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Abstract: Bile acids facilitate the intestinal absorption of dietary lipids and act as signalling molecules
in the maintenance of metabolic homeostasis. Farnesoid X receptor (FXR) is a bile acid-responsive
nuclear receptor involved in bile acid metabolism, as well as lipid and glucose homeostasis. Several
studies have suggested a role of FXR in the control of genes regulating intestinal glucose handling.
We applied a novel dual-label glucose kinetic approach in intestine-specific FXR−/− mice (iFXR-KO)
to directly assess the role of intestinal FXR in glucose absorption. Although iFXR-KO mice showed
decreased duodenal expression of hexokinase 1 (Hk1) under obesogenic conditions, the assessment
of glucose fluxes in these mice did not show a role for intestinal FXR in glucose absorption. FXR
activation with the specific agonist GS3972 induced Hk1, yet the glucose absorption rate remained
unaffected. FXR activation increased the duodenal villus length in mice treated with GS3972, while
stem cell proliferation remained unaffected. Accordingly, iFXR-KO mice on either chow, short or
long-term HFD feeding displayed a shorter villus length in the duodenum compared to wild-type
mice. These findings indicate that delayed glucose absorption reported in whole-body FXR−/− mice
is not due to the absence of intestinal FXR. Yet, intestinal FXR does have a role in the small intestinal
surface area.

Keywords: glucose absorption; intestinal FXR; duodenum; GS3972

1. Introduction

Apart from their classical functions in fat absorption, bile acids have been recognised
as hormone-like molecules that regulate glucose, lipid and energy metabolism [1]. Early
evidence showing a link between bile acids and glucose metabolism comes from studies
using the bile acid sequestrants to show improved glycaemic control in patients with type
2 diabetes [2–4]. It has been hypothesised that the beneficial effect of bile acid sequestrants
on glucose metabolism involves Farnesoid X receptor (FXR) signalling [5]. This nuclear
receptor is expressed in many tissues and organs, including the liver, intestine, kidneys,
adrenal glands, white adipose tissue and immune cells [6]. FXR is a major regulator of
bile acid metabolism but also strongly modulates various physiological processes by up-
or downregulating target genes in response to bile acids and specific agonists [1]. The
activation of FXR mediates glucose and lipid metabolism, especially in the organs taking
part in the enterohepatic cycle of bile acids, i.e., liver and intestine. Several synthetic FXR
agonists have been developed and are in clinical trials, such as obeticholic acid (OCA) for
the treatment of primary sclerosing cholangitis and Cilofexor for non-alcoholic steatohep-
atitis (NASH) [7–10]. A role for bile acids and FXR has been proposed for the most potent
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intervention for type 2 diabetes, i.e., bariatric surgery [11–13]. Activation of FXR specifically
in the intestine with the gut-restricted agonist fexaramine induces circulating fibroblast
growth factor 15/19 (FGF15/19) levels, thereby altering hepatic bile acid synthesis and bile
acid composition, leading to increased energy expenditure and improved metabolic pro-
files [14,15]. Apart from the liver, FXR signalling also affects peripheral insulin sensitivity
in adipose tissue and skeletal muscle, indicating the important role of FXR in whole-body
glucose homeostasis through various direct and indirect mechanisms that may involve
other bile-responsive receptors [16,17].

FXR is expressed throughout the small intestine, i.e., in the duodenum, jejunum and
ileum [18]. While FXR in the ileum regulates the reabsorption of bile acids, its control over
the transintestinal cholesterol excretion pathway may occur more upstream [19]. Synthetic
agonists, especially the non-steroidal agonists, also likely activate intestinal FXR more
proximally compared to bile acids that are mostly taken up in the ileum. Contrasting
findings were presented on the mechanisms of pharmaceutical modulation of intestinal
FXR. Beneficial effects of the gut-restricted FXR agonist fexaramine were shown to rely
on lithocholic acid (LCA)-producing bacterial species in the gut that lead to increased
activation of TGR5 by the potent agonist LCA to stimulate intestinal glucagon-like peptide-
1 (GLP-1) secretion, inducing adipose tissue browning and, ultimately, improving insulin
sensitivity [20]. In contrast, other studies have shown that the activation of intestinal FXR
has a detrimental effect on glucose homeostasis and energy expenditure in response to
obesity [21,22]. For instance, the use of the FXR antagonist glycine-β-muricholic acid,
that inhibits FXR signalling exclusively in the intestine, was proposed to improve the
metabolic parameters in mouse models of obesity through an intestinal FXR–ceramide
axis [22]. The intestinal FXR/GLP-1 pathway has also been shown as another FXR-mediated
pathway in glucose metabolism: the inhibition of FXR activity in L-cells by colesevelam
induces the expression of proglucagon, subsequently promoting GLP-1 production and,
hence, improving glucose metabolism [23]. Taken together, these results indicate that FXR
signalling is complex, and the activity of FXR in the intestine can exert effects on whole-
body metabolism through various mechanisms. Besides controlling metabolic pathways,
the activation of FXR has been shown to improve the intestinal structure and integrity in
several disease models [18,24,25]. The regulation of intestinal architecture may therefore
represent another possibility of metabolic control through modulating the intestinal surface
area.

Intestinal glucose absorption is the initial step of prandial glucose metabolism. An
increase in the expression of the major apical transporter, sodium-dependent glucose
transporter 1 (SGLT1), leads to increased glucose absorption in obese mice [26]. Proximal
intestinal glucose absorption is also accelerated in obese humans [27]. In contrast, humans
with gastrointestinal exclusion by Roux-en-Y gastric bypass show decreased intestinal
glucose absorption and improved whole-body glucose metabolism [28]. Our previous study
has shown that FXR affects glucose kinetics by modulating intestinal glucose absorption
in the duodenum, the main site of glucose absorption. In whole-body FXR−/− mice, the
appearance of glucose in the blood appeared to be delayed and to accumulate as glucose-6-
phosphate in enterocytes, requiring dephosphorylation to allow release into the blood [29].
However, this mechanism has not been studied further, and in view of the pleiotropic
actions of FXR, the use of the total FXR−/− model might not allow the assessment of a
direct role for FXR in the intestine.

Here, we aimed to study the role of intestinal FXR in glucose handling directly by
analysing glucose absorption in an intestine-specific FXR−/− (iFXR-KO) mouse model
using a novel dual-label glucose kinetic approach. We hypothesised that the control of
FXR on the expression of glucose transporters and/or kinases, as well as the intestinal
architecture, might contribute to the intestinal glucose absorption capacity.
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2. Results
2.1. FXR Deficiency in Intestine Does Not Lead to Delayed Glucose Absorption

To determine whether FXR directly modulates glucose handling in the intestine, mice
lacking FXR specifically in enterocytes (iFXR-KO mice) were employed. IFXR-KO mice
had similar body weights and small intestine lengths compared to wild-type mice (Figure
S1a,b). Consistent with previous findings [30], ileal expression of Fgf15 was significantly
lower in iFXR-KO mice compared to controls, indicating impaired FXR-FGF15 signalling
(Figure S1c). In line, hepatic expression of cytochrome P450 family 7 subfamily A member1
(Cyp7a1) was significantly higher in iFXR-KO mice, whereas cytochrome P450 family 8
subfamily B member1 (Cyp8b1), reported to be predominantly controlled by hepatic FXR,
was unaffected [30] (Figure S1d,e).

Whereas whole-body FXR−/− mice were shown to have higher hexokinase 1 (Hk1)
gene expression in the first segment of the small intestine, only a minor trend to higher
expression was observed for this gene in the first of the five segments of the small intestine
(i.e., the duodenum) of iFXR-KO mice compared to wild-type mice (Figure 1a). There
was no significant difference in intestinal hexokinase 2 (Hk2) expression either between
wild-type and iFXR-KO mice (Figure S1f). The expression of the major glucose trans-
porters sodium-dependent glucose cotransporter 1 (Sglt1) and the intracellular glucose-6-
phosphate transporter (G6pt) all tended to be higher in the duodenum of iFXR-KO mice
compared to wild-type and glucose transporter 2 (Glut2) was significantly increased in the
first segment (Figure 1b, Figure S1g,h). To quantify the glucose absorption, a novel dual-
label glucose kinetic approach was developed (Figure S2). Tracer kinetics, however, showed
identical glucose appearance rates and recovery of the oral tracer between wild-type and
iFXR-KO mice (Figure 1c,d), indicating that, despite the changes in gene expression of
glucose transporters, the temporal dynamics of intestinal glucose absorption were similar
between the two groups.

Next, we analysed the morphology of the small intestine in wild-type and iFXR-KO
mice on chow diet to determine whether there were any changes in absorptive surface area.
IFXR-KO mice had a significantly shorter villus length in the duodenum compared to that
of wild-type mice (Figure 1e,f, 549.59 µm vs. 488.68 µm, 12%). Yet, no significant difference
in duodenal crypt length was observed between the two groups (Figure 1g). Additionally,
the villus length was solely increased in the duodenum, whereas no change in length was
observed in the jejunum or ileum compared to controls (Figure 1h,i). Together, these gene
expression data, morphology and kinetic analysis indicate that despite effects on intestinal
surface and gene expression of glucose-related genes, deficiency of FXR specifically in the
intestine does not affect the glucose absorption rate.

