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Abstract

Background & Aims—Sirtuin 1 (SIRT1), the most conserved mammalian NAD+-dependent

protein deacetylase, is an important metabolic sensor in many tissues. However, little is known

about its role in the small intestine, which absorbs and senses nutrients. We investigated the

functions of intestinal Sirt1 in systemic bile acid and cholesterol metabolism in mice.

Methods—Sirt1 was specifically deleted from intestines of mice using the Flox-villin-Cre system

(Sirt1 iKO mice). Intestinal and heptic tissues were collected, and bile acid absorption was

analyzed using the everted gut sac experiment. Systemic bile acid metabolism was studied in Sirt1

iKO and Flox control mice placed on standard diets, diets containing 0.5% cholic acid or 1.25%

cholesterol, or lithogenic diets.

Results—Sirt1 iKO mice had reduced intestinal Fxr signaling via Hnf1a compared with controls,

which reduced expression of the bile acid transporter genes Asbt and Mcf2l (encodes Ost) and

© 2013 The American Gastroenterological Association. Published by Elsevier Inc. All rights reserved.
*Correspondence: lix3@niehs.nih.gov.

Author Contributions
N. K. designed experiments, carried out experiments, analyzed data, and wrote the manuscript. M. R. M., A. P., J. L., A. R., S. L., M.
P.-H., A. L., and I. C. carried out experiments and analyzed data, Y. Z. and P. A. D. designed experiments, analyzed data, and
critically reviewed the manuscript. X. L. designed experiments, carried out experiments, analyzed data, and wrote the manuscript.

Conflict of Interest
The authors declare that they have no conflict of interest.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Gastroenterology. Author manuscript; available in PMC 2015 April 01.

Published in final edited form as:
Gastroenterology. 2014 April ; 146(4): 1006–1016. doi:10.1053/j.gastro.2013.12.029.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



absorption of ileal bile acids. Sirt1 regulated Hnf1α–Fxr signaling partially through Dcoh2, which

increases dimerization of Hnf1α. Sirt1 was found to deacetylate DCoH2, promoting its interaction

with Hnf1α and inducing DNA binding by Hnf1α. Intestine-specific deletion of Sirt1 increased

hepatic bile acid biosynthesis, reduced hepatic accumulation of bile acids, and protected animals

from liver damage from high-bile acid diets.

Conclusions—Intestinal Sirt1, a key nutrient sensor, is required for ileal bile acid absorption

and systemic bile acid homeostasis in mice. We delineated the mechanism of metabolic regulation

of Hnf1α–Fxr signaling. Reagents designed to inhibit intestinal SIRT1 might be developed to treat

bile acid-related diseases such as cholestasis.
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Introduction

Bile acids are the major end products of hepatic cholesterol catabolism. They are essential

for intestinal absorption of dietary lipids, cholesterol and fat-soluble vitamins, and play an

important role in cholesterol metabolism. Whole body bile acid homeostasis is maintained

by efficient enterohepatic cycling of bile acids between liver and small intestine, in which

95% of bile acids released from the liver into the proximal duodenum in response to entering

of dietary fats are reabsorbed by the distal ileum and transported back to the liver via the

portal circulation 1-3. The unabsorbed 5% of the bile acids eliminated through feces in each

enterohepatic cycle will then be supplemented by new hepatic synthesis so that a constant

pool of bile acids is maintained. In addition, a small amount of bile acids spilled over into

systemic circulation will be excreted from urine. Therefore, bile acid metabolism is tightly

regulated by various nutritional and hormonal cues, and its dysregulation has been

associated with a number of gastrointestinal and metabolic diseases, including cholestasis,

hypercholesterolemia, defective liver regeneration, cholesterol gallstone disease, and

diabetes 4-7.

A key regulatory factor for systemic bile acid metabolism is Farnesoid X receptor (FXR), a

cellular bile acid sensor and a member of adopted orphan nuclear receptors 2, 8, 9. In

enterocytes, activation of FXR by bile acids enhances the transcription of a number of bile

acid transporters, particularly the intestinal basolateral organic solute transporters Ostα/Ostβ

that are responsible for bile acid export from enterocytes into portal blood 10. Activation of

FXR in enterocytes also induces a hormone, fibroblast growth factor 15 (FGF15), which

travels to the liver and repress the hepatic bile acid biosynthesis through its receptor, Fgfr4,

and the JNK pathway 2, 11. In addition to FXR, Hepatocyte Nuclear Factor 1α (HNF1α), a

homeodomain-containing transcription factor, is also critical in regulation of intestinal and

systemic bile acid metabolism 12. HNF1α directly binds to the promoter of FXR gene to

modulate its expression 12. HNF1α also regulates ileal bile acids uptake through

transcriptional induction of an apical sodium-dependent bile acid transporter Asbt 13.

