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We	have	generated	a	line	of	mutant	mouse	that	lacks	βKlotho,	a	protein	that	structurally	resembles	Klotho.	The	
synthesis	and	excretion	of	bile	acids	were	found	to	be	dramatically	elevated	in	these	mutants,	and	the	expres-
sion	of	2	key	bile	acid	synthase	genes,	cholesterol 7α-hydroxylase (Cyp7a1)	and	sterol 12α-hydroxylase (Cyp8b1),	was	
strongly	upregulated.	Nuclear	receptor	pathways	and	the	enterohepatic	circulation,	which	regulates	bile	acid	
synthesis,	seemed	to	be	largely	intact;	however,	bile	acid–dependent	induction	of	the	small	heterodimer	partner	
(SHP)	NR0B2,	a	common	negative	regulator	of	Cyp7a1 and Cyp8b1,	was	significantly	attenuated.	The	expression	
of	Cyp7a1	and	Cyp8b1	is	known	to	be	repressed	by	dietary	bile	acids	via	both	SHP-dependent	and	-independent	
regulations.	Interestingly,	the	suppression	of	Cyp7a1 expression	by	dietary	bile	acids	was	impaired,	whereas	
that	of	Cyp8b1	expression	was	not	substantially	altered in	βklotho–/–	mice.	Therefore,	βKlotho	may	stand	as	a	
novel	contributor	to	Cyp7a1-selective	regulation.	Additionally,	βKlotho-knockout	mice	exhibit	resistance	to	
gallstone	formation,	which	suggests	the	potential	future	clinical	relevance	of	the	βKlotho	system.

Introduction
We previously reported the identification of a mouse gene, 
βklotho, that encodes a protein that structurally resembles Klotho 
(1). Deficiency of the Klotho protein results in various human 
aging-like phenotypes in mouse, including calcium homeostasis 
disorders (2). Both Klotho and βKlotho are type I membrane pro-
teins, which contain 2 family 1 glycosidase–like domains. They 
lack the characteristic glutamic acid residues essential for enzy-
matic activities and thus form a distinct subfamily within glycosi-
dase family 1 (3, 4). βklotho is predominantly expressed in the liver, 
pancreas, and adipose tissues (1). With the exception of mRNA 
expression profiles, not much regarding the molecular function 
of βKlotho is known. We therefore generated βklotho–/– mice. The 
gross appearance of knockout mice was normal upon initial 
examination. Interestingly and unexpectedly, however, bile acid 
metabolism was altered in these mice.

Bile acids are synthesized from cholesterol in the liver. They 
are vitally important for the intestinal absorption of lipids and 
lipid-soluble materials. In addition, bile acid biosynthesis is the 
sole pathway for the elimination of superfluous cholesterol. On 
the other hand, hydrophobic secondary bile acids generated by 
intestinal flora have toxic effects, leading to cholestasis and carci-
nogenesis (5, 6). Therefore, proper control of bile acid synthesis is 
crucial for animals. The rate-limiting step for the major bile acid 
synthetic pathway, which is catalyzed by cholesterol 7α-hydroxy-
lase (CYP7A1), is thus strictly regulated by numerous factors, with 
negative feedback regulated by bile acids representing the principal 

one (7, 8). Nuclear receptors, kinases, and growth factor–mediated 
pathways have been demonstrated to be involved in this negative 
feedback regulation (6, 7, 9–16). After conjugation in hepatocytes, 
bile acids are secreted, reabsorbed from intestine, and delivered 
back to the liver. Transportation across the membrane is carried 
out by a number of solute carrier proteins and ABC transporters 
(17, 18). The intactness of this enterohepatic circulation is neces-
sary for the appropriate regulation of bile acid metabolism.

Through the analysis of expression profiles of genes regulating 
bile acid synthesis, we propose potential roles for βKlotho in nega-
tive regulatory pathways.