2.2. Long-Term HFD Exposure Does Not Affect Glucose Absorption in iFXR-KO Mice

As exposure to a HFD affects glucose metabolism in mice [31], we next tested intestinal
glucose absorption in wild-type and iFXR-KO mice after 10-week HFD feeding to determine
whether glucose absorption in mice lacking intestinal FXR may be affected under these
conditions. Duodenal expression of Hk1 was significantly lower in iFXR-KO mice after
10-week HFD while expression of glucose transporters was not affected (Figure 2a). Similar
to chow-fed conditions, however, glucose absorption kinetics remained highly similar
between iFXR-KO mice and controls. The appearance kinetics of orally administered
glucose were virtually identical and also the recovery of the oral tracer did not differ
between both groups (Figure 2b,c).
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Figure 1. FXR deficiency in intestine does not lead to delayed glucose absorption appearance. (a,b)
Quantitative real-time PCR of glucose absorption gene expression (Hk1 and Sglt1) in 5 parts of
intestine (0, 20, 40, 80 and 100% of small intestine from proximal to distal) from wild-type (WT)
and intestine-specific FXR−/− (iFXR-KO) mice on chow diet; (c) Orally administrated D-[U-13C]
glucose appearance rate, (d) recovery of orally administrated glucose bolus at 0, 5, 15, 30, 45, 60 and
90 min during glucose absorption test from WT and iFXR-KO mice on chow diet; (e) Representative
image of H&E staining of duodenum from WT and iFXR-KO mice on chow diet (magnification 10×;
bar represents 200 µm); (f) Quantified analysis of villus length and (g) crypt length of duodenum
from WT and iFXR-KO mice on chow (10 villi were selected from each mouse for qualification); (h)
Quantified analysis of villus length and (i) crypt length of jejunum and ileum from WT and iFXR-KO
mice on chow diet (10 villi were selected from each mouse for qualification). Statistical significance
was determined using the Mann–Whitney test in WT and iFXR-KO mice. All panels: n = 4–5/group.
Data are represented as mean ± SEM, Panel (f): * p < 0.05.
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Figure 2. Long-term HFD exposure does not lead to changes of glucose absorption in iFXR-KO mice 
(a) Quantitative real-time PCR of glucose absorption gene expression in duodenum from wild-type 
(WT) and intestine-specific FXR−/− (iFXR-KO) mice after 10-week high-fat-diet (HFD); (b) Orally 
administrated D-[U-13C] glucose appearance rate and (c) recovery of orally administrated glucose 
bolus at 0, 5, 15, 30, 45, 60 and 90 min during glucose absorption test from WT and iFXR-KO mice 
after 10-week HFD; (d) Plasma citrulline level from WT and iFXR-KO mice when they were on chow 
diet, 6-week HFD and 10-week HFD; (e) Representative image of H&E staining of duodenum from 
WT and iFXR-KO mice after 10-week HFD (magnification 10×; bar represents 200 μm); (f) Quantified 
analysis of villus length and (g) crypt length of duodenum, jejunum and ileum from WT and iFXR-
KO mice after 10-week HFD (10 villi were selected from each mouse for qualification). Statistical 
significance was determined using the Mann–Whitney test in WT and iFXR-KO mice. All panels: n 
= 8–9/group, data are represented as mean ± SEM, panels (a,f,g): * p < 0.05 and ** p < 0.01 when iFXR-
KO mice compared with WT mice; panel (d): # p < 0.05 when WT mice on chow condition compared 
with HFD condition. 

Figure 2. Long-term HFD exposure does not lead to changes of glucose absorption in iFXR-KO mice
(a) Quantitative real-time PCR of glucose absorption gene expression in duodenum from wild-type
(WT) and intestine-specific FXR−/− (iFXR-KO) mice after 10-week high-fat-diet (HFD); (b) Orally
administrated D-[U-13C] glucose appearance rate and (c) recovery of orally administrated glucose
bolus at 0, 5, 15, 30, 45, 60 and 90 min during glucose absorption test from WT and iFXR-KO mice
after 10-week HFD; (d) Plasma citrulline level from WT and iFXR-KO mice when they were on
chow diet, 6-week HFD and 10-week HFD; (e) Representative image of H&E staining of duodenum
from WT and iFXR-KO mice after 10-week HFD (magnification 10×; bar represents 200 µm); (f)
Quantified analysis of villus length and (g) crypt length of duodenum, jejunum and ileum from WT
and iFXR-KO mice after 10-week HFD (10 villi were selected from each mouse for qualification).
Statistical significance was determined using the Mann–Whitney test in WT and iFXR-KO mice. All
panels: n = 8–9/group, data are represented as mean ± SEM, panels (a,f,g): * p < 0.05 and ** p < 0.01
when iFXR-KO mice compared with WT mice; panel (d): # p < 0.05 when WT mice on chow condition
compared with HFD condition.
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Citrulline levels were significantly increased after 6 weeks of HFD feeding in wild-
type mice indicating increased enterocyte mass. However, no significant changes were
found between genotypes when mice were fed either chow, 6-week HFD or 10-week HFD
(Figure 2d). In line with the observations on chow diet, intestinal morphology under
obesogenic conditions showed significantly lower villus length in the duodenum of iFXR-
KO mice compared to wild-type (Figure 2e,f). For other parts of the intestine however,
villus length between the two groups was similar (Figure 2f). Additionally, there was
no significant difference in crypt length in the duodenum and jejunum of wild-type and
iFXR-KO mice. Yet, a small but significant increase in crypt length was observed in the
ileum of iFXR-KO mice compared to controls under obesogenic conditions (Figure 2g).

2.3. Long-Term HFD Exposure Perturbs Whole-Body Glucose Metabolism to the Same Extend in
Wild-Type and iFXR-KO Mice

The kinetic analyses of glucose fluxes during the glucose absorption test also allow
identification of changes in whole-body glucose homeostasis. During the test, blood glucose
concentrations in wild-type and iFXR-KO mice on chow diet showed virtually identical
dynamics with a peak level at around 15 min (16.30 mM in wild-type mice and 16.45 mM
in iFXR-KO mice) (Figure 3a). A separate cohort of mice was fed a HFD for 10 weeks. Body
weight gain was very similar in both wild-type and iFXR-KO mice (Figure 3b). Notably, the
peak values of blood glucose concentration in wild-type and iFXR-KO mice after HFD were
higher than their corresponding values under chow conditions (19.78 mM in wild-type mice
and 17.58 mM in iFXR-KO mice) and blood glucose concentrations showed delayed dy-
namics. However, we did not observe differences between genotypes (Figure 3c). Glucose
clearance rates were identical between the two genotypes under both chow and HFD con-
ditions (Figure 3d). However, the obese HFD-fed groups displayed a decreased clearance
rate compared to lean chow-fed mice. Additionally, no significant differences were found
in the degree to which the hepatic glucose production was suppressed by the glucose bolus
between wild-type and iFXR-KO mice on both diets, although this suppression was clearly
impaired in HFD-fed mice compared to chow-fed animals (Figure 3e). In line, insulin
sensitivity also remained highly comparable between iFXR-KO mice and controls, whereas
long-term HFD exposure similarly reduced insulin sensitivity equally in both wild-type
and iFXR-KO mice (Figure 3f). HFD feeding is associated with ectopic lipid accumulation
in mice. Histology of liver showed that there were indeed more lipid droplets in livers
from mice fed with HFD. Yet again, both genotypes appeared to be similarly affected
(Figure 3g). This result was different from previous studies showing that intestinal FXR
promotes hepatic lipid accumulation [22,32]. To investigate whether bile acid homeostasis
was affected in iFXR-KO mice, bile acid composition in plasma and bile was analysed.
Similar to previous findings [30], there was no significant difference in plasma bile acid
concentrations between wild-type and iFXR-KO mice. However, iFXR-KO mice tended
to have slightly higher percentages of taurocholic acid, and these mice had significantly
less muricholates in plasma compared to wild-type mice after 10-week HFD feeding. No
differences in bile acid composition were observed in bile after 10-week HFD feeding either
(Figure 3h). Together, these results confirm that long-term HFD leads to impaired glucose
metabolism, reduced insulin sensitivity as well as accumulation of hepatic triglycerides in
mice. However, the deficiency of FXR in the intestine does not impact on these changes
within the applied timeframe.
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Figure 3. Long-term HFD exposure leads to impaired glucose metabolism in both WT and iFXR-KO 
mice. (a) Blood glucose concentration at 0, 5, 15, 30, 45, 60 and 90 min during glucose absorption test 
of wild-type (WT) and intestine-specific FXR−/− (iFXR-KO) mice on chow diet; (b) Body weight 
change of WT and iFXR-KO mice during the period of 10-week high-fat-diet (HFD) feeding; (c) 
Blood glucose concentration at 0, 5, 15, 30, 45, 60, 90 and 120 min during glucose absorption test of 
WT and iFXR-KO mice after 10-week HFD; (d) Glucose clearance rate, (e) hepatic glucose 
suppression and (f) insulin sensitivity of WT and iFXR-KO mice during glucose absorption test on 
chow and on 10-week HFD; (g) Representative image of H&E staining of liver from WT and iFXR-

Figure 3. Long-term HFD exposure leads to impaired glucose metabolism in both WT and iFXR-KO
mice. (a) Blood glucose concentration at 0, 5, 15, 30, 45, 60 and 90 min during glucose absorption
test of wild-type (WT) and intestine-specific FXR−/− (iFXR-KO) mice on chow diet; (b) Body weight
change of WT and iFXR-KO mice during the period of 10-week high-fat-diet (HFD) feeding; (c) Blood
glucose concentration at 0, 5, 15, 30, 45, 60, 90 and 120 min during glucose absorption test of WT
and iFXR-KO mice after 10-week HFD; (d) Glucose clearance rate, (e) hepatic glucose suppression
and (f) insulin sensitivity of WT and iFXR-KO mice during glucose absorption test on chow and
on 10-week HFD; (g) Representative image of H&E staining of liver from WT and iFXR-KO mice
on chow or on 10-week HFD (magnification 8x; bar represents 300 µm); (h) Relative bile acid
composition in plasma and gallbladders from WT and iFXR-KO mice on 10-week HFD. CA: cholic
acid, (T)CDCA: (tauro)chenodeoxycholic acid, TUDCA: tauroursodeoxycholic acid, (A,B,O)MCA:
(α,β,ω)muricholic acid, TMCA: tauromuricholic acid, TCA: taurocholic acid, DCA: deoxycholic acid.
Statistical significance was determined using the Mann–Whitney test in WT and iFXR-KO mice. All
panels: n = 6–9/group, data are represented as mean ± SEM, # p < 0.05, ## p < 0.01 and ### p < 0.001
when WT mice on chow condition compared with HFD condition.
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2.4. Activation of FXR by GS3972 Does Not Alter Glucose Absorption in Wild-Type Mice

To determine whether pharmacological activation of intestinal FXR has an impact
on intestinal glucose absorption, FXR activation with the agonist GS3972 was applied
for further analysis of the role of FXR in glucose absorption. As the onset exposure
to excess dietary fat already affect multiple parameters that advance metabolic disease
development later on, including glucose tolerance [33], we focused on the early stages of
obesity development [34]. The expression of both Hk1 and Hk2 was already significantly
lower in the first segment of the small intestine of iFXR-KO mice compared to wild-
type under short-term HFD conditions (Figure 4a,b). The effect of GS3972 treatment
on glucose absorption was analysed in both wild-type and iFXR-KO mice during the
onset of obesity-induced metabolic derangements after a one-week HFD. GS3972 induced
expression of Fgf15 and ileal bile acid-binding protein (I-babp) in the ileum of wild-type
mice but not in iFXR-KO mice (Figure S3a,b). In livers of both wild-type and iFXR-KO mice
treated with GS3972, expression of the FXR target gene small heterodimer partner (Shp)
was significantly increased while the expression of Cyp7a1 and Cyp8b1 was significantly
decreased (Figure S3c–e), indicating that the agonist activates FXR in both intestine and
liver.

