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Abstract

Cholesterol 7a-hydroxylase (CYP7AL) is the rate-limiting enzyme in the bile acid biosynthetic
pathway that converts cholesterol into bile acids in the liver. Recent studies have shown that bile
acids may play an important role in maintaining lipid, glucose, and energy homeostasis. However,
the role of CYP7A1 in the development of obesity and diabetes is currently unclear. In this study,
we demonstrated that transgenic mice overexpressing Cyp7al in the liver [i.e., Cyp7al transgenic
(Cyp7al-tg) mice] were resistant to high-fat diet (HFD)—induced obesity, fatty liver, and insulin
resistance. Cyp7al-tg mice showed increased hepatic cholesterol catabolism and an increased bile
acid pool. Cyp7al-tg mice had increased secretion of hepatic very low density lipoprotein but
maintained plasma triglyceride homeostasis. Gene expression analysis showed that the hepatic
messenger RNA expression levels of several critical lipogenic and gluconeogenic genes were
significantly decreased in HFD-fed Cyp7al-tg mice. HFD-fed Cyp7al-tg mice had increased
whole body energy expenditure and induction of fatty acid oxidation genes in the brown adipose
tissue.

Conclusion—This study shows that Cyp7al plays a critical role in maintaining whole body
lipid, glucose, and energy homeostasis. The induction of CYP7A1 expression with the expansion
of the hydrophobic bile acid pool may be a potential therapeutic strategy for treating metabolic
disorders such as fatty liver diseases, obesity, and diabetes in humans.

Obesity and diabetes are closely associated with impaired lipid and glucose homeostasis,
which significantly increases the risk of coronary heart disease.! Obesity often results from a
Western lifestyle with overnutrition and a lack of exercise. Visceral fat accumulation due to
increased caloric intake is known to cause organ insulin resistance.? It is believed that
insulin resistance and overnutrition directly contribute to abnormal adiposity and hepatic
very low density lipoprotein (VLDL) synthesis and thus lead to nonalcoholic fatty liver
disease and dyslipidemia.’

Cholesterol 7a-hydroxylase (CYP7AL1) catalyzes the first and rate-limiting step in the bile
acid biosynthetic pathway that converts cholesterol into bile acids and plays an important
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role in regulating cholesterol and bile acid homeostasis. The role of CYP7AL in regulating
cholesterol homeostasis has been well established. Patients with mutations in the CYP7A1
gene developed gallstones and premature atherosclerosis,* whereas Cyp7al transgenic
(Cyp7al-tg) mice were protected from atherogenic diet-induced atherosclerosis.® Bile acids
are essential for the biliary secretion of cholesterol and phospholipids and the intestinal
absorption of fats and nutrients. Bile acids also are versatile signaling molecules that
activate nuclear receptors and cell signaling pathways, and they play critical roles in the
regulation of lipid, glucose, and energy metabolism.5-8 The critical role of bile acids in the
regulation of triglyceride (TG) metabolism has been recognized for many years. The
administration of a bile acid sequestrant or ileal resection depletes the bile acid pool and
increases serum TG levels. © On the other hand, increasing the bile acid pool by the
administration of chenodeoxycholic acid reduces plasma TGs.10 Recent studies have
revealed that bile acids may have a beneficial effect by improving obesity, insulin
sensitivity, and whole body lipid and glucose homeostasis in mice.11: 12 Bile acids may also
negatively regulate serum TG levels by activating the nuclear receptor farnesoid X receptor
(FXR), which induces small heterodimer partner (SHP) to inhibit sterol response element
binding protein-1c (SREBP-1c) expression and its target genes in lipogenesis.1! It has been
reported that FXR represses hepatic expression of the gluconeogenic genes,
phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-phosphatase (G6Pase), in the
liver.13 Activation of FXR significantly improved insulin sensitivity, hyperglycemia, and
hyperlipidemia in db/db mice.12 Bile acids also prevent diet-induced obesity in mice by
activating the membrane bile acid receptor TGR5 to promote energy expenditure in brown
adipocytes.1

In this study, we show that overexpression of CYP7AL in the liver prevents high-fat diet
(HFD)-induced obesity, fatty liver, and insulin resistance in mice. These results underscore
the importance of bile acid homeostasis in the regulation of whole body lipid, glucose, and
energy homeostasis.