Results
Generation of the βklotho–/– mouse. The mouse βklotho locus consists 
of at least 8 exons. We have constructed a gene-targeting vector 
to delete most of the putative exon 1 that includes the first ATG 
codon via homologous recombination in ES cells (Figure 1A). Suc-
cessful disruption of the βklotho locus was confirmed by genomic 
Southern blot analyses using a probe flanking the region upstream 
of the targeting vector (Figure 1, A and B). Elimination of the 
βklotho mRNA expression was confirmed by Northern blotting 
(Figure 1C) and further verified by RT-PCR using several primer 
pairs covering different regions of the remaining exons (data not 
shown). The absence of protein expression was also affirmed by 
Western blotting using a monoclonal antibody that recognizes 
the C-terminal portion of the second internal repeat (βKL2) of 
the βKlotho protein (Figure 1D). Although we could detect tran-
scripts for enhanced GFP (EGFP) with the same tissue distribution 
as those for βklotho, we could not detect EGFP protein by Western 
blotting (data not shown).
βklotho–/– mice were viable, fertile, and appeared grossly nor-

mal under standard conditions. The number of the homozygous 
mice obtained was less than would be expected according to 
Mendelian inheritance laws (297:624:193, βklotho+/+/βklotho+/–/
βklotho–/–). The body weights of homozygous animals were slightly 

Nonstandard	abbreviations	used: CA, cholic acid; CDCA, chenodeoxycholic 
acid; CYP7A1, cholesterol 7α-hydroxylase; CYP8B1, sterol 12α-hydroxylase; EGFP, 
enhanced GFP; Fgfr4, fibroblast growth factor receptor 4; FXR, farnesoid X receptor; Hmgr, 
3-hydroxy-3-methylglutaryl coenzyme A reductase. LXRα, liver X receptor α; SHP, small 
heterodimer partner.

Conflict	of	interest: The authors have declared that no conflict of interest exists.

Citation	for	this	article: J. Clin. Invest. 115:2202–2208 (2005).  
doi:10.1172/JCI23076.

  Related Commentary, page 2075



research article

	 The	Journal	of	Clinical	Investigation   http://www.jci.org   Volume 115   Number 8   August 2005 2203

but significantly reduced compared with those of wild-type and 
heterozygous littermates (Figure 1E). The decrease in body weight 
could not be attributed to the differences in the size of the liver or 
gonadal fat. The slight reduction in body weight was reproducibly 
seen in groups that were backcrossed 5 times into the C57BL/6 
background (data not shown). Sections of various tissues includ-
ing βklotho-expressing tissues stained with H&E were carefully 
examined; however, histological differences between βklotho–/– and 
wild-type mice could not be found. Serum markers relevant to 
βklotho-expressing tissues such as serum triglyceride, fatty acids, 
cholesterol, phospholipid levels and enzyme activities derived 
from liver and pancreas were not significantly different between 
genotypes (data not shown).

Elevation of the synthesis and excretion of bile acids. βklotho-expressing 
tissues are all involved in lipid metabolism; therefore, we first spec-
ulated that this molecule might be involved in some aspects of lipid 
metabolism (1). However, serum markers indicative of lipid metab-
olism were not significantly altered in βklotho–/– mice. We observed 
a slight reduction in serum cholesterol levels, although it did not 
reach statistical significance in mice of either sex (Figure 2A). This 
led us to focus on cholesterol and its metabolism in βklotho–/– mice. 
Since βklotho is strongly expressed in the liver, where cholesterol is 
converted to bile acids (1), we examined the metabolism of these 
sterols in βklotho–/– mice. We found that fecal bile acid excretion was 
dramatically elevated in the mutants compared with wild-type mice 
(Figure 2B). Daily food intake and total fecal amounts were similar 
in mice of both genotypes (Figure 2C), but the bile acid pool size 

was slightly increased in βklotho–/– mice, although the increase was 
statistically significant only in males (Figure 2D).

