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Abstract
Clinical studies have indicated that circulating bile acid 
(BA) concentrations increase following bariatric surgery, 
especially following malabsorptive procedures such as 
Roux-en-Y gastric bypasses (RYGB). Moreover, total 
circulating BA concentrations in patients following 
RYGB are positively correlated with serum glucagon-
like peptide-1 concentrations and inversely correlated 
with postprandial glucose concentrations. Overall, 
these data suggest that the increased circulating BA 
concentrations following bariatric surgery - independently 
of calorie restriction and body-weight loss - could 
contribute, at least in part, to improvements in insulin 
sensitivity, incretin hormone secretion, and postprandial 
glycemia, leading to the remission of type-2 diabetes 
(T2DM). In humans, the primary and secondary BA 
pool size is dependent on the rate of biosynthesis 
and the enterohepatic circulation of BAs, as well as 
on the gut microbiota, which play a crucial role in BA 
biotransformation. Moreover, BAs and gut microbiota 
are closely integrated and affect each other. Thus, 
the alterations in bile flow that result from anatomical 
changes caused by bariatric surgery and changes in gut 
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microbiome may influence circulating BA concentrations 
and could subsequently contribute to T2DM remission 
following RYGB. Research data coming largely from 
animal and cell culture models suggest that BAs can 
contribute, via  nuclear farnezoid X receptor (FXR) and 
membrane G-protein-receptor (TGR-5), to beneficial 
effects on glucose metabolism. It is therefore likely 
that FXR, TGR-5, and BAs play a similar role in glucose 
metabolism following bariatric surgery in humans. The 
objective of this review is to discuss in detail the results of 
published studies that show how bariatric surgery affects 
glucose metabolism and subsequently T2DM remission. 

Key words: Bariatric surgery; Type-2 diabetes; Bile acids; 
RXR; TGR-5; Gut microbiota; Roux-en-Y gastric bypasses
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Core tip: Emerging evidence suggests that increased 
concentrations of circulating bile acids could, through 
their interaction with membrane (TGR-5) and nuclear 
(FXR) receptors, significantly contribute to improved 
glucose metabolism following bariatric surgery. 
This review presents information on the potential 
mechanism of bile acids on the remission of type-2 
diabetes following bariatric surgery.
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INTRODUCTION
The number of overweight and obese individuals 
increased worldwide by approximately 28% between 
1980 and 2013[1]. Obesity is caused by many factors, 
such as lifestyle habits including physical activity, 
exposition to environmental factors, genetic and 
epigenetic factors, and hormones and gut microbiota, 
and is characterized by excessive fat accumulation 
and the development of several diseases, including 
type-2 diabetes (T2DM), which is a major public health 
problem at present[2-6]. However, the primary inducer 
of obesity and its associated disorders is inappropriate 
food intake, especially of food containing high amounts 
of fat and carbohydrates[7].

Bariatric surgery, which is currently the most 
effective treatment for obesity and its associated 
disorders, provides long-term control of T2DM in 
approximately 80% of patients, while the conventional 
therapy has never been as effective[8]. The supremacy 
of the bariatric procedure in T2DM therapy has 
been confirmed by independent randomized trials 

where it was compared to an intensive course of the 
conventional treatment[9,10]. Very recently, the “Joint 
Statement by International Diabetes Organizations” 
regarding the role of bariatric (metabolic) surgery in 
the Treatment Algorithm for T2DM was published[11]. 
The general conclusion of the statement is that 
bariatric (metabolic) surgery should be recommended 
for the treatment of patients with TMD2 and obesity. 
Moreover, in news published recently in the British 
Medical Journal[12], it is suggested that bariatric surgery 
“(…) is a highly cost effective therapy for patients with 
T2DM (…)”. 

Roux-en-Y gastric bypass (RYGB), a commonly 
used bariatric procedure, creates a small pouch in 
the stomach and connects it to the proximal jejunum 
to form the Roux limb, which is anastomosed to the 
duodenal limb, forming a Y configuration (Figure 1B). 
The anatomical changes resulting from RYGB (namely 
the exclusion of a long section of the small intestine 
from the passage of food) encourage bile to reach 
the distal intestine in relatively high concentrations 
(because the excreted bile has not mixed with ingested 
food). These events are frequently associated with: 
(1) body mass loss and improvement in associated 
disorders, including T2DM; (2) modification of secretion 
and action of some gut hormones and peptides, 
including incretin hormones[13-15]; (3) an increase in 
circulating bile acid (BA) concentrations[14-16]; and (4) 
alterations in gut microbiota[14,17-20]. The alterations 
in gut microbiota, which play a crucial role in the 
conversion of primary BAs to secondary BAs, indirectly 
activate (or do not activate) nuclear and membrane 
receptors via modification of the structure of BAs, and 
may thus influence human glucose metabolism[21]. 

It is generally believed that the improved glycemic 
control following RYGB, besides body weight loss 
and calorie restriction, can be the consequence of an 
increase in hepatic and peripheral insulin sensitivity, as 
well as of the increase in postprandial insulin secretion 
as a result of increased glucagon-like peptide-1 (GLP-1) 
secretion[13]. Some data suggest that body mass 
loss is an important determinant of T2DM remission 
one year following RYGB[22]. Other data indicate that 
changes in glycemic control following RYGB are mainly 
mediated by caloric restriction, but not by increased 
energy expenditure[15]. Since the improvement in 
glucose metabolism consequent on bariatric surgery 
is observed earlier than body mass loss, it is likely 
that the beneficial effect of RYGB (or other types of 
bariatric surgery) is at least in part independent of 
calorie restriction and body mass loss. So far, several 
mechanisms independent of body-mass loss for 
the improvement of glucose metabolism following 
bariatric surgery have been discussed[16]. However, the 
underlying mechanism of the action of bariatric surgery 
on glycemic control has not been fully elucidated. 

Emerging evidence indicates that the increase in 
circulating bile acids and intestinal microbiota (via 
modification of the chemical structure and subsequently 
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the biological activities of BAs) may play an important 
role in the improvement of glucose metabolism 
following bariatric surgery[16,23-27]. It should be em
phasized that restrictive bariatric procedures, such as 
sleeve gastrectomy and gastric banding, which have 
no effect or less effect on circulating BA concentrations, 
display less influence on T2DM remission. On the other 
hand, after malabsorptive procedures such as RYGB, 
significant increases in circulating BA concentrations and 
a simultaneous improvement of glucose metabolism 
have frequently been observed[14,28-30]. Some authors 
have suggested that circulating BA concentrations 
increase following RYGB, independently of caloric 
restriction[31].

In summary, there are several clinical indications 
that an increase in gut, and subsequently in circulating, 
BA concentrations can occur following bariatric surgery 
(especially after malabsorptive procedures). In turn, 
BAs may play an important role in the improvement 
of glucose metabolism, via their binding to the nuclear 
or membrane receptors present in many organs, 
including the intestine, liver, pancreas, adipose tissue, 
and skeletal muscle[32-35]. The clinical observations 
were confirmed by animal studies indicating that: 
(1) RYGB contributes to increases in total circulating 
BAs in rats[36]; and (2) farnezoid X receptors (FXR) 
- one of the types of nuclear receptor activated 
by BAs - may be involved in improving glycemic 
control following bariatric surgery. For instance, in 
FXR knockout mice, the ability of bariatric surgery to 
improve glucose tolerance was significantly reduced[37]. 
Moreover, it has been shown that the administration 
of BAs to mice increases energy expenditure via the 
membrane G-protein - receptor (TGR-5) signaling 
pathway, preventing insulin resistance[38]. Moreover, 
the antidiabetic effect of agonists of TGR-5 other 
than BAs (for instance, oleanolic acid) in mice was 
also observed[39]. It is therefore likely that BAs and 
the nuclear and membrane receptors activated by 

BAs could play an important role in the regulation 
of glucose metabolism, and subsequently in T2DM 
remission in humans following bariatric surgery. 
However, caution needs to be taken when translating 
animal results to humans[36]. 

