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Abstract Bile acids are synthesized in the liver from choles-
terol and have traditionally been recognized for their role in
absorption of lipids and in cholesterol homeostasis. In recent
years, however, bile acids have emerged as metabolic signal-
ing molecules that are involved in the regulation of lipid and
glucose metabolism, and possibly energy homeostasis,
through activation of the bile acid receptors farnesoid X
receptor (FXR) and TGRS. Bile acid sequestrants (BASs)
constitute a class of drugs that bind bile acids in the intestine
to form a nonabsorbable complex resulting in interruption of
the enterohepatic circulation. This increases bile acid synthe-
sis and consequently reduces serum low-density lipoprotein
cholesterol. Also, BASs improve glycemic control in patients
with type 2 diabetes. Despite a growing understanding of the
impact of BASs on glucose metabolism, the mechanisms
behind their glucose-lowering effect in patients with type 2
diabetes remain unclear. This article offers a review of the
mechanisms behind the glucose-lowering effect of BASs, and
the efficacy of BASs in the treatment of type 2 diabetes.
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Introduction

Bile acids are synthesized in the liver from cholesterol, and
facilitate absorption of fatty acids and lipid-soluble vitamins.
After secretion into the small intestine, bile acids are
reabsorbed through passive and active mechanisms denoted
as the enterohepatic circulation, leaving only a small fraction
of the bile acids to be lost in the feces. However, fecal excre-
tion of bile acids constitutes a major pathway of cholesterol
clearance. In recent years, it has become clear that bile acids
are not only simple fat solubilizers, but also metabolic signal-
ing molecules. Bile acids activate the nuclear farnesoid X
receptor (FXR), involved in the regulation of bile acid synthe-
sis, excretion and transport, as well as lipid and glucose
metabolism [1], and the membrane G protein-coupled TGRS
receptor [2] involved in incretin hormone secretion [3, 4] and
possibly energy metabolism [5]. Bile acid sequestrants (BASs)
are a class of drugs that bind bile acids in the intestine to form a
nonabsorbable complex, which interrupt the enterohepatic
recirculation of bile acids. The BASs remain unabsorbed in
their passage through the intestine and, therefore, lack system-
ic toxicity. Originally, BASs were developed to reduce cho-
lesterol levels in patients with hypercholesterolemia, and later
they were shown to improve glycemic control in patients with
type 2 diabetes. This article reviews the mechanisms behind
the glucose-lowering effect of BASs and their efficacy in the
treatment of type 2 diabetes. Extensive reviews of the effect of
BAS:s on cholesterol and lipid metabolism [6], and of bile acid
receptors FXR and TGRS [1, 7], can be found elsewhere and is
beyond the scope of this article.

Clinical Use and Efficacy of Bile Acid Sequestrants

BASs are orally administered, nonabsorbed, positively
charged (at intestinal pH), polymers that bind the negatively
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charged bile acids in the intestine, and thereby prevent reab-
sorption and, consequently, increase fecal excretion [8, 9].
This in turn, increases bile acid synthesis, resulting in in-
creased expression of LDL receptors in the liver and, subse-
quently, decreased circulating levels of LDL cholesterol.
BASs have been known for decades [10-12] and the drug
class constitutes first-generation cholestyramine and
colestipol and second-generation colestimide (also known as
colestilan, marketed only in Japan) and colesevelam hydro-
chloride (from now on referred to as colesevelam). In a
clinical trial from 1984, cholestyramine treatment (24 g daily),
with a mean follow-up of 7.4 years, was shown to reduce LDL
cholesterol by 20 %, which was associated with a 19 %
relative risk reduction in myocardial infarction and death by
coronary heart disease in male patients with hypercholester-
olemia [13].