CYP7A1 is the most important enzyme for bile acid production, 
as it catalyzes the first and rate-limiting step of the classical bile 
acid synthetic pathway (8). We found that the expression of Cyp7a1 
was dramatically elevated in βklotho–/– mice compared with that in 
the wild-type littermates (Figure 2E). More than 20 littermate pairs 
were examined, and the elevation was evident in all cases. It was 
also the case in mice that had been backcrossed 5 times into the 
C57BL/6 background (data not shown). Another enzyme, sterol 
12α-hydroxylase (CYP8B1), is also of importance, as it is indispens-
able for generation of the most abundant primary bile acid, cholic 
acid (CA) (8, 19). We examined the expression of Cyp8b1 and found 
that it was also strongly upregulated in βklotho–/– mice (Figure 2E).

It is known that interruption of the enterohepatic circulation 
elicits the elevation of bile acid synthesis (20, 21). For instance, 
cholestyramine, an inhibitor of intestinal bile acid reabsorption, 
dramatically increases bile acid synthesis and excretion (21). We 
examined the state of the circulation. The mRNA expression 
of intestinal bile acid binding protein (I-babp), which is known to 
be induced in response to the absorption of bile acids (22), was 
considerably elevated in the small intestine of the βklotho–/– mice 
(Figure 2F). This probably reflects the increased secretion of bile 
acids into the duodenum, and it is likely that bile acid absorption 
is largely intact in βklotho–/– mice. Consistent genotype-depen-
dent differences in the mRNA expression of hepatic canalicular 
transporters Na+-taurocholate–cotransporting protein 1 (Ntcp1; 

Figure 1
Targeted disruption of the βklotho gene. 
(A) Strategy for disruption of mouse 
βklotho locus. Schematic diagrams of 
the targeting vector (top), wild-type allele 
(middle), and disrupted allele (bottom) 
are shown. Numbers correspond to the 
distance (bp) from the putative translation 
initiation site. The probe used for Southern 
blot analysis is shown at the bottom. (B) 
Southern blot analysis of EcoRV-digested 
genomic DNA. Blots were hybridized with 
the probe indicated in A. (C) Northern blot 
analysis of βklotho gene expression in the 
liver. The βklotho-specific probe hybridizes 
with 2 species of transcripts (1). (D) West-
ern blot analysis of βKlotho protein expres-
sion. Total proteins (15 µg) extracted from 
indicated tissues were blotted on a PVDF 
membrane and incubated with a βKlotho-
specific monoclonal antibody. βKlotho pro-
tein was detected only in βklotho-express-
ing tissues of wild-type mice and was 
absent in tissues of βklotho–/– mice. WAT, 
white adipose tissue. (E) Growth curve 
comparison of βklotho+/+, βklotho+/–, and 
βklotho–/– mice. Body weights were traced 
in mice from ages 2 to 6 weeks. Five to 12 
mice for each group were examined. Error 
bars indicate SD. *P < 0.05.
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Slc10a1) and organic anion–transporting polypeptide 1 (Oatp1; 
Slc27a) and apical transporters bile acid–exporting pump (Bsep; 
Abcb11) and multidrug resistance–associated protein 2 (Mrp2; 
Abcc2) were not observed. Also, the expression of ileal apical 
sodium-dependent bile acid transporter (Asbt; Slc10a2) was not 
reduced in βklotho–/– mice (data not shown). Additionally, the bile 
acid pool size was increased in βklotho–/– mice, whereas it is reduced 
in enterohepatic circulation–deficient mice (20). These results led 
us to conclude that the enterohepatic circulation of bile acids is 
not significantly impaired in βklotho–/– mice.

Resistance to cholesterol gallstone formation. It has been reported that 
C57BL/6 mice develop cholesterol gallstones when cholesterol and 
bile acid–containing atherogenic (lithogenic) diets are adminis-
tered (23). The formation is more severe in males than females and 
can be prevented by the overexpression of rat CYP7A1 in mice (23). 
We examined the response of βklotho–/– mice to long-term adminis-
tration of the atherogenic diet, which contains 1% cholesterol and 
0.5% CA. Consistent with previous reports, wild-type mice devel-
oped severe gallstones after being fed the atherogenic diet for 8 
weeks (Figure 3A, left). In contrast, gallstone formation was not 
observed in βklotho–/– mice of either sex (Figure 3A, right). More 
than 14 mice for each genotype were examined, and no exceptions 

were seen. We also observed that the size of the 
gallbladder was smaller in βklotho–/– mice com-
pared with that in wild-type mice of both sexes 
(Figure 3A arrows).

