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Abstract

Mice deficient in cholesterol 7a-hydroxylase (Cyp7al) have a diminished bile acid pool (BAP)
and therefore represent a useful model for investigating the metabolic effects of restoring the pool
with a specific BA. Previously we carried out such studies in Cyp7al~/~mice fed physiological
levels of cholic acid (CA) and achieved BAP restoration, along with an increased CA enrichment,
at a dietary level of just 0.03% (w/w). Here we demonstrate that in Cyp7al~~ mice fed
chenodeoxycholic acid (CDCA) at a level of 0.06 % (w/w), the BAP was restored to normal size
and became substantially enriched with muricholic acid (MCA)(>70%), leaving the combined
contribution of CA and CDCA to be <15%. This resulted in a partial to complete reversal of the
main changes in cholesterol and BA metabolism associated with Cyp7al deficiency such as an
elevated rate of intestinal sterol synthesis, an enhanced level of mRNA for Cyp8b1l in the liver,
and depressed mRNA levels for Ibabp, Shp and Fgf15 in the distal small intestine. When
Cyp7al~~ and matching Cyp7al*/* mice were fed a diet with added cholesterol (0.2%) (w/w),
either alone, or also containing CDCA (0.06%) (w/w) or CA (0.03%) (w/w) for 18 days, the
hepatic total cholesterol concentrations (mg/g) in the Cyp7al™~ mice were 26.9+3.7, 16.4+0.9
and 47.6£1.9, respectively, vs 4.9+0.4, 5.0+0.7 and 6.4+1.9, respectively in the corresponding
Cyp7al** controls. These data affirm the importance of using moderate levels of dietary BA
supplementation to elicit changes in hepatic cholesterol metabolism through shifts in BAP size and
composition.
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1. Introduction

The liver plays a central role in maintaining net sterol balance across the whole animal
because it receives essentially all of the cholesterol that is absorbed from the small intestine
and is also the site for the degradation and secretion of cholesterol through the bile [1-3].
The major steps involved in the cholesterol absorption pathway and their regulation have
been elucidated in great detail [4]. Research in recent years has focused on the role of the
transporter NPC1L1 in facilitating the uptake of cholesterol and non-cholesterol sterols into
the enterocyte [5, 6]. However, it has long been known that physico-chemical events within
the lumen that lead to the solubilization of sterols in mixed micelles together constitute a
major regulatory step in determining how much of the cholesterol entering the lumen
ultimately reaches the liver [7, 8]. A key component of this regulatory effect is the size and
composition of the BA pool [9, 10]. It is well documented that shifts in either of these
parameters profoundly affect the amount of cholesterol that is absorbed. The family of
proteins that regulates the synthesis, transport, and reabsorption of BA, and the size and
composition of the BA pool, has been the subject of multiple comprehensive reviews [11-
17].

Newer studies, and several related reviews, suggest that, quite apart from their regulatory
roles in lipid absorption and cholesterol and triacylglycerol metabolism, bile acids and their
receptors might exert more global effects on metabolic regulation including the control of
hepatic insulin resistance and glucose homeostasis [18—-28]. The exploration of such putative
new roles is often conducted using animal models in which BA metabolism is profoundly
altered through the use of levels of dietary BA supplementation that cause pharmacological,
rather than physiological shifts in BA synthesis and transport, as well as in the size and
composition of the intestinal BA pool. This concern prompted our earlier studies where we
used the cholesterol 7a-hydroxylase-deficient (Cyp7al~'~) mouse, which has an inherently
small BA pool [29, 30], to investigate how pool replacement through the feeding of very low
dietary levels of cholic acid (CA) impacted cholesterol and BA synthesis, storage and
transport by the small intestine and liver at a biochemical and molecular level [31]. One
reason why cholic acid was used first for pool restoration in this model is that CA mediates a
clear regulatory effect on multiple aspects of cholesterol metabolism [32, 33]. In the present
studies we have again used mice deficient in Cyp7al to determine what happens when pool
restoration is achieved through low levels of chenodeoxycholic acid (CDCA)
supplementation. This results in a BA pool in which muricholic acid (MCA) becomes the
dominant species through the action of a 6a/p-hydroxylase [34]. Although this has been
achieved in the past by feeding the three different isomeric forms of muricholic acid to
normal mice, the dietary levels used were very high (0.5% w/w), and the main endpoint
studied was the level of intestinal cholesterol absorption [10]. Data on pool sizes were not
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presented. However, it is likely that they were substantially greater than those in normal
chow-fed mice because of the large amounts of MCA that were in the diet.

