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Abstract

Background—A fascinating aspect of bile acid homeostasis is the coordination between bile 

acid uptake in intestine and hepatic bile acid synthesis. In response to bile acid uptake in 

enterocytes, FXR is activated and induces transcription of fibroblast growth factor (FGF) 15 in 

mice, or FGF19 in humans. FGF15/19 is secreted into the enterohepatic circulation, and through 

activation of hepatic receptors, leads to repression of Cyp7a1, a rate-limiting enzyme for bile acid 

synthesis. Using a genetic approach, we identified a novel protein, Diet1, as a control point for 

FGF15/19 production.

Key Messages—Mice with a Diet1 null mutation have reduced FGF15 secretion, causing 

impaired feedback repression of hepatic bile acid synthesis, and increased fecal bile acid 

excretion. As a result, Diet1-deficient mice constitutively convert cholesterol to bile acids and are 

resistant to diet-induced hypercholesterolemia and atherosclerosis. Diet1 affects FGF15/19 

production at the post-transcriptional level, and the proteins appear to have overlapping 

subcellular localization in enterocytes. Diet1 appears to be a control point for the production of 

FGF15/19 in enterocytes, and thus a regulator of bile acid and lipid homeostasis. Studies to 

evaluate the role of common and rare DIET1 genetic variants in human health and disease are 

warranted.

Conclusions—Further elucidation of the Diet1–FGF15/19 interaction will provide new insights 

into the intricate regulatory mechanisms underlying bile acid metabolism.

Metabolic Syndrome is a constellation of metabolic conditions—visceral obesity, insulin 

resistance, hypertriglyceridemia, reduced high density lipoprotein (HDL) levels, and 

elevated blood pressure—that occur together and promote the development of diabetes and 

cardiovascular disease [1]. Recent studies indicate that bile acid levels are associated with 

several components of the Metabolic Syndrome. For example, bile acid levels are inversely 

correlated with triglyceride levels, bile acids promote insulin sensitivity, and specific bile 

acid species are implicated in the onset of obesity via modulation of the microbiome [2–7]. 

Despite the importance of bile acids in metabolic homeostasis, aspects of bile acid 

regulation remain to be elucidated.
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Bile acid activities and homeostasis

Metabolic effects of bile acids range from roles in lipid absorption and metabolism to 

glucose homeostasis, inflammation, maintenence of intestinal microflora, 

hepatocarcinogenesis, and energy expenditure [8,9]. These activities may be exerted through 

the action of bile acids as ligands for multiple nuclear receptors: farnesoid X receptor 

(FXR), pregnane X receptor (PXR), vitamin D receptor, and the G protein-coupled receptor, 

TGR5 [8,10]. Bile acids activate these receptors to regulate gene expression in metabolic 

tissues such as intestine, liver, brown adipose tissue, macrophages, and brain.

Bile acid homeostasis requires transcriptional regulation of bile acid synthetic genes in liver, 

as well as coordination between hepatic bile acid synthesis and excretion from intestine 

[8,11]. The bulk of bile acid synthesis occurs through the action of cholesterol 7α-

hydroxylase (CYP7A1). An alternate pathway, contributing 10–25% of bile acid synthesis, is 

catalyzed by sterol-27 hydroxylase (CYP27A1). Bile acids act to negatively regulate their 

own synthesis through the FXR-short heterodimeric partner (SHP), which represses the 

expression of CYP8B1 (encoding the enzyme responsible for cholic acid synthesis) and to a 

lesser extent CYP7A1.

Of the bile acids secreted into the intestine, approximately 5% traverse the length of the 

intestine and are excreted in the feces. The majority, however, are reabsorbed by enterocytes 

in the ileum via the apical sodium dependent bile acid transporter (ASBT), and returned to 

the liver through the enterohepatic circulation [9]. To prevent overproduction of bile acids 

by liver, the intestine communicates to the liver regarding the levels of bile acids that are 

reabsorbed. Through bile acid activation of FXR in enterocytes, transcription of the gene 

encoding fibroblast growth factor (FGF) 15 (in mouse) or FGF19 (in humans) is induced. 