Therefore, the intestinal HNF1α and FXR signaling pathways tightly control the ileal bile

acid uptake and systemic bile acid homeostasis in response to nutritional and hormonal

signals.
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SIRT1 is a member of sirtuins, a family of highly conserved NAD+-dependant protein

deacetylases and/or ADP-ribosyltransferases 14. Accumulating evidence has indicated that

sirtuins are crucial regulators for a variety of cellular processes, ranging from energy

metabolism, stress response, to tumorigenesis and aging 15, 16. As the most conserved

mammalian sirtuin, SIRT1 couples the deacetylation of numerous transcription factors and

co-factors to the cleavage of NAD+, an indicator of cellular metabolic status 17, 18.

Therefore, SIRT1 is an important regulator of energy homeostasis in several tissues,

including liver, adipose tissues, pancreas, and hypothalamus 18, 19. However, the function of

SIRT1 in the small intestine, particularly in intestinal nutrient absorption, has not yet been

determined.

In order to investigate the role of SIRT1 in intestinal physiology, we generated an intestine-

specific SIRT1 knockout mouse strain (SIRT1 iKO). In this report, we show that intestinal

SIRT1 regulates ileal bile acid absorption and feedback impacts systemic bile acid and

cholesterol metabolism in mice. Intestinal SIRT1 modulates the DNA binding ability of

HNF1α, partially through deacetylation of a dimerization co-factor of HNF1α, pterin 4α

carbinolamine dehydratase 2/dimerization cofactor of HNF1α 2 (DCoH2), a novel

acetylated protein. Consequently, deletion of intestinal SIRT1 decreases the expression of

FXR and Asbt, reducing ileal bile acid absorption. Intriguingly, in contrast to hepatic

deficiency of SIRT1, which leads to decreased HNF1α/FXR signaling pathways, diminished

hepatic bile acid excretion and increased liver damage 20, deletion of intestinal SIRT1

reduces hepatic accumulation of bile acids and blunts the inhibition of hepatic bile acid

synthesis under high bile acid diets, protecting animals from liver damage.

Materials and Methods

Animal experiments

The intestinal specific SIRT1 knockout mice (SIRT1 iKO) in a C57BL/6 background were

generated by crossing mice carrying a SIRT1 exon 4 floxed allele 21 with Villin-cre mice

(Jackson laboratory 22). Three to four-month old SIRT1 iKO mice (Villin-Cre+,

SIRT1 flox/flox) and their littermate Flox controls (Villin-Cre-, SIRT1 flox/flox), as well as

age-matched wild type and Villin-Cre mice, were fed either a standard laboratory chow diet,

a chow diet containing 0.5% cholic acid (Research Diets, custom made), a chow diet

containing 1.25% Cholesterol (Research Diets, custom made), or a lithogenic diet (D12383,

Research Diets) for indicated times. All animal experiments were approved by the

NIEHS/NIH Animal Care and Use Committee.

Bile acids analysis

To determine the fecal bile acid outputs, feces were collected from individually housed mice

over 48 h and fecal bile acids were extracted with 75% ethanol at 50 °C for 2 h. To

determine the total bile acid pool size, liver, gall bladder, and full-length small intestine

were dissected and homogenized in water and extracted with 75% ethanol. Bile acids in the

resulting supernatants were measured with the total bile acid kit (Diazyme Laboratories).

Gallbladder bile acid profiles were analyzed by the ultra performance liquid

chromatography-tandem mass spectrometry (UPLC-MS/MS) as described 23.
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Everted gut sac experiment

The everted gut sac experiments were carried out essentially as described 10.

Chromatin immunoprecipitation (ChIP) analysis

Chromatin immunoprecipitation (ChIP) analysis was performed essentially as described by

the manufacturer (Millipore) with some modifications. Briefly, Flox and SIRT1 iKO mice

were perfused with 1% paraformaldehyde in PBS at room temperature via heart perfusion to

cross-link protein-DNA complexes. After 10 min, the cross-linking was stopped by

perfusion with 0.125 M glycine. The sonicated cross-linked chromatin was subjected to

immunoprecipition with antibodies against FXR, HNF1α (Santa Cruz biotechnology), or

normal rabbit IgG. DNA fragments were analyzed by qPCR using primers flanking

indicated promoter regions.