As described above, expression of Hk1 in the duodenum of iFXR-KO mice was signif-
icantly lower than wild-type mice after one-week HFD feeding, while activation of FXR
increased the expression of Hk1 in duodenum of wild-type mice, but not in iFXR-KO mice
(Figure 4c). A similar trend was detected for duodenal expression of Hk2; however, this did
not reach significance (Figure 4d). There was no difference in expression of Sglt1 and other
glucose transporters among treated and untreated groups (Figure 4e and Figure S3f–h).
Glucose absorption kinetics showed that, apart from a trend in the initial phase, activation
of FXR by GS3972 did not significantly impact intestinal glucose absorption rates, as evident
from similar appearance rate and cumulative recovery of orally-administrated glucose
(Figure 4f,g). There were also no significant differences in whole-body glucose clearance
rates or suppression of endogenous glucose production between the groups, indicating
that FXR activation did not prevent or aggravate initial development of glucose intolerance
and insulin resistance (Figure 4h,i).

2.5. Activation of FXR by GS3972 Increases Villus Length in Duodenum

Despite that several studies in disease models identified a role for FXR in recovery of
intestinal morphology and structure [24,35,36], enterocyte mass did not appear to be altered
by activation of FXR during short-term HFD feeding, as indicated by comparable plasma
citrulline levels in treated and untreated wild-type as well as iFXR-KO mice (Figure 5a).
The morphology of the duodenum, however, was slightly but significantly affected by
GS3972-induced FXR activation as quantitative analysis showed that duodenal villus
length was increased upon GS3972 treatment in wild-type (Figure 5b, 523.64 µm vs. 573.56
µm, 9% increase). In iFXR-KO mice however, GS3972 treatment did not affect villus
length (Figure 5b and Figure S4a). Consistent with our earlier results (Figure 1), villus
length was significantly shorter in the duodenum of untreated iFXR-KO mice compared to
controls. Crypt length was not influenced by activation of FXR (Figure 5c). In line with the
comparable total enterocyte mass between treatment groups and genotypes, this difference
of villus length was not observed in other parts of the small intestine (jejunum and ileum)
in either wild-type mice treated with GS3972 compared to controls or in iFXR-KO mice,
except for a small but significant increase in jejunal crypt length in iFXR-KO mice compared
to untreated controls (Figure S4b,c).
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Figure 4. Activation of FXR increased Hk1 expression in duodenum. (a,b) Quantitative real-time 
PCR of glucose absorption gene expression (Hk1 and Hk2) in 5 parts of intestine (0, 20, 40, 80 and 
100% of small intestine from proximal to distal) from wild-type (WT) and intestine-specific FXR−/− 
(iFXR-KO) mice on one-week high-fat-diet (HFD) chow diet; (c–e) Quantitative real-time PCR of 

Figure 4. Activation of FXR increased Hk1 expression in duodenum. (a,b) Quantitative real-time
PCR of glucose absorption gene expression (Hk1 and Hk2) in 5 parts of intestine (0, 20, 40, 80 and
100% of small intestine from proximal to distal) from wild-type (WT) and intestine-specific FXR−/−

(iFXR-KO) mice on one-week high-fat-diet (HFD) chow diet; (c–e) Quantitative real-time PCR of
glucose absorption gene expression (Hk1, Hk2 and Sglt1) in duodenum from WT and iFXR-KO mice
treated with or without GS3972 for one week under HFD condition; (f) Orally administrated D-[U-
13C] glucose appearance rate and (g) recovery of orally administrated glucose bolus at 0, 5, 15, 30, 45,
60 and 90 min during glucose absorption test from WT and iFXR-KO mice treated with or without
GS3972 for one week under HFD; (h) Glucose clearance rate and (i) hepatic glucose suppression
from WT and iFXR-KO mice treated with or without GS3972 for one week under HFD. Panels (a,b):
Statistical significance was determined using the Mann–Whitney test in WT and iFXR-KO mice. n
= 5/group, data are represented as mean ± SEM, * p < 0.05 and ** p < 0.01. Panels (c–i): Statistical
significance was determined using Kruskal–Wallis H-test followed by post-hoc Conover pairwise
comparisons. n = 7–9/group. Data are represented as mean ± SEM, * p < 0.05 and ** p < 0.01 when
mice with GS3972 treatment compared with control, # p < 0.05 and ## p < 0.01 when iFXR-KO mice
compared with WT mice.
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Figure 5. Activation of FXR does not lead to increased proliferation rate of epithelial cells in duode-
num (a) Plasma citrulline level from WT and iFXR-KO mice wild-type (WT) and intestine-specific
FXR−/− (iFXR-KO) mice treated with or without GS3972 for one week under high-fat-diet (HFD)
condition. (b) Quantified analysis of villus length and (c) crypt length of duodenum from WT and
iFXR-KO mice treated with or without GS3972 for one week under HFD (10 villi were selected from
each mouse for qualification). (d,e) Representative image of immunofluorescence staining for the
proliferative cell marker Brdu in duodenum from WT and iFXR-KO mice treated with or without
GS3972 for one week under HFD. (d) Image of whole section of duodenum captured by TissueFax
(magnification 10×; bar represents 200 µm). (e) Image of part section of duodenum captured by the
digital camera (magnification 16×). Statistical significance was determined using Kruskal–Wallis
H-test followed by post-hoc Conover pairwise comparisons. Panel (a): n = 4–6/group; Panel (b–e):
n = 7–9/group. Data are represented as mean ± SEM, * p < 0.05 when mice with GS3972 treatment
compared with control, ### p < 0.001 when iFXR-KO mice compared with WT mice.
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We finally explored whether this increased villus length in duodenum by activation
of FXR was due to an increased proliferation rate of intestinal epithelial cells. The new
epithelial cells differentiate from stem cells at the base of intestinal crypts and gradually
migrate upward to the villus tips. To track proliferative cells and their descendants along
the crypt–villus axis, Brdu was injected 24 h before termination. Brdu-positive cells were
detected in the duodenum of all mice from every group. However, we did not observe
any difference in terms of proliferation rate between treated and untreated groups or
between iFXR-KO and wild-type mice (Figure 5d,e), indicating that the increased villus
length in the duodenum is not due to increased cell proliferation within crypts. As pro-
inflammatory cytokines may also have an impact on enterocytes by regulating proliferation
and differentiation of epithelial cells [37] and FXR is able to modulate this response [25,38],
we also measured the pro-inflammatory cytokines in wild-type and iFXR-KO mice treated
with and without GS3972. However, no differences in expression of inflammatory marker
genes in the duodenum of both treated as well as untreated wild-type and iFXR-KO mice
were detected (Figure S5).

Altogether our result show that intestinal FXR affects glucose-related genes in the duo-
denum as well as duodenal surface area in a stem-cell-proliferation-independent manner.
However, glucose absorption kinetics are not regulated by intestinal FXR.

3. Discussion

Glucose absorption in the small intestine is a complex process and structural or func-
tional alterations in the small intestine could lead to changes in glucose absorption rate
and therefore in the magnitude of the postprandial glucose load [39]. In this study, we
specifically focused on the potential role of intestinal FXR on glucose absorption by using
iFXR-KO mice, and a pharmacological FXR agonist in combination with a novel approach
to quantify intestinal glucose absorption in mice. Unexpectedly, based on our earlier stud-
ies in whole-body FXR−/− mice, chow-fed iFXR-KO mice failed to show delayed glucose
absorption, implying that effects in FXR−/− mice likely have an extra-intestinal origin.
This finding might be due to several reasons: first of all, whole-body FXR−/− mice were
generated by disrupting a 292-bp fragment of exon 2 in the Fxr gene [29,40], whereas the
iFXR-KO mice have loxP sites flanking the last Fxr exon [41,42]. This difference might
cause a variation in phenotype displayed by the two mouse models as was also previously
recognised [40]. Secondly, the technical approach for analysis of glucose absorption was
not equal. The novel glucose absorption test used in this study is based on two labelled
glucose boli, a minute intravenous injection of a D-[6,6-2H2] glucose bolus and an oral
administration of a D-[U-13C] glucose bolus, whereas our previous method applied con-
tinuous infusion of D-[6,6-2H2] glucose and an oral D-[U-13C] glucose bolus, a method
that requires surgery prior to the test [29]. Apart from technical differences, Fxr ablation in
liver was shown to have a major impact on intestinal gene expression as well as intestinal
mucus barrier and this impact was not shown in iFXR-KO mice, indicating that some of the
intestinal phenotypes of whole-body FXR−/− mice have a hepatic origin [43]. These effects
were however predominantly observed in the colon. Nevertheless, the delayed glucose
absorption observed in whole-body FXR−/− mice might be influenced by hepatic FXR
ablation.