FGF15/19 is secreted into the enterohepatic circulation, binds to receptors on hepatocytes, 

and activates kinase signaling cascades that ultimately repress CYP7A1 transcription 

[12,13]. Thus, the levels of FGF15/19 secreted from enterocytes play a role in regulating the 

levels of bile acid synthesis that must occur to maintain homeostasis.

The identification of Diet1

As described above, it is established that FGF15/19 expression in enterocytes is regulated by 

bile acid activation of FXR. However, little is known about the post-translational itinerary of 

FGF15/19 in enterocytes. A recently identified protein, Diet1, appears to influence the levels 

of FGF15/19 that are secreted from enterocytes, and therefore may serve as an additional 

regulatory component in the FGF15/19 axis [14]. Herein, we describe the identification of 

the Diet1 gene and protein and the current understanding of its function in enterohepatic bile 

acid homeostasis. The groundwork for the identification of Diet1 was laid several years ago, 

with the characterization of a mouse strain that was protected from the development of 

hypercholesterolemia and atherosclerosis when fed an atherogenic diet [15]. The mouse 

strain, C57BL/6ByJ, is a close relative of the widely studied and atherosclerosis-susceptible 

C57BL6/J strain. Further characterization revealed that the atherosclerosis resistance in 

C57BL/6ByJ mice could not be attributed to alterations in food intake, dietary cholesterol 

absorption, or endogenous cholesterol synthesis [15,16]. However, the two strains differed 
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in bile acid metabolism: C57BL/6ByJ mice had enhanced bile acid excretion into the urine 

and feces, and elevated serum bile acid levels [16]. Gene expression profiling indicated that 

bile acid synthetic gene expression was elevated. Together, these findings led to the 

hypothesis that increased conversion of cholesterol to bile acids, and enhanced bile acid 

excretion, prevented the accumulation of high circulating cholesterol levels [16]. Genetic 

mapping studies showed that the responsible mutation was located on mouse chromosome 2 

in a region containing hundreds of genes (49). The map location ruled out known players in 

cholesterol and bile acid metabolism as candidate genes, and suggested involvement of a 

novel gene, which was given the name Diet1.

We set out to identify the Diet1 gene and the mutation responsible for altered bile acid 

metabolism in C57BL/6ByJ mice using a positional cloning approach. This approach 

identifies the locus responsible for a phenotypic trait based strictly on its location in the 

genome, without knowledge or assumptions regarding the function of the responsible gene 

[17]. We first established that serum bile acid levels co-segregate with cholesterol levels and 

markers on chromosome 2, indicating that the same locus is responsible for both the 

resistance to hypercholesterolemia and elevated bile acid levels [16]. We reasoned that 

elevated bile acid levels represent the phenotype that is most directly related to the gene 

mutation in C57BL/6ByJ mice, with cholesterol levels being affected secondarily. To 

genetically position the mutant gene, we analyzed ~800 offspring of a cross between 

C57BL/6ByJ and an unrelated strain for bile acid levels, and mapped the responsible locus 

to a small region of chromosome 2 that harbored only a handful of genes. Extensive 

sequencing and mRNA transcript analysis in C57BL/6ByJ compared to C57BL/6J mice led 

to the identification of a gene that spanned 700 kb and overlapped with several small 

predicted open reading frames [14]. We defined the gene and mRNA structure of Diet1, and 

determined that genomic DNA from C57BL6ByJ mice contains a rearrangement in this 

gene. Specifically, the Diet1 region in these mice has a partial gene duplication leading to a 

frame-shift and premature stop codon. Diet1 mRNA cannot be detected in tissues of C57BL/

6ByJ mice, most likely because the premature stop codon induces nonsense mediated 

mRNA decay. The Diet1 gene in C57BL/6ByJ mice therefore produces no functional 

mRNA or protein.