In recently published elegant review Penney et al[16] 
summarized the results regarding the role of BA and 
FXR and TGR-5 receptors in: (1) regulation of BA, lipid 
and energy metabolism; (2) glucose homeostasis; (3) 
incretin and other gut satiety hormones production; 
and (4) endoplasmic reticulum stress following bariatric 
surgery. The goal of this review is to focus on (1) BAs 
biosynthesis in liver; (2) BAs biotransformation in gut 
and enterohepatic circulation; and (3) the potential 
role of increased circulating BA concentrations and 
alterations of gut microbiota in improvement of glucose 
metabolism and subsequently in T2DM remission 
following bariatric surgery. In other words, this review 
offer a deeper understanding of the effect of bariatric 
surgery on T2DM remission. 

EFFECT OF BARIATRIC SURGERY 
ON T2DM REMISSION: RESTRICTIVE 
PROCEDURES ARE LESS EFFECTIVE 
THAN MALABSORPTIVE PROCEDURES
As mentioned above, RYGB ameliorates most obesity 
related diseases, including T2DM[40]. As far as the 
remission of T2DM is concerned, biliopancreatic 
diversion with duodenal switch (BPD-DS)-a procedure 
where the longer intestinal limb is excluded from the 
alimentary passage - and transiting concentrated 
bile provided better results than RYGB, a procedure 
with markedly shorter biliary limbs (Figure 1)[41]. In 
turn, BPD-DS and RYGB are associated with a higher 
efficiency of T2DM remission than sleeve gastrectomy 
(SG), where no biliary exclusion is performed 
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Figure 1  Anatomical changes in gastrointestinal tract resulting from: sleeve gastrectomy (A), Roux-en-Y gastric bypass - distal/scopinarized (B), Roux en 
Y gastric bypass - long limb (C). 
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procedures, could be used in the treatment of both 
T1DM and T2DM. 

ROLE OF THE LIVER IN PRIMARY 
BILE ACID BIOSYNTHESIS AND 
ENTEROHEPATIC BILE ACID 
CIRCULATION
In healthy subjects, cholic acid (CA) and chenode
oxycholic acid (CDCA) are the primary BAs synthesized 
from cholesterol mainly via the classic (or neutral) 
pathway in the liver endoplasmic reticulum. This 
pathway accounts for more than 90% of the total 
BA synthesis under physiological conditions[54]. 
Cholesterol in the presence of NADPH and O2 is 
converted to 7α-hydroxycholesterol by cytochrome P450 
7α-hydroxylase (CYP7A1, encoded by CYP7A1), the 
rate limiting enzyme in both CA and CDCA biosynthesis 
(Figure 2). CYP7A1 is under negative feedback 
regulation by BAs, via BAs binding to FXR[55]. On the 
other hand, liver X receptor is involved in a feed-
forward regulation of CYP7A1 dependent on oxysterol, 
which is formed from cholesterol (Figure 2). The 
7α-hydroxycholesterol thus formed is then converted 
by 3β-hydroxy-∆5 -C27 steroid oxidoreductase (which 
isomerizes the ∆5 bond to the ∆4 position and oxidizes 
the 3β-OH to a 3-oxo group) to 4-cholesten-7α-ol-
3-one, a precursor of both CA and CDCA (Figure 
3A). In contrast to CDCA synthesis, CA requires the 
introduction of a hydroxyl group (OH group) in position 
12α on the steroid skeleton. Therefore, 4-cholesten-
7α-ol-3-one is hydroxylated to 4-cholesten-7α, 
12α-diol-3-one by 12α hydroxylase (CYP8B1, encoded 
by CYP8B1). Recently, it has been found that BA-

(Figure 1A)[42]. Several papers have indicated that 
improvements in insulin sensitivity were observed 
early after the surgery when the duodeno-jejunal 
exclusion is performed and cannot be only dependent 
on body mass loss[43-46]. Some authors have reported 
that the homeostatic model assessment of insulin 
resistance (HOMA-IR) had significantly improved even 
as soon as a few days after the gastric bypass[47-50]. 
Moreover, One Anastomosis Gastric Bypass (OAGB), 
where the concentrated bile transit is more than 
doubled in comparison to standard RYGB, provides 
greater improvement in HOMA-IR[47]. The reduction 
of the HOMA-IR value after SG is not as spectacular 
as observed following BPD-DS and RYGB, and is 
associated rather with the extreme caloric restriction 
resulting from the surgery[47]. 

The data suggest that the concentrated bile transit 
in the excluded jejunum, and the subsequently 
enhanced circulating concentrations of BAs, may play 
an important role in metabolic improvement following 
bariatric procedures. The mechanisms triggered 
by the altered digestive tract anatomy after the 
separation of the intestinal section from the alimentary 
passage are recognized as a key factor in foregut 
theory[51]. An overview of the anatomical changes in 
the gastrointestinal tract caused by various types of 
bariatric surgery is presented in Figure 1.

The effectiveness of gastric bypass in managing 
patients with type-1 diabetes mellitus or patients 
with low concentrations of C-peptide (below 1 ng/mL) 
has also been reported[52,53]. Significant reductions in 
exogenous insulin administration have been observed 
shortly following the operation in the studied patients. 

Overall, the clinical data reviewed above support 
the idea that bariatric surgery, especially malabsorptive 

Figure 2  Course and regulation of reactions catalyzed by cholesterol 7α-hydroxylase - the rate limiting enzyme in bile acid biosynthesis. Bile acids (BAs) 
formed from 7α-hydroxycholesterol bind to farnezoid X receptor (FXR) and inhibit expression of the gene coding for 7α-hydroxylase, subsequently diminishing the 
rate of BA biosynthesis in liver. Oxysterols formed from cholesterol bind to liver X receptor (LXR) and stimulate expression of the gene coding for 7α-hydroxylase and 
the subsequent conversion of cholesterol to 7α-hydroxycholesterol and to BAs.
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activated FXR increases the levels of MAFG (a product 
of the Mafg gene), which in turn inhibits CYP8B1 in 
mice[56]. Moreover, it has been shown that MAFG has 
no effect on CYP7A1. This suggests that MAFG may 
regulate the CDCA:CA ratio (and subsequently BA 
composition), and thus the hydrophobicity of BAs 
(by inhibiting CA synthesis without affecting CDCA 
synthesis), though not the BA pool size[56]. All the later 
steps in the formation of BAs, such as the conversion 
of 4-cholesten-7α-ol-3-one to chenodeoxycholyl-
CoA or 4-cholesten-7α, 12α-diol-3-one to cholyl-CoA, 
are catalyzed by the same enzymes that are present 
in the hepatocytes (Figure 3B). Note that Figure 
3B shows the pathway of cholyl-CoA biosynthesis. 
Biosynthesis of chenodeoxycholyl-CoA (which, unlike 
CA, does not contain a 12-OH group) takes place in 
the same manner and is catalyzed by the same liver 
enzymes (not shown). An alternative pathway (the 
acidic pathway) also begins in the hepatocytes with 
the mitochondrial 27-hydroxylation of cholesterol, 
catalyzed by CYP27A1 (encoded by CYP27A1) (not 

shown). Moreover, the mitochondrial 27-hydroxylation 
of cholesterol may additionally occur in extrahepatic 
tissue[57]. The conversion of cholesterol to BAs can 
also begin with 25-hydroxylation or 24-hydroxylation 
of cholesterol in extrahepatic tissue[58], though these 
pathway are probably responsible for less than 1% 
of the total production of BAs. 27-OH-cholesterol, 
25-OH-cholesterol, and 24-OH-cholesterol are then 
hydroxylated by specific hydroxylases (CYP7B1 in 
the case of 27-OH-cholesterol, 25-OH-cholesterol 
or CYP39A1 or CYP7A1 in the case of 24-OH-
cholesterol)[58,59]. Regardless of the initial hydroxylation 
of cholesterol, all the later steps in the biosynthesis 
of BAs occur in the liver, according to the scheme 
presented in detail in Figure 3B. 

