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Loss of small heterodimer partner expression in the liver
protects against dyslipidemia®

Helen B. Hartman, KehDih Lai, and Mark J. Evans!
Cardiovascular and Metabolic Disease Research, Wyeth Research, Collegeville, PA 19426

Abstract Multiple studies suggest increased conversion of
cholesterol to bile acids by cholesterol 7o-hydroxylase
(CYP7ALl) protects against dyslipidemia and atherosclerosis.
CYP7ALl expression is repressed by the sequential activity of
two nuclear hormone receptors, farnesoid X receptor (FXR)
and small heterodimer partner (SHP). Here we demonstrate
129 strain SHP™ /™ mice are protected against hypercholes-
terolemia resulting from either a cholesterol/cholic acid
(chol/CA) diet or from hypothyroidism. In a mixed 129-
C57B1/6 background, LDLR/~ and LDLR / "SHP /"
mice had nearly identical elevations in hepatic cholesterol
content and repression of cholesterol regulated genes when
fed a Western diet. However, the LDLR 7 SHP /™ mice
had greatly reduced elevations in serum VLDL and LDL
cholesterol levels and triglyceride (TG) levels as compared
with LDLR ™/~ mice. Additionally, the hepatic inflammation
produced by the Western diet in the LDLR /™ mice was abol-
ished in the LDLR /" SHP ™/~ mice. CYP7Al expression was
induced 10-fold by the Western diet in the LDLR /~SHP ™/~
mice but not in the LDLR /"~ mice. Finally, hepatocyte-
specific deletion of SHP expression was also protective
against dyslipidemia induced by either a chol/CA diet or
by hypothyroidism.|Hf While no antagonist ligands have yet
been identified for SHP, these results suggest selective inhi-
bition of hepatic SHP expression may provide protection
against dyslipidemia.—Hartman, H. B., K. Lai, and M. J.
Evans. Loss of small heterodimer partner expression in the
liver protects against dyslipidemia. J. Lipid Res. 2009. 50:
193-203.
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Small heterodimer partner (SHP) is an orphan nuclear
receptor lacking a DNA-binding domain (1). In vitro assays
have suggested that SHP can bind to and either repress or
enhance the activity of numerous other transcription fac-
tors (2). SHP is expressed in multiple organs including the
liver, intestine, adrenals, adipose, pancreas, skeletal muscle,
and heart. The function of SHP in many of these organs
remains unknown. The best characterized physiological
role for SHP is in the liver, where SHP functions as part
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of the negative feedback loop controlling bile acid synthe-
sis. Bile acids bind to and activate the farnesoid X receptor
(FXR), which subsequently induces SHP transcription (3,
4). SHP then inhibits transcription of two genes regulating
the size and hydrophobicity of the bile acid pool, choles-
terol 7a-hydroxylase (CYP7A1) and sterol 12a-hydroxylase
(CYP8BI), respectively (5, 6). Thus when bile acid levels
are elevated, the FXR/SHP pathway functions as a classical
negative feedback regulatory loop to return bile acid levels
to appropriate levels. In either FXR™/~ or SHP ™/~ mice,
this pathway is defective, and the knockout mice have a
constitutively elevated bile acid pool size (7-10).

The expression of CYP7A1 is known to correlate with
plasma LDL cholesterol levels. In humans, genetic poly-
morphism studies have demonstrated that the CYP7A1
locus contributes to heritable variations in plasma LDL
cholesterol levels within populations (11). Further, hu-
mans with a homozygous deletion of CYP7A1 have greatly
reduced rates of cholesterol conversion into bile acids, he-
patic steatosis, and LDL cholesterol levels increased by ap-
proximately 40% (12). Similarly, there is also an inverse
correlation between CYP7A1 expression and plasma choles-
terol levels in primates (13). In mice, transgenic overexpres-
sion of CYP7A1 blocks dietinduced hypercholesterolemia
and atherosclerosis (14, 15). The loss of SHP repression
of CYP7A1 expression could thus be predicted to have
beneficial effects on LDL cholesterol levels. Further, SHP
may play a role in regulating HDL cholesterol levels. Acti-
vation of FXR is known to reduce HDL cholesterol levels
(16). This may be mediated in part by the direct binding
of FXR to the apoAl promoter (17). Alternatively, SHP has
been demonstrated to repress liver receptor homolog-1
(LRH-1) activation of the apoAl promoter, and transgenic

Abbreviations: apoE, apolipoprotein E; chol/CA, cholesterol/
cholic acid; CYP7ALI, cholesterol 7a-hydroxylase; CYP8BI, sterol 12 a-
hydroxylase; FGF-15, fibroblast growth factor-15; FPLC, Fast protein lig-
uid chromatography; FXR, farnesoid X receptor; IBABP, ileal bile acid
binding protein; LDLR, low density lipoprotein receptor; LRH-1, liver re-
ceptor homolog-1; LXR, liver X receptor; PXR, pregnane X receptor; SHP,
small heterodimer partner; TG, triglyceride; WT, wild-type.
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overexpression of SHP significantly reduces HDL choles-
terol levels (18), together suggesting a loss of SHP could
also elevate HDL cholesterol levels.