Protein acetylation analysis

To analyze the deacetylation of DCoH2 by SIRT1, HEK293T SIRT1RNAi cells were

transfected with constructs expressing HA-DCoH2, with or without FLAG-p300 and SIRT1

as indicated. 48 h after transfection, cells were treated with 5 μM TSA for 2 hours,

harvested, and homogenized. HA-DCoH2 was immuno-purified with anti-HA beads (Santa

Cruz biotech), subjected to SDS-PAGE, and analyzed with anti-acetyl-lysine polyclonal

antibodies (Cell Signaling Technology).

Identification of lysine acetylation sites in DCoH2 protein

The two acetylated sites (K124 and K131) in DCoH2 (Figure S4) were identified by a

proteomics screening as described 24, 25.

Statistical analysis

Values are expressed as mean ± standard error of mean (SEM). Significant differences

between the means were analyzed by the two-tailed, unpaired, nonparametric Mann-

Whitney test, and differences were considered significant at p< 0.05.

Results

Deletion of SIRT1 in intestine reduces ileal bile acid absorption

To study the function of SIRT1 in the intestine, we generated a SIRT1 iKO mouse strain as

described in the Materials and Methods. The resulting SIRT1 iKO mice efficiently deleted

the exon 4 of the SIRT1 gene down the length of the intestine, yet the expression of SIRT1

was normal in other selected tissues (Figure 1A, 1B, and Figure S1A).

SIRT1 iKO mice were phenotypically normal on the chow diet, with no signs of defects in

morphology, proliferation, and apoptosis of intestinal epithelial cells (Figure 1C-E). They

also had normal expression levels of different intestinal epithelial cell markers (Figure S1B-

C), and maintained normal intestinal barrier functions, as indicated by normal serum LPS

levels (Figure 1F) and a normal paracellular transport rate of [14C] inulin, a routinely used
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“non-absorbable” polysaccharide, across everted sacs of the small intestine segments in vitro

(Figure S1D).

Additionally, SIRT1 iKO mice had normal levels of the most tested serum metabolites

(Figure S2A-D). However, their serum and hepatic levels of bile acids were significantly

reduced compared to those from control mice (Figure 2A and 2B), suggesting a role of

intestinal SIRT1 in bile acid metabolism. Consistent with this possibility, SIRT1 iKO mice

displayed increased fecal bile acid excretion (Figure 2C) without changes in their total bile

acid pool size (Figure 2D). In contrast, their fecal total cholesterol output was normal

(Figure 2E), indicating a selective effect on bile acid metabolism.

The decreased serum and hepatic bile acid levels, and increased fecal bile acid loss suggest a

partial reduction in ileal bile acid transport in SIRT1 iKO mice. To test this hypothesis, we

determined the mucosal-to-serosal transport of [3H] taurocholate, a conjugated bile acid,

across the small intestinal segments using a well establish everted gut model 26. As shown in

Figure 2F, in agreement with previous observations 10, 27, the mucosal-to-serosal transport

of taurocholate was largely restricted to the ileum in both control and SIRT1 iKO mice.

Deletion of SIRT1 in the intestine led to a 40-50% decrease of trans-ileal transport of

taurocholate (Figure 2F, left panel, p=0.07), whereas the amount of tissue-associated

taurocholate was normal (Figure 2F, right panel), suggesting that both apical uptake and

basolateral export of bile acids are reduced in SIRT1 deficient intestine. Collectively, our

observations indicate that intestinal deficiency of SIRT1 reduces the transport of bile acids

in the distal ileum, resulting in increased fecal elimination and decreased circulating and

hepatic levels of bile acids.