Most BAs, once formed, are immediately con
jugated to glycine or taurine in liver peroxisomes, 
as illustrated in Figure 4. For example, Figure 4 
shows the conversion of cholyl-CoA to glycocholic 
acid or taurocholic acid (TCA). The conversion of 
chenodeoxycholyl-CoA to glycochenodeoxycholic acid 

Figure 3  Classic pathway of bile acid biosynthesis in the liver. A: Conversion of 7α-hydroxycholesterol to 5β-cholestan-3α, 7α-diol - a precursor of 
chenodeoxycholyl-CoA - and of 7α-hydroxycholesterol to 5β-cholestan-3α, 7α,12α-triol - a precursor of cholyl-CoA. B: Conversion of 5β-cholestan-3α, 7α, 12α-triol 
to cholyl-CoA. Note that the conversion of 5β-cholestan-3α,7α-diol to chenodeoxycholyl-CoA biosynthesis takes place in the same manner and it is catalyzed by the 
same liver enzymes (not shown).
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(GCDCA) or taurochenodeoxycholic acid (TCDCA) 
proceeds in the same manner (not shown). It is worth 
noting that conjugation changes the ability of BA to 
activate nuclear and membrane receptors. Primary 
BAs preferentially activate FXR, whereas TGR-5 is 
principally activated by secondary BAs[60]. 

BAs conjugated with taurine or glycine in the 
hepatocytes are excreted from the liver, chiefly via bile 
salts export proteins (BSEP) present at the canalicular 
membrane of the hepatocytes to canaliculi and then, 
via hepatic ducts, to the gallbladder, where the bile 
is concentrated during interdigestive periods before 
being released into the duodenum (Figure 5). Meals, 
especially those containing dietary fat, stimulate 
intestinal cells to secrete cholecystokinin, which in turn 
promotes the contraction of the gallbladder, facilitating 
the secretion of bile salts into the duodenum via the 
common bile duct (Figure 5). More than 95% of bile 
salts are reabsorbed by the intestinal cells (ileocytes) 
via apical sodium-dependent BA transporter (ASBT), 
also called ileal BA transporter (IBAT)[61], or through 
passive diffusion, mostly in the upper small intestine 
and colon[62,63] (Figure 5). In intestinal cells, BAs are 
transdiffused across the ileocytes or are bound to 
I-BABP (ileocyte BA-binding protein), also known as 
FABP6 (fatty-acid binding protein 6). The binding of 
BAs to I-BABP facilitates the transport of BAs across 
ileocytes. Interestingly, some BAs (such as TCA) 
increase I-BABP levels through activation of FXR 
and the subsequent stimulation of expression of the 
gene encoding I-BABP, suggesting that this protein 
plays an important role in regulation of enterohepatic 
BA circulation[64]. BA efflux from intestinal cells is 
mediated via organic solute transporters α and 
β (OSTα and OSTβ heterodimers) located in the 
basolateral membrane of intestinal cells[54] (Figure 
5). The reabsorbed BAs enter portal circulation and 
are transported back to the liver (hepatocytes). Na+-
taurocholate cotransport peptide and the organic 
anion transporting proteins, located in basolateral 
membrane of the hepatocyte, are responsible 

for sodium dependent uptake of conjugated and 
unconjugated BAs, respectively[33,54]. Figure 5 presents 
an overview of enterohepatic BA circulation. Some 
data suggest that the altered enterohepatic circulation 
of BAs could contribute to improved insulin sensitivity 
and cholesterol metabolism following biliopancreatic 
diversion[65]. 

After intestinal absorption and the return to 
the enterohepatic circulation, the conjugated and 
unconjugated BAs in the hepatocytes can undergo: 
(1) conversion to the corresponding CoA esters (CA 
to cholyl-CoA and CDCA to chenodeoxycholyl-CoA) by 
bile acid-CoA synthase (BACS; also called bile acid-
CoA ligase, BACL) followed by reconjugation with 
glycine or taurine catalyzed by bile acid-CoA:amino 
acid N-acyltransferase, as presented in Figure 4 (only 
unconjugated BAs); (2) re-epimerization (conversion 
of the 3β-OH form to the 3α-OH form); (3) reduction 
(conversion of the O = form to the OH form); and 
(4) 7α-hydroxylation (in some species, though not 
in humans)[66]. It should be emphasized that the 
enterohepatic circulation of BAs is regulated by BA-
activated FXR, which influences the levels of BSEP, 
ASBT, and IBBAP[67]. 

ROLE OF INTESTINAL MICROBIOTA IN 
SECONDARY BILE ACID PRODUCTION-
INTERACTIONS BETWEEN BILE ACIDS 
AND INTESTINAL MICROBIOTA
Approximately 5% of bile salts (bile acids conjugated 
with glycine or taurine) escape enterohepatic 
circulation and undergo biotransformation to secondary 
BAs by intestinal microbiota enzymes. CA is converted 
to deoxycholic acid (DCA) and CDCA to litocholic 
(LCA)[68]. In healthy adults, the daily fecal loss of BAs 
amounts to 0.4-0.8 g, which is replenished by de novo 
BA biosynthesis (that is, conversion of cholesterol to 
BAs) in the liver, as described above and presented in 

Figure 4  Conjugation reactions of cholyl-CoA with taurine or glycine. 
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Figures 2 and 3. 
It is worth noting that the human intestine is 

colonized by about 100 trillion microbial cells[69], whose 
total biomass is approximately 1 kg[70]. The majority 
of gut microbiota are considered to be commensals, 
as they play important symbiotic roles, including: (1) 
the degradation of nondigested polysaccharides to 
short-chain fatty acids[71]; (2) the production of some 
vitamins (B and K)[72]; and (3) BA biotransformation. 
Six bacterial phyla-Firmicutes, Bacteroidetes, 
Proteobacteria, Actinobacteria, Fusobacteria, and 
Verrucomicrobia-dominate in the gut of adult healthy 
human. Firmicutes and Bacteroidetes together can 
constitute over 90% of the microbiota, whereas the 

other phyla range between 2% and 10%[73]. The 
composition and activity of the gut microbiota is 
affected by energetic substrate availability and the 
physicochemical conditions in the alimentary tract. 
Substrates required by gut bacteria come from food 
ingested by host. The host also provides mucins, 
desquamated cells, and digestive enzymes, which 
can be used by gut bacteria, as well as BAs, which 
influence bacterial growth and are metabolized (undergo 
biotransformation) by bacteria. Gut microbial changes 
in response to any intervention-for example anatomical 
changes caused by bariatric surgery[19,36] or antibiotic 
treatment[74]-may also affect BA biotransformation. In 
other words, it may be supposed that changes in gut 

Figure 5  Overview of the enterohepatic circulation of bile acids. BAs: Bile acids; C-BAs: Conjugated bile acids; BSEP: Bile salt export proteins; ASBT: Bile acid 
transporter; I-BABP: Ileocyte bile-acid binding protein; OSTα/OSTβ: Organic solute transporters α/β; NTCP: Na+-taurocholate cotransport peptide. 
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Table 1  Abundance of bacterial species in various sections of 
the human intestine
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microbiota composition can influence the composition 
and concentrations of circulating BAs, which in turn 
can affect obesity and related disorders. However, it 
remains to be clarified further how bariatric surgery 
(and other treatments) modulates the gut microbiota 
towards a beneficial or harmful composition. 