Several studies have examined the role of FXR in dys-
lipidemia and atherosclerosis in mice. The initial studies
of FXR™/™ mice demonstrated an increase in cholesterol
content of the VLDL, LDL, and HDL fractions resulting in
a proatherogenic lipid profile (8, 19). FXR is expressed at
high levels in the liver and intestine, but deletion of FXR
expression in the liver is sufficient to increase plasma total
cholesterol and triglyceride (TG) levels (20). The effects
of the loss of FXR on plasma lipids differ between apolipo-
protein E (apoE) ™/~ and low density lipoprotein receptor
(LDLR)_/ ~ mice. Male FXR ™/ _apoE_/ " mice had increased
plasma lipid levels and atherosclerotic lesion areas as com-
pared with apoE™/~ mice (21). In male LDLR™/“FXR™/~
mice, plasma LDL cholesterol levels and lesion size were
reduced compared with LDLR ™/~ mice, while in females
there was no difference between plasma LDL cholesterol
levels and lesion size between LDLR ™/ "FXR ™/~ and
LDLR /™ mice (22).

The effects of the loss of SHP on cholesterol levels are
less well explored. SHP /™ mice (9, 10) do not have altered
total cholesterol levels (10) and are resistant to elevation of
total cholesterol levels when fed a diet containing 2% cho-
lesterol plus 0.5% CA (23). However, recent results indicate
the loss of SHP protects against steatosis in ob/ob mice by
increasing VLDL secretion (24), suggesting the loss of SHP
may also have negative effects on plasma cholesterol levels.
Finally, SHP is expressed at significant levels in the liver and
small intestine, two organs with major roles in cholesterol
homeostasis (25), and the relative role of SHP expression
in these two organs is undetermined. Here we demonstrate
the loss of SHP can protect against elevations of VLDL or
LDL cholesterol levels in multiple models of dyslipidemia
in the mouse. Further, the selective loss of SHP expression
in hepatocytes recapitulates the protection seen in the
complete absence of SHP, demonstrating that hepatocyte
SHP is critical for these effects.

MATERIALS AND METHODS

Mice

Floxed SHP mice were generated on the 129svEv-Brd back-
ground. The SHP genomic locus contains two exons, with the
translation start in exon 1. A construct in which a 5 LoxP site
was placed 1.3 kb upstream from the transcription start site and
a neomycin resistance cassette and 3’ LoxP site was placed 0.4 kb
downstream of exon 1 was introduced into embryonic stem cells
to generate a floxed SHP allele (see supplementary Fig. I). Cells
confirmed to have the mutation by PCR, and genomic Southern
blot were injected into mouse blastocysts, and chimeric mice were
generated. To generate SHP /™ mice, the SHP*/°% mice were
bred with mice transgenic for Cre recombinase under the con-
trol of the protamine promoter (Jackson Laboratories, strain
#003328) to generate SHP™/~. SHP */~ mice were interbred to
generate SHP+/+, SHP+/7, and SHP™/~ littermates for initial
studies. Subsequent studies were performed using separate
SHP ™/~ and 129svEv-Brd control breeding colonies. To generate
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hepatocyte specific deletion of SHP, SHP*/1°% mice were bred

with transgenic C57B1/6 mice expressing Cre recombinase under
the control of the albumin promoter (Jackson Laboratories,
#003574). Resulting offspring that were SHP*/1°*Alb-Cre were
bred to mice lacking the transgene to generate SHP"/1*Ah-
Cre mice (SHP"P/"“P) plus the control SHP™*1°* mice, both
in a 129-C57B1/6 mixed background. To generate mice lack-
ing LDLR and SHP, SHP ™/~ mice were bred to C57Bl/6 back-
ground LDLR /™ mice (Jackson Laboratories, #002207) to
generate LDLR"/“SHP"/~ mice on a mixed 129-C57B1/6 back-
ground. These heterozygous mice were then interbred to generate
LDLR /“SHP™/~ mice. FXR™/~ mice on a C57Bl/6 background
were obtained from Jackson Laboratories (#004144).