Another set of studies used mice in which the gene for sterol 12a-hydroxylase (Cyp8b1) had
been deleted [33]. This deficiency prevented the conversion of CDCA to CA thus leading
ultimately to a major enrichment of the pool with MCA. This compositional change was
accompanied by a modest expansion of BA pool size. Here we describe a different approach
to generating mice with BA pools consisting predominantly of MCA, but without a
concomitant expansion of pool size beyond that seen in adult wildtype mice given a rodent
chow diet. This was accomplished by giving Cyp7al™~ mice graded amounts of CDCA in
their diet. Bile acid pool size and composition, as well as several key parameters of intestinal
and hepatic sterol and BA metabolism, were determined. In addition, we also compared, in
both biochemical and molecular terms, the effects of low levels of CDCA and CA
supplementation in the presence of an elevated dietary cholesterol content on intestinal and
hepatic BA and cholesterol metabolism in Cyp7al~'~ mice and their matching Cyp7al*/*
controls.

2. Materials and methods

2.1. Animals and diets

Cholesterol 7a-hydroxylase-deficient mice (Cyp7al~") were generated and maintained as
previously described [9]. The initial experiments involving the feeding of diets containing
different levels of CDCA used both male and female mice in the age range of 6 to 9 months.
For the studies involving the measurement of cholesterol absorption, neutral sterol excretion,
rates of cholesterol synthesis, and mMRNA expression levels at single level of CDCA
supplementation, male mice at 3 to 5 months of age were used. The final experiment with
cholesterol-fed mice given a single level of either CDCA or CA supplementation was
carried out in females in the age range of 4 to 7 months. In all studies, a cereal-based rodent
diet (Wayne Lab Blox, No. 8604; Harland Teklad, Madison, WI), was used. It had an
inherent cholesterol content of 0.02% (w/w) and an approximate total lipid content of ~ 5%
(w/w). For the dose response study, this regimen, referred as the basal diet, was made to
contain varying levels of CDCA (0.015, 0.03 and 0.06% wi/w). Thereafter, only one level of
CDCA supplementation (0.06% w/w) was used. This dietary level provided an intake of
~9.6 mg (24.5 pmol) /day/100 g body weight (bw). The final study used the basal diet
containing added cholesterol (0.2% w/w) either alone, or also containing CDCA (0.06%
w/w) or CA (0.03% wi/w). Both CDCA (C-9377) and CA (C-1129) were obtained from
Sigma-Aldrich Corp (St Louis, MO). All mice were fed their diets ad libitum for either 15—
18 days, or 21 days, as specified. Depending on the metabolic parameter being measured,
the mice were housed either individually or in groups of three or four in plastic colony cages
with wood shavings in a light-cycled room. All animals were studied in the fed state toward
the end of the dark-phase of their light cycle. All experiments were approved by the
Institutional Animal Care and Use Committee of the University of Texas Southwestern
Medical Center.
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2.2. Bile acid pool size and composition, fractional cholesterol absorption, and fecal
neutral sterol excretion

Pool size was determined as the total BA content of the small intestine, gallbladder, and
liver combined. The bile acids were extracted in ethanol in the presence of an internal
standard ([24-14C] taurocholic acid, PerkinElmer, Inc,Waltham, MA) and analyzed by
HPLC [9]. Bile acids were detected by measurement of the refractive index and identified by
comparison with authentic standards. For muricholic acids, no attempt was made to
determine whether the major peak identified as f-muricholic acid might have also
represented unknown amounts of a and w-muricholic acid. However, other laboratories have
shown that these latter isomers of MCA are either undetectable or present in only trace
amounts in the liver and bile of the mouse, [10, 35] and that essentially all conjugation is
with taurine [10, 35]. Pool size was expressed as umol per 100 g body weight. Fractional
cholesterol absorption was measured using a dual-isotope method as described [9]. For the
fecal neutral sterol measurements, stools collected over 3 days from individually housed
mice were dried, weighed, and ground to fine powder. A 1 -g aliquot of this material was
used to determine total neutral sterol content [9]. The excretion rate of neutral sterols was
expressed as pmol per day per 100 g body weight.

