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Does loss of bile acid homeostasis 
make mice melancholy?
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Bile is at the center of the traditional
medicines of many cultures. For the
ancient Greeks and Romans, each of
the four macrocosmic elements that
comprised the natural world, fire,
earth, air, and water, had a specific
microcosmic reflection in the four
humors from which the body was
constructed, yellow bile, black bile,
blood, and phlegm. The view that
imbalances in these components
cause disease dominated Western
medical thought for nearly 2000 years.
Ayurvedic, or Indian traditional med-
icine is based on the similar belief that
health is dependent on the balance of
the three doshas, pitta (bile), kapha
(wind), and vata (phlegm), each of
which represents two of their five
macrocosmic elements.

Bile has a much more humble place
in current medical thinking. It is gen-
erally thought of as a detergent need-
ed for the absorption of lipids and
fat-soluble nutrients, as well as a
potentially harmful agent responsi-
ble for adverse effects in cholestasis
and other pathologic situations. This
simplistic view was challenged by the
recent discovery by three independ-
ent groups (1–3) that a member of
the nuclear hormone receptor super-
family, farnesoid X receptor (FXR),

functions as a specific receptor for a
wide variety of bile acids. Since other
members of this family include the
receptors for steroids and thyroid
hormone, this observation suggested
that bile acids should be thought of
as hormones.

Negative feedback regulation 
of bile acid synthesis
Such a direct regulatory function
would be consistent with a well
known negative feedback loop in
which increased bile acid levels result
in a compensatory decrease in the
rate of bile acid synthesis. The specif-
ic role of FXR in this loop is thought
to be the bile acid–dependent induc-
tion of expression of another nuclear
hormone receptor, small heterodimer
partner (SHP) (4, 5), which functions
as a specific repressor of transcrip-
tion (6). In this proposed nuclear
receptor cascade, the increased SHP
levels cause a decrease in expression
of the cytochrome P450 enzyme cho-
lesterol 7α-hydroxylase, Cyp7a1, the
first and rate-limiting step in the
complex pathway of bile acid biosyn-
thesis. The importance of this regu-
latory pathway was supported by
results with knockout mice lacking
either the FXR (7) or SHP (6, 8) genes.

Intriguingly, however, the results
with the SHP knockouts suggested
additional functional roles for bile
acids. Specifically, the SHP-null ani-
mals showed no repression of
Cyp7a1 expression in response to a
synthetic FXR agonist, but high lev-
els of bile acids themselves still inhib-
ited Cyp7a1 and other bile acid
biosynthetic enzymes. This result
suggests that bile acids are able to
signal via additional pathways out-
side of the FXR/SHP cascade.

Alternate signaling pathways
At least three such pathways have
been identified, two of which are
mediated by other nuclear hormone
receptors. A limited number of toxic
bile acids (e.g., lithocholic acid) have
been identified as ligands for the
xenobiotic receptor pregnane X
receptor (PXR) (9, 10) and, quite sur-
prisingly, the vitamin D receptor
(11). Their activation by these
hydrophobic bile acids induces
expression of a detoxifying system
thought to be based on induction 
of another P450 enzyme, Cyp3a, 
which can convert these compounds
to less toxic forms. At least in the case 
of PXR, this induction also results 
in decreased expression of Cyp7a1. 
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Figure 1
Formation of cholic acid (CA) from chenodeoxycholic acid (CDCA) by the microsomal cytochrome
P450 enzyme sterol 12α-hydroxylase, which is encoded by the Cyp8b1 gene. The enzyme can also
hydryoxylate other 7α-hydroxylated intermediates in the bile acid pathways (see ref. 13).



In addition, bile acids, particularly 
the taurine conjugate of cholic acid, 
have been reported to activate the 
stress kinase c-jun N-terminal kinase 
(JNK), which also represses Cyp7a1 
expression (12).

