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Abstract
Background and aims—The transcription factor GATA4 is expressed throughout most of the
small intestine except distal ileum, and restricts expression of the apical sodium-dependent bile acid
transporter (ASBT), the rate-limiting intestinal bile acid transporter, to distal ileum. The hypothesis
was tested that reduction of GATA4 activity in mouse small intestine results in an induction of bile
acid transport in proximal small intestine sufficient to restore bile acid absorption and homeostasis
after ileocaecal resection (ICR).

Methods—Bile acid homeostasis was characterised in non-surgical, sham or ICR mice using two
recombinant Gata4 models in which Asbt expression is induced to different levels.

Results—Reduction of intestinal GATA4 activity resulted in an induction of ASBT expression,
bile acid absorption and expression of bile acid-responsive genes in proximal small intestine, and a
reduction of luminal bile acids in distal small intestine. While faecal bile acid excretion and bile acid
pool size remained unchanged, the bile acid pool became more hydrophilic due to a relative increase
in tauro-β-muricholate absorption. Furthermore, proximal induction of Asbt in both Gata4 mutant
models corrected ICR-associated bile acid malabsorption, reversing the decrease in bile acid pool
size and increase in faecal bile acid excretion and hepatic cholesterol 7α-hydroxylase expression.

Conclusions—Reduction of intestinal GATA4 activity induces bile acid absorption in proximal
small intestine without inducing major changes in bile acid homeostasis. This induction is sufficient
to correct bile acid malabsorption caused by ICR in mice.
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Ileal diseases and resections result in bile acid malabsorption due to loss of intestinal bile acid
transport capacity.1–3 Bile acid malabsorption is associated with diarrhoea, steatorrhoea, fat-
soluble vitamin deficiencies,2 hyperoxaluria and kidney stones,4 and gallstone complications,
5 and may be a risk factor for developing colorectal cancer6–8 and osteoporosis.9 Current
treatments generally focus on sequestering luminal bile acids to relieve bile acid-induced
diarrhoea10 or bile acid replacement treatment to reverse the steatorrhoea and improve nutrient
absorption.11–13 However, these treatments do not correct bile acid malabsorption, and have
only met with limited success.

Recently, we14 and others15 demonstrated that GATA4, a member of the GATA family of
transcription factors that is expressed throughout most of the small intestine except distal ileum,
plays an important role in maintaining jejunal–ileal differences in absorptive enterocyte gene
expression. Conditional, inducible deletion of the activation domains encoded by Gata4 (ie,
synthesis of GATA4Δex2),14 or conditional deletion of Gata4,15 transforms the expression of
specific absorptive enterocyte genes from a jejunal to an ileal pattern. One specific change is
the induction in the jejunum of the expression of the apical sodium-dependent bile acid
transporter (ASBT), the ileal-specific, rate-limiting transporter for bile acid absorption. Based
on this finding, we hypothesised that intestinal GATA4 is necessary for limiting Asbt gene
expression and bile acid absorption to distal ileum, and that an induction of Asbt gene
expression and bile acid absorption in proximal small intestine by conditionally mutating or
deleting Gata4 is sufficient to correct bile acid malabsorption resulting from ileocaecal
resection (ICR).

METHODS
Mice

Previously, we established a conditional, inducible Gata4 mutation model14 in which GATA4
activity in the small intestine is reduced but not eliminated (Model 1, G4Δex2, supplementary
figure S1 online). To inducibly delete Gata4 in the mature small intestine, we established a
new model (Model 2, G4ap, supplementary figure S1) using a previously published
modification of the Gata4 allele.16 In both models, conditional recombination was targeted to
the small intestinal epithelium by the VillinCreERT2 transgene.14, 17, 18 To induce
recombination, and also to control for potential tamoxifen effects, all animals were treated with
tamoxifen (Sigma-Aldrich, St Louis, Missouri, USA) as described.14, 18 Tissue was collected
14–17 days after the last tamoxifen injection. All mice were previously backcrossed into the
C57BL/6 genetic background and only adult (6–12 week of age) males were used for study.
Mice were fed ad libitum standard rodent chow containing ~5% (w/w) fibre, 60% carbohydrate,
28% protein and 12% fat (% of calories), unless indicated otherwise. Genotypes were
confirmed by reverse transcriptase–PCR (RT–PCR) using previously validated primers
(Supplementary figure S2 online).14, 16, 17, 19, 20 The genotypes for all control and test mice
are indicated in Supplementary table S1. Approval was obtained from the Institutional Animal
Care and Use Committee.