2.3. Rates of cholesterol synthesis in small intestine and liver, and tissue total cholesterol
concentrations

Rates of cholesterol synthesis were measured in vivo using [2H]water, as described
elsewhere [9]. At 1 hour after intraperitoneal administration of ~40 mCi of [3H]water to the
mice, the liver and whole small intestine were removed, rinsed, blotted, and weighed. The
organs were then saponified, and the labeled sterols were extracted and quantitated as
described [9]. The rate of cholesterol synthesis in each organ was calculated as nanomoles of
[3H]water incorporated into sterols per hour per g of tissue. Hepatic total cholesterol
concentrations were determined in all mice by gas chromatography and expressed as mg/g
of tissue [9]. For the small intestine, total cholesterol concentrations were similarly
measured but only in those mice used for the sterol synthesis experiment. Plasma total
cholesterol concentrations were measured by the same method used for tissue cholesterol
levels. For the mice in the study using the high cholesterol diet, plasma alanine transaminase
(ALT) activity was measured by a commercial laboratory.

2.4. Relative mRNA expression analysis

Small intestines were removed, flushed with ice-cold phosphate-buffered saline and then cut
into three sections of similar length. The proximal and distal sections were opened
longitudinally and the mucosae were removed by gentle scraping. These scrapings, along
with aliquots of liver, were quickly frozen in liquid nitrogen. mRNA levels were measured
using a quantitative real-time PCR assay [36]. All analyses were determined by the
comparative cycle number at threshold method (User Bulletin No. 2, Perkin-Elmer Life
Sciences) with cyclophilin as the invariant housekeeping gene [37]. Relative mRNA levels
in individual animals were determined by expressing the amount of mMRNA found relative to
that obtained for Cyp7al™/* mice fed the basal diet alone (all studies with males), or the
basal diet enriched with cholesterol (studies with females), which in each case was
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arbitrarily set at 1.0. The primer sequences used to measure RNA levels for all genes have
been reported in two earlier publications [31, 38]. The names of all genes studied are as
follows; Cyp7al, Cholesterol 7a-hydroxylase; Cyp27al, Sterol 27-hydroxylase; Cyp39al,
Oxysterol 7a-hydroxylase; Cyp7bl, Oxysterol 7a-hydroxylase; Cyp8b1, Sterol 12a-
hydroxylase; Abcal, ATP binding cassette member Al; Abcb11, Bile salt export pump
(Bsep); Abcg5b, ATP-binding cassette G5; Fabp6, lleal bile acid binding protein (Ibabp);
Fgf15, Fibroblast growth factor 15; Hmgcs, Hydroxymethylglutaryl coenzyme A synthase;
Npcll1, Niemann-Pick Type C1 -like 1; and NrOb2, Short heterodimer partner (Shp).

2.5. Analysis of data

3. Results

All data are reported as means + SEM for the specified number of animals. GraphPad Prism
6 software (GraphPad, San Diego, CA) was used to perform all statistical analyses.
Differences between means were tested for statistical significance (p < 0.05) by one-way
analysis of variance. Bars denoted by different letters are statistically different.

3.1. Establishment of a level of dietary CDCA supplementation that normalized bile acid
pool size in Cyp7al™~ mice without expanding it in their Cyp7al*/* controls

The dietary level of CDCA that restored BA pool size in both male and female Cyp7al~/~
mice to values comparable to those found in their Cyp7al*/* counterparts consuming the
basal diet alone was 0.06% w/w (Figs 1A and 1B). This provided a daily intake of ~24 to 25
umol/day/100g bw which equated to just 36% and 28% of the BA pool size in
unsupplemented Cyp7al*/* male and female mice, respectively. For their male and female
Cyp7al~~ counterparts, this level of CDCA supplementation corresponded to about 160%
and 110%, respectively, of their inherently small pools. The BA pool size in both the male
and female Cyp7al*/* mice given the diet with 0.06% (w/w) CDCA was not significantly
different than that in matching Cyp7al*/* mice given the basal diet with no added BA.

3.2. Dietary CDCA supplementation resulted in muricholic acid being the dominant bile
acid in the pool, especially in the Cyp7al™~ mice

In addition to determining what level of CDCA supplementation would be needed to restore
BA pool size to normal in the Cyp7al~~ mice, there was also the parallel question of how
BA pool composition might shift, not only in the Cyp7al-deficient mice, but also in their
Cyp7al*’* counterparts, given the remarkable capacity of the mouse to actively convert
CDCA to muricholic acid through the action of a 6a/p-hydroxylase [34]. Consistent with our
earlier findings [29], unsupplemented male Cyp7al*/* mice maintained a BA pool with a
lower ratio of cholic acid (CA) to muricholic acid (MCA) (1:1.1) compared to female
Cyp7al** controls (1:1.6) (Table 1). Even though CDCA supplementation did not change
BA pool size in the Cyp7al™/* mice of either gender, there was a marked fall in the ratio of
CA to MCA in both cases (to 1:0.4 for males and to 1:0.6 for females). More dramatic
compositional changes were found in the BA pool of the Cyp7al~~ mice given CDCA. In
the Cyp7al-deficient males, the ratio of CA to MCA in the pool was 1:0.6 on the basal diet
but only 1:0.1 with the diet containing 0.06% CDCA. In the matching Cyp7al~/~ females,
this ratio fell from 1:1.6 to 1:0.1. What this meant was that in Cyp7al™~ mice given a
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modest level of CDCA supplementation, the bile acid pool consisted predominantly of
muricholic acid with a greatly contracted proportion of cholic acid. In all mice, irrespective
of genotype, gender, or dietary treatment, essentially all bile acids were taurine-conjugated.