When hypersaturated in bile, cholesterols 
crystallize to form gallstones. Many factors 
are known to be involved in the initial steps of 
gallstone formation (24). However, the most 
important factor for gallstone formation is 
excessive cholesterol relative to bile acids and 
phospholipids (25, 26). Since rat CYP7A1–over-
expressing mice exhibit resistance to gallstone 
formation (23), increased bile acid synthesis 
appears to be sufficient for its prevention. This 
is also supported by the fact that the long-term 
administration of ursodeoxycholic acid solubi-
lizes gallstones in bile (27).

To further investigate the mechanisms under-
lying the gallstone resistance, we examined 
hepatic, fecal, and serum cholesterol levels. 
Under normal feeding conditions, hepatic, fecal, 
and serum cholesterol levels were not signifi-
cantly different between genotypes (Figures 3, 
B and C, left, and Figure 2A). When mice were 
challenged with an atherogenic diet, these 
parameters were dramatically elevated in both 
genotypes; however, we could not find any geno-
type-dependent differences common to both 
sexes (Figures 3, B and C, right, and Figure 3D). 
In both standard and atherogenic diet–fed con-
ditions, we examined the expression of hepatic 
free cholesterol transporters Abcg5 and Abcg8 
(also called sterolin-1 and sterolin-2), which are 
responsible for the secretion of free cholesterols 
into bile (28). The atherogenic diet dramatically 
elevated their expression; however, we could not 
find any overt genotype-dependent differences 
in either dietary condition (data not shown). 

Together, the results suggest that the gross cholesterol macrody-
namics in the liver are not significantly altered in βklotho–/– mice. 
These observations suggested that gallstone resistance in βklotho–/– 
mice resulted from the overproduction and secretion of bile acids.

Because hepatic and serum cholesterol levels were similarly 
elevated by the atherogenic diet in both genotypes, it was sug-
gested that βKlotho is not a dominant factor for gross cholesterol 
metabolism in the liver. It might play a rather limited role that is 
specific to the suppression of bile acid synthesis. However, since 
loss of βKlotho did cause a slight decrease in serum cholesterol 
levels, it might be an important regulator for long-term sustain-
ment of cholesterol homeostasis, at least under standard dietary 
conditions, despite its mild effects.

Gene expression profiles under basal and high bile acid dietary condi-
tions. Gene expression profiles in the liver were examined in order 
to identify genes with distinct genotype-specific expression. The 
expression of more than 30 genes encoding nuclear receptors, 
transporters, P-450s and other enzymes, lipoprotein receptors, 
and apolipoproteins related to lipid, steroid, and xenobiotic 
metabolism were compared between wild-type and βklotho–/– gen-
otypes by Northern blotting in sex-matched littermate pairs. In 
addition to the 2 bile acid synthase genes already described, we 

Figure 2
Altered bile acid metabolism in βklotho–/– mice. Graphs show the comparison of several 
parameters in wild-type and knockout mice. (A) Serum cholesterol levels were compared 
using 4–6 animals per group. (B) Stool samples were collected daily for 3 days from 4–6 
mice per group. Fecal excretion of total bile acids was measured, and the averages of 
12–18 samples per group are shown. *P < 0.05. (C) Daily food intake and fecal excretion 
of 4 individuals per each genotype were examined for 3 days. (D) Comparison of bile acid 
pool size. Four to 10 mice per group were examined. (E) Expression of bile acid synthase 
genes Cyp7a1 and Cyp8b1 in wild-type and βklotho–/– mice. Total RNA (30 µg) from the 
livers of each genotype were analyzed. Representative results from 2 independent experi-
ments are shown. Northern blots are shown in the left panel, and relative expression levels 
normalized for Gapdh levels are presented in the right panels. (F) Expression of intestinal 
bile acid binding protein (I-babp). Total RNA (30 µg) from the whole small intestine was 
analyzed. Results shown are from samples taken from age- and sex-matched littermates. 
All data in this figure were derived from 7-week-old mice fed standard diets. M, male; F, 
female. Error bars indicate SD.
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observed distinct genotype-dependent difference in the expres-
sion of 3-hydroxy-3-methylglutaryl coenzyme A reductase (Hmgr), the 
rate-limiting enzyme for cholesterol biosynthesis (29). The expres-
sion of Hmgr was also strongly upregulated in βklotho–/– mice, in 
both males and females (Figure 4A).