Materials and Methods

Animals

Cyp7al-tg mice overexpressing rat Cyp7al complementary DNA under the control of an
apolipoprotein E3 (ApoE3) hepatic control region were originally generated by Dr. Roger A.
Davis (San Diego State University) with a C57BL/6JxSJ strain and were backcrossed into a
C57BL/6J background for five generations in the original laboratory.1®> We obtained the
Cyp7al-tg mice from the Mutant Mouse Regional Resource Center at the University of
California Davis [strain name: B6.Cg-Tg (APOECyp7al) 1Rjd/Mmcd]. Mice were further
bred with wild-type C57BL/6J mice (Jackson Laboratory, Bar Harbor, ME). Transgenic
mice and wild-type littermates (between six and eight generations) with >90% C57BL6J
background were used in this study. We determined that Cyp7al-tg mice carry two copies of
the Cyp7al transgene. Mice were maintained on a standard chow diet and water ad /ibitum
and housed in a room with a 12-hour light (6 am to 6 pm)/12-hour dark (6 pm to 6 am)
cycle. To induce obesity and insulin resistance phenotypes, female and male mice (20-24
weeks old) were fed a Western HFD (Harlan-Teklad 88137; 42% fat calories and 0.2%
cholesterol) for 2 to 4 months. Food intake was determined for a 2-day period. All animal
protocols were approved by the institutional animal care and use committee.

Insulin Sensitivity

Glucose tolerance tests were performed with an intraperitoneal injection of o-glucose
(Sigma) at a dose of 2 g/kg of body weight after an overnight (16-hour) fast. Insulin
tolerance tests were performed with an intraperitoneal injection of insulin (humulin R, Ely
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Lilly and Co.) at a dose of 0.5 U/kg of body weight after a 4-hour fast. Blood samples were
collected via the tail vein, and glucose was determined with a OneTouch Ultra glucometer
(Life-Scan, Mountain View, CA).

Liver or adipose tissues from overnight fasted mice were fixed in 10% formalin and
embedded in paraffin. Tissue sections were then subjected to hematoxylin and eosin (H&E)
staining. Hepatic glycogen was detected by a standard periodic acid-Schiff (PAS) staining
method. For hepatic lipid staining, frozen liver tissues were cryosectioned, briefly fixed in
10% formalin, and stained with Oil Red O.

Quantification of Tissue and Plasma Lipids, Glycogen, and Insulin

Liver tissues were homogenized, and lipids were extracted in a mixture of chloroform and
methanol (2:1), dried, and dissolved in 5% Triton X-100 in isopropanol. Cholesterol and TG
were determined with cholesterol assay kits (Calbiochem, San Diego, CA) and a TG-SL
assay kit (Genzyme Diagnostic, Framingham, MA), respectively. Free fatty acids were
determined with a fatty acid kit (BioVision, Inc., Mountain View, CA). A fast protein liquid
chromatography (FPLC) analysis of the serum lipoprotein distribution was performed by the
Mouse Metabolic Phenotyping Center at the University of Cincinnati. Serum lipoproteins
were separated on a Superose 6 column, and 0.5-mL fractions were collected for the analysis
of cholesterol and TG with assay kits. Serum ketone bodies were assayed for B-
hydroxybutyrate with an assay Kit. Hepatic glycogen was extracted in H,O and determined
with a glycogen assay kit (BioVision). Fasting plasma insulin was measured with a mouse
insulin enzyme-linked immunosorbent assay kit (Crystal Chem, Inc., Downers Grove, IL).

Quantification of Bile Acids

Bile acids in the liver, intestine (whole with its contents), gallbladder, and feces were
extracted in 75% ethanol at 50° for 4 hours. Serum samples were used directly. Bile acids
were determined with a bile acid assay kit (Genzyme Diagnostic). The bile acid pool was
determined as the total amount of bile acids in the liver, intestine, and gallbladder.

Hepatic VLDL Secretion Assay

Mice were fasted for 4 hours and intraperitoneally injected with tyloxapol (Sigma) at a dose
of 500 mg/kg of body weight. Blood samples were collected via the tail vein, and plasma
TG was determined with a TG-SL assay kit (Genzyme Diagnostic).

