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The vitamin D receptor (VDR) belongs to the nuclear hormone receptor (NHR) superfamily

and has been recognized as the primary mediator of the physiological actions of the active

form of vitamin D, 1, alpha, 25 dihydroxy-vitamin D3 [1,25-(OH)2D3] or calcitriol, and its

synthetic analogs[1]. Akin to classical nuclear hormone receptors, VDR functions as a

ligand-dependent transcription factor that binds to vitamin D response elements (VDREs)

within the chromatin as a heterodimer with its obligate partner, retinoid X receptor (RXR)

[1]. Activation of VDR via its cognate ligand alters the expression of a network of genes

involved in both calcium/phosphorus homeostasis and mineral metabolism[1]. Consistent

with the biological role of vitamin D signaling, both VDR knockout and vitamin D-deficient

mice have been shown to develop hypocalcaemia, rickets and hyperparathyroidism[1], re-

capitulating the phenotypes of these vitamin D deficient human diseases. Thus, both

biochemical and genetic evidence not only support VDR as a master regulator of skeletal

health but also suggest potential therapeutic effects of VDR ligands in human diseases.

Indeed, vitamin D is used therapeutically for the treatment of rickets, secondary

hyperparathyroidism and osteoporosis[1]. Clinical interest in VDR ligands as a therapeutic

modality has been further spurred by the observation that VDR is expressed in virtually all

organs and a diverse range of cell types[1,2]. In this regard, studies over the last two decades

have led to an appreciation of the multifaceted roles of VDR in mediating homeostatic

effects across non-skeletal tissues and raised the possibility of using VDR ligands to manage

a broad spectrum of diseases including, but not limited to, metabolic syndrome,

cardiovascular diseases, auto-immune diseases, skin and muscle disorders, and certain types

of cancer[2]. However, it is intriguing that the liver, a pivotal organ in many aspects of

metabolism and energy homeostasis, appeared devoid of vitamin D/VDR functionality [3,4].

In contrast to hepatocytes, which constitute over 90% of liver mass and exhibit little or no

VDR expression, VDR is highly expressed in the non-parenchymal cells of the liver.

Kupffer cells (KCs), sinusoidal endothelial cells and especially hepatic stellate cells (HSCs)

[3] all express VDR. In regards to chronic liver diseases, HSCs are the major effector cells

in the wound healing process leading to liver fibrosis, being the predominant source of both
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normal and pathological hepatic extracellular matrix[5,6]. This cell-specific expression

pattern of VDR suggests that the liver could be vitamin D responsive mediated through its

non-parenchymal constituents. In support of this notion, activation of VDR in HSCs has

recently been shown to strongly antagonize TGFβ signaling, the most potent pro-fibrogenic

pathway in liver, resulting in suppression of a broad range of pro-fibrotic genes including

collagens, integrins and tissue inhibitors of metalloproteinase (TIMPs)[7–9]. Moreover,

associated genetic studies in mice reveal that spontaneous liver fibrosis occurs when one or

both Vdr alleles are knocked out, with more severe fibrosis observed in Vdr−/− animals[8].

In humans, multiple studies have reported a high prevalence of vitamin D deficiency in

patients with chronic liver diseases of diverse etiology[10], though the cause of this remains

uncertain. However, studies correlating vitamin D deficiency with progression of chronic

liver disease have generated conflicting results. Among patients with advanced liver fibrosis

due to chronic hepatitis C infection, vitamin D status did not appear to impact disease

progression[10]. In contrast, very low circulating levels of vitamin D were associated with

worse liver disease, a higher rate of cirrhosis and increased mortality in patients with

alcoholic liver disease[11]. Additionally, vitamin D and VDR polymorphisms appear to

impact on the success of anti-viral therapy for HCV (hepatitis C virus) infection [12], while

hepatitis B replication measured by serum HBV-DNA is inversely correlated with serum

vitamin D[13]. Thus, while preclinical, clinical and epidemiological research all suggest a

link between vitamin D and liver disease, the nature of this association is poorly understood.

In order to advance the use of VDR ligands as treatments for chronic liver disease and

especially to define if they have a role in attenuating hepatic fibrogenesis, a comprehensive

understanding of the mechanistic basis of VDR action in the liver is required. At a molecular

level, VDR primarily operates as a ligand-dependent transcription factor to regulate gene

expression through three different mechanisms: 1. Direct activation of gene expression by

binding to VDREs in proximal promoter regions; 2. Repression of gene expression by

binding to negative VDREs; 3. Repression of gene expression by antagonizing the action of

other transcription factors[1]. A powerful tool to investigate these mechanisms has recently

become available, combining chromatin immunoprecipitation with high-throughput deep-

sequencing (ChIP-Seq). Utilizing this technology, we examined genome-wide protein-DNA