We also observed that pharmacological FXR activation did not significantly alter
glucose absorption in wild-type mice, although a slight trend towards acceleration in
glucose appearance rate was observed in the initial phase after bolus administration.
Previous in vitro experiments have shown that the endogenous bile acid chenodeoxycholic
acid (CDCA) induces glucose uptake in human intestinal epithelial cells, while blocking
FXR inhibited this effect [44]. The authors speculated that increased GLUT2 transport from
the nucleus to the cell surface is responsible for this FXR-mediated effect [44]. Importantly,
non-steroidal FXR agonists may be able to activate FXR more strongly in the proximal part
of the intestine [19], whereas endogenous steroidal ligands such as CDCA are absorbed
more distally in the ileum. In our study, we measured several genes relevant for glucose
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absorption in the duodenum, which is the major region of glucose absorption in the small
intestine [45]. Our iFXR-KO mice showed significantly higher Glut2 expression in the
duodenum. However, activation of FXR with GS3972 did not reduce this expression,
suggesting that FXR does not have a direct impact on Glut2 expression. As an additional
regulatory mechanism, GLUT2 translocation is beyond transcriptional control: GLUT2
is predominantly located in the basolateral membrane, transporting glucose from the
enterocyte into the blood stream but GLUT2 can rapidly translocate to the apical membrane
upon glucose ingestion [46]. In addition, increased Hk1 expression was observed in wild-
type mice treated with an FXR agonist, as was paradoxically also previously shown for mice
lacking FXR [29]. Hexokinase phosphorylates glucose to glucose-6-phosphate and glucose
phosphorylation is an important process of a separate pathway for glucose absorption
independent of GLUT2 [47]. Hexokinase also plays a major role in intestinal transcellular
glucose transport, as it became evident from a study in GLUT2-deficient humans [48].
Importantly, the observed changes in gene expression of glucose transport-related genes
due to either ablation or activation of FXR did not correlate with the kinetics of glucose
absorption using a standard glucose load, indicating that there is absorptive overcapacity
during standard feeding conditions as well as during the initial development of obesity as
employed in our studies.

Another finding in this study is that FXR activation leads to increased villus length
in the duodenum. Despite that these changes were relatively modest, they do translate
into a more substantial increase in surface area, as villus length as well as width need to
be multiplied to the power two to estimate surface area [49]. The increased villus length
has been reported to be beneficial for the utilisation of nutrients, while shorter villi are
associated with the presence of toxins or quicker renewal of villus cells [50]. Consistent with
previous reports, HFD feeding resulted in increased villus length in wild-type mice and
this might be due to adaptation to decreased motility and absorption capacity especially
in the proximal intestine [51,52]. However, iFXR-KO mice did not show increased villus
length in their duodenum to the same extend as wild-type mice. This indicates a slower or
impaired adaptation in response to exposure to HFD in the absence of iFXR. The change in
villus length in the duodenum was not accompanied by changes in total intestinal length,
altered villus length in other intestinal sections or in total enterocyte mass. Despite the
fact that the duodenum has substantially longer villi compared to the other segments (i.e.,
500 µM in Figure 1f compared to 200–300 µM in Figure 1h), the murine jejunum itself is
much longer than the duodenum and, together with the ileum, therefore accounts for the
bulk of enterocyte mass [53]. Previous studies on the impact of intestinal FXR on villi
morphology mainly focused on the ileum as it is the main site where endogenous FXR
ligands are being absorbed [54]. One study has shown that iFXR-KO mice experienced
severe morphological changes in the ileum such as shortening of villi and shrinkage of the
submucosa and muscular layer upon ethanol administration [36]. Pharmacological FXR
activation, on the other hand could improve the integrity of the ileum and protect against
the deterioration of the epithelial barrier caused by biliary obstruction [18], cholestatic
liver injury [55], or ischemia reperfusion injury [24]. These results illustrate the regulatory
role of intestinal FXR in enteroprotection, which has been observed predominantly in
disease models [56]. Indeed, previous studies have shown that activation of FXR primarily
protects gut function by suppressing inflammation [25,57], which we did not observe in
our model. Apart from the ileum, FXR was also detected in the duodenum, specifically in
absorptive epithelial cells [58]. In our study, we observed that wild-type mice treated with
an FXR agonist showed an increased villus length in the duodenum under one-week HFD,
while iFXR-KO mice showed reduced villus length selectively in the proximal part of the
small intestine compared to wild-type under various dietary conditions. This adaptation
specifically in the duodenum in the absence of pre-existing damage suggests a different
physiological role of FXR in the proximal intestine. Indeed, there are regional differences
in identity along the gastrointestinal tract and nuclear receptors such as FXR have been
proposed to play a regulatory role, thus far predominantly in the more distal areas [59].
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The intestinal epithelium contains different types of cells including enterocytes, goblet
cells and endocrine cells and villus or crypt length can be influenced by proliferation rate
and turnover rate of intestinal epithelial cells [60]. Activation of FXR has been shown to
inhibit intestinal epithelial cell proliferation in in vitro experiments [61,62] and deficiency of
FXR promoted cell proliferation and inflammation in the colon [63]. In our study, long-term
HFD also led to increased ileal crypt length, suggesting that after prolonged obesogenic
conditions and metabolic derangements additional FXR-regulated effects on intestinal
morphology may become apparent. During the early stage of obesity development, we did
not observe a significant difference in proliferation rate of new enterocytes in the duodenum
between wild-type and iFXR-KO mice, treated or untreated with an FXR agonist. Thus,
the increased villus length found in duodenum of wild-type mice treated with the FXR
agonist must be due to a longer life span of epithelial cells. Indeed, a previous study has
shown that FXR activation increases cell survival and protects against apoptotic cell death
of human and mouse gastric epithelial cells by targeting antiapoptotic proteins such as
keratin 13 [64]. Interestingly, HK1 was found to be involved in the transduction of cell death
signals and it counters tumour necrosis factor (TNF)-induced apoptosis [65,66]. Therefore,
the increased expression of Hk1 in the duodenum of mice treated with an FXR agonist
might also contribute to the life span of epithelial cells, which may subsequently lead to
increased villus length in those mice.

Unexpectedly, we did not observe beneficial effects on NAFLD development, insulin
resistance or glucose homeostasis in iFXR-KO mice after 10-week HFD feeding, as was
observed in previous studies [21,22,32]. Western type diets and subsequent weight gain are
the major driver of these features of the metabolic syndrome and the iFXR-KO mice did
indeed gain relatively less weight compared to controls in these studies. Importantly, we
did not observe blunted weight gain in iFXR-KO mice under obesogenic conditions. In line
with our findings, a recent study on the role of FXR in the beneficial effects of vertical sleeve
gastrectomy also observed weight gain at a similar pace in iFXR-KO mice compared to
wild-type mice on HFD prior to the surgical intervention [12]. Unlike earlier studies, these
mice received a diet identical to the one applied in our studies, suggesting that dietary
factors beyond fat content alone may modulate weight gain in iFXR-KO mice. The beneficial
effects on weight gain in earlier studies were indeed also dependent on the microbiota,
which is a strongly modified by diet [67,68]. Interestingly, rather than an effect on intestinal
energy metabolism, the beneficial effects of the vertical sleeve gastrectomy were attributed
to an FXR-dependent effect on bile acid composition and subsequent reduced fat uptake
that was blunted in global FXR−/− mice, yet retained in liver- or intestine-specific FXR-KO
models [12].

We also acknowledge some limitations of this study. We did not study the effect of
long-term pharmacological FXR stimulation on glucose absorption or its application under
pathophysiological conditions, i.e., during later stages of obesity. This could provide more
insight on how FXR agonism affects insulin resistance-induced processes that appear later
in the disease process. We also limited the experiments to male mice, as was also the case
in our study on global FXR−/− mice [29]

In conclusion, we studied the role of intestinal FXR on glucose absorption and mor-
phology of the small intestine under chow, short- and long-term HFD feeding conditions,
by using iFXR-KO mice and the FXR agonist GS3972. Our results show that iFXR-KO mice
do not present with delayed glucose absorption as whole-body FXR−/− mice do, despite
decreased hexokinase expression and increased duodenal surface area. The changes in
intestinal structure are limited to the duodenum, which might be due increased epithelial
cell turnover in iFXR-KO mice, a process that may be delayed by FXR activation.

4. Materials and Methods
4.1. Mice

The intestine-specific FXR−/− mice were generated by cross-breeding of mice contain-
ing Cre-recombinase under the control of the villin promoter [69] with Fxr-floxed mice [42],
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kindly provided by Dr Frank J Gonzalez (NIH, Bethesda, MD, USA). Littermates harbour-
ing the loxP sites (flox/flox mice) were used as controls. Ten- to sixteen-week-old male
iFXR-KO and control mice were housed individually in a light (12:12) and temperature (21
◦C)-controlled facility and received chow or high-fat diet (HFD) (60 kcal %, D17041409)
and water ad libitum. Animals were fasted for 4 h and then terminated under anaesthesia.
Another cohort of male iFXR-KO and wild-type mice received one-week HFD combined
with the FXR agonist GS3972 (kindly provided by Gilead Inc., Foster City, CA, USA) dis-
solved in 0.5% methylcellulose (10 mg/kg) or methycellulose control solution that was
orally administered daily for 6 days. After the last gavage, mice were fasted for 4 h and
terminated under anaesthesia. During the termination, organs and tissues were carefully
dissected, weighed and stored at −80 ◦C before use. All experimental procedures were
approved by the review board of the Animal Care and Use Committee of the Groningen
University in accordance with local regulations for use of experimental animals.

4.2. Glucose Absorption Test

Mice were fasted for 9 h and D-[6,6-2H2] glucose (150 mg/kg) was injected intra-
venously (IV), while a glucose bolus containing 1 g/kg glucose (970 mg/kg glucose and
30 mg/kg D-[U-13C] glucose was administered orally directly thereafter. Blood glucose
levels were measured from the tail-tip at several time points after glucose administration
(0, 15, 30, 45, 60, 90 and 120 min) using a handled glucometer (Accu Check Advantage,
Roche Diabetes Care, Ind., USA). Bloodspots were collected on filter paper to assess tracer
enrichment in the blood circulation at these time points. At the time points of 0, 5, 15
and 120 min, additional bloodspots were collected for insulin measurement using the
ultrasensitive rat ELISA kits and insulin mouse standard (#90060 and #90020, Crystal
Chem Inc., Zaandam, The Netherlands). The insulin assay was performed according to the
manufacturer’s instruction. 80 ◦C before use.

4.3. Gas Chromatography-Mass Spectrometry

Glucose was first extracted by ethanol from blood spots and converted to the glucose
pentacetate derivative using pyridine and acetic anhydride. The solution was evaporated
at 60 ◦C under a stream of nitrogen and the residue was dissolved in ethyl acetate, which
was transferred into injection vials for analysis by gas chromatography-mass spectrometry
(GC/MS). The derivatives were separated on a Zebron-1701 30 m × 0.25 mm ID (0.25 µm
film thickness) capillary column. Mass spectrometry analyses were performed by positive
chemical ionisation with ammonia. Ions monitored; m/z 408–414 (m0–m6).