Deletion of intestinal SIRT1 reduces the HNF1α/FXR signaling pathways

The ileal bile acid absorption/transport is regulated by the HNF1α/FXR pathways 2, 12. To

dissect molecular mechanisms underlying the ileal bile acid transport defect in SIRT1 iKO

mice, we analyzed ileal expression levels of genes in the HNF1α/FXR signaling pathway by

quantitative real-time PCR. As shown in Figure 3A and Figure S3, deletion of intestinal

SIRT1 led to reduced ileal expression of many HNF1α/FXR target genes involved in bile

acid absorption, transport and sensing, including FXR, Asbt, Ostα/Ostβ, and FGF15 (when

compared between paired littermates). FXR protein levels were also significantly decreased

in the ileum of SIRT1 iKO mice (Figure 3B). As a control, mRNA levels of genes in the

LXR signaling pathway in the ileum were normal (Figure 3A), suggesting that SIRT1

specifically modulates the ileal bile acid metabolism.

To elucidate the mechanisms underlying the reduced expression of Asbt, FXR, and FXR

target genes in SIRT1 iKO mice, we examined the recruitment of HNF1α, an upstream

transcription factor for both FXR and Asbt 12, 20, to the FXR and Asbt promoters in the

ileum using chromatin-immunoprecipitation (ChIP). As shown in Figure 3C, the HNF1α

levels associated with these two promoters were significantly reduced in the SIRT1 deficient

ileum, but the total HNF1α protein levels were normal (Figure 3B), indicating that intestinal

SIRT1 deficiency decreases the DNA binding of HNF1α. In line with the reduced FXR

levels, SHP and Ostβ promoters-associated FXR levels were also significantly decreased in

the SIRT1 deficient ileum (Figure 3D). Additionally, when challenged with a high bile acid
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diet containing 0.5% cholic acid (CA diet), SIRT1 iKO mice had a reduced induction of a

couple of FXR target genes in the ileum, such as FGF15 and an intestinal bile acid binding

protein IBABP (Figure 3E). Together, our data indicate that deletion of intestinal SIRT1

reduces the recruitment of HNF1α to the FXR and Asbt promoters, thereby decreasing the

FXR signaling pathway and ileal bile acid transport.

SIRT1 regulates the HNF1α/FXR signaling pathways partially through deacetylation of
HNF1α dimerization co-factor DCoH2

To further dissect the molecular mechanisms by which SIRT1 regulates the DNA binding

ability of HNF1α, we investigated whether HNF1α and/or some of its cofactors are SIRT1

deacetylation substrates. Mass spectrometry analyses revealed that neither endogenous nor

overexpressed HNF1α protein had detectable acetylation modifications. However, a

dimerization co-factor of HNF1α, DCoH2, was found to be acetylated at K124 and K131

residues, two residues located at the DCoH2 protein surface (Figure 4A, Figure S4 and

Figure S5A).

To test whether DCoH2 could be a substrate of SIRT1, we examined whether SIRT1 could

physically interact with DCoH2 and induce its deacetylation. As shown in Figure 4B, in

HEK293T SIRT1 RNAi cells, the wild-type (WT) SIRT1 protein was co-

immunoprecipitated with HA-DCoH2 (IP-HA; IB-SIRT1). Consistent with the idea that

DCoH2 is a substrate of SIRT1, the association between SIRT1 and HA-DCoH2 was

increased in cells expressing the SIRT1 H355Y (HY) protein, a mutant that is known to stall

the deacetylation reaction at the ternary enzyme:ADP-ribose:acetyl-substrate intermediate

stage 29. Furthermore, expression of an acetyltransferase, p300, induced the acetylation

levels of WT DCoH2 but not an acetylation defective mutant (K124R/K131R, KR), and co-

expression of WT but not catalytically inactive HY mutant SIRT1 decreased the acetylation

levels of DCoH2 (IP-HA; IB-acetyl-K). Taken together, these results indicate that DCoH2 is

a substrate of SIRT1.

To test the possibility that the acetylation status of DCoH2 regulates the dimerization of

HNF1α thereby modulating its DNA binding ability, we investigated whether the

deacetylation mimetic (K124R/K131R, KR) and acetylation mimetic (K124Q/K131Q, KQ)

of DCoH2 display distinct abilities to regulate HNF1α dimerization. As shown in Figure 4C

and Figure S5B, the dimerization of HNF1α was significantly reduced in cells co-expressing

the DCoH2 KQ mutant protein, as indicated by a decreased association between HA- and

myc-tagged HNF1α proteins. Therefore, this observation demonstrates that acetylation of

K124 and K131 residues in DCoH2 decreased the dimerization of HNF1α.