3.3. Dietary CDCA supplementation did not alter hepatic total cholesterol concentrations in
either Cyp7al™~ or Cyp7al** mice, but it did reverse, to a varying degree, some of the
changes in hepatic and intestinal cholesterol metabolism associated with Cyp7al
deficiency

In the initial study using variable dietary levels of CDCA there was no change in hepatic
total cholesterol concentrations in male or female mice of either Cyp7al genotype (Fig. 1C
and 1D). The marginally higher levels evident in the female Cyp7al~/~mice vs their
matching Cyp7al*/* controls are consistent with previous findings for this model [29].
CDCA supplementation (0.06% w/w) to the Cyp7al*/* mice did not significantly alter their
rates of cholesterol absorption, neutral sterol excretion, or cholesterol synthesis in their
small intestine and liver (Fig. 2A-2D). In contrast, there were discernable changes in each of
these parameters in the supplemented Cyp7al~/~mice, although the only one that achieved
statistical significance (p < 0.05) was the normalization of the rate of intestinal sterol
synthesis (Fig. 2C). The concentration of total cholesterol in the small intestine was in the
range of 2.8 to 3.0 mg/g in all four groups (data not shown).

At a molecular level, CDCA supplementation effected modest changes in the relative
MRNA expression for a number of genes in the liver (Fig. 3A-3F) and small intestine (Fig.
3G-3L). In the Cyp7al*/* mice given CDCA, the mRNA for Cyp7al (Fig. 3A), was clearly
reduced (although the change was not statistically significant, p > 0.05), reflecting an
anticipated lowering of the rate of bile acid synthesis in response to CDCA supplementation.
There were also non-significant trends toward lower mRNA levels for both Cyp39al (Fig.
3B) and Cyp8b1 (Fig. 3D) in the Cyp7al*/* mice given CDCA. In the case of Cyp7b1 (Fig.
3C) there was no influence of CDCA feeding in mice of either genotype, but the level of
mRNA in the Cyp7al™~ mice was uniformly less than half of what it was in the Cyp7al*/*
controls. In the small intestine, the fall in the mRNA for Hmgcs (Fig. 3H) in the Cyp7al~/~
mice given CDCA was consistent with the change in intestinal cholesterol synthesis for this
group (Fig. 2C). The mRNA level for Abcal (Fig. 31) in the intestine of the Cyp7al~/~ mice
was decisively lower than in their Cyp7al*/*controls even with CDCA supplementation. In
contrast, in the case of Ibabp, Shp, and Fgf15 (Fig 3J, 3K and 3L, respectively) the markedly
reduced level of MRNA for these three genes in the Cyp7al~/~ mice given the basal diet
was reversed to a varying degree with CDCA feeding.

3.4. In cholesterol-fed Cyp7al~~ mice hepatic cholesterol concentrations were either
reduced or increased depending on whether CDCA or CA was added to the diet

The objective of the study described in Fig. 4 was to investigate the extent to which we
could modulate the response of both Cyp7al~~ mice and their Cyp7al*/*counterparts to a
high-cholesterol diet by concurrent dietary supplementation with low levels of either CDCA
(0.06% wiw) or CA (0.03% wi/w). This study was preceded by a matching set of
experiments in which Cyp7al™~ and Cyp7al*/* mice received these same levels of BA
supplementation but contained in the basal diet with no added cholesterol. Multiple
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parameters were measured in all mice, with hepatic total cholesterol concentrations serving
as the main barometer of how the interplay between Cyp7al genotype and the species of bile
acid added to the diet affected the enterohepatic flux and intrahepatic metabolism of
cholesterol. Relative liver weights in the Cyp7al*/* mice showed little variation with either
dietary cholesterol level or the species of bile acid in the diet (Fig. 4A and 4C). However, in
all of the Cyp7al~'~ mice given the high cholesterol diet there was a significant and
comparable increase in relative liver weight (Fig. 4C).