In 1994, Garg and Grundy reported that 6-week treatment
with cholestyramine (8 g daily), in a placebo-controlled,
crossover design, reduced mean plasma fasting plasma glu-
cose (FPG) by 13 % in patients with type 2 diabetes, and
showed a tendency toward reduction in HbA;. [14]. Three
double-blinded, placebo-controlled randomized clinical trials
evaluated the efficacy of colesevelam in patients with type 2
diabetes. Bays et al evaluated colesevelam vs placebo as add
on to metformin, in a 26-week study, and reported a mean
treatment difference in HbA . of 0.54 % and a reduction in
FPG of 13.9 mg/dL [15]; Fonseca et al evaluated colesevelam
vs placebo as add-on to sulfonylurea treatment, in a 26-week
study, and reported a mean treatment difference in HbAlc of
0.54 % and a reduction in FPG of 13.5 mg/dL [16]; and
finally, Goldberg et al evaluated colesevelam vs placebo as
add-on to insulin, in a 16-week study, and reported a mean
treatment difference in HbAlc of 0.50 % and a reduction in
FPG of 14.6 mg/dL [17]. The 3 studies reported reductions in
LDL cholesterol between 6.7 % and 15.9 % and increases in
serum triglyceride levels between 4.7 % and 21.5 % [15-17].
Similarly, a 24-week clinical trial evaluating colestimide treat-
ment (vs placebo) in patients with type 2 diabetes reported
reductions in mean HbA . (from 7.71 % to 6.97 %) and FPG
(from 147.4 to 127.0 mg/dL) [18].

In 2008, the US Food and Drug Administration approved
colesevelam for the treatment of hyperglycemia in type 2
diabetes, and recently colesevelam was included in the diabe-
tes management algorithm of the American Association of
Clinical Endocrinologist, as add-on to metformin or other
first-line therapies [19].

Safety and Tolerability
As aforementioned, BASs are not absorbed in the intestine

and therefore lack systemic toxicity, and are not dependent on
liver and kidney function [9]. However, BASs are associated
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with gastro-intestinal adverse events, primarily constipation
[15-17]. Whereas first-generation BASs are only charge spe-
cific, second-generation BASs act through charge and hydro-
phobic binding. This results in a higher affinity for bile acids
and second-generation BASs are thought to be 4—6 times more
potent than first-generation BASs [20], allowing for lower
dosing and better tolerability [21]. BASs may increase serum
triglycerides, but the clinical implication of this is unknown. A
prospective study including data on more than 300,000 people
did not find a correlation between serum triglycerides and risk
of coronary heart disease after controlling for standard risk
factors [22]. However, the use of BASs is contraindicated in
patients with serum triglycerides in >500 mg/dL and should
be used with caution in patients with serum triglycerides
between 300-500 mg/dL. BASs have not been associated
with serious adverse events in clinical trials [15-18].

Drug interactions with first-generation BASs have been
reported with a wide range of commonly used drugs, such as
levothyroxine, warfarin, and digoxin. These interactions are
primarily due to reduced absorption, caused by nonspecific
binding in the intestine. Colesevelam, however, appears to
have no clinically significant effect on the pharmacokinetics
of concurrently administered drugs such as statins, digoxin,
warfarin, and metoprolol [23].

The Bile Acid Receptors

In recent years, it has become clear that bile acids are signaling
molecules with classical endocrine properties and work as
complex metabolic modulator of lipid and glucose metabo-
lism, through activation of the bile acid receptors FXR and
TGRS.

The Farnesoid X Receptor

As mentioned above, bile acids regulate their own synthesis
by feedback signaling through the nuclear receptor FXR, a
ligand-activated transcription factor, in the liver, with the
primary bile acid chenodeoxycholic acid being the most po-
tent natural ligand [1, 24-26]. Activation of FXR in the liver
increases the excretion of bile acids into the intestine [1, 27],
and promote transcription of the inhibitory small heterodimer
partner (SHP), which in turn reduce the activity of CYP7A1,
the rate-limiting enzyme of the so-called “classic” pathway of
bile acid synthesis. Via SHP, FXR activation also inhibits the
apical sodium-dependent bile acid transporter in the intestine,
resulting in an increased fecal loss of bile acids [27]. Bile acids
also activate FXR in the intestine, inducing expression and
secretion of fibroblast growth factor 19 (FGF-19). FGF-19
binds to the hepatic receptor complex Fgfr4/[3-Klotho, which
down regulates CYP7A1 and, thus, bile acid synthesis [28].
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Bile acids may also directly suppress CYP7A1 via an FGF-
19-independent mechanism [29]. Thus, FXR activation is an
important pathway in modulating the enterohepatic circulation
and de novo synthesis of bile acids (from cholesterol precur-
sors) and governs the composition of the bile acid pool [1, 27].
Moreover, bile acid activation of FXR is involved in lipid and
glucose metabolism [1].

