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Abstract

Farnesoid X receptor (FXR), the bile acid-activated nuclear receptor and member of the nuclear receptor
superfamily, plays a key role in bile acid, lipid and glucose homeostasis. FXR is abundantly expressed in the kidney,
but its physiological function remains mostly unknown. Recent studies have demonstrated that FXR is expressed in
renal collecting ducts where it directly regulates the transcription of the aquaporin 2 (AQP2) gene. FXR gene
deficiency results in a polyuric phenotype in mice. These results highlight a novel mechanism for FXR in mediating
renal urine concentration independent of the antidiuretic hormone (ADH) system. FXR may represent a potential
therapeutic target for treating diseases with urine concentrating defect, including hepatorenal syndrome and
nephrogenic diabetes insipitus.
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Introduction
FXR belongs to the superfamily of nuclear receptor transcription

factor and was originally named on the basis of its weak activation by
farnesol. Shortly after that, it was termed bile acid receptor since bile
acids at physiological levels were found to be potent endogenous
ligands for this nuclear receptor [1]. As the bile acid nuclear receptor,
FXR regulates hepatoenteric circulation of bile acids through the bile
acid transporter [2]. As a member of the metabolic nuclear receptors, it
also regulates the expression of many target genes in lipid and glucose
metabolism and participates in glucose and lipid homeostasis [3]. In
the recent years, increasing evidence has demonstrated that FXR also
takes part in biological processes of liver protection such as the liver
detoxification and liver regeneration [4].

In addition to the liver and small intestine, FXR is highly expressed
in the kidney. However, its physiological role remains mostly
unknown. Activation of FXR has been shown to attenuate diabetic
albuminuria and fibrosis [5]. Recently, it has been reported that
FXR activation maintains endogenous glutathione homeostasis and
protects the kidney in uninephrectomized mice from obesity-induced
injury [6]. These findings suggest that FXR may serve as a new
therapeutic target to treat chronic kidney disease including diabetic
nephropathy. However, to date the physiological role of FXR in the
kidney remains poorly understood although FXR is highly expressed
in the kidney. In this mini-review, we will discuss recent findings
regarding the role of FXR in renal physiology with a focus on urine
concentration regulation.

Intrarenal localization of FXR
As the first step to determine the biological significance of FXR in

the kidney, a few groups have examined FXR’s intrarenal localization

using immunohistochemical staining technique [7,8]. It has been
demonstrated that FXR is ubiquitously expressed in the epithelial cells
of all renal tubules including the proximal tubules, distal convoluted
tubules and collecting ducts. In contrast, FXR expression is very low in
renal glomeruli [9,10]. These findings suggest that FXR may play an
important role in water and solute reabsorption.

Effect of FXR activation and inactivation on urine
concentration

High expression levels of FXR in renal tubules suggest a critical role
this nuclear receptor might play in renal physiology. To determine the
role of FXR in the kidney, we have treated mice with the endogenous
FXR agonist, chenodeoxycholic acid (CDCA) and found that
activation of FXR resulted in a significant decrease in urine output7.
This finding indicates that FXR activation may increase urine
concentration capacity. In support, in FXR gene knockout mice, a
significant increase of urine volume was observed [7]. Collectively,
these observations demonstrate that FXR may play a critical role in the
maintenance of water homeostasis.

The role of FXR in renal AQP2 expression
Water reabsorption in the kidney is influenced by the water

permeability and the osmotic gradient. Water permeability in renal
tubules is determined by the expression and apical localization of many
aquaporins (AQPs) [11]. Among them, AQP2 is selectively expressed
in the principal cells of the collecting ducts, where it controls water
reabsorption in this renal tubule segment and determines final urine
volume. Although only a small amount of water is reabsorbed by renal
collecting ducts, many regulatory mechanisms are involved in the
regulation of AQP2 expression. The most important one is the AVP-V2
receptor system.

Arginin vasopressin (AVP or ADH) is synthesized by the
hypothalamus and represents the most important hormone in
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regulating water reabsorption in kidney. AVP interacts with the V2
receptor distributed at the basolateral membrane of collecting duct
principal cells and enhances water reabsorption by increasing AQP2
expression and apical targeting through the cAMP-PKA signaling
pathway12; 13. We found that FXR activation increases, while FXR
inactivation decreases, AQP2 expression and apical membrane
localization in the collecting ducts. Therefore, FXR may help modulate
urine volume via the regulation of AQP2 in the kidney.

AQP2 is a direct target gene of FXR
Both systemic and local mechanisms may be involved in the

regulation of renal AQP2 expression. In mice treated with CDCA or
deficient for FXR gene, no alteration of serum AVP concentrations and
renal V2 receptor levels was observed, suggesting the change in urine
volume may be the result of direct action of FXR in renal collecting
ducts.

Previous studies on other nuclear receptors have demonstrated that
AQP2 may be under the control of many nuclear receptors including
glucocorticoid receptor (GR), aldosterone receptor (AR) or
mineralocorticoid receptor (MR), liver X receptor beta (LXRβ),
estrogen receptor alpha (ER), and peroxisome proliferator activated
receptor gamma (PPAR) in renal collecting duct cells [12-17], further
supporting the possibility that FXR may directly regulate AQP2
expression in this tubular segment.

As a matter of fact, it has been reported that using both
bioinformatics and ChIP-Seq approaches a functional FXR and RXRα
heterodimer binding site was found in AQP4 gene, implying the direct
gene regulation of FXR on AQP4 and possibly on other AQP channels.
A few recent studies have showed that small heterodimer partner
(SHP), another nuclear receptor, is an immediate target gene of FXR,
which might be also involved in the effect of FXR on water
homeostasis regulation [18,19].

Recently, our group has analyzed human and mouse AQP2 gene
sequence and found a putative FXRE located in the promoter region of
AQP2 gene. By using luciferase reporter and Chip assays, we further
confirmed that activated FXR can bind to the FXRE site in the
promoter of AQP2 gene, thereby significantly increasing AQP2
expression.

Taken together, FXR is highly expressed in the kidney, especially in
the renal collecting ducts, where its activation increases water
reabsorption through directly upregulating AQP2 gene transcription.

Perspective
Renal collecting ducts are critical in determining urine volume

under the control of both systemic hormone AVP and locally acting
factors. Defects in the V2 receptor signaling pathway result in a
polyuria phenotype, a state called nephrogenic diabetes insipitus (NDI)
[9]. Currently, no effective treatment is available for patients with NDI.
The finding that FXR activation reduces urine output via increasing
AQP2 expression raises a possibility that clinically used CDCA may be
a potential therapeutic agent for the treatment of this disease.

In addition, in patients with end-stage liver disease, advanced
cirrhosis and cholestasis, renal function is frequently impaired with
fluid retention due to increased renal water and sodium reabsorption,
a clinical disorder known as hepatorenal syndrome [20].

In these patients, normal enterohepatic circulation of bile acids is
disrupted, resulting in a high level of plasma bile acid. The findings
that FXR activation increases AQP2 expression, while FXR
inactivation decreases renal AQP2 abundance, support the idea that
collecting duct FXR activation by increased exposure to both filtered
and circulating bile acids may be involved in reduced water excretion
in patients with hepatorenal syndrome. It also implies that FXR may
represent a potential target for developing novel drugs in the treatment
of this severe disorder with a very poor prognosis.
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