Of the four groups fed the low cholesterol diet with added BA, the only one to show
significant change in hepatic cholesterol concentration were the Cyp7al~~ mice given CA
(Fig. 4B). More pronounced differences in liver cholesterol levels related to both genotype
and species of bile acid in the diet were seen in the groups fed the high-cholesterol diet (Fig.
4D). This diet raised hepatic cholesterol levels to about 5 to 6 mg/g in all of the Cyp7al*/*
mice irrespective of whether they were also given any BA. In marked contrast, for the
Cyp7al~~ mice given the cholesterol diet with no added bile acid, the hepatic cholesterol
concentration was 26.9 + 3.7 mg/g (Fig. 4D). This represented a 9.3-fold increase from the
baseline level seen in Cyp7al~~ mice fed the chow diet alone (Fig. 4B). The matching
cholesterol-fed Cyp7al~~ mice given CDCA had a liver cholesterol level of 16.4 + 0.9
mg/g, which not only was well below that of the mutants fed cholesterol without added BA,
but far less than the 47.6 + 1.9 mg/g found in their Cyp7al~/~ counterparts given the diet
containing CA (Fig. 4D). These differences in total cholesterol concentration in all cases
reflected differing levels of cholesterol in the esterified fraction (data not shown). Despite
the wide differences in hepatic cholesterol concentrations, the plasma total cholesterol levels
across all groups in Fig. 4C and 4D averaged 134 to 145 mg/dl except the mutants fed the
cholesterol diet with no added BA which had a mean concentration of 161 £ 11 mg/dl. In
addition, plasma ALT activities were in the range of 25 to 35 units/L for all groups (data not
shown).

3.5. Magnitude and direction of changes in the mRNA expression level for multiple genes
in the liver of cholesterol-fed Cyp7al™~ mice were broadly similar with CDCA and CA
supplementation

The panel of genes for which relative mMRNA expression levels are presented in Fig. 5
predominantly involve in BA synthesis. The other two, Hmgcs (Fig. 5H) and Abcg5 (Fig.
51), are reflective of the pathways for cholesterol synthesis and efflux within and from the
liver, respectively. In no case did the modest levels of CDCA or CA dietary supplementation
elicit a significant change in the mRNA expression level for any of these genes in the
Cyp7al** mice. However, in their Cyp7al™~ counterparts there were several instances of
clear differences in how mRNA expression levels shifted in response to cholesterol feeding
together with either CDCA or CA supplementation. One of these pertains to the data for
Cyp7al. The data in Fig. 5A, like those in Fig. 3A, confirm the absence of this RNA species
in the Cyp7al~'~ mice. However, in the case of Fig. 3A where all the mice were fed a low-
cholesterol diet, there was a trend (p > 0.05) toward a lower mRNA level for Cyp7al in the
Cyp7al*/* mice given CDCA. The finding of the opposite trend in the cholesterol-fed
Cyp7al** mice receiving CDCA, or CA, signaled a modest overriding effect of high
dietary cholesterol intake on that occurring in response to the entry of physiological amounts
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of exogenous BA into the pool. Another instance involves Cyp39al, the gene for oxysterol
7a-hydroxylase which converts 24-hydroxycholesterol to 7a-hydroxylated oxysterols [29].
A comparison of the data in Fig. 5B with those in Fig. 3B shows a clear reduction in the
mRNA for Cyp39al in the Cyp7al ™~ mice that paralleled their diet-driven increase in
hepatic cholesterol content, but which was unrelated to dietary bile acid intake. For the other
oxysterol 7a-hydroxylase, Cyp7b1, lower mRNA expression levels were evident in the
cholesterol-fed Cyp7al~~ mice, irrespective of whether they were without BA
supplementation, or were given either CDCA or CA (Fig. 5C). This was also the case in
Cyp7al~~ mice maintained on a low-cholesterol diet containing either CDCA (Fig. 3C) or
CA [31].