Diet1 encodes a protein with predicted molecular weight of 236 kDa, and the primary amino 

acid sequence is highly conserved between mouse and human (~70% identity), as well as 

other mammals, birds, amphibians, and fish [14]. Diet1 contains amino acid domains that 

have been identified in other proteins (Fig. 1). These include nine copies of the MAM 

(meprin-A5-tyrosine phosphatase μ) domain, which is present in other proteins of diverse 

functions and is thought to promote protein-protein interactions. The MAM domains are 

irregularly interspersed with copies of the low density lipoprotein (LDLR) receptor class A 

domain, which is present in multiple members of the LDLR family. Both the MAM and 

LDLR domains contain multiple cysteine residues that are suspected to form intra-domain 

disulfide bridges. Diet1 also contains a predicted membrane-spanning domain at the C-

terminus. Based on primary amino acid sequence, Diet1 is most closely related to endotubin, 

a 140 kDa membrane glycoprotein that contains multiple copies of MAM and LDLR 

domains and is thought to have a role in vesicular trafficking in epithelial cells [18]. Based 
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on its structural features, the official gene name for the Diet1 gene has been changed to 

MAM and LDL Receptor Class A Domain containing 1 (MALRD1 in humans, and Malrd1 

in mice). However, we will continue to use the name Diet1 in this article, as this is the name 

used in all published work to date.

Diet1 is present in intestinal epithelial cells

Detailed analysis of Diet1/DIET1 mRNA tissue distribution was performed using panels of 

tissue RNA samples, as well as in situ hybridization of whole mouse sections [14]. These 

studies revealed that expression occurs primarily in intestinal epithelial cells and specific 

regions of kidney cortex, with low levels also detected in testes. This is quite different from 

the ubiquitous expression pattern of the structurally related protein, endotubin [18]. During 

mouse development, Diet1 mRNA is first detectable in the intestinal primordium during late 

gestation, and levels increase through postnatal development to reach a maximum in adult 

intestine. DIET1 mRNA expression is induced more than 100-fold during differentiation of 

the human Caco-2 intestinal cell line, suggesting a role for Diet1 primarily in mature 

intestinal epithelial cells [14].

In both mouse intestinal epithelium and cultured intestinal cells, Diet1 protein is localized to 

puncta within the cytosol [14]. Despite the presence of a predicted membrane-spanning 

domain, Diet1 has not been detected at enterocyte plasma membranes. This suggests that 

Diet1 is associated with membranes in an intracellular compartment, although it remains 

possible that Diet1 traffics to the cell membrane under specific conditions.

Diet1 is a control point in enterohepatic bile acid homeostasis

As described above, the C57BL/6ByJ mice that are Diet1-deficient have elevated serum bile 

acid levels and enhanced fecal bile acid excretion. Detailed analysis of bile acid levels and 

composition in the blood, liver and gastrointestinal tract revealed that the bile acid pool size 

is increased in all of these compartments [14]. Diet1-deficient mice exhibit enhanced 

expression of key bile acid synthetic enzyme genes including Cyp7a1 and Cyp27. The levels 

and localization of ASBT, which mediates bile acid uptake in the ileum, were normal in 

Diet1-deficient mice, indicating that the increased bile acid excretion does not likely result 

from defective function of this transporter.

In searching for the mechanism by which reduced Diet1 activity in intestine leads to 

increased hepatic bile acid synthesis, we noted that the expression of genes encoding many 

proteins with roles in intestinal bile acid regulation and transport were normal, including 

FXR and SHP, bile acid transporters on apical and basolateral enterocyte membranes, and 

bile acid binding proteins. However, levels of FGF15 protein was reduced in the ileum of 

Diet1-deficient mice [14] (Fig. 2A). We hypothesized that Diet1 in the small intestine 

influences hepatic regulation of bile acid synthesis through effects on FGF15 levels. A 

number of experiments showed that this is indeed the case, as outlined below.

To demonstrate that Diet1 impacts hepatic bile acid levels through effects on FGF15, we 

manipulated Diet1 levels genetically and assessed effects on Fgf15 and Cyp7a1 expression 

levels [14]. The expression of a Diet1 transgene at low levels in C57BL/6ByJ mice revealed 
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that levels of Diet1 mRNA in intestine are significantly correlated with intestinal Fgf15 

mRNA levels, and inversely correlated with hepatic Cyp7a1 levels. We also complemented 

Diet1-deficient mice with FGF15 by adenovirus expression. After 6 days, the normally 

elevated Cyp7a1 mRNA levels were dramatically repressed, indicating that the impaired 

feedback regulation of bile acid synthesis in Diet1-deficient mice can be reversed with 

FGF15 (Fig. 2A).