BA biotransformation occurs mainly in the large 
intestine, which is rich in bacteria (Table 1). Intestinal 
biotransformation is a very complex process involving 
several reactions, including: (1) removal of the glycine 
or taurine side chain, a process commonly known as 
the deconjugation of BAs; (2) 7α-dehydroxylation 
(removal of OH group at C-7α); (3) oxidation and 
epimerization of the C-3, C-7, or C-12 OH groups of 
BAs; (4) reduction of steroid skeleton (insertion of H 
into steroid structure); and (5) hydroxylation of BAs 
(insertion of an OH group)[68,75-78].

 Bile salt deconjugation is catalyzed by bile salt 
hydrolase (BSH) (Figure 6). This enzyme is present in 
various gut bacteria including: Clostridium, Bacteroides, 
Lactobacillus, Bifidobacterium, and Enterococcus (Table 
1)[77]. In theory, deconjugation can begin in the small 
intestine, since bacteria displaying BSH activity are 
found there, though only in small numbers (Table 1). 
It is worth noting that deconjugated BAs are highly 
insoluble, toxic compounds and are excreted more 
rapidly than conjugated BAs[79]. 

The 7α-dehydroxylation contributes to the conversion 
of CA and CDCA to DCA and LCA, respectively. The 
formation of DCA and LCA - the secondary BAs that 

predominate in human feces (Table 2)-is considered 
the most quantitatively important biotransformation 
process of BAs[78]. This process is carried out by only 
a few strains of human intestinal bacteria, including 
Bacteroides, Clostridium, Streptococcus fecalis, and 
Veillonella[78]. Theoretically, dehydroxylation can take 
place also in the small intestine, since bacteria capable 
of performing such activities (dehydroxylation of CA) 
are found there (Table 1). 

The oxidation and epimerization of the C-3, 
C-7, or C-12 hydroxy groups of BAs are catalyzed 
by α-hydroxysteroid dehydrogenases (α-HSDH) or 
β-HSDH, which are also present in gut bacteria.

It is worth noting that bile (especially the BAs 
it contains) significantly affects the survival and, 
subsequently the colonization, of some intestinal 
bacteria, especially in the small intestine[80]. Several 
mechanisms have been proposed for the direct 
antimicrobial action of BAs namely: (1) the interaction 
of BAs with bacterial membrane (where the BAs 
simply act as detergents); (2) acidification of bacterial 
cytoplasm; (3) bacterial DNA damage; and (4) 
alterations in bacterial proteins[66]. Studies with mice 
lacking FXR suggest that, besides direct antimicrobial 
action, BAs have indirect effects through FXR-induced 
antimicrobial peptide synthesis in the intestine[81]. 
Interestingly, Gram-positive bacteria are more sensitive 
to the deleterious effects of BAs than are Gram-
negative bacteria[77]. It is worth noting that the gut 
bacteria benefit from metabolizing BAs. For instance, 
in catalyzing the deconjugation of BAs, gut bacteria 
can use glycine or taurine for their own metabolism[82]. 
Additionally, gut bacteria use BAs as sinks for the disposal 
of electrons liberated during bacterial fermentation[82]. 

The results discussed above indicate that BA pool 
size is controlled through 3 processes: (1) regulation of 
BA biosynthesis in the human liver; (2) enterohepatic 
circulation; and (3) the involvement of intestinal 
microbiota in the biotransformation of BAs[54]. As a 
result of their antimicrobial activity, BAs can affect the 
abundance and composition of gut microbiota[54,83,84]. 
This means that BAs and gut microbiota are closely 
integrated and affect each other: bile affects the 

Intestine Abundance of Bacteria Bacteria

Small intestine
Duodenum About 103 (bacteria/mL) Lactobacillus1

Streptococcus2

Jejunum About 104 (bacteria/mL) Lactobacillus1

Streptococcus2

Staphylococcus
Veillonella2

Ileum 106-108 (bacteria/mL) Enterobacteri1

Enterococcus1

Bacteroides1,2

Clostridium1,2

Lactobacillus1

Veillonella
Large intestine About 1011 (bacteria/g) Bacteroides1,2

Eubacterium2

Bifidobacterium1

Ruminococcus
Peptostreptococcus
Propionibacterium

Clostridium1,2

Lactobacillus1

Escherichia
Streptococcus2

Methanobrevibacter

1Bacteria displaying bile salt hydrolase (BSH) activity; 2Bacteria capable of 
catalyzing 7α-dehydroxylation. Based on data presented in[68].

Table 2  Composition of human biliary and fecal bile acids

Bile acids Biliary 
bile acids 

composition 
(% of total)

Fecal bile acids 
composition 
(% of total)

Cholic acid (CA) 35%   2%
Chenodeoxycholic acid (CDCA) 35%   2%
Deoxycholic acid (DCA) 25% 34%
Ursodeoxycholic acid (UDCA)   2%   2%
Lithocholic acid (LCA)   1% 29%
12-oxo-Lithocholic acid (12-oxo-LCA) -   3%
Other   2% 28%

Table shows percentage of both conjugated and unconjugated bile acids. 
Based on data presented in[68].
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growth and colonization of bacteria in the intestine, 
while bacteria contribute to the biotransformation 
of BAs. Theoretically, in pathological conditions, 
perturbations in the equilibrium between BA pool size 
and gut microbiota could occur. An intriguing example 
of such perturbation might be the state after bariatric 
surgery, when the gut contains more concentrated 
bile, which may affect the survival and subsequently 
the colonization of some gut bacteria, especially 
those involved in BA biotransformation and short-
chain fatty acid production. As energetic substrates for 
colonocytes, short-chain fatty acids play an important 
role in maintaining intestinal barrier permeability[85].

EFFECT OF BARIATRIC SURGERY ON 
INTESTINE MICROBIOTA ABUNDANCE 
AND COMPOSITION
Gut microbiota is now considered an important factor 
affecting human health[86,87]. It is known that gut 
microbial composition is significantly altered in obese 
subjects, as compared to lean controls[88]. Using 16S 
rRNA to quantitatively identify bacteria, it has been 
shown that obesity is associated with a decrease in the 
relative abundance of Bacteroidetes vs Firmicutes[88-90]. 
Some data suggest that gut microbiota may play some 
role in the development of obesity[91-93] and obesity-
related diseases[93,94], including T2DM[95,96]. In mice, 
gut microbiota composition changes significantly in 
response to dietary changes[97]. 