The TGRS Receptor

The transmembrane G protein-coupled receptor TGRS is
widely expressed in the gastrointestinal tract and associated
glands, including human gallbladder epithelium and
cholangiocytes [30], several cell types in the liver [31, 32],
and the colon and ileum [33e, 34]. Furthermore, TGRS is
expressed in brown adipose tissue [5] and in the central
nervous system [35, 36] of mice, and human skeletal muscle
[5]. Interestingly, it was recently shown that TGRS is
expressed in mouse and human beta cells, and that activation
of TGRS increases insulin secretion [37]. The most potent
natural TGRS agonist is the secondary bile acid lithocholic
acid [2, 34], whereas the more abundant and hydrophilic bile
acids deoxycholic acid, chenodeoxycholic acid and cholic
acid, are less potent TGRS activators [2]. Activation of
TGRS results in cyclic adenosine monophosphate (cCAMP)
synthesis, activation of protein kinase A, and subsequent
down-stream effects [2]. TGRS activation is involved in
incretin hormone secretion [3, 4] and possibly energy metab-
olism [5].

The Glucose-Lowering Mechanisms of Bile Acid
Sequestrants

Despite recent years’ efforts, the glucose-lowering mecha-
nisms of the BASs are incompletely understood. Data from
in vitro and animal and human studies have suggested several
plausible mechanisms behind the blood glucose-lowering ef-
fect of BASs. The 3 predominant hypotheses are that (1)
BASs alter the bile acid pool composition, (2) BASs improve
hepatic glucose metabolism, and (3) BASs increase release of
incretin hormones (Fig. 1).

Bile Acid Pool Composition

The fact that individual bile acids activate FXR [24] and
TGRS [34] with different potency and the observation that
BASs alter the bile acid pool composition [38], has led to the
hypothesis that the latter might explain the improved glycemic
control associated with these drugs. Importantly, peripheral
venous concentrations of the individual bile acids are well
correlated with those in portal blood [39].

Improved hepatic
glucose metabolism

Delayed
gastric emptying

Increased
insulin secretion

Changed bile acid
pool composition

Increased
CCK secretion

Reduced glucose
absorption

Increased incretin
hormone secretion
by fatty acid
receptor activation

Increased incretin
hormone secretion
by TGR5 activation

Fig. 1 Proposed gastrointestinal-mediated glucose-lowering effects of
bile acid sequestrants. Other suggested effects include improved periph-
eral insulin sensitivity and increased energy expenditure

Brufau et al showed that colesevelam treatment (3.75 g
daily for 8 weeks) increased bile acid synthesis stabilizing the
bile acid pool size, and was associated with decreased FGF-19
levels and a more hydrophilic bile acid pool composition.
Colesevelam treatment reduced HbA | by 0.7 % in patients
with type 2 diabetes, but the reduction was not correlated to
the change in the bile acid pool composition [40], suggesting
that the improvement in glucose control is not directly medi-
ated by serum bile acids. Similarly, colestimide treatment (4 g
daily) was associated with a more hydrophilic bile acid pool,
and again, this change was not correlated to the reductions in
HbA . in patients with type 2 diabetes [18]. Finally, changes
in bile acid pool composition following colesevelam treatment
(3.75 g for 8 weeks) did not affect resting energy expenditure
in patients with type 2 diabetes and matched healthy control
subjects [41]. Taken together, these findings do not support
alterations in bile acid pool composition as an important
pathway in the glucose-lowering mode of action of BASs.

Hepatic Glucose Metabolism

Several studies have tested the hypothesis that BASs improve
glucose control by improving hepatic glucose metabolism.
Diabetic db/db mice treated with a diet containing 2 %
colesevelam for 2 weeks showed increased glucose clearance
rate whereas endogenous glucose production was unaffected
[42], and in diet-induced obesity mice, a high-fat diet admixed
2 % colesevelam suppressed glycogenolysis [33¢]. Further-
more, in hyperlipidemic transgenic mice, a high-fat diet con-
taining 1.5 % colestimide, decreased blood glucose and insu-
lin levels and hyperinsulinemic-euglycemic clamp experi-
ments showed improved insulin sensitivity [43]. Thus, based
on these animal studies it appears that BASs indeed do
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improve hepatic glucose metabolism. However, the majority
of clinical studies have not been able to confirm these
findings.