Finally, to test whether the acetylation status of DCoH2 indeed affects the transactivation of

HNF1α in cells, we first analyzed the co-activation activities of WT, KR, and KQ DCoH2

proteins in Hepa1-6 cells, a mouse hepatic cell line that has significant expression levels of

both HNF1α and FXR. DCoH2 was distributed in both the nucleus and cytoplasm in this

hepatic cell line, with a strong nuclear staining that closely resembled the pattern of SIRT1

(Figure 4D). As shown in Figure 4E, the DCoH2 KQ mutant protein displayed a

significantly reduced ability to activate a luciferase reporter driven by the mouse FXR

promoter in Hepa1-6 cells. We then investigated the co-activation activity of DCoH2
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proteins in a rat small intestinal epithelial cell line, IEC-6 cells (Figure 4F). Because the

endogenous HNF1α levels in IEC-6 cells were low, we infected them with lentiviruses

expressing control GFP proteins or HNF1α proteins. As shown in Figure 4F, the DCoH2

KQ mutant protein showed significantly decreased co-activation activity on HNF1α-

mediated activation of both FXR and Asbt promoters. Collectively, our findings suggest that

SIRT1 stimulates the transcriptional activity of HNF1α in part through deacetylation of its

dimerization co-factor DCoH2.

Intestine-specific deletion of SIRT1 increases hepatic bile acid biosynthesis, reduces
hepatic accumulation of bile acids, and protects animals from high bile acid diet induced
liver damage

As important regulators of bile acid metabolism, deficiency of HNF1α and FXR in humans

and mice has been associated with a number of hepatic disorders, including an increased rate

of hepatic bile acid synthesis 12, 30, 31. To test whether intestinal SIRT1 deficiency induced

reduction of HNF1α/FXR pathways has any impacts on hepatic bile acid synthesis in vivo,

we measured the hepatic expression levels of bile acid and cholesterol metabolism genes. As

shown in Figure 5A, Cyp7a1, a rate limiting hepatic bile acid synthesis gene, was

significantly elevated in SIRT1 iKO mice, whereas other genes involved in bile acid

metabolism and cholesterol transport were not significantly altered, indicating that deletion

of intestinal SIRT1 specifically induces hepatic bile acid synthesis. Consistent with this

notion, SIRT1 iKO mice had increased gallbladder bile excretion (Figure 5B) and a trend of

elevation in the gallbladder primary bile acid content (Figure 5C and 5D, Table S1) on the

chow diet. Furthermore, when challenged with a high bile acid diet containing high-fat,

high-cholesterol, and 0.5% cholic acid (lithogenic diet, LD), the repression of hepatic

Cyp7a1 and Cyp8b1 was significantly attenuated in SIRT1 iKO mice compared to Flox

control mice (Figure 5E). Since bile acids are synthesized from hepatic cholesterol, this

increased residual hepatic bile acid synthesis in SIRT1 iKO mice may also account for the

decreased hepatic cholesterol content (Figure 5F) and the reduced fecal cholesterol output

(Figure S7E) on the LD diet. The fecal bile acid output, on the other hand, was not altered in

SIRT1 iKO mice after 7 weeks on the LD diet (Figure S7F), probably due to saturation of

the ileal bile acid transporters by the extremely high levels of dietary bile acids. The increase

in hepatic bile acid synthesis and decrease in hepatic cholesterol content were also observed

in SIRT1 iKO mice fed with a high-cholesterol-only diet (Figure S6). Altogether, these data

suggest that deficient ileal bile acid absorption, possible also reduced expression of ileal

FGF15, attenuates inhibition of hepatic bile acid biosynthesis from cholesterol in SIRT1

iKO mice.

To further examine the pathophysiological effects of blunted HNF1α and FXR signaling in

SIRT1 deficient mice, we challenged Flox and SIRT1 iKO mice with high bile acid diets. In

line with the reduced ileal bile acid transport, SIRT1 iKO had decreased levels of serum and

hepatic bile acids when fed with the CA diet (Figure 6A and 6B), and maintained lower

serum bile acid levels during the 7-week feeding period of the lithogenic diet (LD) (Figure

6C), with normal body weight, food intake, and other serum lipid levels (Figure S7A and

S7B). Again, consistent with the observation that SIRT1 iKO mice decreased their ileal bile

acid absorption, the liver of SIRT1 iKO mice displayed significantly reduced levels of
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hepatic bile acids 2 weeks after LD feeding (Figure 6D). However, this reduction was lost in