RNA isolation and RT–PCR
Mice were dissected and RNA was isolated from liver and small intestine as described
previously.14 For RNA isolation from small intestine, the location of the tissue samples (~1.0
cm of small intestine) are depicted as grey boxes in figure 1a and correspond to five equidistant
regions along the length of the small intestine. The small intestinal tissue samples designated
3 and 5 that were used for RNA isolation are also referred to as jejunum and ileum, respectively.
mRNA abundances were determined by semi-quantitative and real-time RT–PCR14 using
validated primer pairs (Supplementary figures S2 and S3). Glyceraldehyde-3-phosphate
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dehydrogenase mRNA abundance was measured for each sample and used to normalise the
data.

Protein extracts and immunoblotting
After intestinal samples were obtained for RNA isolation, brush border membrane vesicles
(BBMVs) were prepared as described by Kessler et al21 using tissue samples I–IV, which
correspond to the four quartiles of small intestine (depicted as white boxes in figure 1a).
Western analysis was conducted22 using 30 μg of BBMVs. Primary antibodies included rabbit
anti-ASBT23 (1:3750) and mouse anti-β-actin (1:4000, Sigma).

Bile acid measurements
Mucosal to serosal transfer of radiolabelled taurocholate (TC) was measured in quartiles I–IV
of small intestine (depicted as white boxes in figure 1a) using everted gut sacs as previously
described.24 Bile acid concentrations in stools from 72 h collections and also in segmental
luminal contents were determined as previously described.24–26 Bile acid pool size and
composition was determined from liver, gall bladder and small intestine as previously
described.24 In selected experiments, bile acid composition was also determined in luminal
contents. The bile acid hydrophobicity index was calculated according to Heuman.27

Surgery
Male mice (10–12 weeks old were transferred to a liquid rodent diet (Bio-serve, Frenchtown,
New Jersey, USA) 2 days prior to surgery. Mice were weighed and sham or ICR surgery was
performed as previously described28 (Supplementary figure S4). In mice that underwent ICR,
~10 cm of ileum proximal to the ileocaecal junction and caecum were removed, and the colon
was anastomosed to the remaining small intestine. Asbt mRNA abundance in the most proximal
1 cm sample of the resected small intestine was low or undetectable, indicating that all of the
native Asbt-expressing tissue was removed. In mice that underwent sham operations,
transection and anastomosis occurred ~10 cm proximal to the ileocaecal junction. Mice were
given 2 ml of intraperitoneal zosyn (100 mg/kg, Wyeth Pharmaceuticals, Philadelphia,
Pennsylvania, USA) in phosphate-buffered saline and the abdomen was closed. The mice were
incubated at 27°C for 2–4 h after surgery, and then transferred to their normal housing, with
access to liquid diet. After a week of recovery, the mice were transitioned to solid food. Three
weeks after surgery, mice were treated with tamoxifen and tissue was collected as described
above. All mice treated with tamoxifen were fully recovered from surgery as indicated by
normal activity, weight gain to presurgical body weights, and formed stools. The overall
mortality rate was 59%; virtually all mice that did not recover from surgery died of obstruction.

Statistical analyses
Data are expressed as mean±SD. Statistically significant differences were determined by the
two-tailed Student t test or analysis of variance followed by the Tukey–Kramer multiple
comparison test. Differences were considered statistically significant at p<0.05.