The in vivo studies described above suggest that Diet1 has a role in the regulation of 

enterohepatic bile acid regulation through effects on FGF15. Consistent with this 

interpretation, a comparison of mouse models with genetic ablation of various components 

of the enterohepatic signaling axis indicates that Diet1 deficiency has similarities to those 

with direct disruption of FGF15 or FGF15 hepatic receptors (FGFR4, β-klotho) [reviewed in 

[19]; see also [12,20]]. All of these models have increased hepatic Cyp7a1 mRNA levels 

and increased fecal bile acid excretion. Cyp7a1 transgenic mice also have these 

characteristics, as well as reduced plasma cholesterol levels and resistance to atherosclerosis, 

as observed in Diet1–deficient mice [21,22].

To complement the in vivo mouse studies, we investigated the effects of Diet1 levels on 

FGF19 expression and secretion in human intestinal cell lines. We determined that the 

HT-29 cell line robustly expresses and secretes FGF19. We modulated the levels of human 

Diet1 by transfection with a human DIET1 expression vector or by inhibition of endogenous 

DIET1 expression using siRNA. The acute modulation of DIET1 mRNA levels produced a 

corresponding alteration in FGF19 secretion into the culture medium (Fig. 2B). Thus, 

increased DIET1 expression caused a 3-fold increase, and partial DIET1 knockdown caused 

a 40% reduction, in secreted FGF19; no effects were observed on other secreted proteins, 

such as apolipoprotein AI.

The finding that altering Diet1 expression levels had modest effects on FGF19 mRNA 

levels, but substantial effects on levels of secreted FGF19 protein, suggested that Diet1 

influences FGF15/19 (at least in part) through a post-transcriptional mechanism. This was 

investigated by modulating the Diet1 levels in cultured cells and quantifying the cellular and 

secreted FGF19 produced from a heterologous promoter [14]. The use of a heterologous 

promoter to drive FGF19 expression at a constitutive level allowed the detection of changes 

in FGF19 levels that occurred in a transcription-independent manner. The results revealed 

that increased Diet1 levels led to increased levels of both cellular and secreted FGF19 

protein. These results are consistent with a role for Diet1 as a determinant of FGF19 protein 

production/secretion downstream of effects on gene transcription.

Diet1 and FGF15/19 proteins co-localize and interact

Little is known about the itinerary of FGF15/19 protein in enterocytes prior to secretion. The 

studies described above suggest that Diet1 may influence FGF15/19 protein trafficking 

and/or secretion from enterocytes. To assess whether Diet1 and FGF15/19 physically 

interact, we examined the subcellular localization of these proteins in a cultured intestinal 

cell line. Rat IEC-6 cells were used because they afford a large cytoplasmic volume in 

which to visualize protein subcellular localization. Diet1 and FGF15 each appeared as 
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punctate structures in the cytoplasm of IEC-6 cells, and a proportion of these puncta co-

localized [14]. Furthermore, Diet1 and FGF15 appeared to reside in vesicle-like structures, 

such as might be found in the endosomal/lysosomal trafficking compartment. However, 

these structures did not contain markers typical of early or late endosomes (e.g., early 

endosomal antigen 1, Rab 5, Rab7), nor lysosomes.

Additional evidence of Diet1 and FGF15/19 protein interaction was provided by 

coimmunoprecipitation of mouse Diet1 and FGF15, as well as human Diet1 and FGF19 

[14]. The conservation of the Diet1–FGF15/19 interaction across species is notable because 

the primary amino acid sequence of FGF15 and FGF19 diverges by about 50% [23]. Taken 

together, the results available thus far suggest that Diet1 and FGF15 may associate in a 

unique vesicular compartment in enterocytes, and additional analysis is warranted. 

Candidates for potential protein components of Diet1-FGF15 vesicles include known 

players in protein secretion from the basolateral membranes of epithelial cells [24,25].

Does Diet1 impact glucose homeostasis?