The most striking changes in mMRNA expression levels were those for Cyp8b1 (Fig. 5D).
Cyp7al-deficient mice showed a decisive increase in Cyp8bl mRNA, irrespective of
whether they are fed a low (Fig. 3D) or high (Fig. 5D) cholesterol diet. In the Cyp7al ™/~
mice on the low cholesterol diet containing CDCA, the rise in the mRNA level for Cyp8b1
was blunted (Fig. 3D), but this was not the case when the mutants were maintained on the
high cholesterol diet (Fig. 5D). A pronounced suppression of MRNA levels for Cyp8b1 in
Cyp7al-deficient mice was induced only with CA feeding, irrespective of whether the
dietary cholesterol level was high (Fig. 5D) or low [31]. In marked contrast to the data for
the other genes in the BA synthetic pathways that were studied, very little change in the
mRNA for Cyp27al, as a function of genotype or diet, was evident (Fig. 5E). For two other
genes involved in BA metabolism, Shp (Fig. 5F) and Bsep (Fig. 5G), the mRNA expression
levels in the Cyp7al™/* mice were unchanged with CDCA and CA supplementation. In the
Cyp7al~~ mice, however, the depressed mRNA level for Shp was reversed with CA
feeding, as seen previously in Cyp7al-deficient mice given CA in a low-cholesterol diet
[31]. The mRNA level for Hmgcs (Fig. 5H), used as a barometer of the rate of hepatic
cholesterol synthesis, showed marked suppression in all the Cyp7al~~ mice, irrespective of
the diet they were given. This was consistent with the much higher hepatic cholesterol levels
evident in all the Cyp7al~'~ mice compared to their matching Cyp7al*/* controls (Fig. 4D).
In the case of the mRNA level for Abcg5 (Fig. 51), the significant elevation seen in the
Cyp7al~~mice given CA was consistent with the hepatic cholesterol concentration being
higher in these mice than in any other group (Fig. 4D).

4. Discussion

There is an extensive literature spanning more than five decades that describes the effects of
dietary chenodeoxycholic acid (CDCA) supplementation on various aspects of cholesterol
and bile acid metabolism in several animal models, including the mouse [10, 33, 39-45].
Within this time frame, CDCA was also evaluated for its potential as a therapy for gallstone
dissolution [46] as well as for cerebrotendinous xanthomatosis in humans [47]. One
distinguishing feature of the mouse is that, unlike most other species including humans, it
has only minor amounts of CDCA in its pool [33, 44, 48, 49] because much of it is
converted through the action of a 6a/B-hydroxylase to the isomeric forms of muricholic acid
[34]. The impact of feeding CDCA has been explored in not only wildtype mice but also in
several genetically manipulated models like those with a deficiency of sterol 27-hydroxylase
(Cyp27al), sterol 12a-hydroxylase (Cyp8b1l), bile salt export pump (Bsep), and sodium-
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taurocholate cotransporter polypeptide (Ntcp) [33, 43, 49]. The level of CDCA added to the
diet in these studies varied over the range of 0.1 % to 1.0% (w/w). A level of just 0.2%
(w/w) in a plain rodent chow diet, when fed to a young adult wildtype mouse, provides a
daily CDCA intake of around 80 umol/100g bw which is equivalent to about one entire BA
pool. In genetically manipulated mice that have inherently small BA pools, a dietary level of
0.2% (w/w) CDCA would result in a daily BA intake equating to multiple BA pools in such
a model.

Our interest in giving CDCA to the cholesterol 7a-hydroxylase-deficient-mouse was driven
not only by our previous studies on low levels of cholic acid supplementation in this model
[31], but also by the possibility that we could potentially generate a mouse with a BA pool
of normal size containing predominantly muricholic acid. In 2002, Li-Hawkins et al. showed
that mice deficient in sterol 12a-hydroxylase (Cyp8b1) develop a moderately expanded BA
pool with MCA as the dominant species [33]. Another laboratory subsequently achieved
major enrichment of the bile acid pool in C57L mice with the three isomeric forms of
muricholic acid by feeding each of these, as well as other species of bile acid, all at a level
of 0.5% (w/w) [10]. BA pool enrichment with any of the three isoforms of muricholic acid,
particularly -MCA, resulted in very low levels of intestinal cholesterol absorption,
especially compared to cholic acid. A preceding study found that gallstone-susceptible C57
mice given a lithogenic diet containing 3-muricholic acid (0.5% w/w) manifested a marked
reduction in gallstone prevalence [50].

Essentially, what the Wang laboratory demonstrated so clearly was that the hydrophobicity
index of the bile acid pool is a very powerful determinant of how much luminal cholesterol
is made available to the NPC1L 1-transport system for internalization into the enterocyte and
therefore potentially destined for processing by the liver. Unlike cholic acid, which is
hydrophobic and promotes cholesterol absorption, muricholic acid, which is hydrophilic, has
the opposite effect. In seeking to develop a mouse model that had a BA pool with a high
degree of MCA enrichment, but which remained of normal size, we took advantage of the
characteristically small pool that exists in Cyp7al-deficient mice, and also of the efficient
biotransformation of CDCA to MCA in this species [34]. In testing an optimum dietary
CDCA level to use, we were guided by findings from earlier studies involving CA
supplementation to Cyp7al™~ mice [31].