Several papers have pointed to significant changes 
in gut microbiota abundance and composition in 
humans and animal models as a possible beneficial 
effect of bariatric surgery[17,20,98-102]. Moreover, following 
bariatric surgery, an association has been reported 
between increased circulating BA concentrations and 
changes in gut microbial composition[19]. Altogether, 
the data discussed above suggest that changes in 
intestinal microbiota-possibly through the effects on 
BA pool size and primary:secondary BA ratio - may 
contribute to the beneficial effects of bariatric surgery 
on glucose metabolism[103,104]. However further studies 
are necessary to confirm this suggestion. Changes in 
gut microbiota following bariatric surgery were also 
seen to be closely linked to improvements in diabetic 
parameters and body mass loss[14,17-20]. 

It is worth noting that changes in gut microbiota 

following bariatric surgery are related to short-
chain fatty acid production (mainly of butyrate 
and propionate)[19], which can influence glucose 
metabolism independently of BAs[95,105]. Moreover, it 
has been reported that changes in short-chain fatty 
acid biosynthesis by gut bacteria following RYGB 
may promote GLP-1 secretion[106]. It has recently 
been shown that the increased production of acetate 
by gut microbiota in rodents leads to activation 
of the parasympathetic nervous system, which in 
turn promotes insulin secretion[107]. Thus, it is not 
impossible that changes in gut microbiota following 
bariatric surgery, together with the subsequent 
changes in short-chain fatty acid production in the gut, 
could affect glucose metabolism independently or in 
combination with BAs. However, further studies are 
needed to confirm this supposition.

BILE ACIDS: LIGANDS FOR MEMBRANE 
AND NUCLEAR RECEPTORS INVOLVED 
IN THE REGULATION OF GLUCOSE 
METABOLISM
For many years, BAs were considered to be involved 
in (1) the digestion and absorption of dietary lipids 
(including fat-soluble vitamins); (2) cholesterol 
solubilization in gallbladder bile; (3) excretion of 
cholesterol (following cholesterol conversion to BAs) 
from the human body; and (4) regulation of survival, 
and subsequently colonization, of some gut bacteria. 
BAs circulating in the blood are now considered to be 
important regulatory molecules which, via binding 
to membrane or nuclear receptors, contribute to the 
homeostasis of carbohydrates and lipids. BAs also have 
effects on the immune system[108] and the apoptosis 
of colonic epithelial cells[109]. The main BAs detected in 
human serum are presented in Table 3[110]. 

It is worth noting that ursodeoxycholic acid 
(UDCA) is also used as a drug for cholesterol gallstone 
dissolution therapy[111,112] and for treating patients 
with primary biliary cirrhosis[113]. It has recently been 
reported that the treatment of patients with UDCA 
significantly decreases gallstone formation following 
sleeve gastrectomy[114]. Moreover, the issue of using 
BA analogs as drugs in the treatment of NAFLD and 
NASH has also been discussed[115]. 

The known nuclear receptors activated by BAs 

Figure 6  Deconjugation of taurocholic acid by bile salt hydrolase. BSH: Bile salt hydrolase.
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(generally called bile acid activated receptors or BARs) 
are FXR (also known as NR1H4), vitamin D receptor 
(VDR, also known as NR1H1); constitutive androstane 
receptor (CAR, also known as NR1H3); and pregnane 
X receptor (PXR, also known as NR1H2). Although 
the role of PXR, CAR and VDR in the regulation of 
metabolism, including glucose metabolism, cannot be 
excluded[21,115-118], it seems that the activation of FXR by 
BAs (note that primary BA are preferential ligands of 
this receptor) plays an important role in the regulation 
of glucose metabolism[119]. CDCA, which activates FXR 
at EC50 in a concentration of approximately 10 μmol/L, 
appears to be the main physiological ligand for FXR. 
Other BAs could also activate FXR, but in significantly 
higher concentrations. The potency of BAs to activate 
FXR is as follow: CDCA > DCA > LCA > CA[64]. Through 
activation of FXR, BAs play a key role in liver and 
intestinal biosynthesis, enterohepatic transport, and 
homeostasis of BAs[64]. Accordingly, a deficiency in FXR 
may lead to cholestasis[120]. In the intestine, BAs bind to 
FXR and induce synthesis of fibroblast growth factor 19 
(FGF-19) in humans or FGF 15 in rodents and secretion, 
which in turn circulates to the liver where it regulates 
BA biosynthesis and glucose metabolism[64]. In the liver, 
FGF 15/19 activates glycogen synthesis and inhibits 
gluconeogenesis via FGF receptor, which subsequently 
leads to a decrease in circulating glucose concentrations 
(Figure 7A)[64]. Thus, FGF 15/19 is sometimes referred 
to as a downstream metabolic effector of BAs. When 
insulin is an early-acting hormone released after a meal, 
FGF 15/19 is a late-acting hormone released in the fed 
state (with a half-life of about 30 min)[35]. By activating 
FXR, BAs also downregulate liver gluconeogenesis 
through inhibiting the gene expression of glucose 
6-phosphatase, fructose 1,6-bisphosphatase, and 
phosphoenolpyruvate carboxykinase (PEPCK) (Figure 
7B)[121]. However, some data suggest that PEPCK is 
upregulated by BAs via FXR[121]. In rodent hepatocytes, 
DCA-activated epidermal growth factor receptors ERB1/
ERB2 and insulin receptor contribute to the activation 
of glycogen synthase through the PI3kinase/AKT/GSK3 

signaling pathway[122]. Accordingly, the agonists of 
FXR decrease blood glucose concentrations[123]. Some 
authors suggest that BAs contribute to post-RYGB 
hypoglycemia, which sometimes occurs after bariatric 
surgery[124]. 

In mice, BAs bind to FXR in pancreatic β-cells and 
thus stimulate insulin secretion (Figure 7B)[125]. FXR 
knockout in mice leads to impaired glucose tolerance 
and insulin sensitivity[126]. The activation of FXR in the 
liver and gallbladder is associated with the regulation 
of BA synthesis and excretion, respectively. 

Apart from nuclear receptors, BAs (secondary 
BAs are preferential ligands) can bind to membrane, 
G-protein coupled receptors such as TGR-5 (Takeda-
G-protein-receptor, also known as G-protein-coupled 
bile acid receptor 1, GPBAR1), muscarine receptor 
(M3R), and sphingosine 1-phosphate receptor-2 
(S1PR2), as well as epidermal growth factor receptor 
(EGFR), which belongs to the ErbB family of tyrosine 
kinase receptors[21,108,115,127,128]. The organ and tissue 
localizations of these nuclear and membrane receptors 
are presented in Figure 8.

As far as glucose metabolism is concerned, it seems 
that the activation of TGR-5 by BAs also plays an 
important role in the regulation of circulating glucose 
concentrations (Figure 7B)[123]. Taurolithocholic acid 
and LCA activate TGR-5 in nanomolar concentrations, 
which suggests that they are physiological ligands 
of this receptor. TGR5 is expressed in many organs 
including pancreatic β-cells, endocrine small intestine 
cells, the thyroid gland, the gallbladder, the liver, 
brown adipose tissue (BAT), cardiomyocytes, and 
macrophages[108,129,130]. Recent studies have shown that 
tauroursodeoxycholic acid (TUDCA) increases glucose-
induced insulin secretion via the cAMP/PKA pathway 
in pancreatic cells and that TGR-5 is likely involved in 
this process (Figure 7B)[131]. Interestingly, this process 
is not associated with changes in glucose metabolism 
in pancreatic β-cells[131]. It may thus be supposed 
that the activation of both TGR-5 and FXR (discussed 
above) in pancreatic β-cells by BAs contributes to 
hyperinsulinemia developing late after RYGB[46]. 
Moreover, TGR-5 has been found in the brain, where it 
functions as a neurosteroid receptor[132]. Considering 
that TGR-5 is present in the brain and that BAs cross 
the blood-brain barrier, it may be supposed that 
activation of brain TGR-5 by BAs can also contribute to 
the beneficial effects of bariatric surgery.