Henry et al studied patients with type 2 diabetes, random-
ized to colesevelam (3.75 g daily) or placebo for 12 weeks.
Treatment with colesevelam reduced HbA;, and FPG but
treatment differences did not reach statistical significance.
Colesevelam had no significant effects on basal endogenous
glucose production, insulin sensitivity or on maximal steady-
state glucose disposal rate during hyperinsulinemic-
euglycemic clamp, and oral glucose tolerance test (OGTT)
[44]. In line with this, Schwartz et al measured peripheral
insulin sensitivity by the insulin clamp method, and found
no difference between colesevelam (3.75 g daily) and placebo
in patients with type 2 diabetes. The Matsuda Index increased
significantly in the colesevelam group, suggesting improved
whole-body insulin sensitivity. The postprandial glucose area
under curve (AUC) decreased with colesevelam vs placebo,
whereas the AUC for insulin did not change. Moreover, single
dose colesevelam had no acute effect on postprandial glucose
levels at baseline [45]. In an elegant study using a labeled
triple-tracer mixed meal test, Smushkin et al randomized
patients with type 2 diabetes to 12 weeks of colesevelam
(3.75 g daily) or placebo. Colesevelam did not affect endog-
enous glucose production or glucose disappearance rate [46°].
This was confirmed by Beysen et al who randomized patients
with type 2 diabetes to colesevelam (3.75 g daily for 12 weeks)
or placebo. Colesevelam did not affect gluconeogenesis,
fasting endogenous glucose production, or glycogenolysis
[47]. Thus, in clinical settings it does not appear that BASs
improve hepatic glucose metabolism in patients with type 2
diabetes.

Incretin Hormone Secretion

Animal and human studies have shown that administration of
bile acids in the colon and rectum, areas rich in L cells, leads to
glucagon-like peptide 1 (GLP-1) secretion [33e, 48]. Perhaps
counterintuitive, it has been speculated that BASs may also
increase GLP-1 secretion. Indeed, after an OGTT,
colesevelam (2 %) increased portal GLP-1 levels and
protected diet-induced obese rats against hyperglycemia and
hyperinsulinemia, compared with rats treated with high-
energy diet alone or in combination with an apical sodium-
dependent bile acid transporter (ASBT) inhibitor [49]. The
same authors reported that treatment of Zucker diabetic fatty
(ZDF) rats with a combination of 2 % colesevelam and an
inhibitor of dipeptidyl peptidase inhibitor 4 (DPP-4), the
ubiquitous enzyme that degrades circulating GLP-1, reduced
glucose AUC and increased GLP-1 AUC more than
colesevelam alone. This indicates that inhibition of DPP-4
extends the half-life of colesevelam-induced GLP-1 [50]. In
another study of ZDF rats, cholestyramine treatment (1.5 % or

@ Springer

4.5 %) dose-dependently decreased serum glucose and
HbA ., and significantly increased postprandial levels of
GLP-1, peptide Y'Y, and insulin. Quantitative gene expression
analysis indicated that cholestyramine treatment decreased
FXR activity in the liver and the intestine. Adding an FXR
agonist to the cholestyramine treatment did not reduce the
glucose-lowering effect of cholestyramine, suggesting that the
FXR-SHP pathway is not required for the glycemic effects of
cholestyramine [51].