interactions and discovered that VDR suppresses the fibrotic response in HSCs through

antagonism of SMAD3 recruitment, a transcription factor in the TGFβ signaling pathway, to

regulatory regions of pro-fibrotic genes[8]. Specifically, TGFβ induces chromatin

remodeling, allowing ligand-bound VDR/RXR heterodimers to access genomic sites

occupied by SMAD3 and displace SMAD3 from the chromatin[8]. Discovery of this

dynamic genomic circuit not only represents a novel gene-regulatory mechanism for VDR

but also exemplifies the power of NextGen sequencing technology for predicting biological

pathways with potential applications in the clinic. Costs of NextGen sequencing have

decreased significantly since 2005[14], increasing both the availability of this technology

and its utility in identifying potential therapeutic pathways.

The intrinsic anti-fibrotic properties of VDR strongly suggest VDR ligands as a novel class

of therapeutic agents in the treatment of patients with chronic liver disease, especially those

likely to progress to significant liver fibrosis or cirrhosis. Accordingly, preclinical studies
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have demonstrated that systemic administration of the endogenous VDR natural ligand,

calcitrol, or a synthetic ligand such as calcipotriol, effectively inhibited early hepatic

fibrogenesis in standard rodent models of liver injury [8,9].

Despite the experimentally-supported rationale for targeting VDR to treat liver diseases,

several major challenges remain. Firstly, it is not clear if it is sufficient to replenish vitamin

D by administering oral vitamin D3 (cholecalciferol,) or if potent direct VDR ligands, such

as 1,25-(OH)2D3 or its synthetic analogues are necessary? Secondly, if the natural ligands

prove most effective, strategies are required to minimize hypercalcaemia, due to the impact

of VDR ligands on calcium absorption and transport in the intestine and kidney[1]. In this

respect, at least two options are available to mitigate this side effect: administration of less

calcemic or noncalcemic VDR ligands or targeted delivery of VDR ligands to the liver. As

so-called “less-calcemic” VDR ligands have not achieved desirable deprivation of calcemic

action and “non-calcemic” VDR ligands are still in development, targeted delivery of VDR

ligands appears the most promising therapeutic strategy to maximize their efficacy while

simultaneously reducing their side effects.

For example, vitamin A-coupled liposomes could be a powerful delivery approach for

targeting HSCs given the unique role of quiescent HSCs for storing retinoids in cytoplasmic

lipid droplets[15]. An additional issue is that the VDR-inducible cytochrome P450 24-

Hydroxylase (24-OHase, CYP24A1) efficiently catalyzes the inactivation of VDR ligands

with a secosteroid backbone (e.g. calcitriol, calcipotriol)[16], which constitutes a self-

adjusting regulatory loop by diminishing both the availability and therapeutic activity of

VDR ligands at target sites. To maximize the efficacy of VDR ligands, CYP24A1 activity

needs to be suppressed by cytochrome P450 or CYP24A1-selective inhibitors[17,18].

Another facet of VDR action relevant to chronic liver disease is its anti-inflammatory

activity[1,2]. In most forms of liver disease, inflammation underlies the activation of HSCs,

which in turn leads to liver fibrosis. Activation of toll-like receptors (TLRs) expressed in

HSCs and KCs is a key aspect of many forms of liver inflammation leading to activation of

nuclear factor-kappa B (NF-κB) and transcription factor AP-1 resulting in the induction of

numerous pro-inflammatory cytokine and chemokine genes[19]. The contribution of TLR-

driven inflammation in fibrosis is evidenced by a recent study where experimental liver

fibrosis was suppressed in TLR4-mutant mice[20]. Thus, VDR ligands have the potential to

converge anti-inflammatory and anti-fibrotic actions into a single therapeutic agent to

provide a much needed treatment option for chronic liver diseases where the underlying

cause cannot be removed or significantly abrogated.

In summary, it is now apparent that VDR ligands targeting non-parenchymal cells in liver,

as exemplified by HSCs, have the potential to ameliorate one of the most troubling aspects

of chronic liver disease, namely the wound healing response that gives rise to liver fibrosis

and in severe cases, to cirrhosis. It may not be enough to render patients vitamin D replete

through supplementation, necessitating the development of new drugs or the reformulation

of existing compounds. Further basic and translational studies, particularly around the

development of potent VDR ligands that target HSCs without inducing hypercalcemia, are

required before trials can be carried out to evaluate VDR ligands in the clinic. Nevertheless,
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with increasing interest in VDR biology in the liver, both benchside and bedside studies

could move VDR-targeted therapies to the center stage of hepatology and pave the way for

the development of a new pipeline of VDR ligands with therapeutic promise for a wide

range of liver disorders.
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Figure 1.
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