4.4. Tracer Kinetics

Fractional distributions of glucose isotopologues as measured by GC/MS (m0–m6)
were first adjusted for natural abundance of 13C atoms (M0–M6). The calculation of different
parameters (tracer concentrations at different time point, glucose clearance rate, glucose
disposal rate, glucose appearance rate, glucose recovery at different time points, etc.) was
based on formulas according to van Dijk et al. [70] (Figure S2). The “Wagner–Nelson
method”, a pharmacokinetic approach, was used to estimate absorption over time [71].
Further details on the novel approach are provided in Figure S2.

4.5. Histology

Intestinal and liver samples were fixed in 4% neutral buffered formaldehyde, embed-
ded in paraffin, cut into 4-µm sections, and stained with haematoxylin/eosin (H&E) by
standard procedures. Images were obtained using a Hamamatsu NanoZoomer (Hama-
matsu Photonics, Almere, The Netherlands) and viewed on ImageScope Viewer software
(V11.2.0.780 Aperio). 10 random complete villi and crypts in one section of small intestine
(duodenum, jejunum and ileum) from each mouse were chosen to measure the villus
length and crypt length, and the average was calculated. Crypt length was defined as the
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invagination between two villi and villus length was defined as the distance between the
tips of the villi to the crypt transition [72].

4.6. Fluorescence Staining

Brdu (5-bromo-2’-deoxyuridine, 100 mg/kg in PBS) was injected intraperitoneally
to iFXR-KO mice and wild-type mice 24 h before termination. Duodenal samples were
collected, fixed in 4% neutral buffered formaldehyde, embedded in paraffin and cut into
4-µm sections. Paraffin sections were prepared for classic immunohistochemistry (IHC)
staining by deparaffinisation in xylene and rehydrating through an ethanol series to distilled
water. Tissues were permeabilised for 10 min in 0.2% Triton X-100 in PBS. Antigen retrieval
was performed in citrate buffer (pH 6.0) in water bath at 95 ◦C for 30 min. Slides were
then blocked in a humidity chamber in 1% bovine serum albumin (BSA) in PBS for 1 h,
incubated with primary antibody Rat anti-BrdU (1:300) (Accurate Chemical #OBT0030G) at
4 ◦C overnight, washed in 0.2% Triton X-100 in PBS, incubated with secondary antibody
Goat anti-Rat Alexa Fluor® 488 (1:200) for 1 h, washed in 0.2% Triton X-100 in PBS, stained
with DAPI (4′,6-diamidino-2-phenylindole), and mounted with Prolong Gold (Invitrogen).
Images from the whole sections of duodenum from each mouse were obtained using high
content fluorescence Widefield microscopy TissueFaxs (TissueGnostics GmbH, Vienna,
Austria). Single field images of the duodenum sections were obtained with a Leica DM LB
fluorescence microscope (Leica, Wetzlar, Germany).

4.7. Plasma Citrulline Measurement

Blood was collected from the tail vein into EDTA-treated haematocrit capillary tubes.
After centrifugation at 8000 g for 10 min at 4 ◦C, plasma was collected for citrulline deter-
mination with the automated ion-exchange column chromatography method as previously
described [73,74].

4.8. Real-Time Quantitative Reverse Transcription-PCR

Real-time quantitative reverse transcription-PCR was performed to analyse the mRNA
expression of genes relevant for glucose absorption in iFXR-KO and control mice. Five
segments of intestine (from proximal intestine to distal intestine: 0, 20, 40, 80, 100%) and
liver were collected for RNA isolation. Total RNA was isolated from intestine or liver
samples using TRI reagent (Sigma-Aldrich, St. Louis, MO, USA). cDNA was synthesised
by reverse transcription using moloney murine leukaemia virus reverse transcriptase and
random nonamers according to the manufacturer’s protocol. mRNA expression levels
were analysed using the StepOne Real-Time PCR system (Applied Biosystems Europe,
Nieuwerkerk aan Den IJssel, The Netherlands). PCR results were normalised to 36B4
mRNA levels. Primers and probe sequences are listed in Table S1.

4.9. Bile Acid Profile in Plasma and Gallbladder

Bile acids in plasma and gallbladder were measured by ultra (U)HPLC-MS/MS on
a Nexera X2 UHPLC system (Shimadzu, Kyoto, Japan), coupled to a SCIEX QTRAP 4500
MD triple quadrupole mass spectrometer (SCIEX, Framingham, MA, USA) [75]. Bile acid
concentration in plasma was measured in 25 µL of homogenised plasma. An internal
standard containing D4-cholate, D4-chenodeoxycholate, D4-glycocholate, D4-taurocholate,
D4-glycochenodeoxycholate, and D4-taurochenodeoxycholate was used for quantification.
Concentration of different bile acids from plasma and gallbladder in WT and iFXR-KO
mice on 10-week HFD was shown in Table S2.

4.10. Statistical Analysis

Significance of differences between two groups were tested by non-parametric Mann–
Whitney U test, whereas significance of difference among multiple groups was assessed
by Kruskal–Wallis H-test, followed by post-hoc Conover analysis test using the GraphPad
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Prism 8.00 software package (GraphPad Software, San Diego, CA, USA). Significance was
indicated as * p < 0.05, ** p < 0.01, *** p < 0.001.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms24044132/s1.

Author Contributions: Conceptualisation, F.K. and T.v.Z.; Methodology, J.Y., T.H.v.D., M.K. and
R.H.; Writing—Original Draft, J.Y.; Writing—Review and Editing, J.Y., J.F.d.B., T.v.Z. and F.K. and
Supervision, F.K. and T.v.Z. All authors have read and agreed to the published version of the
manuscript.

Funding: This research was funded by the Heart Foundation (CVON2018-27).

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Review Board of the Animal Care and Use Committee of the Groningen University (protocol code
15245-03-011 and date of approval 01-04-2017). J.Y. was financially supported by the China Scholarship
Council for 4 year’s study at the UMCG (201706350052).

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest. GS3972 was used under conditions
of an MTA with Gilead Inc.

References
1. Kuipers, F.; Bloks, V.W.; Groen, A.K. Beyond intestinal soap—Bile acids in metabolic control. Nat. Rev. Endocrinol. 2014, 10,

488–498. [CrossRef]
2. Garg, A.; Grundy, S.M. Cholestyramine Therapy for Dyslipidemia in Non–Insulin-dependent Diabetes Mellitus: A Short-Term,

Double-Blind, Crossover Trial. Ann. Intern. Med. 1994, 121, 416–422. [CrossRef]
3. Hansen, M.; Sonne, D.P.; Mikkelsen, K.H.; Gluud, L.L.; Vilsbøll, T.; Knop, F.K. Bile acid sequestrants for glycemic control in

patients with type 2 diabetes: A systematic review with meta-analysis of randomized controlled trials. J. Diabetes Complicat. 2017,
31, 918–927. [CrossRef]

4. Brønden, A.; Albér, A.; Rohde, U.; Gasbjerg, L.S.; Rehfeld, J.F.; Holst, J.J.; Vilsbøll, T.; Knop, F.K. The bile acid-sequestering resin
sevelamer eliminates the acuteGLP-1 stimulatory effect of endogenously released bile acids in patients with type 2 diabetes.
Diabetes Obes. Metab. 2018, 20, 362–369. [CrossRef] [PubMed]

5. Prawitt, J.; Abdelkarim, M.; Stroeve, J.H.M.; Popescu, I.; Duez, H.; Velagapudi, V.R.; Dumont, J.; Bouchaert, E.; van Dijk, T.H.;
Lucas, A.; et al. Farnesoid X Receptor Deficiency Improves Glucose Homeostasis in Mouse Models of Obesity. Diabetes 2011, 60,
1861–1871. [CrossRef]

6. Chávez-Talavera, O.; Tailleux, A.; Lefebvre, P.; Staels, B. Bile Acid Control of Metabolism and Inflammation in Obesity, Type 2
Diabetes, Dyslipidemia, and Nonalcoholic Fatty Liver Disease. Gastroenterology 2017, 152, 1679–1694. [CrossRef] [PubMed]

7. Pockros, P.J.; Fuchs, M.; Freilich, B.; Schiff, E.; Kohli, A.; Lawitz, E.J.; Hellstern, P.A.; Owens-Grillo, J.; Van Biene, C.; Shringarpure,
R.; et al. CONTROL: A randomized phase 2 study of obeticholic acid and atorvastatin on lipoproteins in nonalcoholic steatohep-
atitis patients. Liver Int. 2019, 39, 2082–2093. [CrossRef] [PubMed]

8. Patel, K.; Harrison, S.A.; Elkhashab, M.; Trotter, J.F.; Herring, R.; Rojter, S.E.; Kayali, Z.; Wong, V.W.-S.; Greenbloom, S.; Jayakumar,
S.; et al. Cilofexor, a Nonsteroidal FXR Agonist, in Patients with Noncirrhotic NASH: A Phase 2 Randomized Controlled Trial.
Hepatology 2020, 72, 58–71. [CrossRef]

9. Traussnigg, S.; Halilbasic, E.; Hofer, H.; Munda, P.; Stojakovic, T.; Fauler, G.; Kashofer, K.; Krssak, M.; Wolzt, M.; Trauner, M.
Open-label phase II study evaluating safety and efficacy of the non-steroidal farnesoid X receptor agonist PX-104 in non-alcoholic
fatty liver disease. Wien. Klin. Wochenschr. 2021, 133, 441–451. [CrossRef] [PubMed]

10. Mudaliar, S.; Henry, R.R.; Sanyal, A.J.; Morrow, L.; Marschall, H.; Kipnes, M.; Adorini, L.; Sciacca, C.I.; Clopton, P.; Castelloe, E.;
et al. Efficacy and Safety of the Farnesoid X Receptor Agonist Obeticholic Acid in Patients with Type 2 Diabetes and Nonalcoholic
Fatty Liver Disease. Gastroenterology 2013, 145, 574–582. [CrossRef]