Mice were genotyped with PCR reactions containing specific
primers for each induced mutation. Mouse-tail snips were di-
gested in 190 pl tail digestion buffer (50 mM Tris-HCL pH 8.0,
0.5% SDS, 50 mM EDTA pH 8.0) plus 10 pl of Proteinase K
(20 mg/ml, Promega) overnight at 55°C, then inactivated for
20 min at 95°C. The inactivated digest was utilized in PCR reactions.
All PCR reactions contained 12.5 ul GoTaq mixture (Promega),
1 pl tail digest, primers (25 pmole each), and water to 25 pl.
Cycling conditions were 95°C for 5 min, then 35 cycles of 95°C
for 30 s, 58°C for 30 s, and 72°C for 30 s, then 72°C for 5 min.
SHP wild-type (WT), conditional, and constitutive deleted alleles
were distinguished with a three-primer reaction. A forward primer
GCCTTTAACTCAAGTACTAGGGAGGCAG (F1) plus two reverse
primers CTACCCAGAGCGACATGGTGAGAC (R1) and
AGTTGTGTCTGGTTCCTGACCTTGG (R2) were used to differ-
entiate SHP alleles (see supplementary Fig. I). These primers pro-
duce a product of 324 base pairs for the WT allele, 409 base pairs
for the conditional allele, and 496 base pairs for the deleted allele.
The albumin-cre transgene was detected with cre-specific primers
GTGGCAGATGGCGCGGCAACACCATT and GTGGCA-
GATGGCGCGGCAACACCATT to produce a 726 base pair prod-
uct. All PCR reactions to detect the presence of the transgene
contained primers (CCAATCTGCTCACACAGGATAGAGAGGG-
CAGG and CCTTGAGGCTGTCCAAGTGATTCAGGCCATCG)
that produce a 500 base pair product as an internal control.

In vivo studies

All procedures involving animals were reviewed and approved
by the Wyeth Institutional Animal Care and Use Committee. Age-
and sex-matched 8—10-week-old mice were fed standard chow
(5001; Harlan Teklad, Madison, WI) and housed in a tempera-
ture controlled virus free facility on a 12 hr light/dark cycle with
free access to food and water. Where indicated, mice were fed
standard chow supplemented with 2% cholesterol and 0.5% CA
(Sigma Aldrich, St. Louis, MO) for 5 to 10 weeks. Mice on a West-
ern diet were fed a high-fat diet containing 42% fat and 0.2%
cholesterol (TD88317; Harlan Teklad, Madison, WI) for 7 days.
For hypothyroidism studies, mice were fed a hypothyroid diet
(TD95125; Harlan Teklad, Madison, WI) for 21 days. At the
end of each study, animals were fasted for 4 h, euthanized, and
blood samples collected by cardiac puncture for lipid analysis.
Liver and ileum tissue were removed for mRNA quantification.

RNA analysis

RNA was isolated from frozen tissue as described previously
(26). Gene expression was measured by real time reverse
transcription-PCR using an ABI PRISM 7700 Sequence Detection
System (PE Applied Biosystems, Foster City, CA). Specific real-
time PCR primers and probes were used for the following mouse
genes: SHP, CYP7A1, CYP8B1, CYP3All, FGF15, FXR, GSTAL,
VCAM, ICAM-1, TNFuq, ileal bile acid binding protein (IBABP),
and OSTa (see supplementary Fig. IT). All results were normalized
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to GAPDH (4308313; PE Applied Biosystems, Foster City, CA) and
are the mean * SEM. Statistical significance was determined by
ANOVA. Microarray analysis of liver or ileum RNA was performed
essentially as described previously (27).

Lipid analysis and liver function tests

Total serum cholesterol (Roche kit# 12217295 001), TGs
(Roche kit# 12146029 216), ALT (Roche kit# 12217317 001),
and AST (Roche kit# 12217309 001) levels were quantified with
a Roche/Hitachi 912 clinical chemistry analyzer (Roche Diagnos-
tics, Indianapolis, IN). Serum VLDL, LDL, and HDL cholesterol
were determined by fast performance liquid chromatography as
previously described (28). Where indicated, serum LDL (Roche
kit# 04714423 190) and HDL (Roche kit# 03030024 122) choles-
terol levels were measured with a Roche/Hitachi 912 clinical
chemistry analyzer (Roche Diagnostics, Indianapolis, IN). Hepatic
lipid content was determined as described previously (28).

RESULTS

The nuclear hormone receptors FXR and SHP are criti-
cal to the control of bile acid synthesis. To determine the
effects of loss of SHP on lipid metabolism, SHP knockout
(SHPf/ ~) mice on a 129 strain background were created
by generation of mice containing a floxed SHP exon 1 fol-
lowed by crossing to mice containing a protamine CRE
construct. Expression of SHP mRNA was undetectable in
the livers or ileums of these mice (Fig. 1). The SHP /~
mice had elevated hepatic mRNA levels of the bile acid
synthetic genes CYP7A1 and CYP8B1 similar to FXR™/~

mice. Further, FXR mRNA levels were increased in the
SHP /" mice. As previously described, there was no de-
crease in hepatic FXR signal in the real time PCR assay
in the FXR™/ ™ mice due to the production of an aberrant
transcript potentially encoding a truncated FXR protein
(8). Fibroblast growth factor-15 (FGF-15) expression in
the ileum has been demonstrated to be under the control
of FXR and bile acid pool size (29, 30). FGF-15 expression
was strongly increased in the ileum of the SHP~/~ mice.
These results are consistent with expansion of the bile acid
pool size in SHP™/~ (9, 10).