Expanded methods
More detailed description of all methodology is provided in a supplementary online only file
‘Expanded Methods Section’.

RESULTS
Intestinal Gata4 deletion results in a proximal induction of bile acid absorption

Conditional deletion of Gata4 in our new G4ap model (Model 2, Supplementary figure S1)
was virtually complete, as indicated by the elimination of Gata4 mRNA and GATA4 protein,
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(Supplementary figure 5). Body weights (BWs), plasma triglycerides and plasma cholesterol
were not different between Wt-control and G4ap mice (Supplementary table S2). Asbt mRNA
(figure 1b) and protein (figure 1c), normally restricted to the distal ileum, were significantly
induced throughout the small intestine of G4ap mice, suggesting that the proximal small
intestine acquires the underlying capacity to absorb bile acids.

TC transport to the serosal fluid (figure 2a) and tissue-associated TC (figure 2b) in everted gut
sacs were both significantly increased in proximal segments after intestinal Gata4 deletion,
demonstrating directly that this region acquires the capacity to take up and transport bile acids.
Bile acid excretion from a 3 day stool collection was not significantly different between Wt-
control and G4ap mice (9.6±3.6 vs 12.3±1.1 μmol day−1 100 g−1 BW, n=5 in each group),
indicating that intestinal Gata4 deletion does not induce major changes in overall bile acid
absorption in vivo. Bile acid concentrations in luminal contents (figure 2c) and tissue (figure
2d) in Wt-control mice were similar among all four segments of small intestine, consistent with
minimal bile acid absorption throughout most of the small intestine. In contrast, luminal and
tissue-associated bile acids in G4ap mice were high proximally and decreased distally. The
increased levels of bile acids in the luminal contents of proximal intestine after Gata4 deletion
may be due to decreased intestinal motility. Inactivation of Gata4 results in increased proximal
expression of peptide YY,14, 15 the ileum-derived peptide hormone that is partially responsible
for mediating the ‘ileal brake’, the inhibitory feedback mechanism that slows transit of a meal
through the gastrointestinal tract.29 The nearly complete depletion of bile acids in distal small
intestine is consistent with an induction of bile acid absorption in the proximal small intestine.

Intestinal Gata4 deletion results in altered patterns of expression of intestinal bile acid-
responsive genes

We next examined the expression of known bile acid-responsive genes, including the cytosolic
bile acid-binding protein (ileal lipid-binding protein; Ilbp), subunits of the basolateral
membrane bile acid transporter (organic solute transporter alpha-beta; Ostα-Ostβ), and
fibroblast growth factor-15 (Fgf15), an intestine-derived regulator of hepatic bile acid
synthesis. As shown in figure 3, the expression of Ilbp, Ostα, Ostβ and Fgf15 is normally most
abundant in distal small intestine, but was induced (in most cases significantly) in proximal
segments of small intestine after Gata4 deletion. The expression of these genes tended to be
lower in distal small intestine of G4ap mice as compared with Wt-control mice, with Ostα and
Fgf15 attaining statistical significance. These patterns are consistent with an increase in bile
acid flux in absorptive enterocytes in proximal segments and a decrease in bile acid flux in
distal segments. Fgf15 mRNA abundance was induced proximally and reduced to undetectable
levels in distal segments, demonstrating a high sensitivity to bile acid flux across the absorptive
enterocyte.

Intestinal Gata4 recombination results in tauro-β-muricholate (TBMC) enrichment of the bile
acid pool

As shown in figure 4a, deletion of the activation domains of Gata4 in our previously
characterised model (G4Δex2)14 resulted in an induction of Asbt mRNA in jejunum that is 22%
of Wt-control ileum levels (low Asbt induction), whereas deletion of Gata4 in our new model
(G4ap) resulted in an induction that is 69% of Wt-control ileum levels (high Asbt induction).
The graded response of these two mouse lines was also confirmed for lactase-phlorizin
hydrolase (Lph) (Supplementary figure S6), an activation target of GATA4.14 Characterisation
of both models, therefore, allows us to define the effects of low versus high proximal induction
of Asbt.