These results not only strongly sup-
port the proposed regulatory func-
tions of bile acids, but also predict
that distinct bile acids may have dis-
tinct biological activities. The basis
for the production of the two pri-
mary bile acids, cholic acid (CA) and
chenodeoxycholic acid (CDCA), is
sterol 12α-hydroxylase (encoded by
the Cyp8b1 gene), yet another P450
enzyme that specifically catalyzes the
hydroxylation of the 12 position on
the cholesterol derived bile acid back-
bone (Figure 1). It is evident that the
absence of this enzyme would result
in the failure to produce cholic acid
and other secondary, 12α-hydroxylat-
ed bile acids, and would therefore sig-
nificantly alter the composition of
the bile acid pool. In the article by Li-
Hawkins et al. in this issue of the JCI
(13), the prediction that this could
affect bile acid homeostasis was test-
ed using a Cyp8b1-knockout mouse.

Loss of cholic acid alters negative
feedback regulation
As expected, the Cyp8b1-null animals
essentially lack cholic acid, which
makes up more than half of the bile
acid pool in wild-type animals. The
size of this pool is modestly increased
in the knockouts but, in contrast to

the expectations from the negative
feedback mechanism, Cyp7a1 expres-
sion is actually increased (Figure 2).
This increase is attributed to
decreased expression of the inhibitor,
SHP. However, the expression of
other hepatic genes known to be
direct targets of FXR, such as the bile
salt export protein (BSEP), is not
altered. Thus, changing the composi-
tion of the bile acid pool results in
rather complex alterations in bile
acid metabolism that include a strik-
ing dysregulation of the negative
feedback regulation. The authors
conclude that cholic acid makes a
particularly important contribution
to this regulatory loop.

These results leave open the very
interesting question of which of the
potential bile acid–dependent path-
ways account for the observed effects.
Although they acknowledge the
potential role of the FXR-independent
pathways, Li-Hawkins et al. speculate
that various bile acids may have dif-
ferential effects on FXR (13). This
could be analogous to results with the
estrogen receptor, which adopts dif-
ferent conformations when occupied
by even closely related ligands (14).
One problem with this suggestion is
that in vitro approaches typically
show cholate to be a relatively ineffec-
tive FXR activator, leading the
authors to suggest that additional
mechanisms, such as the presence of
novel coactivators in the liver, may
account for the observed effects.

Regardless of the mechanism, these
results strongly support the idea that
different bile acids have different reg-
ulatory effects. The chemical effects of
the relative hydrophobicity of bile
acids on processes such as the preven-
tion of cholesterol gallstone formation
and promotion of lipid absorption are
well known. How the emerging hor-
monal or signaling effects of distinct
bile acids are integrated with their
chemical functions is a very open and
interesting question.

It is ironic that these ideas seem new
to us, but would have been self evident
to Hippocrates, Galen, and their stu-
dents for two thousand years. They
would argue that Cyp8b1-null animals
should have a serious humoral imbal-
ance. It is difficult to predict the out-
come of this imbalance, since the
ancient literature is silent on whether
cholic acid is yellow bile or black bile.
However, the Merck Index correctly
describes cholic acid as bitter tasting, a
quality associated with yellow bile.
Black bile, in contrast, is sour. One
might therefore predict that a loss of
yellow bile and a compensatory
increase in black bile would make the
Cyp8b1–/– mice melancholy (which of
course is derived from Greek words
meaning “black bile”). Alternatively, if
all bile acids are yellow bile, the Cyp8b1
knockouts should be choleric. We
await future studies on their mood.
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Figure 2
Loss of negative feedback regulation in bile acid synthesis in Cyp8b1-knockout mice. While both wild-type (WT) and mutant mice produce chen-
odeoxycholic acid (CDCA), Cyp8b1 knockouts lack cholic acid (CA). Contrary to the expectation from the redundant negative feedback mechanisms
mediated by the farnesoid X receptor (FXR) and small heterodimer partner (SHP), and also other factors in WT mice, Cyp7a1 expression in the knock-
out mice is actually increased. The mechanisms whereby the loss of CA results in the loss of negative feedback are unknown.
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