Although FXR™/~ and SHP™/~ mice had similar effects
on CYP7A1 and CYP8BI, FXR ™/~ mice in a C57Bl/6 back-
ground had increased serum total cholesterol and TG lev-
els as compared with control mice, while SHP /™ mice
had no change in lipid levels as compared with control
mice (Fig. 2). Expression of pregnane X receptor (PXR)
regulated genes such as CYP3Al1l and GSTAI were in-
creased in the FXR™/ ™ mice as expected because bile acids
can function as ligands for PXR (31), although this did not
occur in the SHP™/~ mice. Similarly, markers of hepatic
inflammation including serum ALT and AST levels were
elevated in the FXR™/~ mice, but not in the SHP ™/~ mice,
suggesting the loss of SHP was providing an offsetting ben-
eficial activity on plasma lipids and hepatic inflammation.

To determine directly whether the loss of SHP could
have beneficial effects on dyslipidemia, SHP'/*, SHP™/ o,
and SHP™/~ mice were generated by interbreeding of
SHP"/~ mice. In order to induce dyslipidemia, the mice
were challenged with a diet containing 2% cholesterol
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Fig. 1. Gene expression in C57Bl/6 wild-type (WT) mice, C57B1/6 farnesoid X receptor (FXR) ~/~ mice, 129 WT mice, 129 small heterodimer
partner (SHP) '~ mice. Total RNA was prepared from the livers and ileums of female and male mice between 8 and 10 weeks of age fed a
standard chow diet. mRNA levels were quantified by real-time PCR, with expression levels normalized for GAPDH. The mean expression level
in female C57Bl/6 mice was defined as 1.0 for each gene. Values shown are the mean * SE (n = 6 per group).
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Fig. 2. Lipid levels and inflammatory markers in C57Bl/6 WT mice, C57Bl/6 FXR™/~ mice, 129 WT mice, 129 SHP™/~ mice. Total cho-
lesterol, triglyceride (TG), ALT, and AST levels in serum obtained from female and male mice between 8 and 10 weeks of age fed a standard
chow diet were quantified using a Hitachi 912 clinical chemistry analyzer. Hepatic mRNA levels were quantified by real-time PCR, with
expression levels normalized for GAPDH. The mean expression level in female C57Bl/6 mice was defined as 1.0 for each gene. Values

shown are the mean = SE (n = 6 per group). * P < 0.01.

and 0.5% chol/CA for 5 weeks. The basal level of he-
patic SHP mRNA was partially reduced in the SHP" ™ mice
(Fig. 3A). In the SHP /" and SHP™/ ™ mice, the chol/CA
diet increased SHP mRNA levels to a similar extent. Repres-
sion of CYP7A1 and CYP8B1 mRNA by chol/CA occurred
to a similar magnitude in the SHP*/* and SHP™/ ™ mice,
but was completely absent in the SHP ™/~ mice. The serum
levels of VLDL and LDL were strongly increased in the
SHP"/™ mice fed the chol/CA diet (Fig. 3B and Table 1).
This was accompanied by a decrease in the HDL cholesterol
levels in the SHP™/* mice on the chol/CA diet. Compared
with their WT littermates, the SHP ™/~ mice were almost
completely resistant to the chol/CA diet effects on VLDL,
LDL, or HDL cholesterol levels. The SHP™/~ appeared to
show an intermediate effect, with a partial loss of SHP being
sufficient to confer significant protection against diet-
induced elevations in VLDL cholesterol but providing less
protection against diet-induced elevations in LDL choles-
terol. Similar protective effects were seen in male and
female SHP™/ ", and this protection was maintained when
the mice were fed the chol/CA diet for 10 weeks (Table 1).

Diets containing CA are known to induce hepatic in-
flammation. In agreement with this, the expression of sev-
eral inflammatory marker genes including VCAM, ICAM-1,
and TNFa was increased in the livers of the SHP™/* mice
(Fig. 3C). The basal level of expression of these genes was
not altered in the SHP ™/~ mice, and there was no induc-
tion of these genes in the SHP /"~ mice by the chol/CA
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diet. In the SHPY/~ mice, the chol/CA diet induced
VCAM expression to the same magnitude as seen in the
SHP™/" mice. In contrast, the induction of ICAM-1 and
TNFa was partially reduced in the SHP*/~ mice. These re-
sults suggest that various inflammatory genes may have
differing sensitivity to the loss of SHP. Further, since
the regulation of CYP7A1 and CYP8B1 was similar in the
SHP ™" and SHP'/ ™~ mice, the effects observed in the
SHP"/~ mice on VLDL cholesterol or ICAM-1 or TNFa
expression suggest these effects may be mediated partly
via pathways other than regulation of bile acid synthesis.

To study the effect of the loss of SHP in a more physio-
logical model of dyslipidemia not dependent upon the
presence of CA in the diet, mice were fed an iodine-deficient
diet supplemented with propylthiouracil in order to induce
hypothyroidism (32). Hypothyroid WT mice had an increase
in total cholesterol primarily due to a large increase in LDL
cholesterol accompanied by a small increase in HDL choles-
terol (Fig. 4). VLDL levels were not increased in hypothy-
roid mice (not shown). A similar degree of hypothyroidism
was produced in the SHP™/~ as in the WT mice. However,
the levels of total, LDL, and HDL cholesterol were only
slightly elevated in SHP™/~ mice.