As shown in figure 4b, the bile acid pool size did not differ among Wt-control, G4Δex2 and
G4ap mice, indicating that induced bile acid absorption in the proximal small intestine does
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not alter the size of the bile acid pool. Surprisingly, however, the bile acid pool composition
became progressively enriched in TBMC in G4Δex2 and G4ap mice (figure 4b), resulting in
a significant increase in the TBMC/TC ratio (figure 4c). Because TBMC is more hydrophilic
than TC,27 the hydrophobicity index of the bile acid pool was significantly decreased in
G4Δex2 and G4ap mice (figure 4d).

TBMC enrichment of the bile acid pool after intestinal Gata4 deletion is due to a relative
increase in TBMC uptake by the small intestine

To understand the mechanism underlying the change in pool composition, we characterised
potential alterations is bile acid biosynthesis in Wt-control and G4ap mice. Surprisingly, none
of the mRNAs for key enzymes in the hepatic bile acid biosynthetic pathways (cholesterol
7α-hydroxylase (CYP7a1),30, 31 sterol 27-hydroxylase (CYP27),32 sterol 12α-hydroxylase
(CYP8b1)33 and oxysterol 7α-hydroxylase (CYP7b1)34) were significantly different in the
G4ap mice as compared with the Wt-controls (figure 5a), suggesting that the shift in bile acid
composition is not due to alterations in bile acid synthesis.

Since studies of the bile acid substrate specificity of ASBT revealed a marked preference for
TC as compared with the taurine-conjugated forms of α, β or ω-muricholic acid,35 we
hypothesised that TC but not TBMC absorption is almost complete from terminal ileum in the
wild-type situation, and that the shift in the bile acid pool composition is determined by
enhanced absorption of TBMC as a result of increased total intestinal ASBT expression. To
test this hypothesis, we assessed the TBMC/TC ratio in luminal contents along the length of
the small intestine of Wt-control and G4ap mice. The TBMC/TC ratio in segment I was 3.4-
fold higher in G4ap mice (2.68±1.07) as compared with Wt-controls (0.84±0.39) (p<0.05),
demonstrating that the composition of the bile acids secreted into the duodenum by the gall
bladder is already TBMC enriched. As shown in figure 5b, the TBMC/TC ratio in the luminal
contents of Wt-control mice progressively increased distally, approaching a threefold rise from
segment I, II or III to segment IV, reflecting a more efficient absorption of TC than TBMC in
this limited region of distal small intestine where ASBT is expressed. In contrast, the TBMC/
TC ratio in the luminal contents of G4ap mice decreased distally, and was significantly lower
than that in Wt-controls in the distal half (segments III and IV, figure 5b), revealing that when
ASBT is expressed over the total length of the small intestine, a greater proportion of TBMC
is absorbed in the G4ap mice as compared with Wt-controls.

Intestinal Gata4 recombination corrects bile acid malabsorption associated with ICR
To determine if proximal induction of bile acid absorption compensates for bile acid
malabsorption due to a loss of ileal function, sham or ICR surgery was performed. As shown
in figure 6a, Asbt mRNA was incrementally induced in G4Δex2 and G4ap jejunum (see
Supplementary figure S4 for sampling location) of both sham and ICR mice, with an increase
similar to that found in non-operated animals of the respective genotypes (see figure 4a),
demonstrating that sham or ICR surgery does not affect the proximal induction of Asbt. Faecal
bile acid excretion in Wt-control ICR mice was significantly higher than in sham-operated mice
(3.2-fold, p<0.01) (figure 6b), with six of seven excreting >25 μmol day−1 100 g−1 BW,
confirming malabsorption of bile acids.1, 36, 37 In G4Δex2 ICR mice, bile acid excretion was
higher than in sham-operated mice (2.8-fold, p=0.11), but only one of four excreted >25 μmol
day−1 100 g−1 BW. Faecal bile acid excretion in G4ap ICR mice was similar to that in sham-
operated mice, and no excretion value (n=6) was >25 μmol day−1 100 g−1 BW. These data
demonstrate that low (G4Δex2) or high (G4ap) Asbt induction results in a partial or complete
rescue of bile acid absorption, respectively.