Since bile acid metabolism was significantly altered in βklotho–/– 
mice, likely as a result of the upregulation of the bile acid synthase 
genes, we examined the effect of dietary bile acids on the expres-
sion of Cyp7a1, Cyp8b1, and regulatory factors for these genes. 
Mice were fed the basal diet from the lactation period with their 
mothers up to 6 weeks of age. After that, the same diet or bile 
acid–containing derivatives of the basal diet were administered 
for an additional week. Two kinds of primary bile acids, CA and 
chenodeoxycholic acid (CDCA), were used at the concentrations 
of 1% (Figure 4B, top).

In wild-type animals, the expression of Cyp7a1 was detected when 
they were fed the basal diet and was completely diminished under 
administration of diets that contained bile acids. In βklotho–/– mice, 
Cyp7a1 expression was dramatically elevated compared with that of 
wild-type mice under the basal conditions. After dietary adminis-
tration of bile acids, the expression levels were reduced; however, a 
significant portion of expression could not be eliminated (Figure 
4B). In clear contrast, Cyp8b1 expression was almost completely 

diminished after dietary administration of bile acids, irrespective of 
genotype (Figure 4B). The expression levels were slightly higher in 
βklotho–/– mice after the administration; however, a statistically sig-
nificant difference between genotypes was not observed (Figure 4B). 
The expression levels of Hmgr under high bile acid conditions were 
not significantly different between genotypes (data not shown).

Since it is known that the expression of Cyp7a1 and Cyp8b1 is 
strongly regulated by the regulatory cascade that is mediated 
through farnesoid X receptor (FXR; NR1H4) and SHP, the expres-
sion of Shp was examined in both basal and high bile acid states (9, 
30). The expression level of Shp was slightly lower in the mutant, 
but the difference was not statistically significant (Figure 4B). 
After the administration of bile acid–enriched diet, the expression 
levels of Shp were significantly elevated in both mutant and wild-
type mice. However, although the expression was dramatically 
increased in the wild-type mice (2.48- and 2.46-fold for CA and 
CDCA, respectively), the increase was rather weak in the mutant 
(1.64- and 1.79-fold for CA and CDCA, respectively) (Figure 4B). 
The expression profiles of Fxr did not differ significantly between 
genotypes, and those of βklotho did not differ among the various 
dietary conditions (data not shown). Similar experiments were also 
performed with NMF (a standard diet) and NMF supplemented 
with 1% CA, although the animals were not age-matched in these 
experiments. Identical results were also obtained from these alter-
native experiments (data not shown).

Discussion
In order to define the molecular function of βKlotho, we generated 
a βklotho–/– mutant mouse. βklotho–/– mice appeared grossly nor-
mal, although a slight reduction in body weight compared with 
wild-type and heterozygous mice was noted (Figure 1E). Hepatic, 
fecal, and serum cholesterol levels were not significantly altered 
in βklotho–/– mice. Unexpectedly, however, we found that bile acid 
synthesis in the liver and its fecal excretion were dramatically 
enhanced in these mutants (Figure 2). Additionally, βklotho–/– mice 
exhibited resistance to the formation of cholesterol gallstones 
when they were fed an atherogenic diet (Figure 3A). These pheno-
types are likely to have resulted from the impaired negative feed-
back suppression of the bile acid synthesis.