To characterize further if the loss of SHP could protect
aginst dyslipidemia, SHP /™ mice were crossed with
LDLR™/~ to generate LDLR™/“SHP ™/~ mice (Fig. 5A).
Dyslipidemia was induced in these mice by feeding a West-
ern diet without any CA. When the LDLR ™/~ mice were
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Fig. 3. SHP /™ mice are protected from diet-induced hypercholesterolemia. SHP*/~ mice were interbred to generate SHP+/+, SHP+/_,

and SHP™/~ mice. At 8 to 10 weeks of age, the mice were either maintained on a chow diet (gray bars) or switched to a diet supplemented
with 2% cholesterol and 0.5% cholic acid (CA) (black bars). After 5 weeks of feeding, serum lipid levels and mRNA expression was deter-

mined. A: Hepatic SHP, CYP7A1, and CYP8BI1 expression were quantified by real-time PCR with normalization for GAPDH expression. The

expression level in SHP*/* mice fed a chow diet was defined as 1.0. All values are the mean * SE (n = 12 to 23 mice per group). B: Serum
total cholesterol levels were determined using a Hitachi 912 clinical chemistry analyzer. Fast protein liquid chromatography (FPLC) was

performed to determine the cholesterol distribution in VLDL, LDL, and HDL. FPLC profiles are for representative animals from each
group. Bar graphs are the group mean * SE. C: Hepatic mRNA levels for vascular cell adhesion molecule (VCAM), intracellular adhesion
molecule-1 (ICAM-1), and tumor necrosis factor a (TNF) were determined by real-time PCR. * P < 0.01 for diet effect.

fed a Western diet for 7 days, serum TG, VLDL cholesterol,
and LDL cholesterol were greatly increased (Fig. 5B). In
contrast, the LDLR /“SHP /™ mice consuming a Western
diet showed no increase in TG or VLDL cholesterol levels,

TABLE 1. Lipoprotein analysis of SHP™/* and SHP™/~ mice
VLDL LDL HDL
Chow* Chol/CA Chow Chol/CA Chow Chol/CA
5 weeks
SHP™/* Male 4+ 1° 87 +9 5+ 1 71 + 6 127 = 2 96 + 5
SHP ™/~ Male 5+ 1 24 + 6 5+ 1 24 + 4 112 + 5 85 + 7
SHP™/* Female 21 + 8 118 = 11 23+ 9 44 + 3 91 + 16 73 + 8
SHP ™/~ Female 33 + 14 51 + 11 21 + 7 20 + 2 70 + 13 58 = 12
10 weeks
SHP*/* Male 10 =3 125 + 25 21 + 15 61 + 13 114 + 17 63 + 24
SHP ™/~ Male 13+5 25 * 3 9+3 24 + 4 85 + 13 84 +9
SHP™/* Female 9+1 130 = 11 8+ 1 46 = 7 100 = 7 66 + 13
SHP ™/~ Female 69 + 24 68 + 20 6*1 133 56 + 22 76 + 18

“ At 8 to 10 weeks of age, SHP*/* mice and SHP™/~ mice were either maintained on a chow diet or switched to
a diet supplemented with 2% cholesterol and 0.5% cholic acid (CA) for 5 or 10 weeks.
? All values are the mean cholesterol concentration (mg/dl) = SE. n = 6 to 12 mice per group.

Loss of SHP protects against dyslipidemia

and had a greatly reduced elevation in LDL cholesterol
levels. The Western diet had no effect on HDL cholesterol
levels in the LDLR ™/~ mice, while HDL cholesterol levels
were increased by the Western diet in the LDLR ™/~ SHP ™/~

197

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

Supplemental Material can be found at:
http://www.jlr.org/content/suppl/2008/10/09/M800323-JLR20

0.DC1.html
T4 Total Chol
6 250 *
§ T 200
4 B
- < 150
E 3 b
g £ 100 ]
2 4
. " * 50 1
T S
+/+ o ++ ofs
LDL Chol HDL Chol
200
80 = o
704 180 4
a0 160
140 4
_ 504 _ 120 |
=] ©
5,404 =, 100
g £
30+ 80 1
20 60 1
40
10 o
0 0
++ -I- ++ e

Fig. 4. Hypothyroid SHP~/~ mice are protected from increased
LDL cholesterol levels. SHP™/* and SHP™/~ mice at 8 to 10 weeks of
age were maintained on a standard chow diet (gray bars) or switched
to an iodine-deficient diet supplemented with propylthiouracil
(black bars) for three weeks. Serum T4, total cholesterol, LDL cho-
lesterol, and HDL cholesterol levels were determined using a Hitachi
clinical chemistry analyzer. *P < 0.01 for diet effect (n = 4 males and
4 females per group). Values are the mean * SE.

mice. The Western diet also resulted in increased hepatic
expression of hepatic inflammatory marker genes including
VCAM, ICAM-1, and TNFa in the LDLR ™/~ mice (Fig. 5C).
Again the loss of SHP expression in the LDLR ™/ “SHP™/~
mice resulted in a near complete block in the induction of
these genes.