As shown in figure 7, the whole body bile acid pool size was 33% lower in Wt-control ICR
mice as compared with sham-operated mice, reflecting bile acid malabsorption and an inability
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of de novo hepatic synthesis to compensate for bile acid loss. In contrast, the bile acid body
pool was not decreased by ICR in G4Δex2 and G4ap mice as compared with their sham
counterparts, suggesting that the proximal induction of bile acid absorption in both Gata4
mutant models is sufficient to maintain an efficient enterohepatic circulation of bile acids. It
is noteworthy that in Wt-control mice, ICR resulted in an increase in the proportion of TC plus
TC metabolite (taurodeoxycholate) and a relative decrease in TBMC in the bile acid pool. This
alteration in composition is consistent with an ICR-induced increase in hepatic synthesis of
TC via the CYP7A1/CYP8B1 pathway and increased TC spillage into the colon, where it is
converted to deoxycholate (DC) by the bacterial flora and partially reabsorbed.38, 39 No
increase of DC was found in G4Δex2 and G4ap mice after ICR, suggesting that TC is being
absorbed in the proximal small intestine, before encountering the bacterial flora in the distal
small intestine and colon.

In Wt-controls, ICR resulted in a 4.2-fold increase in Cyp7a1 mRNA (p<0.01) and a 2.7-fold
decrease in small heterodimer partner (Shp) mRNA (p<0.05) in liver as compared with sham-
operated mice (figure 8), consistent with a compensatory upregulation of bile acid synthesis
in response to bile acid malabsorption.40 Neither an increase in Cyp7a1 mRNA nor a decrease
in Shp mRNA was found in G4ap mice after ICR, suggesting that proximal bile acid uptake
in Gata4 mutant mice is sufficient to maintain bile acid homeostasis.

DISCUSSION
GATA4, a member of the evolutionarily conserved GATA transcription factor family, exhibits
critical and diverse functions in cellular proliferation, differentiation and gene regulation in
multiple organs.41 Using an in vivo model in which the activation domains of Gata4 are deleted,
we were the first to show that GATA4 determines key differences in absorptive enterocyte
gene expression between jejunum and ileum.14 Here, we show that intestinal Gata4 deletion
results in an induction of Asbt gene expression and bile acid absorption in the proximal small
intestine that is sufficient to restore bile acid absorption, bile acid pool size and hepatic
Cyp7a1 mRNA abundance to physiological levels after ICR, without major defects in bile acid
homeostasis.

Induction of intestinal Asbt expression and bile acid absorption has been previously reported.
Treatment with glucocorticoid hormones precociously induces ASBT and ILBP expression in
the distal small intestine during development,42–44 but the effect on proximal small intestine
was not reported. Compensatory changes in ASBT expression have been shown in adult rats
after ileal resection or transposition,40, 45, 46 but these changes occur only in regions of the
small intestine that natively express ASBT, and are not sufficient to correct bile acid
malabsorption after ileoectomy.40 Transplantation of ileal neonatal rat stem cells into adult rat
jejunum leads to expression of ASBTand bile acid absorption in this segment, and reduces bile
acid excretion to physiological levels after ileoectomy,47 demonstrating that ileal stem cells
maintain their ileal character, and thus probably give rise to enterocytes that do not express
GATA4. Our study is the first to demonstrate an induction of ASBT expression and bile acid
absorption in enterocytes that normally do not exhibit these characteristics.