SIRT1 iKO mice with prolonged feeding of the LD diet due to a significant decrease of the

hepatic bile acid content in Flox but not SIRT1 iKO mice (Figure 6D, right panel),

confirming a less inhibition of hepatic bile acid synthesis in SIRT1 iKO mice. Interestingly,

it appears that this decreased accumulation of hepatic bile acids partially protects SIRT1

iKO mice from LD-induced liver damage. As shown in Figure 6E, the serum ALT and AST

levels were significantly reduced in SIRT1 iKO mice during 7 weeks of LD feeding without

significant alterations in the hepatic histological lesions (Figure S7C). Together, these

findings support the hypothesis that intestinal deletion of SIRT1 leads to defective

HNF1α/FXR signaling pathways, resulting in reduced ileal bile acid absorption, increased

fecal bile acid loss, enhanced hepatic bile acid synthesis, decreased hepatic bile acid

accumulation, and reduced risk of liver damage (Figure 7A, left panel).

Discussion

Bile acids not only play an important role in the regulation of lipid absorption and

cholesterol homeostasis, but also function as hormones to modulate systemic energy

metabolism in various metabolic tissues 32-34. Defects in bile acid homeostasis have been

associated with a number of metabolic diseases, including cholestasis, hypercholesterolemia,

defective liver regeneration, and diabetes 4-7. We and others have showed that hepatic

SIRT1 is a crucial regulator of the HNF1α/FXR signaling pathway and hepatic bile acid

metabolism, and that SIRT1 modulates the FXR signaling pathway at multiple levels,

including transcriptional regulation through HNF1α and posttranslational

deacetylation 20, 28. In the present study, using an intestine-specific SIRT1 knockout mouse

model (with the Villin-Cre strain as an additional control (Figure S8)), we demonstrate that

the intestinal HNF1α/FXR signaling and the bile acid enterohepatic circulation are also

under control of intestinal SIRT1 through a similar multi-level mechanism. This interaction

between SIRT1 and HNF1α/FXR signaling pathways plays an essential role in the

regulation of systemic bile acid homeostasis. However, in contrast to hepatic SIRT1

deficiency (Figure 7A, right panel) 20, deletion of intestinal SIRT1 reduced ileal bile acid

transport and FGF15 expression, increasing hepatic biosynthesis of bile acids yet protecting

mice from high bile acid diets induced cholestasis and liver damage (Figure 5 and 6).

Therefore, our findings suggest that the impacts of pharmacological modulation of SIRT1

activity on bile acid and cholesterol homeostasis are tissue-specific and more complex than

previously expected.

Our studies further indicate that intestinal SIRT1 deficiency impairs systemic bile acid

homeostasis through multiple pathways, including both HNF1α transcriptional network and

FXR signaling, and possibly additional factors that may affect bile acid metabolism directly

or indirectly. As a result, SIRT1 iKO mice did not phenocopy any single knockout mouse

models. For instance, even though SIRT1 iKO mice have reduced ileal FGF15 expression

and increased hepatic bile acid synthesis (Figure 4 and 5) just like intestinal-specific FXR

KO mice 30, 31, deletion of SIRT1 in intestine protects liver from cholestasis and damage

(Figure 6), whereas activation of intestinal FXR yields similar phenotypes 35. Moreover,

FXR intestinal KO mice have a slight increase in total bile acid pool size 30, 31, whereas

SIRT1 iKO mice have normal bile acid pool size (Figure 2D). A reasonable explanation for
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these discrepancies is that SIRT1 deficiency primarily impairs the activity of HNF1α other

than FXR. It is likely that the increased fecal bile acid loss (resulted from the decreased

HNF1α-Asbt axis) dominates the increased in hepatic bile acid synthesis in SIRT1 iKO

mice, resulting in less accumulation of bile acids in liver (cholestasis) and reduced liver

damage. This dominant effect may also account for the normal bile acid pool size of SIRT1

iKO mice, as the increased hepatic bile acid synthesis was offset by the increased fecal bile

acid loss. In addition, tissue-specificity may also be a contributing factor to the apparent

inconsistency between SIRT1 iKO mice and reported whole body HNF1α null 12 and/or

FXR null mice 31. Since FXR iKO mice and FXR whole body null mice do not have

identical bile acid phenotypes, particularly the serum levels of bile acids and fecal bile acid

output 31, further studies that compare SIRT1 iKO with intestine-specific HNF1α or FXR

KO mouse models will be helpful to further resolve these inconsistencies.