In contrast to the reduced serum cholesterol levels seen
in the LDLR™/“SHP ™/~ mice, hepatic total cholesterol,
nonesterified cholesterol, and TG contents were equally
increased by the Western diet in the LDLR /™ and
LDLR™/~SHP ™/~ mice (Fig. 5D). Similarly, the expression
of 20 genes involved in cholesterol biosynthesis (see sup-
plementary Table I) were down-regulated to the same
magnitude by the Western diet in the LDLR™/~ and
LDLR /~SHP /™ mice (Fig. bE). Finally, although choles-
terol content of the ileum could not be measured directly
due to diet remaining within the tissue sample, repression
of a set of 20 cholesterol metabolism genes was used to
determine cholesterol content of the ileum. For all genes,
dietary repression was either the same or greater in the
LDLR /~SHP/~ mice as compared with the LDLR ™/~
mice, suggesting that cholesterol levels in the enterocytes
of the LDLR /“SHP /™ mice were at least the same or
greater than the LDLR /™ mice. Together these results
suggest that similar levels of cholesterol were absorbed
and delivered to the liver in the LDLR ™/~ and LDLR /"~
SHP /"~ mice consuming the Western diet. A potential ex-
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planation for decreased serum cholesterol levels in the
context of increased hepatic cholesterol levels is for in-
creased cholesterol elimination. In support of this model,
there was significantly higher levels of expression of
CYP7AL in the liver of the LDLR™/“SHP /"~ compared
with the LDLR™/~ mice on the Western diet (Fig. bF).
The increased CYP7A1 expression would be expected to
increase the bile-acid pool size, resulting in the elevated
expression of the FXR target genes IBABP, organic solute
transporter «, and FGF-15 in the ileums of the LDLR ™/~
SHP /™ mice (Fig. 5F). Although CYP7A1 expression
further increased when the LDLR™/“SHP /™ mice were
fed a Western diet, in the ileum only FGF15 expression
further increased under these conditions.

The above results suggest that the loss of SHP expres-
sion specifically within the hepatocyte is responsible for
the protection against dyslipidemia. To confirm this, mice
containing the floxed SHP allele (SHP!ox/f1o%y yere
crossed with mice expressing Cre under the control of the
albumin promoter to generate mice selectively deficient in
SHP in the hepatocyte (SHP"P/"“P), SHP expression was
undetectable in the livers of the SHPP/2P mice (Fig. 6A),
but normal levels of SHP were expressed in the ileum of the
SHP"*P/1*P mice. When mice were fed a chol/CA diet, the
SHP /™ and SHP"®P/"*P mice maintained significantly
higher levels of CYP7A1 and CYP8B1 expression than did
the WT or SHP"*/"'°* mice. Analysis of serum lipids re-
vealed an identical degree of protection in the SHP™/~
and SHP"P/"P mice fed a chol/CA diet (Fig. 6B). Finally,
the SHP"P/heP mice were also resistant to hypothyroidism-
induced increases in LDL cholesterol (Fig. 6C). In these
mice, neither the SHP™/~ nor SHP"*P/"*P mice showed
any reduction of the HDL cholesterol increase produced
by the hypothyroid diet as compared with WT or SHpilox/flox
mice, suggesting this effect is variable. In both models, the
magnitude of protection was nearly identical in the SHP ™/~
and SHP"P/"“P mice, indicating it was loss of SHP within
hepatocytes that was protective for elevations in serum cho-
lesterol, particularly in regard to LDL cholesterol elevations.

DISCUSSION

Hypercholesterolemia is a well-known risk factor for the
development of atherosclerosis. Recent clinical trials have
demonstrated the aggressive lowering of LDL cholesterol
levels not only stops atherosclerotic lesion progression
but may actually regress lesion size (33). Presently the
two major methods for lowering LDL cholesterol levels
are statins to inhibit cholesterol synthesis and ezetimibe
to inhibit cholesterol absorption. Yet many treated patients
fail to achieve target LDL cholesterol levels (34).