While absorption of bile acids in proximal small intestine does not result in alterations in faecal
bile acid excretion, overall pool size (figure 4a), BW and plasma triglyceride or cholesterol
levels (Supplementary table S2), our data show that proximal absorption of bile acids results
in TBMC enrichment of the bile acid pool (figure 4b). An increase in the TBMC fraction of
the bile acid pool was also found in Cyp8b133 and liver receptor homologue-148, 49 knockout
mice. In both models, CYP8b1 is eliminated or dramatically reduced, leading to an increase
in muricholic acid synthesis, and accumulation of TBMC in the bile acid pool. In our model,
the TBMC enrichment of the pool was not due to alterations in the expression of hepatic bile
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acid biosynthetic enzymes (figure 5a), but resulted from the cumulative increase in TBMC
uptake by the small intestine relative to TC (figure 5b). ASBT has a higher affinity for TC than
TBMC,35 and as such the absorption of TC but not TBMC is almost complete from terminal
ileum in the wild-type situation (figure 5b). By inducing ASBT expression in the proximal
small intestine, the opportunity for TBMC uptake is increased, leading to a cumulative increase
in the TBMC fraction in the pool over many enterohepatic cycles. Accordingly, our data
demonstrate that the restriction of ASBT and active bile acid absorption to the distal small
intestine by GATA4 plays a key role in determining the composition of the bile acid pool.

Using ICR in mice28 to induce bile acid malabsorption, we show that resection of terminal
ileum and caecum leads to a marked increase of faecal bile acid excretion (figure 6b), a
reduction of the bile acid pool (figure 7) and a compensatory upregulation of the expression
of hepatic Cyp7a1 mRNA (figure 8), hallmarks of bile acid malabsorption reported in
humans1 and rats40 after ileoectomy. We show here that low or high induction of Asbt
expression by modulating intestinal GATA4 activity induces bile acid absorption in proximal
small intestine that is sufficient to reduce bile acid excretion (figure 6B), maintain the bile acid
pool size (figure 7) and reduce the compensatory upregulation of bile acid synthesis (figure 8)
after ICR. This is the first example of a non-transplant intervention able to restore intestinal
bile acid absorptive function following ileoectomy.

Battle et al 15 showed that conditional Gata4 deletion in the mouse small intestine results in
cholesterol and fat malabsorption, and attributed this to a decrease in the expression of specific
jejunal genes that encode proteins involved in these processes. It is also possible that depletion
of luminal bile acids by the proximal induction of Asbt (figure 2C) results in inefficient
solubilisation and absorption of lipids and cholesterol. Further, since bile acid feeding
experiments have shown that TBMC causes a decrease in cholesterol absorption in the small
intestine of mice,50 TBMC enrichment of the bile acid pool could contribute to reduced
cholesterol absorption. Thus, the underlying cause of reduced fat and cholesterol absorption
in these models remains to be determined.

In patients with mild to moderate ileal disease or limited ileal resection, bile acid malabsorption
leads to diarrhoea due to increased concentrations of bile acids in the colon.51 With extensive
ileal disease or resection, maldigestion of fat is caused by a decrease in bile acid secretion into
the small intestine due to a reduced bile acid pool.1 Current treatments focus on the symptoms
associated with bile acid malabsorption, but do not correct the bile acid malabsorption itself.
Our data show that a reduction of intestinal GATA4 activity induces bile acid absorption in
proximal small intestine that is sufficient to restore bile acid absorption and maintain the bile
acid pool after ICR in mice. Although the effect of the proximal absorption of bile acids on fat
and protein digestion and absorption, the intestinal flora and gene regulation,52 as well as the
effect of inducing ileal function and reducing jejunal function by decreasing GATA4 activity
remain to be determined, inducing ASBT expression in the proximal small intestine by reducing
GATA4 activity may be useful in the development of therapeutic interventions for patients
with bile acid malabsorption due to ileal disease or resection. An approach in which Gata4 is
only partially inactivated, as in our G4Δex2 model, or by disrupting interactions between
GATA4 and friend of GATA (FOG), which results in a modest jejunal induction of Asbt
expression,18 might be desirable. In these situations, ASBT may be induced in the proximal
small intestine to levels that restore bile acid absorption and pool size to homeostasis after ICR,
but minimise potential negative side effects that may arise from the complete inactivation of
Gata4.