In a study of TGRS knockout mice and TGRS overexpress-
ing mice, 2 % colestimide added to the diet enhanced post-
prandial GLP-1 secretion and improved glycemic control in
TGRS overexpressing mice, whereas the response was
blunted in TGRS knockout mice. It should be noted, however,
that the mice were treated with a DPP-4 inhibitor 60 minutes
prior to the mixed meal. The increased GLP-1 secretion was
associated with an increased TGRS5-dependent transcription of
proglucagon mRNA (the precursor of GLP-1) [52¢]. This
points to TGRS activation as an essential mediator of BAS-
induced GLP-1 secretion. Interestingly, both TGRS knockout
and TGRS overexpressing mice treated with colestimide lost a
significant amount of body weight and almost tripled the
weight of their fecal output, without any apparent difference
between the 2 phenotypes. Furthermore, treatment with
colestimide enriched the feces with phospholipids, glycerol
derivatives, and nonesterified fatty acids [52¢]. This indicates
a TGR5-independent mechanism of the weight loss, poten-
tially by supply of fatty acid receptor agonists (see other
mechanisms) to the colon, but it may perhaps also be ex-
plained by a degree of malabsorption. Finally, the study
showed that Chinese hamster ovarian cells transfected with
the TGRS receptor was robustly activated by colon content
from mice treated with colestimide, but only moderately acti-
vated by colon content from untreated mice. Furthermore,
colon explants from TGRS overexpressing mice showed
GLP-1 secretion when exposed to colon content from
colestimide-treated wild-type mice [52¢]. These data strongly
suggest that TGRS activation in the colon is a key mediator of
GLP-1 secretion during BAS treatment, and that BASs in-
crease the supply of TGRS agonists to the colon. Most of these
findings were confirmed by Potthoff et al who studied mice
with diet-induced obesity and found that 2 % colesevelam
admixed a high-fat diet, suppressed glycogenolysis, increased
GLP-1 secretion, and improved glycemic control. TGRS
knockout mice treated with colesevelam did not increase
GLP-1 secretion and only showed a trend toward reduction
in plasma glucose, furthermore, plasma insulin was robustly
reduced [33¢]. Thus, it appears that the TGRS/GLP-1 pathway
is responsible for the reduction of hepatic glycogenolysis and
partially responsible for the improved hyperglycemia, and
may also explain the reduction of hyperinsulinemia, given
that TGRS is expressed in beta cells [37]. Using the GLP-1
receptor antagonist exendin9-39, it was shown that GLP-1
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only explains part of the glucose-lowering effect of
colesevelam, as exendin9-39 did not completely abrogate
the reduction in plasma glucose and the reduction of plasma
insulin following colesevelam treatment [33+]. Interestingly,
the authors established the concept that bile acids bound to
colesevelam are able to activate TGRS and elicit downstream
effects ie, cCAMP production and GLP-1 release. Furthermore,
the study found the highest levels of TGRS mRNA in the
distal colon and showed that rectal administration of
colesevelam preloaded with bile acid taurocholic acid in-
creased portal GLP-1. Finally, it was shown that FXR knock-
out mice exhibit the same reduced plasma insulin, as observed
after colesevelam treatment [33¢].

Taken together, data from these animal studies strongly
suggest that the glucose-lowering effect of BASs is mediated
through deactivation of FXR and activation of the
TGRS/GLP-1 pathway. This is in agreement with the findings
of Suzuki et al who introduced the concept that BASs increase
circulating levels of GLP-1 in humans. In a 1-week, 1-arm
study, treatment with colestimide (3.0 g daily) increased
2 hours postprandial GLP-1 levels significantly, whereas there
was no difference during fasting or 1-hour postprandially in
patients with type 2 diabetes [53]. In line with this, Beysen
et al reported that colesevelam (3.75 g daily for 12 weeks)
improved glycemic control and increased fasting GLP-1, and
postprandial concentrations of total GLP-1 and glucose de-
pendent insulinotropic peptide (GIP), while concentrations of
insulin and glucagon were unchanged, compared with placebo
[47]. However, it seems that the difference in postprandial
GLP-1 and GIP levels were partly due to lower baseline levels
in the group treated with colesevelam vs placebo, and other
clinical studies have failed to show an effect of BASs on
incretin hormone secretion.

In a 12-week study, in adult patients with type 1 diabetes,
colesevelam treatment resulted in a significant reduction in
HbA,. at week 4. However, this effect was not sustained
throughout the study. There was a significant increase in
median plasma GLP-1 concentrations during the first 2 hours
of the baseline meal test after a single dose of colesevelam vs
placebo, but no difference at 12 weeks [54]. In the study by
Smushkin et al colesevelam treatment decreased HbA,,,
fasting, and postprandial plasma glucose concentrations with-
out decreasing insulin concentrations, which could suggest an
incretin-mediated mode of action, however, postprandial
GLP-1 concentrations were not altered by colesevelam [46°].
Finally, a recent 8-week study of subjects with impaired
fasting glucose, showed that colesevelam (3.75 g daily) im-
proved FPG and HbA ;. vs placebo, whereas fasting insulin
did not change [55¢]. Puzzling, colesevelam did not affect
glucose tolerance after an IV glucose tolerance test, whereas
incremental AUC (IAUC) for both glucose and insulin de-
creased with colesevelam following a mixed meal tolerance
test, leaving the insulin-to-glucose ratio unchanged.