11. Ryan, K.K.; Tremaroli, V.; Clemmensen, C.; Kovatcheva-Datchary, P.; Myronovych, A.; Karns, R.; Wilson-Pérez, H.E.; Sandoval,
D.A.; Kohli, R.; Bäckhed, F.; et al. FXR is a molecular target for the effects of vertical sleeve gastrectomy. Nature 2014, 509, 183–188.
[CrossRef]

12. Ding, L.; Zhang, E.; Yang, Q.; Jin, L.; Sousa, K.M.; Dong, B.; Wang, Y.; Tu, J.; Ma, X.; Tian, J.; et al. Vertical sleeve gastrectomy
confers metabolic improvements by reducing intestinal bile acids and lipid absorption in mice. Proc. Natl. Acad. Sci. USA 2021,
118, e2019388118. [CrossRef] [PubMed]

13. Mazzini, G.S.; Khoraki, J.; Dozmorov, M.; Browning, M.G.; Wijesinghe, D.; Wolfe, L.; Gurski, R.R.; Campos, G.M. Concomitant
PPARα and FXR Activation as a Putative Mechanism of NASH Improvement after Gastric Bypass Surgery: A GEO Datasets
Analysis. J. Gastrointest. Surg. 2019, 23, 51–57. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms24044132/s1
https://www.mdpi.com/article/10.3390/ijms24044132/s1
http://doi.org/10.1038/nrendo.2014.60
http://doi.org/10.7326/0003-4819-121-6-199409150-00004
http://doi.org/10.1016/j.jdiacomp.2017.01.011
http://doi.org/10.1111/dom.13080
http://www.ncbi.nlm.nih.gov/pubmed/28786523
http://doi.org/10.2337/db11-0030
http://doi.org/10.1053/j.gastro.2017.01.055
http://www.ncbi.nlm.nih.gov/pubmed/28214524
http://doi.org/10.1111/liv.14209
http://www.ncbi.nlm.nih.gov/pubmed/31402538
http://doi.org/10.1002/hep.31205
http://doi.org/10.1007/s00508-020-01735-5
http://www.ncbi.nlm.nih.gov/pubmed/32930860
http://doi.org/10.1053/j.gastro.2013.05.042
http://doi.org/10.1038/nature13135
http://doi.org/10.1073/pnas.2019388118
http://www.ncbi.nlm.nih.gov/pubmed/33526687
http://doi.org/10.1007/s11605-018-3938-z


Int. J. Mol. Sci. 2023, 24, 4132 17 of 19

14. Fang, S.; Suh, J.M.; Reilly, S.M.; Yu, E.; Osborn, O.; Lackey, D.; Yoshihara, E.; Perino, A.; Jacinto, S.; Lukasheva, Y.; et al. Intestinal
FXR agonism promotes adipose tissue browning and reduces obesity and insulin resistance. Nat. Med. 2015, 21, 159–165.
[CrossRef] [PubMed]

15. Watanabe, M.; Houten, S.M.; Mataki, C.; Christoffolete, M.A.; Kim, B.W.; Sato, H.; Messaddeq, N.; Harney, J.W.; Ezaki, O.;
Kodama, T.; et al. Bile acids induce energy expenditure by promoting intracellular thyroid hormone activation. Nature 2006, 439,
484–489. [CrossRef] [PubMed]

16. Cariou, B.; van Harmelen, K.; Duran-Sandoval, D.; van Dijk, T.H.; Grefhorst, A.; Abdelkarim, M.; Caron, S.; Torpier, G.; Fruchart,
J.-C.; Gonzalez, F.J.; et al. The Farnesoid X Receptor Modulates Adiposity and Peripheral Insulin Sensitivity in Mice. J. Biol. Chem.
2006, 281, 11039–11049. [CrossRef] [PubMed]

17. Shapiro, H.; Kolodziejczyk, A.A.; Halstuch, D.; Elinav, E. Bile acids in glucose metabolism in health and disease. J. Exp. Med. 2018,
215, 383–396. [CrossRef]

18. Inagaki, T.; Moschetta, A.; Lee, Y.-K.; Peng, L.; Zhao, G.; Downes, M.; Yu, R.T.; Shelton, J.M.; Richardson, J.A.; Repa, J.J.; et al.
Regulation of antibacterial defense in the small intestine by the nuclear bile acid receptor. Proc. Natl. Acad. Sci. USA 2006, 103,
3920–3925. [CrossRef] [PubMed]

19. de Boer, J.F.; Schonewille, M.; Boesjes, M.; Wolters, H.; Bloks, V.W.; Bos, T.; van Dijk, T.H.; Jurdzinski, A.; Boverhof, R.; Wolters,
J.C.; et al. Intestinal Farnesoid X Receptor Controls Transintestinal Cholesterol Excretion in Mice. Gastroenterology 2017, 152,
1126–1138. [CrossRef] [PubMed]

20. Pathak, P.; Xie, C.; Nichols, R.G.; Ferrell, J.M.; Boehme, S.; Krausz, K.W.; Patterson, A.D.; Gonzalez, F.J.; Chiang, J.Y.L. Intestine
farnesoid X receptor agonist and the gut microbiota activate G-protein bile acid receptor-1 signaling to improve metabolism.
Hepatology 2018, 68, 1574–1588. [CrossRef]

21. Li, F.; Jiang, C.; Krausz, K.W.; Li, Y.; Albert, I.; Hao, H.; Fabre, K.M.; Mitchell, J.B.; Patterson, A.D.; Gonzalez, F.J. Microbiome
remodelling leads to inhibition of intestinal farnesoid X receptor signalling and decreased obesity. Nat. Commun. 2013, 4, 2348.
[CrossRef] [PubMed]

22. Jiang, C.; Xie, C.; Lv, Y.; Li, J.; Krausz, K.W.; Shi, J.; Brocker, C.N.; Desai, D.; Amin, S.G.; Bisson, W.H.; et al. Intestine-selective
farnesoid X receptor inhibition improves obesity-related metabolic dysfunction. Nat. Commun. 2015, 6, 10166. [CrossRef]

23. Trabelsi, M.-S.; Daoudi, M.; Prawitt, J.; Ducastel, S.; Touche, V.; Sayin, S.I.; Perino, A.; Brighton, C.A.; Sebti, Y.; Kluza, J.; et al.
Farnesoid X receptor inhibits glucagon-like peptide-1 production by enteroendocrine L cells. Nat. Commun. 2015, 6, 7629.
[CrossRef] [PubMed]

24. Ceulemans, L.J.; Verbeke, L.; Decuypere, J.-P.; Farré, R.; De Hertogh, G.; Lenaerts, K.; Jochmans, I.; Monbaliu, D.; Nevens, F.; Tack,
J.; et al. Farnesoid X Receptor Activation Attenuates Intestinal Ischemia Reperfusion Injury in Rats. PLoS ONE 2017, 12, e0169331.
[CrossRef] [PubMed]

25. Gadaleta, R.M.; Van Erpecum, K.J.; Oldenburg, B.; Willemsen, E.C.L.; Renooij, W.; Murzilli, S.; Klomp, L.W.J.; Siersema, P.D.;
Schipper, M.E.I.; Danese, S.; et al. Farnesoid X receptor activation inhibits inflammation and preserves the intestinal barrier in
inflammatory bowel disease. Gut 2011, 60, 463–472. [CrossRef]

26. Osswald, C.; Baumgarten, K.; Stümpel, F.; Gorboulev, V.; Akimjanova, M.; Knobeloch, K.-P.; Horak, I.; Kluge, R.; Joost, H.-G.;
Koepsell, H. Mice without the Regulator Gene Rsc1A1 Exhibit Increased Na +-d-Glucose Cotransport in Small Intestine and
Develop Obesity. Mol. Cell. Biol. 2005, 25, 78–87. [CrossRef]

27. Nguyen, N.Q.; Debreceni, T.L.; Bambrick, J.E.; Chia, B.; Wishart, J.; Deane, A.M.; Rayner, C.K.; Horowitz, M.; Young, R.L.
Accelerated Intestinal Glucose Absorption in Morbidly Obese Humans: Relationship to Glucose Transporters, Incretin Hormones,
and Glycemia. J. Clin. Endocrinol. Metab. 2015, 100, 968–976. [CrossRef]

28. Baud, G.; Daoudi, M.; Hubert, T.; Raverdy, V.; Pigeyre, M.; Hervieux, E.; Devienne, M.; Ghunaim, M.; Bonner, C.; Quenon, A.;
et al. Bile Diversion in Roux-en-Y Gastric Bypass Modulates Sodium-Dependent Glucose Intestinal Uptake. Cell Metab. 2016, 23,
547–553. [CrossRef]

29. van Dijk, T.H.; Grefhorst, A.; Oosterveer, M.H.; Bloks, V.W.; Staels, B.; Reijngoud, D.-J.; Kuipers, F. An Increased Flux through
the Glucose 6-Phosphate Pool in Enterocytes Delays Glucose Absorption in Fxr–/– Mice. J. Biol. Chem. 2009, 284, 10315–10323.
[CrossRef]

30. Kim, I.; Ahn, S.-H.; Inagaki, T.; Choi, M.; Ito, S.; Guo, G.L.; Kliewer, S.A.; Gonzalez, F.J. Differential regulation of bile acid
homeostasis by the farnesoid X receptor in liver and intestine. J. Lipid Res. 2007, 48, 2664–2672. [CrossRef] [PubMed]

31. Stott, N.L.; Marino, J.S. High Fat Rodent Models of Type 2 Diabetes: From Rodent to Human. Nutrients 2020, 12, 3650. [CrossRef]
[PubMed]

32. Jiang, C.; Xie, C.; Li, F.; Zhang, L.; Nichols, R.G.; Krausz, K.W.; Cai, J.; Qi, Y.; Fang, Z.-Z.; Takahashi, S.; et al. Intestinal farnesoid X
receptor signaling promotes nonalcoholic fatty liver disease. J. Clin. Investig. 2015, 125, 386–402. [CrossRef] [PubMed]