It is believed that one of the major negative feedback path-
ways for bile acid production is mediated by nuclear receptors, 

Figure 3
Resistance of βklotho–/– mice to gallstone formation. (A) Cholesterol 
gallstones formed in wild-type mice (left) but not in βklotho–/– mice 
on the atherogenic diet (Athero) (right). Diet administration regimens 
are shown at the top. Mice were sacrificed at the end of each regi-
men. Gallbladder is indicated (arrows). A magnified image of a wild-
type gallbladder with severe gallstones is shown in the inset in the 
left panel. Examples of gallbladders from other individuals are shown 
below. Scale bars: 5 mm. (B) The average hepatic cholesterol levels 
of 7-week-old standard diet–fed mice (NMF; left panel) and that of 
14-week-old mice on the atherogenic regimen (right panel). Four to 7 
mice per group were examined. (C) Average fecal cholesterol concen-
trations. Stool samples were collected daily for 3 days from 7-week-old 
standard diet–fed mice (left) and 14-week-old mice on the atherogenic 
regimen (right). Three to 4 mice per group were examined. Results 
for stool samples from the same individuals were combined for the 
analyses. (D) Serum cholesterol levels of 14-week-old mice on the 
atherogenic regimen. Four to 7 mice per group were examined. Error 
bars indicate SD. *P < 0.05; **P < 0.005.
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including FXR and SHP. The bile acid receptor FXR induces 
SHP expression to suppress bile acid synthase gene expressions 
(30–32). In βklotho–/– mice, bile acid–mediated induction of Shp 
was significantly attenuated (Figure 4B). This limited blunting 
would be expected to contribute to the abnormal regulation of 
bile acid synthesis at least in a part. βKlotho should participate in 
some aspects of the FXR/SHP cascade. On the other hand, other 
FXR target genes, I-babp (Figure 2F) and Fgf15 (data not shown), 
were appropriately upregulated in the intestine, responding to the 
increased bile acid influx. Therefore, FXR function seems to be 
only impaired in the induction of Shp in the liver.

Since bile acid–dependent suppression of bile acid synthase 
genes Cyp7a1 and Cyp8b1 is virtually intact in Shp–/– mice (33, 34), 
the expression of these genes must be diminished by bile acids, 
even though FXR/SHP cascade is impaired. In βklotho–/– mice, how-
ever, Cyp8b1 expression was completely suppressed, whereas that of 
Cyp7a1 was not. Therefore, βKlotho should be involved not only in 

the FXR/SHP cascade but also in a Cyp7a1-specific regulation that 
is independent of SHP. SHP-independent divergent regulation of 
Cyp7a and Cyp8b1 was also demonstrated in Shp–/– mice chronically 
treated with bile acids (35).

Pathways mediated via pregnane X receptor (NRlI2) and PPARα 
(NRlCl) are possible candidates for SHP-independent redundant 
regulation. In addition to their authentic target genes, these nucle-
ar receptors also suppresses the expression of Cyp7a1 (6, 10, 11). 
We found that the expression levels of these receptors and their 
authentic target genes did not vary between genotypes (data not 
shown). Thus, these nuclear receptor–mediated pathways are likely 
to be largely functional in βklotho–/– mice.

FGF-mediated regulation is also a potential candidate for SHP-
independent regulation. Lack of fibroblast growth factor receptor 4 
(Fgfr4) elicits enhanced expression of Cyp7a1 in mice (15), and 
exogenous expression of FGF19, a specific ligand for FGFR4, 
suppresses Cyp7a1 expression (16). In human hepatocytes, 
FGF19 is induced by bile acids and suppresses CYP7A1 expres-
sion regardless of SHP expression levels (16). In addition, Shp 
expression levels decreased in constitutively activated human 
FGFR4-transgenic mice along with the levels of bile acid pools 
but did not increase in response to elevated bile acid levels in 
FGFR4-deficient mice (36). These results suggests that FGFR4-
mediated repression of Cyp7a1 is likely to be independent of SHP 
expression levels (36). Interestingly, there are several common 
phenotypes between βklotho–/– and Fgfr4–/– mice. To our knowl-
edge, simultaneous induction of these genes has not been found 
except in βklotho–/– and Fgfr4–/– mice. Additionally, βklotho–/– and 
Fgfr4–/– mice similarly exhibit a small gallbladder size (15).