Significance of this study

What is already known about this subject?
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• Ileal diseases and resections result in bile acid malabsorption due to loss of the
ileal-specific apical sodium-dependent bile acid transporter (ASBT).

• Therapeutic options for restoring bile acid absorption are limited since it has not
been possible to induce ASBT expression in proximal intestinal regions that do
not natively express ASBT.

• Reducing the activity of the transcription factor GATA4 in the small intestine
induces the expression of ASBT in the jejunum.

What are the new findings?

• Intestine-specific inhibition of GATA4 activity induces expression of factors
required for physiologically significant bile acid absorption in proximal small
intestine.

• The bile acid homeostatic machinery is able to adequately accommodate bile acid
absorption from the proximal small intestine following intestine-specific
inhibition of GATA4 activity.

• Intestine-specific inhibition of GATA4 activity results in an induction of bile acid
absorption in proximal small intestine that corrects the bile acid malabsorption
associated with ileocaecal resection in mice.

How might it impact on clinical practice in the foreseeable future?

• Strategies to reduce or modulate intestinal GATA4 activity may be useful for
restoring ileal-specific functions such as bile acid absorption in patients with ileal
disease or ileal resection.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Intestinal Gata4 deletion results in an induction of apical sodium-dependent bile acid
transporter (ASBT) expression in proximal small intestine. (a) Schematic representation of
intestinal sampling. The grey bars numbered 1–5 indicate the ~1.0 cm segments used for RNA
isolation. The white bars with Roman numerals I –IV indicate the ~7 cm segments used for
the isolation of brush border membrane vesicles. (b) Real-time reverse transcriptase–PCR
reveals a proximal induction of Asbt mRNA in G4ap mice. *p<0.05, **p<0.01, as compared
with Wt-controls, n=4 in each group. Values are presented relative to the mean value of the
Wt-control segment 5 samples. (c) Western analysis shows a proximal induction of ASBT
protein in G4ap mice. β-Actin was used as a loading control.
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Figure 2.
Intestinal Gata4 deletion results in an induction of taurocholate (TC) uptake in proximal small
intestine, and a depletion of luminal bile acids in distal small intestine. Ex vivo measurements
of TC transport in everted gut sacs show (a) a significant increase in mucosal-to-serosal
transport of radioactively labelled TC in proximal intestine of G4ap mice as compared with
Wt-controls, and (b) a corresponding increase in tissue-associated TC. *p<0.05, **p<0.01,
***p<0.001, as compared with Wt-controls, n=5 in each group. In vivo segmental analysis
reveals that the amount of bile acid in luminal contents (c) and tissue (d) is reduced in distal
small intestine of G4ap mice as compared with Wt-controls. *p<0.05, **p<0.01, as compared
with Wt-controls, n=6 for G4ap mice, n=5 for Wt-control mice.
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Figure 3.
Intestinal Gata4 deletion results in an increase in proximal and a decrease in distal expression
of intestinal genes regulated by bile acids. Real-time reverse transcriptase–PCR analyses of
RNA from intestinal segments along the length of small intestine show a general increase in
ileal lipid-binding protein (Ilbp), organic solute transporter (Ost)α and β, and fibroblast growth
factor 15 (Fgf15) mRNA abundances in proximal segments, and a decrease in distal segments
of G4ap mice as compared with Wt-controls. *p<0.05, **p<0.01, ***p<0.001, as compared
with Wt-controls, n=4 in each group. Values are presented relative to the mean value of the
Wt-control segment 5 samples.
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Figure 4.
