared to cholecystectomy patients.? In patients with BAM
Type 1, the composition of bile acids is also altered, with
an increased proportion of primary acids. In BAM Types 2
and 3, the data are limited and thus not indicative.

The influence of bile acids
on intestinal mucosal secretion

It is known that bile acids have a significant effect
on the secretory functions of the large intestine. In the ce-
cum, the concentration of bile acids is about 0.6mM. Wa-
ter secretion begins in the colon when the concentration
of bile acids reaches 3—10mM. However, this does not
apply to all bile acids to the same extent: cholic acid does
not induce secretion, while CDCA induces secretion
at 5mM and deoxycholic at 3mM.13 It is worth mention-
ing that such high concentrations of bile acids only occur
only after large resections of the small intestine.!*

Bile acids induce intestinal secretion by activating in-
tracellular mechanisms (increasing the concentration
of cyclic adenosine-3’,5-monophosphate (CAMP)),'
by the detergent effect!® or by increasing cell membrane
permeability and inhibiting the Cl-/OH- exchanger."”
The G-protein-coupled bile acid receptor (TGR5)
is found in the submucosal ganglia of the large intestine
When combined with bile acid, the TGR5 receptor trig-
gers a cascade of signals, causing increase in intracellu-
lar CAMP concentration.!® Various bile acids have differ-
ent affinities for the TGR5 receptor.

Intestinal flora is another factor regulating the activity
of bile acids. Anaerobic colon flora produces 15-20 dif-
ferent bile acid metabolites.!” Cholic acid, which does not
affect intestinal secretion, is processed by bacteria into
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deoxycholic acid, which intensifies intestinal secretion.
In turn, CDCA, which is induces secretion, is processed
into lithocholic acid, which does not induce intestinal se-
cretion.

In addition to targeting specific receptors, it has been
shown that bile acids can have a direct effect on the cho-
linergic system. Taurocholic acid acts as a partial cholin-
ergic agonist.?’ The physiological role of bile acid interac-
tion with cholinergic muscarinic receptors is debatable,
although it is known that bile acids at millimolar concen-
trations activate muscarinic receptors. The full signifi-
cance of this, however, has yet to be determined.

The influence of bile acids
on intestinal motor
functions

Functional disorders induced by bile acids, especial-
ly diarrhea, are usually attributed to their secretion.
It should be noted that bile acids influence intestinal
peristalsis by acting on the smooth muscles regard-
less of the effects of secretion. The first in vivo studies
in animals showed that the administration of primary
(tauro- and glycocholic) bile acids to the cecum or in-
trarectally induces sigmoidal spasticity.?! Interestingly,
the administration of these acids to the cecum simulta-
neously induces sigmoid spasms. In subsequent studies,
the myoelectric activity of the proximal sigmoid colon
after the administration of deoxycholic acid was mea-
sured using specially designed electrodes. No changes
in the slow base rhythm were observed, while electric
waves along the intestine were observed, causing intesti-
nal muscle spasms.??

In human studies, administering deoxycholic acid
up to 1 mmol/L reduces the rectal volume required for
an urge to defecate. At a concentration of 3 mmol/L,
most subjects experienced an urgent need for defecation
within 2-30 min after bile acid administration. Other
intestinal spasms that are not observed when admin-
istering saline solution also appeared.?? Similar results
were obtained by administering CDCA.** At the conclu-
sion of the study, it was found that CDCA in physiologi-
cal concentrations might induce peristaltic movements
originating in the proximal colon.

In another study, oral administration of CDCA gas-
tro-resistant capsules reduced intestinal transit time,
decreased stool density and increased the rate of def-
ecation.?” Intramural intestinal neurons are probably
involved in the transmission of this stimulus; however,
there has only been 1 study of this phenomenon and its
results indirectly suggest from the observation that this
response may be inhibited by administering anesthet-
ics (tetrodotoxin and procaine) to the intestinal lumen
in the animal model.?*

Bile acids and diarrhea

According to one study,?” bile acid absorption dis-
orders occur in 30% of subjects with diarrhea of unde-
termined etiology. There have been many experimental
studies documenting the stimulating effect of bile acids
on intestinal peristalsis. However, only few of them were
aimed at assessing changes in the functioning of the in-
testinal muscles in relation to the concentration of bile
acids in the stool or in the colon. A study of 12 subjects
reported a significant association between bile acid se-
cretion and colonic peristalsis in response to food and
prostagmin (an anticholinesterase agent).?!

In another study, 43 patients with chronic diarrhea and
diagnosed malabsorption of bile acids were evaluated us-
ing the SeHCAT test. There was a significant reduction
in intestinal transit time compared to healthy volunteers.
Interestingly, the acceleration of the passage occurred
only in the distal part of the colon.?®

Insummary,increasesinintestinal secretion and chang-
es in the proportion of bile acids in the stool are char-
acteristic of BAM. The symptom is diarrhea or IBS-D,*
which is associated with increased secretion of water and
mucus into the intestine, increased peristalsis and per-
meability of the mucous membrane.