The activation of TGR-5 in skeletal muscle cells (and 
BAT) leads to the induction of the cAMP-dependent 
signaling pathway, which results in increased energy 
expenditure (Figure 7B)[38,123,133]. The potency of BAs in 
activating TGR-5 is as follows: DCA>LCA>CDCA>CA[21]. 
In the intestine, the activation of TGR-5 by endocrine 
L cells (and by BAs[134]) leads to increased secretion 
of GLP-1 - an incretin hormone that increases the 
insulin secretion by pancreatic β-cells and inhibits the 
secretion of glucagon by pancreatic α-cells[123,133,135], 
thus affecting blood glucose concentration (Figure 7C). 

Table 3  Bile acids present in human serum. Based on data 
presented in[110]

Primary bile acids Secondary bile acids

Cholic acid (CA) Lithocholic acid (LCA)
Chenodeoxycholic acid (CDCA) Deoxycholic acid (DCA)
Glycocholic acid (GCA) Ursodeoxycholic acid (UDCA)
Glycochenodeoxycholic acid (GCDCA) Hyodeoxycholic acid (HDCA)
Taurocholic acid (TCA) Glycolithocholic acid (GLCA)
Taurochenodeoxycholic acid (TCDCA) Glycodeoxycholic acid (GDCA)

Glycoursodeoxycholic acid 
(GUDCA)

Taurolithocholic acid (TLCA)
Taurodeoxycholic acid (TDCA)

Tauroursodeoxycholic acid 
(TUDCA)

Taurohyodeoxycholic acid 
(THDCA)
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Moreover, BAs have been found to have a synergistic 
effect with glucose on the regulation of incretin 
hormone secretion[134]. In addition, gastric emptying 
and satiety mediated by GLP-1 could also contribute 
to its effect on circulating glucose concentration 

(Figure 7C)[136,137]. However, whether LCA activates 
TGR-5 under physiological conditions is not clear[55]; 
this may happen after bariatric surgery, when bile is 
concentrated and the subsequent circulating BA levels 
are elevated. An association has been found between 

Figure 7  Potential mechanisms of bile acid mediated improvement of serum glucose concentration. A: Stimulatory effect of bile acids on FGF15/19 synthesis 
in intestinal cells (ileocytes). The activation of FXR in ileocytes by BAs leads to increased synthesis (via regulation of gene expression) and the release of fibroblast 
growth factor 15/19 (FGF 15/19) which, through the activation of the FGF-R present in hepatocyte and adipocyte membranes, regulates carbohydrate metabolism, 
leading to a decrease in circulating glucose concentrations. FGF 15/19 stimulates glycogen synthesis and inhibits gluconeogenesis in the liver and glucose disposal 
in adipose tissue. ↓: Decrease; ↑: Increase; B: Decreasing effect of BAs on circulating glucose concentration. BAs, by activating FXR, downregulate (via regulation of 
gene expression) liver gluconeogenesis and stimulate glycogen synthesis. BAs, by binding to FXR or to TGR-5 in pancreatic β-cells, stimulate insulin secretion. BAs, by 
binding to FXR or TGR-5 in adipose tissue and skeletal muscle, improve insulin sensitivity. ↓: Decrease; C: Potential mechanisms of BA-mediated decrease in circulating 
glucose concentrations after bariatric surgery caused by the increased release of GLP-1 by intestinal L-cells. ↓: Decrease; ↑: Increase. FXR: Farnezoid X receptor; 
FGR: Fibroblast growth factor; GLP: Glucagon-like peptide-1; BAs: Bile acids.
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circulating BAs and GLP-1 in patients who have 
undergone bariatric surgery[28,103,138]. Moreover, rectal 
administration of taurocholate resulted in an increase 
in circulating GLP-1, PYY, and insulin, but decreased 
glucose concentrations in obese T2DM volunteers[139]. 
It seems that TGR-5 also regulates BA pools, since 
these are significantly lower in TGR-5 (-/-) mice than in 
wild-type animals[115]. 

The activation of S1PR2 by BAs may also influence 
liver carbohydrate metabolism[127]. Recent studies 
suggest that blocking S1PR2 signaling could function 
as a novel therapeutic strategy for T2DM[140]. 

The activation of EGFR by BAs in the liver and 
intestine is associated with cell apoptosis[141] and cell 
proliferation[128], respectively. So far, the activation 
of muscarine receptors by BAs in context of the 
regulation of glucose homeostasis has not been 
reported. 

Interestingly, BAs may exert many other biological 
functions via non-receptor-linked mechanisms 
involving the JNK1/2, ERK1/2, Akt1/2 signaling 
pathways, NO metabolism, and activation of cation 
channels[108]. Moreover, it has been shown that 
some BAs, such as UDCA or CA, are able to reduce 
endoplasmic reticulum (ER) stress[142,143]. Accordingly, 
significant reductions in ER stress have been observed 
following bariatric surgery on obese rats[144]. Thus, it 
is not impossible that the increase in circulating BAs 
following bariatric surgery may ameliorate ER stress, 
and subsequently improve glucose homeostasis.

Overall, the data discussed above suggest that by 
binding to membrane or nuclear receptors, and also 
through non-receptor mechanisms, BAs may influence 
glucose metabolism and subsequently contribute to 
the remission of T2DM following bariatric surgery when 

circulating BA concentrations are elevated. 

EFFECT OF BARIATRIC SURGERY 
ON CIRCULATING BILE ACID 
CONCENTRATIONS AND DIABETES 
MARKERS: EVIDENCE THAT 
MALABSORPTIVE PROCEDURES ARE 
MORE EFFECTIVE THAN RESTRICTIVE 
PROCEDURES 
Several papers have reported that circulating total BA 
concentrations significantly increase following bariatric 
surgery; however the results are inconsistent when 
BA composition is considered[14,16]. Moreover, the ef
fect of bariatric surgery on serum BA concentration 
depends on the type of surgical procedure. In patients 
who have undergone gastric banding, no changes or 
decreases in serum BA concentrations were reported 
(Table 4)[28,138,145]. However, Nakatani et al[146] observed 
increased serum BAs one and three months after 
laparoscopic gastric banding (LAGB). Various effects of 
laparoscopic sleeve gastrectomy (LSG) on circulating 
BA concentrations have also been reported (Table 4). 
Steinert et al[147] found decreases in plasma BAs one 
week after LSG and increases three months and one 
year after the surgery. Belgaumkar et al[148] found 
decreases in primary BAs, and increases in secondary 
BAs six months after LSG. Increases in BA after LSG 
were documented by Nakatani et al[146] and Haluzíková 
et al[29]. 

Most studies have shown increases in circulating BA 
concentrations following RYGB (Table 4)[23,28,103,145,149-151]. 