Other candidates for SHP-independent pathways are those 
mediated via JNK. In rat hepatocytes, bile acids elicit JNK activa-
tion concurrent with suppression of Cyp7a1 expression (13). Since 
JNK activation leads to the induction of SHP in these cells, JNK-
mediated regulation of Cyp7a1 probably involves SHP at least in a 
part (13). However, Cyp7a1 expression was enhanced even in the 
Shp–/– hepatocytes when treated with JNK inhibitor. Therefore, not 
all downstream targets of JNK signals are mediated through SHP 
(33). Notably, it has been demonstrated that FGFR4 is involved in 
JNK-signaling pathways, which suggests that these pathways are 
related to each other at least to some extent (15, 16, 36).

The expression of Cyp7a1 is also under the strong feedforward 
regulation of cholesterol via liver X receptor α (LXRα; NR1H3) 
(37). However, that is generally hypostatic to the negative feedback 
regulation (38). We were unable to precisely evaluate its effect; 
however, it is likely that LXRα-mediated regulation by cholesterol 
is largely intact in the βklotho–/– mouse, as the expression of other 
LXRα target genes, Abcg5 and Abcg8 (39), seems to be normally 
induced by the elevation of hepatic cholesterol levels (data not 
shown). Further study is necessary in order to understand the 
molecular mechanisms underlying βKlotho’s involvement in regu-
lation of bile acid synthesis.

The underlying cause of the growth retardation in βklotho–/– mice 
remains unclear. One might predict that it is also a result of the 
elevation in bile acid synthesis, although the expression of Cyp7a1 
at early stages should be examined.

The results in βklotho–/– mice revealed the potential of the 
βKlotho system for future medical applications. An increasingly 
large percentage of the population suffers from cholesterol gall-
stone formation. Without exhibiting other obvious disease-related 
phenotypes, βklotho–/– mice produce and excrete higher amounts 

Figure 4
Gene expression profiles under various dietary conditions. (A) Hmgr 
mRNA expression in wild-type and βklotho–/– mice. Total RNA (30 µg) 
from the liver was analyzed. Representative examples of 2 indepen-
dent trials are shown. Northern blots are shown at the left, and relative 
expression levels compensated for Gapdh are shown in the right panel. 
(B) Relative expression levels of selected genes. The expression lev-
els of Gapdh were used as internal controls. Relative expression levels 
of each gene were further standardized to the mean expression levels 
of wild-type animals fed the basal diet. The dietary regimens used for 
the examination of the effect of dietary bile acids are shown at the top. 
Mice were sacrificed at the end of each regimen. Effects of dietary 
CA and CDCA on the expression of Cyp7a1, Cyp8b1, and Shp were 
examined. Total RNA (30 µg) from the liver was subjected to Northern 
blot analysis. The mean values obtained from 6 independent animals 
for each group are shown. Error bars indicate SD. *P < 0.05.
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of bile acids and were resistant to cholesterol gallstone formation. 
Therefore, reagents that interfere with βKlotho activity might help 
to prevent gallstone formation. Also, such reagents may help in the 
development of novel approaches to facilitating the excretion of 
lipid-soluble toxins from the body with bile flow.

Methods
Targeting vector construction and generation of βklotho–/– mouse. Genomic DNA 
clones spanning the βklotho locus were isolated from a mouse 129SVJ genom-
ic library. The 5′ arm of the targeting vector covered a 6.4-kb EcoRI fragment 
including part of the putative first ATG-containing exon. An 8.0-kb HpaI-
BamHI fragment was used for the 3′ arm. A promoter-less EGFP gene and a 
PGKneo cassette were inserted between these 2 arms with the EGFP gene in 
the forward direction flanked by loxP5171 (5′ side) (40) and loxP sequences 
(3′ side). The PGKneo cassette was in the reverse direction, flanked by loxP 
sequences. Vector DNA was linearized and introduced into TT2 ES cells 
via electroporation. G418-resistant clones were selected and screened by 
Southern blotting. Out of 439 clones, 3 were selected and injected into 8 cell 
stage Crlj:CD1 (ICR) embryos. Germline transmission occurred in 2 chime-
ras derived from a clone. Male chimeras were crossed with female C57BL/6 
mice, and heterozygous offspring were intercrossed to obtain βklotho–/– mice. 
Offspring from these heterozygous parents were used in this study; however, 
we confirmed that the same phenotypes were also observed in offspring of 
heterozygous parents backcrossed 5 times to C57BL/6.