Here we demonstrate that loss of SHP significantly re-
duces LDL cholesterol levels in three distinct models of
dyslipidemia in 129 strain or 129 mixed strain mice. First,
SHP /™~ mice were protected from increased plasma total
cholesterol levels when fed a cholesterol plus CA diet as
seen previously (23). Importantly, the loss of SHP blocked
the diet-induced increases in VLDL and LDL cholesterol
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Fig. 5. Low density lipoprotein receptor (LDLR) /~SHP /" mice are protected from Western diet dyslipidemia. LDLR /™ mice were
crossed with SHP™/~ mice to generate LDLR*/“SHP"/™~ mice, which were then interbred to generate LDLR™/~SHP"/* and LDLR /"~
SHP ™/~ mice. At 8 to 10 weeks of age, LDLR /"~ and LDLR /“SHP /" male mice (n = 5 per group) were either maintained on a chow
diet (gray bars) or placed on a Western diet for 7 days (black bars). A: Hepatic SHP mRNA was quantified by real-time PCR, with values
normalized for GAPDH expression. Expression in LDLR ™/~ mice fed a chow diet was defined as 1.0. B: Serum total cholesterol and TG
levels were determined using a Hitachi 912 clinical chemistry analyzer. VLDL, LDL, and HDL cholesterol levels (mg/dl) were determined
by FPLC. * P < 0.01 for diet effect. C: Hepatic VCAM, ICAM-1, and TNFa expression was determined by real-time PCR. * P < 0.01 for
diet effect. D: Hepatic total cholesterol, nonesterified cholesterol, and TG content (mg/g) was determined as previously described (28).
* P < 0.01 for diet effect. E: Expression of a panel of 20 cholesterol regulated genes was determined by GeneChip as described in supple-
mentary Table I. The fold repression by the Western diet in the LDLR™/~SHP~/~ mice is plotted against the fold repression by the Western
diet in the LDLR ™/~ mice. The dotted line denotes equivalent repression in the LDLR /™ and LDLR/“SHP /" mice. F: Expression of
CYP7A1 and CYP8BI in the liver and expression of FGF15, ileal bile acid binding protein (IBABP), and OSTa in the ileum were determined
by real-time PCR. * P < 0.01 expression level as compared with LDLR™/~ mice on chow diet. Values are the mean * SE.
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Fig. 6. Selective loss of SHP expression in hepatocytes protects against diet-induced dyslipidemia. Mice containing the floxed SHP exon 1
(SHP1**/1°%) yvere crossed with albumin Cre transgenic mice to create mice with the SHP gene selectively inactivated in hepatocytes
(SHP"P/hePy A: SHP'/*, SHP™/~, SHP"/* and SHP"“P/"P mice at 8 to 10 weeks of age were either maintained on a chow diet (gray
bars) or switched to a diet supplemented with 2% cholesterol and 0.5% CA (black bars) for 5 weeks. Gene expression in the liver and ileum
was quantified by real-time PCR. All values were normalized for GAPDH expression, with expression in SHP*/* mice on a chow diet defined
as 1.0 for each gene. ¥ P < 0.01 (n = 12 for each group). B: Serum total cholesterol, LDL cholesterol, and HDL cholesterol were deter-
mined using a Hitachi 912 clinical chemistry analyzer. * P< 0.01 (n = 12 for each group). C: SHP™/*, SHP ™/, SHP"*/1°% and SHP"P/"P
mice at 8 to 10 weeks of age were either maintained on a chow diet (gray bars) or switched to a low iodine diet supplemented with
propylthiouracil (black bars) for 3 weeks. Serum total cholesterol, LDL cholesterol, and HDL cholesterol were determined using a Hitachi

912 clinical chemistry analyzer. * P < 0.01. Values are the mean * SE.

levels (Fig. 3). This diet also decreased HDL cholesterol
levels in WT mice but had no effect on HDL cholesterol lev-
els in the SHP™/ ™. While the effects of FXR on lipids have
been demonstrated to differ between male and female
mice (22), a similar sustained protection of SHP ™/~ males
and females was observed at all time points examined.
Because the cholesterol plus CA diet dyslipidemia does
not well reflect human dyslipidemia, the effects of the loss
of SHP were evaluated in two additional models in which
LDL cholesterol is elevated via changes in LDLR expres-
sion. Hypothyroidism increases LDL cholesterol levels in

200 Journal of Lipid Research Volume 50, 2009

humans and in mice, mediated in part by the ability of
thyroid hormone to regulate transcription of the LDLR
gene (32). SHP ™/~ were highly resistant to the large in-
crease in LDL cholesterol that occurs in hypothyroid mice
(Fig. 4).

Second, the SHP /™ mice were intercrossed with
LDLR ™/~ mice to generate mixed 129-C57Bl/6 back-
ground LDLR /“SHP /™ mice. When fed a Western diet,
the LDLR™/“SHP™/~ mice were almost completely resis-
tant to diet-mediated increases in TGs, VLDL cholesterol,
or LDL cholesterol but had increased HDL cholesterol as
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compared with the LDLR ™/~ mice (Fig. 5). The mechanis-
tic basis for these effects may reside in partin the regulation
of CYP7A1 expression. In the LDLR /™ mice, the Western
diet slightly repressed CYP7A1 expression, while in the
LDLR /“SHP ™/~ mice, the Western diet strongly induced
CYP7A1 expression. Feeding the Western diet will increase
hepatic cholesterol levels and also hepatic oxysterol levels.
Oxysterols are endogenous ligands for liver X receptor
(LXR) that induce expression of CYP7A1 (35, 36). How-
ever, the increased production of bile acids will also activate
FXR, induce SHP, and repress CYP7A1 expression. Addi-
tionally, increased bile acids will also induce FGF-15 expres-
sion in the intestine, which can signal to reduce CYP7Al
expression in the liver. In the absence of SHP, both of these
inhibitory pathways for CYP7A1 expression are eliminated
(30), while the LXR activation pathway for CYP7A1 expres-
sion remains intact. Thus the LDLR™/“SHP ™/~ mice had
increased basal expression of CYP7A1, and feeding the
Western diet actually further induced CYP7A1 expression.
Human genetic evidence and numerous animal experi-
mental models have suggested that an increase in CYP7A1
expression would also lower LDL cholesterol levels. Bile
acid sequestrants induce CYP7A1 expression, reduce LDL
cholesterol levels, and reduce the incidence of coronary
heart disease but are seldom used due to undesirable side
effects including hypertriglyceridemia (37). This would not
appear to be an issue for inhibition of SHP because the
SHP ™/~ mice were also protected from diet-induced hyper-
triglyceridemia.