Figure 8  Bile acids as regulatory molecules and receptors activated by bile acids present in different organs. 
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However, there are some reports with differing results. 
For instance, Gerhard et al[150] found there to be no 
change in serum BAs in nondiabetic subjects, but 
serum BA levels increased in diabetic subjects after 
RYGB. Ahmad et al[152] reported increased levels of 
conjugated BAs, but no changes in unconjugated BAs 
following RYGB. Dutia et al[32] even found decreased 
serum BAs 1 mo after RYBG, whereas 2 years after 
surgery their levels were higher than before surgery. 
Simonen et al[153] found an increase in total BAs after 
RYGB, but taurine conjugated BAs had decreased. 
Nonetheless, most published data suggest that 

RYGB results in a postoperative increase of serum 
BAs in obese patients (Table 4). The increased 
levels of circulating BAs are probably due to the 
fact that BAs excreted into intestine have less time 
to mix with food prior to transit through the ileum, 
leaving more BAs free for reuptake and, probably 
more importantly, with the longer intestinal limb 
excluded from the alimentary passage and transited 
concentrated bile. Some studies have suggested that 
the BA concentrations were inversely correlated with 2 
h post-meal serum glucose in patients after RYGB[103]. 
Others found a positive correlation between the 

Table 4  Effects of various bariatric procedures on diabetic parameters and serum bile acid concentrations

Patients Type of bariatric 
procedure

Time interval from 
surgery to examination

Effect of surgery on diabetic 
parameters

Effect of surgery on serum bile 
acid concentrations

Ref.

Morbidly obese, n = 10  LAGB Various (after losing 
20% of body weight)

Not presented Decreased fasting BAs; no change 
in postprandial BAs

[28]

Morbidly obese, n = 6, 
preoperative BMI = 44

Gastric banding 42 d Not presented No change [138]

Morbidly obese, n = 28, 
BMI = 46.0

Gastric banding 6-28 mo Decreased serum glucose Decreased primary BAs [145]
Decreased serum insulin No change in deoxycholic BAs

Morbidly obese, n = 7, 
BMI = 43

LSG 1 wk, 3 mo, 1 yr Decreased HOMA-IR Decreased BAs after 1 wk [147]
Increased BAs after 3 mo and 1 yr

Morbidly obese, n =18, 
BMI = 60

LSG 6 mo Decreased: fasting glucose , 
fasting insulin, HOMA-IR and 

HBA1c

No change in total BAs [148]
Decreased primary BAs

Increased secondary BAs 
Obese females, n = 17, 
BMI = 43

LSG 24 mo Decreased: HbA1c, insulin, Increased total BAs [29]
HOMA-IR.

Morbidly obese, n =15, 
BMI = 45

LSG and LAGB 1 and 3 mo Decreased: HbA1c, insulin and 
HOMA-IR 

Increased total, primary and 
secondary BAs

[146]

Morbidly obese, n = 8 RYGB Various (after losing 
20% of body weight)

Not presented Increased fasting and 
postprandial total and conjugated 

BAs

[28]

Morbidly obese, n = 9, 
preoperative BMI = 50

RYGB 2-4 yr Lower fasting glucose and 
insulin 

Higher total BA concentration [103]

Morbidly obese, n = 37, 
nondiabetic, preoperative 
BMI = 48

RYGB About 200 d No change in fasting serum 
glucose

No change in BAs after surgery [150]

Morbidly obese, n =75, 
diabetic, preoperative 
BMI = 48 

RYGB About 6 mo Decreased fasting serum 
glucose and HbA1c 

Increased total BAs [150]

Severely obese women 
with T2DM, n = 13, 
preoperative BMI = 44

RYGB 1 mo and 2 yr Decreased HOMA-IR Reduced BAs after 1 mo [32]
Increased BAs after 2 yr 

Obese patients, n = 63, 
BMI = 44

RYGB 15 mo Decreased fasting glucose and 
HOMA-IR

Increased total BAs [23]

Surgically obese, n = 5, 
BMI > 35

RYGB 1, 4, and 40 wk Not presented Increased conjugated BAs [152]
No changed unconjugated BAs

Obese females, n = 11, 
BMI = 44

RYGB 34 ± 16 mo Increased postprandial insulin 
compared to controls

increased postprandial BAs 
comparing to controls

[149]

Morbidly obese, n = 30, 
BMI = 48

RYGB 8-13 mo Decreased serum glucose and 
insulin concentration

Increased primary BAs, glycine 
BA, deoxycholic BA

[145]

Morbidly obese, n = 35, 
BMI = 48

RYGB 3 mo Decreased HOMA-IR Increased total BAs [151]

Obese patients, n = 30, 
BMI = 46

RYGB 12 mo Decreased fasting glucose and 
HOMA-IR 

Increased total BAs, decreased 
taurine conjugated BAs 

[153]

Morbidly obese, n = 7, 
BMI = 50

LRYGB 1 wk, 3 mo, 1 yr Decreased HOMA-IR Decreased BAs after 1 wk [147]
Increased BAs after 3 mo and 1 yr 

Morbidly obese, n = 19, 
BMI = 43

LRYGB and LSG/
DJB 

1 and 3 mo Decreased HBA1c, insulin, 
and HOMA-IR 

Increased total, primary and 
secondary BA concentration 

[146]

Morbidly obese, n = 12, 
preoperative BMI = 49

Gastric bypass 42 d Not presented Increased total BAs [138]

LSG: Laparoscopic sleeve gastrectomy; LAGB: Laparoscopic adjustable gastric banding; LSG/DJB: LSG with duodeno-jejunal bypass; RYGB: Roux-en-Y 
gastric bypass; LRYGB: laparoscopic RYGB.
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increase in BA concentrations and fibroblast growth 
factor 19 (FGF-19), which regulates BA synthesis 
in the liver[150]. The study of Pournaras et al[138] also 
confirmed increases in BAs and FGF-19 4 and 42 d 
following gastric bypass. Interestingly, circulating 
levels of FGF-19 and BAs increased following RYGB, 
but not after pharmacological management in 
patients with T2DM[154]. Changes in serum BA levels 
were also positively correlated with FGF-19, incretin 
hormones, and peptide YY[32]. The increase in serum 
BA concentrations following RYGB was also confirmed 
in an obese diabetic rat model[155]. 

Overall, the majority of studies indicate that 
circulating BAs increase following RYGB (and other 
malabsorptive procedures) (Table 4). The increased 
circulating BA concentrations are usually associated 
with improvements in the glucose metabolism (Table 
4), but are independent of caloric restriction[31]. Data 
regarding circulating BA concentrations and the 
associations between circulating BA concentrations and 
glucose metabolism following sleeve gastrectomy are 
inconsistent (Table 4). Based on the data in Table 4, it 
can be concluded that there is an association between 
circulating BA concentration and T2DM remission 
following malabsorptive procedures. However, more 
research is needed to confirm the connection between 
circulating BA concentration and the improvement 
in glucose metabolism following different bariatric 
surgery procedures. 

POTENTIAL MECHANISM OF BILE 
ACID ACTION IN THE IMPROVEMENT 
OF GLUCOSE METABOLISM AFTER 
BARIATRIC SURGERY
Bariatric procedures involving the transport of 
concentrated bile by a section of small intestine 
excluded from the passage of food lead to increased 
absorption of BAs by ileocytes, and subsequent 
increases in BA blood concentrations[34]. In turn, 
BAs may interact with nuclear and membrane 
receptors-mainly FXR and TGR-5-in the intestines, 
liver, pancreas, adipose tissue, skeletal muscle cells, 
and other tissues, and improve glucose metabolism 
after bariatric surgery. Based on the data reported in 
the literature[23,32,103,146,147,150,151,153], we calculated the 
correlation between the mean circulating concentration 
of BAs and HOMA-IR or insulin concentrations in 
groups of patients before and after RYGB. Circulating 
total BA concentrations were inversely correlated with 
(1) HOMA-IR (R = -0.49, P < 0.05); and (2) insulin 
concentrations (R = -0.62, P < 0.01). This confirms, 
at least in part, the notion that elevated circulating 
concentrations of BAs could contribute to improved 
glucose metabolism in patients who have undergone 
bariatric surgery. 