Several aspects of the biochemical and molecular data from the model described here
warrant discussion. These focus more on the Cyp7al~~ mice because the shifts in BA pool
composition produced by CDCA supplementation in their Cyp7al*/* controls were
insufficient to significantly change any of the parameters that were measured. While CDCA
feeding raised the proportion of MCA relative to CA in the pool of the Cyp7al*/* mice, the
amount of CA in their pools remained much higher than was the case in the Cyp7al™~ mice
given CDCA (Table 1). Limited published data suggest dietary CDCA levels, several fold
above 0.06% wi/w, are needed to change mRNA expression levels for at least some genes in
wildtype mice. Thus, Cheng et al. showed higher hepatic mMRNA levels for Bsep in male
mice given a dietary CDCA level of 0.3% [43], while another study found a significant rise
in hepatic Shp mRNA levels in response to a diet containing 0.25% CDCA [33]. Despite the
lack of statistically significant changes in the mRNA data for the CDCA-fed Cyp7al*/*
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mice, the findings specifically for Cyp7al and Cyp39al nevertheless are noteworthy. In
male Cyp7al**mice given low levels of supplementation with CA [31], or CDCA (Fig.
3A), the directional change in the mRNA level for Cyp7al, while not statistically
significant, was indicative of a compensatory reduction in BA synthesis. Not unexpectedly,
this trend was reversed in the female Cyp7al*/* mice receiving the same levels of CDCA
and CA supplementation, but maintained on a high cholesterol diet (Fig. 5A). The studies of
Li-Hawkins et al. showed a decisive reduction in Cyp7al mRNA expression in wildtype
mice given a low-cholesterol diet containing CA at a level of 0.1% w/w. An even higher
level of CDCA was needed to markedly reduce Cyp7al mRNA levels [33].

The mRNA data for Cyp39al are of particular interest because of a marked sexual
dimorphism in Cyp39al expression in mice [51]. Females exhibited higher levels of MRNA
and protein for Cyp39al than males. In our CA feeding studies, the hepatic mMRNA level for
Cyp39al in female Cyp7al~'~ mice was significantly lower than in their Cyp7al*/*
controls, irrespective of whether they were given CA supplementation or not [31]. This same
pattern was evident in the current studies with the cholesterol-fed female mice receiving
either the high cholesterol diet alone or together with CDCA or CA supplementation,
although none of the genotypic differences were statistically significant (Fig. 5B). As shown
by the data in Fig. 3B, the opposite genotypic difference in Cyp39al mRNA expression
levels was apparent in males, irrespective of whether they were given the basal diet alone or
with CDCA. Further explanation of this apparent gender-related difference in how Cyp7al
deficiency affects Cyp39al expression will require male and female Cyp7al~~ littermates
and their matching Cyp7al*/* controls to be studied together.

For the Cyp7al~~ mice given CDCA, one particular set of interrelated biochemical and
molecular changes across both the small intestine and liver require discussion. The elevated
rate of intestinal cholesterol synthesis in the unsupplemented Cyp7al~~mice, a hallmark
feature of this model (Fig. 2C), was abolished with CDCA feeding and this was reflected in
a significant fall in the mRNA expression level for Hmgcs (Fig. 3H). Although not
statistically significant, the changes seen in the rate of hepatic cholesterol synthesis, and the
mRNA level for Hmgcs in the liver of the supplemented Cyp7al~~mice (Fig. 3E) were
consistent with those in the small intestine. Coincident with these adaptive changes in
intestinal and hepatic sterol synthesis was a discernable, although not statistically
significant, rise in fractional cholesterol absorption (Fig. 2A) and fall in fecal neutral sterol
excretion (Fig. 2B). While all of these changes are consistent with one another, they seem
incongruous with the finding that the restored BA pool in the CDCA supplemented mutants
consisted primarily of MCA.. Although this hydrophilic BA dominated the pool composition,
the size of the pool in the Cyp7al~/~ males given CDCA was about six times greater than in
their unsupplemented mutant controls (Fig. 1B). Thus, here is what may be an unusual
example of where size and compositional changes in the BA pool brought about by low
levels of dietary CDCA supplementation effect changes in intestinal and hepatic cholesterol
metabolism that cannot be predicted and so necessitate the direct measurement of such
parameters in the intact animal. Ideally this should also include gene expression levels
which in a number of cases were found to change dramatically in the Cyp7al ™~ mice given
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CDCA. Notable examples were the mRNA expression levels for Shp (Fig. 3K) and Fgfl15
(Fig. 3L) in the distal small intestine of the Cyp7al~'~ mice.