33. Turner, N.; Kowalski, G.M.; Leslie, S.J.; Risis, S.; Yang, C.; Lee-Young, R.S.; Babb, J.R.; Meikle, P.J.; Lancaster, G.I.; Henstridge,
D.C.; et al. Distinct patterns of tissue-specific lipid accumulation during the induction of insulin resistance in mice by high-fat
feeding. Diabetologia 2013, 56, 1638–1648. [CrossRef]

34. Mouries, J.; Brescia, P.; Silvestri, A.; Spadoni, I.; Sorribas, M.; Wiest, R.; Mileti, E.; Galbiati, M.; Invernizzi, P.; Adorini, L.; et al.
Microbiota-driven gut vascular barrier disruption is a prerequisite for non-alcoholic steatohepatitis development. J. Hepatol. 2019,
71, 1216–1228. [CrossRef] [PubMed]

http://doi.org/10.1038/nm.3760
http://www.ncbi.nlm.nih.gov/pubmed/25559344
http://doi.org/10.1038/nature04330
http://www.ncbi.nlm.nih.gov/pubmed/16400329
http://doi.org/10.1074/jbc.M510258200
http://www.ncbi.nlm.nih.gov/pubmed/16446356
http://doi.org/10.1084/jem.20171965
http://doi.org/10.1073/pnas.0509592103
http://www.ncbi.nlm.nih.gov/pubmed/16473946
http://doi.org/10.1053/j.gastro.2016.12.037
http://www.ncbi.nlm.nih.gov/pubmed/28065787
http://doi.org/10.1002/hep.29857
http://doi.org/10.1038/ncomms3384
http://www.ncbi.nlm.nih.gov/pubmed/24064762
http://doi.org/10.1038/ncomms10166
http://doi.org/10.1038/ncomms8629
http://www.ncbi.nlm.nih.gov/pubmed/26134028
http://doi.org/10.1371/journal.pone.0169331
http://www.ncbi.nlm.nih.gov/pubmed/28060943
http://doi.org/10.1136/gut.2010.212159
http://doi.org/10.1128/MCB.25.1.78-87.2005
http://doi.org/10.1210/jc.2014-3144
http://doi.org/10.1016/j.cmet.2016.01.018
http://doi.org/10.1074/jbc.M807317200
http://doi.org/10.1194/jlr.M700330-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/17720959
http://doi.org/10.3390/nu12123650
http://www.ncbi.nlm.nih.gov/pubmed/33261000
http://doi.org/10.1172/JCI76738
http://www.ncbi.nlm.nih.gov/pubmed/25500885
http://doi.org/10.1007/s00125-013-2913-1
http://doi.org/10.1016/j.jhep.2019.08.005
http://www.ncbi.nlm.nih.gov/pubmed/31419514


Int. J. Mol. Sci. 2023, 24, 4132 18 of 19

35. Yin, Y.; Wang, M.; Gu, W.; Chen, L. Intestine-specific FXR agonists as potential therapeutic agents for colorectal cancer. Biochem.
Pharmacol. 2021, 186, 114430. [CrossRef]

36. Huang, M.; Kong, B.; Zhang, M.; Rizzolo, D.; Armstrong, L.E.; Schumacher, J.D.; Chow, M.D.; Lee, Y.-H.; Joseph, L.B.; Stofan, M.;
et al. Enhanced alcoholic liver disease in mice with intestine-specific farnesoid X receptor deficiency. Lab. Investig. 2020, 100,
1158–1168. [CrossRef] [PubMed]

37. Andrews, C.; McLean, M.H.; Durum, S.K. Cytokine Tuning of Intestinal Epithelial Function. Front. Immunol. 2018, 9, 1270.
[CrossRef] [PubMed]

38. Gadaleta, R.M.; Oldenburg, B.; Willemsen, E.C.; Spit, M.; Murzilli, S.; Salvatore, L.; Klomp, L.W.; Siersema, P.D.; van Erpecum,
K.J.; van Mil, S.W. Activation of bile salt nuclear receptor FXR is repressed by pro-inflammatory cytokines activating NF-κB
signaling in the intestine. Biochim. Biophys. Acta BBA Mol. Basis Dis. 2011, 1812, 851–858. [CrossRef]

39. Thazhath, S.S.; Wu, T.; Young, R.L.; Horowitz, M.; Rayner, C.K. Glucose absorption in small intestinal diseases. Expert Rev.
Gastroenterol. Hepatol. 2014, 8, 301–312. [CrossRef] [PubMed]

40. Kok, T.; Hulzebos, C.V.; Wolters, H.; Havinga, R.; Agellon, L.B.; Stellaard, F.; Shan, B.; Schwarz, M.; Kuipers, F. Enterohepatic
Circulation of Bile Salts in Farnesoid X Receptor-deficient Mice: Efficient Intestinal Bile Salt Absorption in the Absence of Ileal
Bile Acid-Binding Protein. J. Biol. Chem. 2003, 278, 41930–41937. [CrossRef]

41. Watanabe, M.; Houten, S.M.; Wang, L.; Moschetta, A.; Mangelsdorf, D.J.; Heyman, R.A.; Moore, D.D.; Auwerx, J. Bile acids lower
triglyceride levels via a pathway involving FXR, SHP, and SREBP-1c. J. Clin. Investig. 2004, 113, 1408–1418. [CrossRef] [PubMed]

42. Sinal, C.J.; Tohkin, M.; Miyata, M.; Ward, J.M.; Lambert, G.; Gonzalez, F.J. Targeted Disruption of the Nuclear Receptor FXR/BAR
Impairs Bile Acid and Lipid Homeostasis. Cell 2000, 102, 731–744. [CrossRef]

43. Ijssennagger, N.; van Rooijen, K.S.; Magnúsdóttir, S.; Pittol, J.M.R.; Willemsen, E.C.L.; de Zoete, M.R.; Baars, M.J.D.; Stege, P.B.;
Colliva, C.; Pellicciari, R.; et al. Ablation of liver Fxr results in an increased colonic mucus barrier in mice. JHEP Rep. 2021, 3,
100344. [CrossRef]

44. Zhao, L.; Xuan, Z.; Song, W.; Zhang, S.; Li, Z.; Song, G.; Zhu, X.; Xie, H.; Zheng, S.; Song, P. A novel role for farnesoid X receptor
in the bile acid-mediated intestinal glucose homeostasis. J. Cell. Mol. Med. 2020, 24, 12848–12861. [CrossRef] [PubMed]

45. Rider, A.K.; Schedl, H.P.; Nokes, G.; Shining, S. Small Intestinal Glucose Transport: Proximal-Distal Kinetic Gradients. J. Gen.
Physiol. 1967, 50, 1173–1182. [CrossRef] [PubMed]

46. Kellett, G.L.; Brot-Laroche, E.; Mace, O.J.; Leturque, A. Sugar Absorption in the Intestine: The Role of GLUT2. Annu. Rev. Nutr.
2008, 28, 35–54. [CrossRef] [PubMed]

47. Stümpel, F.; Burcelin, R.; Jungermann, K.; Thorens, B. Normal kinetics of intestinal glucose absorption in the absence of GLUT2:
Evidence for a transport pathway requiring glucose phosphorylation and transfer into the endoplasmic reticulum. Proc. Natl.
Acad. Sci. USA 2001, 98, 11330–11335. [CrossRef]

48. Santer, R.; Hillebrand, G.; Steinmann, B.; Schaub, J. Intestinal glucose transport: Evidence for a membrane traffic–based pathway
in humans. Gastroenterology 2003, 124, 34–39. [CrossRef] [PubMed]

49. Kisielinski, K.; Willis, S.; Prescher, A.; Klosterhalfen, B.; Schumpelick, V. A simple new method to calculate small intestine
absorptive surface in the rat. Clin. Exp. Med. 2002, 2, 131–135. [CrossRef]

50. García, V.; Catalá-Gregori, P.; Hernandez, F.; Megias, M.D.; Madrid, J. Effect of Formic Acid and Plant Extracts on Growth,
Nutrient Digestibility, Intestine Mucosa Morphology, and Meat Yield of Broilers. J. Appl. Poult. Res. 2007, 16, 555–562. [CrossRef]

51. Soares, A.; Beraldi, E.J.; Ferreira, P.E.B.; Bazotte, R.B.; Buttow, N.C. Intestinal and neuronal myenteric adaptations in the small
intestine induced by a high-fat diet in mice. BMC Gastroenterol. 2015, 15, 3. [CrossRef] [PubMed]

52. Zhou, W.; Davis, E.A.; Dailey, M.J. Obesity, independent of diet, drives lasting effects on intestinal epithelial stem cell proliferation
in mice. Exp. Biol. Med. 2018, 243, 826–835. [CrossRef]

53. Casteleyn, C.; Rekecki, A.; Van Der Aa, A.; Simoens, P.; Van den Broeck, W. Surface area assessment of the murine intestinal tract
as a prerequisite for oral dose translation from mouse to man. Lab. Anim. 2010, 44, 176–183. [CrossRef]

54. Ferrebee, C.B.; Dawson, P.A. Metabolic effects of intestinal absorption and enterohepatic cycling of bile acids. Acta Pharm. Sin. B
2015, 5, 129–134. [CrossRef] [PubMed]

55. Verbeke, L.; Farre, R.; Verbinnen, B.; Covens, K.; Vanuytsel, T.; Verhaegen, J.; Komuta, M.; Roskams, T.; Chatterjee, S.; Annaert, P.;
et al. The FXR Agonist Obeticholic Acid Prevents Gut Barrier Dysfunction and Bacterial Translocation in Cholestatic Rats. Am. J.
Pathol. 2015, 185, 409–419. [CrossRef] [PubMed]

56. Stojancevic, M.; Stankov, K.; Mikov, M. The Impact of Farnesoid X Receptor Activation on Intestinal Permeability in Inflammatory
Bowel Disease. Can. J. Gastroenterol. 2012, 26, 631–637. [CrossRef]

57. Nijmeijer, R.M.; Gadaleta, R.M.; van Mil, S.W.C.; van Bodegraven, A.A.; Crusius, J.B.A.; Dijkstra, G.; Hommes, D.W.; de Jong, D.J.;
Stokkers, P.C.F.; Verspaget, H.W.; et al. Farnesoid X Receptor (FXR) Activation and FXR Genetic Variation in Inflammatory Bowel
Disease. PLoS ONE 2011, 6, e23745. [CrossRef]