Interestingly, cholecystokinin (CCK) iAUC increased signif-
icantly, while glucagon, GIP, and GLP-1 iAUC did not change
[55°].

Thus, it is less clear whether BASs increase GLP-1 secre-
tion in humans. The apparent difference between animal and
clinical studies may be explained be several factors: One
animal study used a DPP-4 inhibitor [50] and another study
sampled portal blood [49]. Furthermore, the 2 % (and 4.5 % in
1 study) dosing of BASs in the animal studies may exceed the
dose used in the clinical trials; 1 study reported that 2 %
colestimide resulted in a daily dose of 0.1 g colestimide, in
diet-induced obesity mice with a body weight between 20—
30 g [56], which is likely to overestimate the role of GLP-1 in
the glucose-lowering mechanism of BASs. It should be noted,
however, that GLP-1, after secretion from the L cell, may elicit
local effects in the intestine, by stimulation of local afferent
sensory nerve fibers, which via the nucleus of the solitary tract
and the hypothalamus, could signal to the pancreas [57].
Hence, the effect of BASs may be GLP-1 mediated without
increasing peripheral concentrations of circulating GLP-1.

Other Potential Mechanisms
Glucose Absorption

It has been hypothesized that BASs decrease glucose absorp-
tion [58]. However, 2 clinical studies using stable isotopes, did
not find differences in glucose appearance after treatment with
colesevelam in patients with type 2 diabetes [44, 47] suggest-
ing that BASs do not affect glucose absorption. In another
clinical study, using triple-tracer mixed meal test, the rate of
meal appearance was reported to be significantly decreased by
colesevelam in patients with type 2 diabetes, and the authors
suggested that colesevelam may increase splanchnic utiliza-
tion of meal-derived glucose and/or decrease gastric emptying
[46¢].

Gastric Emptying

Gastric emptying was examined in a clinical 2-week
study, showing that colesevelam treatment (3.75 g daily
(tablets)) reduced solid food gastric emptying slightly in
patients with diarrhea-predominant irritable bowel syn-
drome [59]. Another study reported that daily cholestyr-
amine (4 g and 12 g (powder), respectively) slowed
gastric emptying significantly for liquid meals and re-
duced appetite in healthy subjects in a dose-dependent
manner [60]. The differences between the 2 studies may
arise from the different administration-form, and further
studies are needed to draw conclusions about the role of
gastric emptying in the treatment with BASs.
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Energy Expenditure

It has previously been shown that bile acids promote energy
expenditure in mice, primarily in brown adipose tissue, by
activation of TGRS [5]. Although this finding was not
reproduced by other animal studies [61, 62], it has been
hypothesized that BASs may affect energy expenditure.
Watanabe et al administered a high-fat diet supplemented with
colestimide (2 %) or cholic acid to a mice model of diet-
induced obesity. These interventions improved glucose toler-
ance and decreased triglyceride levels. Furthermore, both
colestimide and cholic acid curbed weight gain without in-
creasing fecal lipid excretion or food intake, and indirect
calorimetry showed increased energy expenditure accompa-
nied by increased activity in brown adipose tissue [56]. In a
similar study, hyperlipidemic transgenic mice, fed a high-fat
diet with 1.5 % colestimide for 8 weeks, showed decreased
energy expenditure along with decreased body weight, viscer-
al and subcutaneous fat, total cholesterol, and triglycerides
levels, while food intake was increased. Furthermore, the
treatment was associated with increased fecal excretion of
lipids [43]. The significance of these contradictive findings
in relation to human physiology is not clear. First of all, both
studies found decreased triglyceride levels (a finding also
described in db/db mice treated with colesevelam [42]), which
is the opposite effect of what consistently has been reported in
human trials. Second, the studies reported a weight-lowering
effect of BASs, whereas a weight neutral effect has been
associated with BAS treatment in human trials [15-17]. In an
8-week clinical study addressing the impact of BAS treatment
on energy expenditure, patients with type 2 diabetes and
healthy control subjects treated with colesevelam (3.75 g dai-
ly) showed no difference in resting energy expenditure mea-
sured by indirect calorimetry [41]. Thus, it does not appear
that BAS treatment have a major impact on human energy
expenditure.