Recent studies on FXR knockout mice have indicated 

that FXR is necessary for improving glycemic control 
following bariatric surgery[19]. This strongly supports 
the idea that BAs could contribute as FXR ligands 
to improved glucose metabolism following bariatric 
surgery. The activation by BAs of FXR in ileocytes leads 
to the increased release of FGF 15/19, which regulates 
carbohydrate metabolism[32]. As mentioned above, 
FGF 15/19 stimulates glycogen synthesis and inhibits 
gluconeogenesis in the liver and glucose disposal in 
adipose tissue[34]. Moreover, the plasma levels of FGF 
19 have been found to correlate inversely with HbA1c 
in diabetic patients[156]. The potential role of FGF 15/19 
in improving glucose metabolism following bariatric 
surgery is supported by the coordinated increase in 
BAs and FGF 19 and the improvement of glucose 
metabolism in patients following bariatric surgery[32,138]. 
Another possible mechanism of the positive effect of 
elevated BAs following bariatric surgery is the direct 
activation of FXR in the liver, which leads to reduced 
gluconeogenesis[123]. In turn, the activation of FXR 
in muscles, the liver, and adipose tissue leads to 
improvements in insulin sensitivity[34,123]. The third 
potential mechanism of BA-mediated normalization 
of glycemia in bariatric patients is a through the 
stimulation of TGR-5 in L cells, which leads to the 
increased release of GLP-1[34]. This assumption is 
supported by improved incretin effect after RYGB[32] 
and the positive correlation seen between BAs and 
GLP-1 in patients who have undergone RYGB[28]. The 
potential mechanisms of BA-mediated improvement 
of glucose metabolism after bariatric surgery are 
presented in Figure 7. However, it should be noted that 
FXR activation in L cells leads to the opposite effect - 
inhibition of GLP-1 production[157]. This opposite effect 
of the BA induction of TGR-5 and FXR on GLP-1 release 
in L cells could possibly constitute some regulatory 
mechanism.

OTHER POTENTIAL MECHANISMS 
INVOLVED IN THE IMPROVEMENT IN 
GLUCOSE METABOLISM SUBSEQUENT 
UPON BARIATRIC SURGERY
Obesity is frequently associated with dyslipidemia, 
which includes hypertriglyceridemia, hypercholes
terolemia, decreased HDL-cholesterol, and sometimes 
increased LDL-cholesterol concentrations in the 
blood[158]. It is generally accepted that hyperlipidemia 
plays an important role in the loss of glucose-
stimulated insulin secretion in T2DM[159-161]. Bariatric 
surgery generally improves dyslipidemia[162]. Thus, 
it may be supposed that improvements in glucose 
metabolism following bariatric surgery could be a 
consequence of the reduction of circulating lipid 
concentrations[162]. A significant reduction in circulating 
triglyceride concentrations was observed from three 
months to four years after bariatric surgery[162]. In 
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contrary, circulating non-estrified fatty acids (NEFA) 
concentrations, which also play an important role in 
the development of pancreatic β-cell dysfunctions 
and the subsequent progression of T2DM in obese 
subjects[159], significantly increased one month after 
bariatric surgery, but their concentrations normalized 
after three months[162]. Remission of T2DM has 
been shown to occur within a few days of bariatric 
surgery[163]. Thus, it is likely that the beneficial effects 
of bariatric surgery on glucose metabolism are 
independent of the circulating NEFA normalization, 
especially shortly after surgery. However, it is not 
impossible that normalization of circulating NEFA (or 
other lipid) concentrations may play some role in 
improving glucose metabolism a few months after 
bariatric surgery. 

The improvement in glucose metabolism following 
bariatric surgery, based on the enhanced incretin 
effect, is commonly accepted[42,164]. However, the 
improvement in glucose metabolism following gastric 
bypass cannot be associated only with incretin 
hormones, because the incretin effect needs to be 
initiated through oral feeding, while patients cannot eat 
for the first few days after surgery, in order to avoid 
postoperative complications. Accordingly, the serum 
levels of GLP-1 (the main incretin hormone) is not 
markedly elevated in post-RYGB fasting patients, but 
is elevated after oral food intake[43,164]. Moreover, the 
improvement in glucose metabolism following bariatric 
surgery has also been observed under conditions in 
which the incretin system was inactivated[165].

Animal studies showed that bariatric surgery is 
associated with (1) increased production of GLP-1 in A. 
muciniphila[20,43]; and (2) modification of gut microbiota 
composition and lower intestinal and systematic 
dipeptidyl peptidase-4 (DPP-4) activity[166]. Thus, gut 
microbiota changes, leading to the elevated production 
of GLP-1 by intestinal endocrine cells (L cells) and 
decreased degradation of GLP-1 by DPP-4, may be 
another mechanism involved in the improvement of 
insulin resistance following bariatric surgery. However, 
further studies are needed to better understand the 
role of microbiota in incretin hormone modification 
after bariatric surgery. 

Another potential mechanism for improving 
glucose metabolism following bariatric surgery may be 
associated with alterations in circulating adipokines. It 
has been shown that the concentrations of circulating 
proinflammatory adipokines (for instance, of leptin) 
increase, while those of anti-inflammatory adipokines 
(such as adiponectin) decrease in obesity and 
T2DM[167-169]. The dysregulation of adipokine secretion 
(especially leptin and adiponectin), together with 
other factors, such as lipid disturbance, could thus 
be a causal factor mediating insulin resistance and 
subsequently T2DM in obese patients. Bariatric surgery 
may overcome these disturbances. Accordingly, 
recently published data indicates an association 
between circulating adiponectin concentrations and 

the acute insulin response to intravenous glucose 
load in patients at one year and five years following 
bariatric surgery[170]. Thus, in the long term following 
bariatric surgery, the increase in circulating adiponectin 
concentration might play some role in T2DM remission, 
though it is unlikely that this would occur in the short 
term.

Overall, the data discussed in this review suggest 
that several factors could be involved in the remission 
of T2DM following bariatric surgery. It seems that 
the increase in circulating BA concentrations and 
alterations in gut microbiota play important role in this 
phenomenon. 

CONCLUSION 

Recent research indicates that the improvements 
in insulin sensitivity observed in patients who 
have undergone bariatric surgery, especially after 
gastric bypass procedures, are associated with 
elevated circulating BA concentration and changes 
in gut microbiota. Through the activation of FXR in 
enterocytes, the BAs increase the release of FGF 
15/19, which in turn bind to FGFR, leading to (1) 
decreased gluconeogenesis and increased glycogen 
synthesis and glucose catabolism in the liver; and (2) 
improved insulin sensitivity and glucose disposal in 
adipose tissue. Moreover, BAs activate TGR-5 or FXR 
and thus lead to increases in (1) insulin secretion by 
pancreatic cells; (2) GLP-1 production in intestinal 
endocrine L-cells; (3) glucose catabolism in muscle 
and adipose tissue; and (4) insulin sensitivity with 
decreases of gluconeogenesis in the liver. Moreover, 
changes in gut microbiota following bariatric surgery 
also could be beneficial, as far as T2DM remission 
is concerned. Thus, increases in circulating BA 
concentrations and the interaction between BAs and 
gut microbiota (especially the role of microbiota in the 
biotransformation of BAs and the antimicrobial effects 
of BAs) following bariatric surgery would seem to be 
important factors leading to T2DM remission, besides 
body mass loss, calorie restriction, and changes in the 
concentrations of serum lipids and adipokines. 
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