Animals and diets. Mice were housed in plastic colony cages in a tem-
perature-controlled room (24°C) with a 12-hour light/12-hour dark 
cycle under specific pathogen–free conditions, and all experimental 
procedures were approved by the Committee on Animal Research (Fac-
ulty of Medicine, Kyoto University). Standard feed was the NMF diet 
(Oriental Yeast Co.). The other diets, including the basal diet (no. 5755), 
1% CA diet (no. 58794), 1% CDCA diet (no. 5T11), and atherogenic diet 
(no. 5806C-Q), were purchased from PMI Feeds Inc. In metabolic experi-
ments, mice were individually housed in metabolic cages, and stool and 
urine samples were collected every 24 hours for 3 days. Food, water, 
stool, and urine were weighed daily.

Antibodies and protein analyses. A portion of the βklotho cDNA (corre-
sponding to amino acids 814–967, C-terminal half of the βKL2 domain; 
ref. 1) was cloned into the EcoRI site of the pGEX-4T-1 expression vector 
(Amersham Biosciences) to produce a partial βKlotho-GST fusion protein, 
which was introduced into E. coli (BL21). After separation by SDS-PAGE, 
the band corresponding to the partial βKlotho-GST fusion protein was 
excised from the gel and injected into an SD rat purchased from Japan SLC 
Inc. The splenocytes of the immunized rat were used for the establishment 
of monoclonal anti-βKlotho antibodies after hybridoma selection. West-
ern blotting was performed with diluted anti-βKlotho antibody (1:2,500) 
against 15 µg of total protein.

Northern blot analysis. Total RNAs were extracted using the Total RNA 
Isolation System (Promega), and 30 µg aliquots were subjected to the 
analysis. Blots were exposed to the imaging plate (Fujifilm) and analyzed 
by a Storm 860 scanner (Molecular Dynamics). Detection probes were 
obtained from cDNA fragments amplified by RT-PCR with gene-specific 
primer pairs. Each fragment was cloned into a pT7Blue T-Vector (Nova-
gen), and sequences were confirmed. After excision from the vector by 
restriction enzymes, the fragments were labeled by α32P-dCTP using a 
Megaprime DNA Labeling Kit (Amersham Biosciences) and subjected 
to the hybridization.

Plasma and tissue chemistry. Mice were anesthetized by diethylether, and 
whole blood was collected from hearts. Serum was separated from collect-
ed blood by centrifugation. Serum cholesterol concentrations were deter-
mined using Cholesterol E-Test Wako (Wako Pure Chemical Industries). 
The concentrations of other plasma constituents were determined by SRL 
Inc. Hepatic total lipids were extracted using Bligh and Dyer’s method (41) 
and resuspended in 2% Triton X-100 by sonication. Following extraction, 
hepatic cholesterol levels were determined by using the Cholesterol E-Test 
Wako (Wako Pure Chemical Industries). Bile acid pool size was determined 
using Total Bile Acids Test Wako (Wako Pure Chemical Industries) follow-
ing ethanol extraction from a mixed tissue sample including liver, gallblad-
der, and whole small intestine (15). Fecal total bile acids were also deter-
mined using the same kit after ethanol extraction (15). Fecal cholesterol 
was determined by Japan Food Research Laboratories using gas chroma-
tography (GC-1700, Shimadzu; and DB-1 column, Agilent).

Statistical analysis. Unless otherwise noted, all values are expressed as the 
mean ± SD. All data were analyzed by 2-tailed, unpaired Student’s t test 
for significant differences between the mean values using Statcel (OMS 
Publishing Inc.) for Macintosh. P values less than 0.05 were considered to 
be statistically significant.
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