CCK

CCK has been suggested as a potential mediator of the
glucose-lowering effect of colesevelam [55¢], and studies
have shown that cholestyramine increases CCK concentra-
tions [63, 64], while intraluminal bile acids may inhibit CCK
release [64]. However, in 1 study examining the effect of
colesevelam, the increase in CCK was not correlated with
concurrent reductions in glucose, insulin, C-peptide, or gluca-
gon [55¢], and in another study, the CKK levels gradually
returned to baseline levels during 4-week treatment with cho-
lestyramine [63], questioning CCK as the mediator of the
glucose-lowering effect of BASs. Kogire et al examined iso-
lated perfused pancreata from rats, treated with cholestyr-
amine or subcutaneous CCK for 2 weeks, and found that both
interventions seemed to exert stimulatory effects on beta cell
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function, while pancreatic insulin content was not affected,
indicating that BASs may increase beta cell glucose sensitivity
through a CKK-mediated mechanism [65].

Fatty Acid Receptors

By binding bile acids in the intestine, BASs disrupt micelle
formation and shift the absorption of free fatty acids (FFAs) to
more distal, and L cell rich, parts of the intestine [52¢]. This
would allow FFAs to activate fatty acid receptors, such as
GPR40, on the L cells in the more distal gut with subsequent
release of GLP-1 [66]. This theory was originally proposed by
Hofmann [67] and has gained support from others [50], and
could also help explain why the animal studies using high fat
diets, seem to report a more pronounced effects of BASs
treatment. Currently, however, no studies have to our knowl-
edge tested the hypothesis in detail.

Summary and Conclusions

Type 2 diabetes is frequently associated with overweight and
dyslipidemia and carries long-term risk of micro- and
macrovascular disease [68]. HbA . is established as an inde-
pendent predictor of cardiovascular disease [69-71], and indi-
vidualized glycemic control is key in reducing morbidity and
mortality [72]. Treatment of hyperlipidemia with lipid-
lowering drugs reduce cardiovascular mortality in type 2
diabetes [68]. Therefore, given the dual glucose and LDL
cholesterol-lowering action of BASs, these drugs may be
beneficial in the treatment of patients with type 2 diabetes.
In line with this notion, cholestyramine has proven to reduce
cardiovascular disease (CVD) in patients with hypercholester-
olemia [13]. A randomized clinical trial evaluating the effect
on CVD in patients with type 2 diabetes is, however, needed
to establish the efficacy in this population.

Based on human clinical trials alone, it is difficult to
pinpoint the exact mechanism(s) by which BASs promote
their glucose-lowering effect, whereas animal studies indicate
that at least part of the glucose-lowering effect of BASs is
mediated through TGRS activation on the L cell and subse-
quent GLP-1 secretion. This mode of action is supported by
the fact that colesevelam improve oral glucose tolerance, but
not IV glucose tolerance. As mentioned, GLP-1 may stimulate
local afferent sensory nerve fibers in the intestine, and via the
nucleus of the solitary tract and the hypothalamus, signal to
the pancreas [57]. Thus, the glucose-lowering effect of BASs
could be GLP-1 mediated, without affecting plasma GLP-1
concentrations in the peripherally circulation. Finally, the
hypothesis that BASs may, indirectly, activate fatty acid re-
ceptors in the distal part of the intestine, and promote GLP-1
secretion, seems plausible, but studies are needed to address
this question.
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In conclusion, it appears that the dual-action of BASs is
mediated through both FXR deactivation and TGRS activa-
tion. However, the exact mechanisms underlying this interest-
ing pharmacologic concept remain to be fully elucidated, and
despite recent years, growing knowledge about the effect of
BASs, further studies are warranted to unravel the full poten-
tial of this drug class.
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