Our current study also revealed that SIRT1 modulates the HNF1α/FXR pathway through

deacetylation of DCoH2 and subsequent dimerization and DNA binding of HNF1α,

therefore uncovering a previously unknown link between DCoH2, SIRT1, and HNF1α

(Figure 4 and Figure 7B). We discovered that DCoH2 is an acetylated protein and a

substrate of SIRT1 (Figure 4). Interestingly, two lysine residues that are acetylated in

DCoH2, K124 and K131, are not conserved in DCoH1, a closely related protein. Instead,

they are replaced by asparagine (N) and glutamine (Q), which are acetyl-lysine mimetics

(Figure 4A). These observations suggest that DCoH1 could be an acetyl mimetic of DCoH2,

and DCoH1 and DCoH2 might have different abilities to co-activate HNF1α. Previous

studies indicate that this is indeed the case. It has been shown that the DCoH1 protein forms

stable tetramers, and cannot efficiently promote the dimerization of HNF1α and subsequent

DNA binding 36. In contrast, the purified DCoH2 tetramers are less stable, can efficiently

promote the formation of the DCoH2:HNF1α/DNA complex 36. Therefore, it is likely that

deletion of SIRT1 leads to hyperacetylation of DCoH2 and stabilization of the DCoH2

homo-tetramers, thereby a decreased formation of the DCoH2:HNF1α hetero-tetramers

(Figure 7B). Additional biochemical and structural studies with WT, KR and KQ DCoH2

proteins are needed to investigate how the acetylation status of DCoH2 affects the

interaction between DCoH2 and HNF1α as well as HNF1α dimerization.

In summary, we have shown that intestinal SIRT1 plays a vital role in the regulation of ileal

bile acid absorption and systemic bile acid homeostasis. Intestinal deletion of SIRT1

decreases the HNF1α/FXR signaling through hyperacetylation of its cofactor DCoH2,

leading to reduced intestinal bile acid transport and altered systemic bile acid homeostasis.

Our findings point out that the same molecular mechanism can yield distinct physiologies in

different tissues, and suggest that therapeutic strategies based on the SIRT1 small molecule

modulators against bile acid and cholesterol diseases have to consider tissue specificity as a

complicating factor.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Generation of intestine-specific SIRT1 KO mice (SIRT1 iKO mice). (A) mRNA levels of

full-length SIRT1 in intestine and other control tissues in Flox and SIRT1 iKO mice (n=6,

**p<0.01). (B) SIRT1 protein in the jejunum, ileum, and colon of Flox and SIRT1 iKO

mice. (C) SIRT1 iKO mice have normal morphology of jejunum under standard feeding

conditions (n=6). Bars, 200 μm. (D) SIRT1 iKO mice display normal rates of proliferation

and apoptosis in the jejunum of small intestine (n=6). Bars, 60 μm. (E) SIRT1 iKO mice

have normal morphology of colon under standard feeding conditions (n=4-5). Bars, 200 μm.

(F) SIRT1 iKO mice have normal levels of serum LPS levels on the chow diet (n=5-6).
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Figure 2.
Loss of intestinal SIRT1 alters systemic bile acid metabolism under normal feeding

conditions. (A-B) Deletion of SIRT1 in the intestine decreases serum bile acid levels (A,

n=20) and hepatic bile acid contents (B, n=6-7). (C) Deletion of SIRT1 in intestine increases

the fecal bile acid outputs. (n=6). (D) SIRT1 iKO mice display a normal total bile acid pool

size (n=7). (E) SIRT1 iKO mice have normal fecal cholesterol outputs (n=6). (F) Intestinal

SIRT1 deficiency leads to decreased mucosal-to-serosal transport of taurocholate in ileal gut

sacs. The transport of taurocholate was measured as described in Materials and Methods

(n=9). # p=0.07, *p<0.05.
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Figure 3.
Loss of intestinal SIRT1 reduces the HNF1α/FXR mediated bile acid transport in the small

intestine. (A) Deletion of intestinal SIRT1 results in reduced expression levels of

HNF1α/FXR target genes in the ileum (n=8). (B) SIRT1 deficiency in the ileum leads to

decreased levels of FXR protein (n=5-6). (C) SIRT1 deficiency in the ileum leads to

decreased association of HNF1α with HNF1α binding sites on its target promoters (n=4).