Intestinal Gata4 recombination results in an enrichment of tauro-β-muricholate (TBMC) and
reduction of taurocholate (TC) in the bile acid pool. (a) Real-time reverse transcriptase–PCR
of apical sodium-dependent bile acid transporter (Asbt) mRNA in Wt-control jejunum (segment
3) and ileum (segment 5), G4Δex2 jejunum and G4ap jejunum shows a 22% and 69%
transformation to wild-type ileal levels in jejunum of G4Δex2 and G4ap mice, respectively.
n=6–10 in each group. (b) Bile acid (BA) pool size, as determined by the total bile acid content
in liver, gall bladder and small intestine, is similar among Wt-control, G4Δex2 and G4ap mice,
but demonstrates an increase in TBMC, and decrease in TC and other bile acids in G4Δex2
and G4ap mice as compared with Wt-controls. (c) The TBMC/TC ratio of the bile acid pool
reveals a 2.2-fold increase in G4Δex2 mice and a 7.2-fold (p<0.001) increase in G4ap mice as
compared with Wt-controls. (d) The hydrophobicity index of the bile acid pool reveals a 1.7-
fold (p<0.001) decrease in G4Δex2 mice and a 2.2-fold (p<0.001) decrease in G4ap mice as
compared with Wt-controls. (n=4–7 in each group).
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Figure 5.
Tauro-β-muricholate (TBMC) enrichment of the bile acid pool after intestinal Gata4 deletion
is due to an increase in TBMC uptake. (a) Real-time reverse transcriptase–PCR shows that the
mRNAs for hepatic bile acid biosynthetic enzymes, Cyp7a1, Cyp8b1, Cyp27 and Cyp7b1, are
similar between Wt-control and G4ap mice (n=5 in each group). Values are presented relative
to the mean value of Wt-control liver samples. (b) Segmental analysis of the bile acid
composition of luminal contents reveals that the TMBC/taurocholate (TC) ratio as a percentage
of segment I increases distally in Wt-controls, but decreases distally in the G4ap mice. *p<0.05
as compared with Wt-controls, n=3–6 in each group.
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Figure 6.
Intestinal Gata4 recombination restores bile acid absorption after ileocaecal resection (ICR).
(a) Real-time reverse transcriptase–PCR on RNA obtained from jejunum shows an induction
of the apical sodium-dependent bile acid transporter (Asbt) mRNA in sham-operated and ICR
G4Δex2 and G4ap mice. Values are presented relative to the mean value of the sham-operated
G4ap samples. *p<0.05 as compared with sham-operated mice, n=3–7 in each group. (b) Faecal
bile acid content is increased in Wt-control ICR mice as compared with their sham-operated
counterparts, but approached or returned to normal levels in G4Δex2 and G4ap mice that
underwent ICR. **p<0.01 as compared with sham-operated mice, n=3–7 in each group.
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Figure 7.
Intestinal Gata4 recombination prevents a loss of bile acids in the body pool after ICR. Bile
acid (BA) pool size, as determined by the total bile acid content in liver, gall bladder and small
intestine, is lower in Wt-control mice that underwent ileocaecal resection (ICR) as compared
with sham-operated mice. Bile acid pool size in G4Δex2 and G4ap mice that underwent ICR
remains similar to that of their sham-operated counterparts. *p<0.05, as compared with sham-
operated mice, n=3–7 in each group.
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Figure 8.
Intestinal Gata4 recombination eliminates the need for compensatory upregulation in bile acid
synthesis after ileocaecal resection (ICR). Real-time reverse transcriptase–PCR shows an
increase in Cyp7a1 and a decrease in Shp mRNA abundance in liver of Wt-control mice that
underwent ICR as compared with sham-operated mice, whereas no major differences were
found between sham-operated and ICR G4Δex2 and G4ap mice. *p<0.05, **p<0.01, as
compared with sham-operated mice, n=3–7 in each group. Values are presented relative to the
mean value of the sham-operated Wt-control liver samples.
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