Bile acids and constipation

Only few studies have been devoted to the role of bile
acids in the pathophysiology of constipation. A study
by Vijayvargiya et al.3! at the Mayo Clinic (Rochester,
USA) proposed that there is a group of patients with irri-
table bowel syndrome with constipation (IBS-C) in whom
the amount of bile acids in the stool is reduced, which
is either the reason for this disease, or there is another
association with constipation in these people. The prem-
ise for that research was the fact that the administra-
tion of bile acid sequestrants, such as cholestyramine
and colesevelam, used in the treatment of hypercholes-
terolemia, is known to cause constipation. This allowed
the assumption that a deficiency of conjugated bile acids
in the stool leads to constipation. Vijayvargiya et al. con-
ducted their study on a small group and showed that 15%
of the subjects with IBS-C had bile acid concentrations
below the 10™ percentile. However, it should be noted
that in the control group the same disorder occurred
in 9% of the subjects. In the end it was concluded that
among patients with IBS-C there is a group of patients
with reduced amounts of bile acids in the stool; however,
it is a relatively small group. Thus, further research is re-
quired on a larger population of patients.

In previous studies, the Mayo group confirmed that bile
acid concentrations in stool were higher in IBS-D patients
than in IBS-C patients. A significant number of these
patients had elevated serum C4 and decreased FGF-19,
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which is consistent with what is known about the regula-
tion of bile acid synthesis through negative conjugation.

Another study at the Mayo Clinic also showed that
the stool content of unconjugated bile acids (deoxycho-
lic and chenodeoxycholic acid) was lower in patients with
IBS-C, and lithocholic acid was higher in the same group,
but this was not related to intestinal transit time.32

Deoxycholic acid increases the secretion of water into
the lumen of the intestine, while the administration
of CDCA intensifies peristaltic contractions of the large
intestine.?® A shortage of these substances in theory can
lead to increased stool density and less frequent bowel
movements. In patients with constipation, a shortage
of these bile acids may result from low synthesis caused
by disturbances in the FGF-19 feedback loop and/or in-
creased absorption of passive bile acids in the large in-
testine.

Another interesting report described a paradoxical C4
increase in the serum of patients with constipation, and
slow passage compared to functional constipation. This
suggests a compensatory increase in bile acid synthesis
to provide an endogenous laxative factor.3* Other studies
have assessed how intestinal passage affects the absorp-
tion and re-secretion of bile acids. Healthy volunteers,
after the administration of loperamide (an agent used
to decrease the frequency of diarrhea), had an increased
concentration of deoxycholic acid in the bile.3*> Converse-
ly, patients with constipation, after the administration
of sennosides, showed decreases in the concentration
of deoxycholic acid in the bile.?® This confirms the exis-
tence of functional feedback loops regulating the intesti-
nal passage and secretion of bile acids into the intestinal
lumen. This regulation takes place both at the cellular
and systemic levels.

Slow intestinal passage may also lead to more efficient
conversion of bile acids by the bacterial flora of the colon
by coupling with sulfate residues, which neutralizes bile
acid secretory activity. In a study of children with consti-
pation, it was shown that CDCA appeared in its inactive
(sulfated) form.” This may be due to slow intestinal tran-
sit and longer exposure of the acids to the intestinal flora.
At the same time, bile acids, which are inactive in their
secondary form, weaken the intestinal passage. It is dif-
ficult to indicate what constitutes the cause and what
is the effect.

The treatment of patients with constipation due to a de-
ficiency of bile acids could consist of agents increasing
the excretion of bile acids. Indeed, the administration
of CDCA in healthy people as well as in patients with
IBS-C accelerated intestinal transit and increased the fre-
quency of bowel movements.?>33 Another therapeutic ap-
proach would be to block IBAT to reduce the absorption
of bile acids and increase their levels in the stool. The drug
elobixibat, currently undergoing clinical trials, inhibits
IBAT in the terminal ileum.?® By inhibiting the reabsorp-
tion of bile acids, elobixibat increases the amount of bile

acids reaching the large intestine, which at the same time
increases colonic motility and secretion.® In a phase
2 randomized trial, a daily 10 mg dose of elobixibat sig-
nificantly increased the frequency of bowel movements
and decreased stool density in patients with chronic con-
stipation.?® There was also a decrease in low-density lipo-
protein (LDL) cholesterol without affecting high-density
lipoprotein (HDL) cholesterol, which is consistent with
other studies on elobixibat.*°

Summary

Modern research methods have allowed us to discover
the molecular basis of action of bile acids on the diges-
tive tract. Their quantity, qualitative composition and
biological processing by the intestinal flora translate
into the secretion and motor functions of the intestines.
Knowledge of these factors provides a promising range
of therapeutic options, which are at present undergoing
clinical trials.
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