(D) SIRT1 deficiency in the ileum leads to decreased association of FXR with the FXR

binding sites on the SHP and Ostβ promoters (n=4). (E) Deletion of intestinal SIRT1 leads to

reduced induction of FGF15 and IBABP in the ileum in response to a high bile acid diet

feeding (cholic acid diet, CA diet) (n=6-9). # 0.05<p<0.10, *p<0.05, **p<0.01.
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Figure 4.
SIRT1 regulates the dimerization of HNF1α through deacetylation of DCoH2. (A) DCoH2

is acetylated at K124 and K131 in the helix 3 (H3) domain. The K124 and K131 residues in

DCoH2 and the corresponding N and Q residues in DCoH1 were highlighted. (B) SIRT1

interacts with and deacetylates DCoH2 in HEK293T cells. (C) Acetylation status of DCoH2

affects HNF1α dimerization in HEK293T cells (n=5). (D) DCoH2 is localized in both

cytosol and nucleus in Hepa1-6 cells. (E) Acetylation status of DCoH2 affects its co-

activation activity on a HNF1α target gene, FXR, in Hepa1-6 cells in a luciferase reporter

assay (n=3). (F) Acetylation of DCoH2 reduces HNF1α mediated transcriptional activation

on FXR and Asbt promoters (n=3). *p<0.05.
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Figure 5.
Deletion of SIRT1 in the intestine results in increased hepatic bile acid biosynthesis. (A)

Deletion of SIRT1 in intestine results in increased expression of Cyp7a1 in liver (n=6-9).

(B) SIRT1 iKO mice have increased gallbladder bile volume (n=8). (C-D) SIRT1 iKO mice

have increased amount of biliary primary bile acids (n=8, labeled by $ in D). (E) Intestinal

SIRT1 deficiency results in decreased inhibition of hepatic bile acid synthesis genes when

fed with LD (n=7-8). (F) SIRT1 iKO mice have reduced hepatic levels of cholesterol after 7

weeks of LD feeding (n=7-8). # 0.05<p<0.10, *p<0.05, **p<0.01.
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Figure 6.
Intestine-specific deletion of SIRT1 reduces intestinal bile acid uptake and hepatic bile acid

accumulation upon feeding with high bile acid diets. (A-B) SIRT1 iKO mice have reduced

serum (A) and hepatic (B) levels of total bile acids during 11-day feeding with the CA diet

(n=6-9). (C-D) SIRT1 iKO mice display reduced levels of serum (C) and hepatic (D) levels

of bile acids during 7-week feeding with LD diet (n=6-8). (E) Deletion of SIRT1 in the

intestine leads to reduced serum Alanine transaminase (ALT) and Aspartate transaminase

(AST) activities upon LD feeding (n=6-8). # 0.05<p<0.10, *p<0.05, **p<0.01.
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Figure 7.
Intestinal SIRT1 is an important regulator of systemic bile acid homeostasis. (A) Deletion of

intestinal SIRT1 or hepatic SIRT1 has distinct impacts on systemic bile acid homeostasis.

Left, deletion of intestinal SIRT1 impairs the transcriptional activity of HNF1α, leading to a

decreased FXR signaling pathway and thereby reduced bile acid absorption in the distal

ileum and increased elimination of bile acid from feces. The blunted ileal bile acid

absorption further feedback increases hepatic bile acid synthesis, leading to decreased liver

damage under lithogenic condition. Right, deletion of hepatic SIRT1 decreases the

HNF1α/FXR signaling pathways and reduces active biliary excretion of bile acids. Hepatic

deletion of SIRT1 also impairs hepatic bile acid synthesis, probably through the LXR

signaling pathway, further reducing biliary bile acid contents. The reduced storage of bile

acids in gallbladder leads to hypersaturation of biliary cholesterol and formation of

cholesterol gallstones. Please note that red arrows designate decreased activities whereas

green arrows designate increased activities. (B) Intestinal SIRT1 regulates ileal bile acid

absorption and systemic bile acid metabolism through the DCoH2/HNF1α/FXR signaling

pathways. Our data suggests that deletion of SIRT1 leads to hyperacetylation of DCoH2,

which in turn results in decreased dimerization and DNA binding of HNF1α as well as

reduced the transcription levels of HNF1α downstream genes such as FXR and Asbt.
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