There is also an additional critical point concerning the type of diet selected for enrichment
with bile acid. Given that cereal-based rodent chow diets have a very low inherent
cholesterol content, the impact that physiological levels of BA supplementation have on the
enterohepatic flux of cholesterol and on intrahepatic cholesterol metabolism, should ideally
be determined using a diet with a moderately elevated cholesterol content. This is well
illustrated by the data from the study comparing hepatic cholesterol level in Cyp7al™~ mice
in which BA pool size had been restored using CDCA or CA (Fig. 4). In the group given
CDCA, the total cholesterol concentration in the liver was only 34% of that in matching
Cyp7al~~ mice given CA. These findings are fully consistent with what would be predicted
from the studies of Wang et al [10].

Finally, the CDCA-supplemented Cyp7al~/~ mouse model may potentially be of value for
further investigations on the question of how muricholic acid affects FXR activity in vivo.
Although CDCA is an FXR agonist [52], recent publications have identified tauro-SMCA
and aMCA as FXR antagonists [53, 54]. Future studies aimed at preventing the conversion
of CDCA to MCA (by inhibiting activity of the putative 6a/p hydroxylase), or manipulating
the taurine conjugation of MCA, will be required to further delineate the role of the different
isomeric forms of MCA in FXR-mediated control of bile acid and cholesterol metabolism.
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Bile acid pool size (A, B) and hepatic total cholesterol concentrations (C, D) in Cyp7al*/*

and Cyp7al~'~ mice given varying levels of dietary chenodeoxycholic acid

supplementation. The mice were fed their respective diets for 21 days. Values are the mean
+ SEM, n=8 animals per group. Different letters above bars denote statistically significant

differences between values (p < 0.05) as determined by one-way A NOVA.
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Fig. 2.
Parameters of intestinal and hepatic cholesterol metabolism in Cyp7al*/* and Cyp7al~/~

mice given a fixed level of dietary chenodeoxycholic acid supplementation. Male mice were
fed their respective diets for 15 to 18 days. The level of CDCA was 0.06% w/w. One set of
animals was used to measure cholesterol absorption (A) and neutral sterol excretion (B),
while a second set was used for determination of rates of intestinal (C) and hepatic (D)
cholesterol synthesis. Values are the mean = SEM, n=6 or 7 animals per group. Different
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letters above bars denote statistically significant differences between values (p < 0.05) as
determined by one-way ANOVA.
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Relative expression levels of mMRNA for multiple genes in the liver and small intestine of

Cyp7al™’* and Cyp7al~~ mice given a fixed level of dietary chenodeoxycholic acid

supplementation. The level of CDCA was 0.06% w/w. These tissues were from the male
mice used for the cholesterol absorption and sterol excretion measurements. The gene names
are given in Materials and Methods. Relative mRNA levels in individual animals were

determined by expressing of the amount of mRNA found relative to that obtained for

Cyp7al™’* mice not given bile acid supplementation which was arbitrarily set at 1.0. Values
are the mean + SEM, n=5 animals per group. Different letters above bars denote statistically
significant differences between values (p < 0.05) as determined by one-way ANOVA.
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Comparison of effect of dietary supplementation with either chenodeoxycholic or cholic
acid on hepatic total cholesterol concentrations in Cyp7al*/* and Cyp7al™~ mice fed diets
without and with added cholesterol. Female Cyp7al*/* and Cyp7al™~ mice were fed for 18
days either the basal diet alone, or containing added cholest e rol (0.2% wi/w), along with
either CDCA or CA at a level known to be sufficient to fully restore BA pool size in Cyp7a
17/~ mice (Fig. 1B for CDCA, and Reference [31] for CA). Values are the mean + SEM,

n=5 animals per group. Within the groups given diets either without or with added

cholesterol, different letters above bars denote statistically significant differences between

values (p < 0.05), as determined by one-way ANOVA.
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Relative expression levels of mMRNA for multiple genes in the livers of cholesterol-fed
Cyp7al*’* and Cyp7al~~ mice given fixed levels of either chenodeoxycholic or cholic acid
supplementation. The liver tissue for these analyses was derived from the same mice used in
the study described in Fig. 4C and D. mRNA levels in individual animals were determined
by expressing the amount of MRNA found relative to that obtained for Cyp7al*/* mice
given the cholesterol-enriched diet but without any bile acid supplementation. Values are
mean + SEM, n=5 animals per group. Different letters above bars denote statistically
significant differences between values (p < 0.05) as determined by one-way ANOVA.
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