A link between bile acid metabolism and type 2 diabetes has been noted by numerous 

investigators, although the results have not always been consistent [5]. In diabetic patients 

that do not respond to typical antidiabetic therapeutics (including insulin), treatment with 

bile acid sequestrants tends to improve glucose levels and whole-body insulin sensitivity 

[26,27]. Various mechanisms may contribute to the effects of bile acids on glucose 

homeostasis. Part of the effect may occur though FGF15/19, as FGF15/19 represses 

gluconeogenesis and stimulates glycogen synthesis in liver [28,29]. As a result, FGF15-

deficient mice are glucose intolerant and store only about half the levels of glycogen as 

wild-type mice [28]. Interestingly, Diet1-deficient mice have somewhat elevated fasting 

glucose levels, which are reduced by ~25% in response to adenoviral FGF15 

complementation [14]. Some evidence suggests that bile acid composition also impacts 

glucose homeostasis, with an elevated 12α-hydroxylated/non-12α-hydroxylated bile acid 

ratio associated with insulin resistance [30]. Diet1-deficient mice have a 3-fold elevation in 

this ratio [14], and therefore may be useful to test whether elevations in 12α-hydroxylated 

bile acids can drive changes in insulin resistance without confounding factors found in other 

models, such as obesity and hyperlipidemia. FGF15/19 also stimulates hepatic protein 

synthesis through a kinase signaling pathway that induces the phosphorylation of ribosomal 

protein S6 [29]. It will be interesting to determine whether the reduced FGF15 levels in 

Diet1-deficient mice also influence hepatic protein synthesis.

Potential role of DIET1 polymorphisms or mutations in human disease

A key unanswered question is whether common or rare genetic variants in DIET1 are 

associated with altered lipid or bile acid homeostasis in humans. As evidenced by data from 

the 1000 Genomes Project, dozens of potentially damaging missense Diet1 protein variants 

are present in “healthy” humans. In recent work, we have detected effects of some of these 

common amino acid variants on the ability of Diet1 to promote FGF19 secretion from 

cultured cells (our unpublished results). However, the assessment of the significance of such 

variants in vivo awaits the development of large study samples in which traits such as bile 
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acid levels and FGF19 levels are available. Suggestive genome-wide genetic association 

signals for the region encompassing the DIET1 gene have been detected for plasma lipid 

levels. For example, in a Hispanic population, a polymorphism within a DIET1 intron was 

associated with the ratio of plasma triglyceride to high density lipoprotein cholesterol levels 

(p = 7.26 E-06) [31].

Aside from common population genetic variants, it is possible that rare DIET1 mutations are 

associated with disease conditions. It is interesting to speculate, for example, that the case of 

extreme resistance to hypercholesterolemia in an elderly man who consumed two dozen 

eggs daily, and had features in common with Diet1-deficient mice, could have been related 

to DIET1 dysfunction [32]. Unfortunately, DNA samples from the affected individual are 

not available, and this question will likely never be answered. Diet1-deficient mice also 

resemble individuals with primary bile acid malabsorption syndrome. Most strikingly, both 

exhibit reduced FGF15/19 levels, evidence of increased bile acid synthesis, and enhanced 

fecal bile acid excretion, despite normal intestinal bile acid absorption [33,34]. Efforts are 

underway to evaluate the potential role of DIET1 mutations in this disorder. Finally, case-

control studies of Alzheimer’s disease identified a single nucleotide polymorphism that 

locates to an intron of the DIET1 gene with lateonset Alzheimer disease [35,36]. It is unclear 

how Diet1 might influence Alzheimer’s disease pathogenesis, but this potential relationship 

warrants further exploration.
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Figure 1. 
Domain structure of mouse Diet1 protein.
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Figure 2. 
Modulation of Diet1 levels in mouse and in human intestinal cells alters FGF15/19 protein 

levels. A. The relative levels of hepatic Cyp7a1 mRNA, ileal FGF15 protein, serum and 

fecal bile acids (BA), plasma cholesterol levels, and aortic lesion formation in mice fed an 

atherogenic diet. rFGF15, recombinant adenovirus FGF15 expression vector administered 

for 6 days. N.D., not determined. B. Effects of human DIET1 expression changes on 

secretion of FGF19 protein from HT-29 human intestinal cell line. ApoAI, apolipoprotein 

AI, an irrelevant secreted protein.
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