Overexpression of CYP7A1 blocks the increase in he-
patic lipids that occurs when LDLR ™/~ mice are fed a West-
ern diet (14). The LDLR™/“SHP "/~ mice did not have
reduced hepatic lipid levels nor altered patterns of choles-
terol regulated gene expression. Thus upregulation of
CYP7A1 expression is unlikely to provide the sole mecha-
nism for the observed protective lipid effects. The loss of
SHP also reduced markers of hepatic inflammation in
either SHP™/~ mice fed a cholesterol plus CA diet or in
LDLR /“SHP "/~ mice fed a Western diet. The precise
mechanism (s) responsible for these diet-induced inflam-
matory effects are unknown, although both the cholesterol
and CA components can produce hepatic inflammation
(38). Monocytic differentiation of HL-60 leukemia cells in-
creases SHP expression in part through c-Jun activation of
the SHP promoter (39). Further, SHP is a coactivator for
nuclear factor kB, and is essential for nuclear factor kB ac-
tivation by palmitoyl lysophosphatidylcholine, a major
component of oxidized LDL (40). This inhibition of the
proinflammatory effects of lipid accumulation in the livers
of SHP™/~ may also have contributed to the beneficial ef-
fects on plasma lipids.

Because SHP has been demonstrated to repress the ac-
tivity of many other nuclear hormone receptors in vitro, it
could be postulated that many of the beneficial effects of
SHP /"~ may in fact be mediated by increased activity of
other nuclear hormone receptors. SHP represses the activ-
ity of the human LXRa (41), and LXRa regulates plasma
lipid levels and has anti-inflammatory effects in mice (42).
No differences in T0901317-mediated gene induction were

observed between SHP™/~ and WT mice for several LXR
target genes in either the liver or the ileum (data not
shown). Similarly, SHP also represses estrogen receptor o
activity (43), and estrogen receptor o induces SHP expres-
sion (26) suggesting a putative negative feedback pathway.
Again though no changes were observed in induction of
several estrogen receptor o target genes by ethynylestradiol
in livers of ovariectomized female SHP~/~ mice compared
with WT mice (data not shown). Finally, SHP has also been
shown to be able to repress PXR activity (44). However no
change in expression of PXR target genes was observed in
SHP™ /"~ mice (Fig. 2), and no difference in induction of
CYP3A11 by the PXR agonist pregnenolone 16a-carbonitrile
(PCN) is evident in SHP ™/~ mice (data not shown). Exten-
sive characterization of 12-week-old SHP™/~ mice has
failed to identify the numerous pathologies that might be
predicted if SHP altered the constitutive activity of multiple
nuclear receptors in vivo (data not shown). The number of
nuclear receptors regulated in vivo by SHP may thus be
fewer than predicted by in vitro studies. However, one nu-
clear receptor that may be activated in the SHP /™ mice is
FXR due to the expansion of the bile acid pool size (as evi-
denced by the increase in IBABP, OSTq, and FGF-15 ex-
pression in the ileum, Fig. 5). FXR activation reduces TG
levels (45) and may have a protective activity in inflamma-
tion (46). A major concern though of FXR activation has
been the potential negative consequences of repression
of CYP7A1 expression, which has led to the search for
FXR regulators with gene selectivity (47). In certain re-
spects, the effects observed in the SHP /™ mice may pre-
dict the effects that could be obtained with gene-selective
FXR agonists that were inactive for induction of SHP ex-
pression. Delineation of the role of FXR activation in the
beneficial effects observed in SHP ™/~ mice will require
analysis of FXR™/“SHP™/~ mice.

No crystal structure is known for SHP, and no ligands for
SHP have been reported. Development of a SHP antago-
nist may thus prove to be difficult. Here though we have
demonstrated that the selective inactivation of SHP within
hepatocytes has the same beneficial activities as the com-
plete loss of SHP, opening up alternative methods for
the pharmacological inhibition of SHP, such as antisense
oligonucleotides. For example, antisense oligonucleotides
which reduce PCSK9 expression in the liver increase LDLR
levels and decrease LDL cholesterol (48). Whether a similar
approach will work for SHP is not yet known. Distinct from
PCSKO9 inhibition, the protection against dyslipidemia con-
ferred by the loss of SHP appears to be independent of
LDLR expression. SHP inhibitors can thus be predicted
to be additive with the LDL cholesterol lowering effects ob-
served with statins or PCSK9 inhibitors and may have utility
in the treatment of dyslipidemia. B}
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