58. Higashiyama, H.; Kinoshita, M.; Asano, S. Immunolocalization of farnesoid X receptor (FXR) in mouse tissues using tissue
microarray. Acta Histochem. 2008, 110, 86–93. [CrossRef]

59. Heppert, J.K.; Davison, J.M.; Kelly, C.; Mercado, G.P.; Lickwar, C.R.; Rawls, J.F. Transcriptional programmes underlying cellular
identity and microbial responsiveness in the intestinal epithelium. Nat. Rev. Gastroenterol. Hepatol. 2021, 18, 7–23. [CrossRef]

60. Takashima, S.; Gold, D.; Hartenstein, V. Stem cells and lineages of the intestine: A developmental and evolutionary perspective.
Dev. Genes Evol. 2013, 223, 85–102. [CrossRef]

http://doi.org/10.1016/j.bcp.2021.114430
http://doi.org/10.1038/s41374-020-0439-y
http://www.ncbi.nlm.nih.gov/pubmed/32404932
http://doi.org/10.3389/fimmu.2018.01270
http://www.ncbi.nlm.nih.gov/pubmed/29922293
http://doi.org/10.1016/j.bbadis.2011.04.005
http://doi.org/10.1586/17474124.2014.887439
http://www.ncbi.nlm.nih.gov/pubmed/24502537
http://doi.org/10.1074/jbc.M306309200
http://doi.org/10.1172/JCI21025
http://www.ncbi.nlm.nih.gov/pubmed/15146238
http://doi.org/10.1016/S0092-8674(00)00062-3
http://doi.org/10.1016/j.jhepr.2021.100344
http://doi.org/10.1111/jcmm.15881
http://www.ncbi.nlm.nih.gov/pubmed/33029898
http://doi.org/10.1085/jgp.50.5.1173
http://www.ncbi.nlm.nih.gov/pubmed/6033580
http://doi.org/10.1146/annurev.nutr.28.061807.155518
http://www.ncbi.nlm.nih.gov/pubmed/18393659
http://doi.org/10.1073/pnas.211357698
http://doi.org/10.1053/gast.2003.50009
http://www.ncbi.nlm.nih.gov/pubmed/12512027
http://doi.org/10.1007/s102380200018
http://doi.org/10.3382/japr.2006-00116
http://doi.org/10.1186/s12876-015-0228-z
http://www.ncbi.nlm.nih.gov/pubmed/25609418
http://doi.org/10.1177/1535370218777762
http://doi.org/10.1258/la.2009.009112
http://doi.org/10.1016/j.apsb.2015.01.001
http://www.ncbi.nlm.nih.gov/pubmed/26579438
http://doi.org/10.1016/j.ajpath.2014.10.009
http://www.ncbi.nlm.nih.gov/pubmed/25592258
http://doi.org/10.1155/2012/538452
http://doi.org/10.1371/journal.pone.0023745
http://doi.org/10.1016/j.acthis.2007.08.001
http://doi.org/10.1038/s41575-020-00357-6
http://doi.org/10.1007/s00427-012-0422-8


Int. J. Mol. Sci. 2023, 24, 4132 19 of 19

61. Song, M.; Yang, Q.; Zhang, F.; Chen, L.; Su, H.; Yang, X.; He, H.; Liu, F.; Zheng, J.; Ling, M.; et al. Hyodeoxycholic acid (HDCA)
suppresses intestinal epithelial cell proliferation through FXR-PI3K/AKT pathway, accompanied by alteration of bile acids
metabolism profiles induced by gut bacteria. FASEB J. 2020, 34, 7103–7117. [CrossRef]

62. Dossa, A.Y.; Escobar, O.; Golden, J.; Frey, M.R.; Ford, H.R.; Gayer, C.P. Bile acids regulate intestinal cell proliferation by modulating
EGFR and FXR signaling. Am. J. Physiol. Gastrointest. Liver Physiol. 2016, 310, G81–G92. [CrossRef] [PubMed]

63. Maran, R.R.; Thomas, A.; Roth, M.; Sheng, Z.; Esterly, N.; Pinson, D.; Gao, X.; Zhang, Y.; Ganapathy, V.; Gonzalez, F.J.; et al.
Farnesoid X Receptor Deficiency in Mice Leads to Increased Intestinal Epithelial Cell Proliferation and Tumor Development. J.
Pharmacol. Exp. Ther. 2009, 328, 469–477. [CrossRef]

64. Lian, F.; Xing, X.; Yuan, G.; Schäfer, C.; Rauser, S.; Walch, A.; Röcken, C.; Ebeling, M.; Wright, M.B.; Schmid, R.M.; et al. Farnesoid
X receptor protects human and murine gastric epithelial cells against inflammation-induced damage. Biochem. J. 2011, 438,
315–323. [CrossRef]

65. Schindler, A.; Foley, E. Hexokinase 1 blocks apoptotic signals at the mitochondria. Cell. Signal. 2013, 25, 2685–2692. [CrossRef]
[PubMed]

66. Schindler, A.; Foley, E. A functional RNAi screen identifies hexokinase 1 as a modifier of type II apoptosis. Cell. Signal. 2010, 22,
1330–1340. [CrossRef] [PubMed]

67. Singh, R.K.; Chang, H.-W.; Yan, D.; Lee, K.M.; Ucmak, D.; Wong, K.; Abrouk, M.; Farahnik, B.; Nakamura, M.; Zhu, T.H.; et al.
Influence of diet on the gut microbiome and implications for human health. J. Transl. Med. 2017, 15, 73. [CrossRef]

68. Santos-Marcos, J.A.; Perez-Jimenez, F.; Camargo, A. The role of diet and intestinal microbiota in the development of metabolic
syndrome. J. Nutr. Biochem. 2019, 70, 1–27. [CrossRef]

69. Madison, B.B.; Dunbar, L.; Qiao, X.T.; Braunstein, K.; Braunstein, E.; Gumucio, D.L. cis Elements of the Villin Gene Control
Expression in Restricted Domains of the Vertical (Crypt) and Horizontal (Duodenum, Cecum) Axes of the Intestine. J. Biol. Chem.
2002, 277, 33275–33283. [CrossRef]

70. van Dijk, T.H.; Laskewitz, A.J.; Grefhorst, A.; Boer, T.S.; Bloks, V.W.; Kuipers, F.; Groen, A.K.; Reijngoud, D.J. A Novel Approach
to Monitor Glucose Metabolism Using Stable Isotopically Labelled Glucose in Longitudinal Studies in Mice. Lab. Anim. 2013, 47,
79–88. [CrossRef]

71. Wagner, J.G. Application of the Wagner-Nelson absorption method to the two-compartment open model. J. Pharmacokinet.
Biopharm. 1974, 2, 469–486. [CrossRef] [PubMed]

72. Gehart, H.; Clevers, H. Tales from the crypt: New insights into intestinal stem cells. Nat. Rev. Gastroenterol. Hepatol. 2018, 16,
19–34. [CrossRef] [PubMed]

73. Fijlstra, M.; Rings, E.H.H.M.; Verkade, H.J.; van Dijk, T.H.; Kamps, W.A.; Tissing, W.J.E. Lactose maldigestion during methotrexate-
induced gastrointestinal mucositis in a rat model. Am. J. Physiol. Gastrointest. Liver Physiol. 2011, 300, G283–G291. [CrossRef]

74. da Silva Ferreira, A.R.; Wardill, H.R.; Havinga, R.; Tissing, W.; Harmsen, H.J. Prophylactic Treatment with Vitamins C and B2 for
Methotrexate-Induced Gastrointestinal Mucositis. Biomolecules 2021, 11, 34. [CrossRef]

75. De Boer, J.F.; Verkade, E.; Mulder, N.L.; De Vries, H.D.; Huijkman, N.; Koehorst, M.; Boer, T.; Wolters, J.C.; Bloks, V.W.; Van De
Sluis, B.; et al. A Human-like Bile Acid Pool Induced by Deletion of Hepatic Cyp2c70 Modulates Effects of FXR Activation in
Mice. J. Lipid Res. 2020, 61, 291–305. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1096/fj.201903244R
http://doi.org/10.1152/ajpgi.00065.2015
http://www.ncbi.nlm.nih.gov/pubmed/26608185
http://doi.org/10.1124/jpet.108.145409
http://doi.org/10.1042/BJ20102096
http://doi.org/10.1016/j.cellsig.2013.08.035
http://www.ncbi.nlm.nih.gov/pubmed/24018046
http://doi.org/10.1016/j.cellsig.2010.04.010
http://www.ncbi.nlm.nih.gov/pubmed/20460151
http://doi.org/10.1186/s12967-017-1175-y
http://doi.org/10.1016/j.jnutbio.2019.03.017
http://doi.org/10.1074/jbc.M204935200
http://doi.org/10.1177/0023677212473714
http://doi.org/10.1007/BF01070942
http://www.ncbi.nlm.nih.gov/pubmed/4461778
http://doi.org/10.1038/s41575-018-0081-y
http://www.ncbi.nlm.nih.gov/pubmed/30429586
http://doi.org/10.1152/ajpgi.00462.2010
http://doi.org/10.3390/biom11010034
http://doi.org/10.1194/jlr.RA119000243
http://www.ncbi.nlm.nih.gov/pubmed/31506275

	Introduction 
	Results 
	FXR Deficiency in Intestine Does Not Lead to Delayed Glucose Absorption 
	Long-Term HFD Exposure Does Not Affect Glucose Absorption in iFXR-KO Mice 
	Long-Term HFD Exposure Perturbs Whole-Body Glucose Metabolism to the Same Extend in Wild-Type and iFXR-KO Mice 
	Activation of FXR by GS3972 Does Not Alter Glucose Absorption in Wild-Type Mice 
	Activation of FXR by GS3972 Increases Villus Length in Duodenum 

	Discussion 
	Materials and Methods 
	Mice 
	Glucose Absorption Test 
	Gas Chromatography-Mass Spectrometry 
	Tracer Kinetics 
	Histology 
	Fluorescence Staining 
	Plasma Citrulline Measurement 
	Real-Time Quantitative Reverse Transcription-PCR 
	Bile Acid Profile in Plasma and Gallbladder 
	Statistical Analysis 

	References