RNA Isolation and Quantitative Real-Time Polymerase Chain Reaction (PCR)

Total RNA was isolated with TRI Reagent (Sigma). Reverse-transcription reactions and
real-time PCR were performed. All primer/probe sets for real-time PCR were TagMan gene
expression assays (Applied Biosystems, Foster City, CA). Amplification of ubiquitin C was
used as an internal control. Relative messenger RNA (mMRNA) expression was quantified
with the comparative cycle threshold (Ct) method and was expressed as 2~AACt,

Indirect Calorimetry and Body Composition

Indirect calorimetry and body composition measurements were performed at the Mouse
Metabolic Phenotyping Center at the University of Cincinnati. Mice were fed an HFD for 4
months; O, consumption and CO5 production were determined in free-fed mice for a 24-
hour period. The respiratory quotient (RQ) was calculated as Voo Voo (Where Vg is the
volume of carbon dioxide and Vg, is the volume of oxygen). Body compositions were
determined by echo nuclear magnetic resonance.
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CYP7A1 Enzyme Activity Assay

Mouse liver microsomes were isolated for the analysis of CYP7A1 enzyme activity with a
high-performance liquid chromatography—based method as described previously.18

Statistical Analysis

Results are expressed as means and standard errors. Statistical analysis was performed with
the Student ftest. £< 0.05 was considered statistically significant.

Results

Cyp7al-tg Mice Had an Increased Bile Acid Pool Size but Maintained Lipid Homeostasis

Cyp7al-tg mice expressed 3-fold higher Cyp7al protein activity (Table 1 and Supporting
Fig. 1A) and 2-fold higher enzyme activity in liver microsomes versus wild-type mice
(Supporting Fig. 1B). When fed a chow diet, Cyp7al-tg mice appeared normal and had a
body weight similar to that of their wild-type littermates (Supporting Table 1). Cyp7al-tg
mice showed elevated plasma bile acid concentrations and bile acid contents in the
gallbladder and the intestine. The bile acid pool size was increased by approximately 2.5-
fold in Cyp7al-tg mice. Interestingly, the hepatic bile acid concentration was not
significantly different in Cyp7al-tg mice and wild-type littermates, and this suggested the
ability of the liver to maintain hepatic bile acid homeostasis. When fed a chow diet, Cyp7al-
tg mice generally maintained lipid homeostasis and showed normal hepatic and plasma TG
and FFA levels. Plasma cholesterol levels were lower in Cyp7al-tg mice than in wild-type
controls. These results are consistent with the previous report.1®

Cyp7al-tg Mice Were Resistant to Diet-Induced Weight Gain and Fatty Liver

To explore if Cyp7al may play a role in fat metabolism and glucose homeostasis, we fed
female mice an HFD for 4 months and male mice an HFD for 2 months because wild-type
male mice gained weight more quickly than female mice and became obese after 2 months
of HFD feeding. Results for female mice are presented in the main text, and those for male
mice are presented as supporting data. Although an HFD led to more weight gain in wild-
type mice than a chow diet did, both male and female Cyp7al-tg mice were resistant to
HFD-induced weight gain (Fig. 1 A,B and Supporting Fig. 2A,B). Cyp7al-tg mice fed an
HFD had lower body fat mass and higher lean mass than wild-type mice (Fig. 1C). The
difference in weight gain correlated well with the visceral fat mass and adipocyte size (Fig.
1D,E and Supporting Fig. 2C) in Cyp7al-tg mice fed an HFD. The daily food intake (Fig.
1F) was similar between wild-type and Cyp7al-tg mice and therefore was unlikely to
contribute to the decreased weight gain in Cyp7al-tg mice.

An analysis of the liver morphology revealed that the livers of HFD-fed wild-type mice
were larger and pale, and this suggested increased lipid accumulation (Fig. 2A and
Supporting Fig. 3A). In contrast, livers from HFD-fed Cyp7al-tg mice appeared normal and
had a reddish color. H&E staining of liver sections showed that livers of HFD-fed wild-type
mice had unstained lipid inclusions, which were absent in the livers of HFD-fed Cyp7al-tg
mice (Fig. 2B). Oil Red O staining of lipids further confirmed a massive accumulation of
neutral lipids in the livers of HFD-fed wild-type mice but not in the livers of Cyp7al-tg
mice (Fig. 2B). Hepatic cholesterol and TG contents were significantly higher in HFD-fed
wild-type mice, whereas Cyp7al-tg mice were completely resistant to HFD-induced hepatic
lipid accumulation (Fig. 2 C,D). Serum alkaline phosphatase levels showed a tendency to
decrease, but this did not reach statistical significance (Fig. 2E).

Hepatology. Author manuscript; available in PMC 2013 July 03.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lietal. Page 5

Hepatic mRNA Expression in Cyp7al-tg Mice

An analysis of hepatic gene expression (Table 1) revealed that in the chow-fed group,
Cyp7al-tg mice showed increased SREBP-1 and SREBP-2 mRNA expression versus wild-
type mice. This was likely a result of increased cholesterol catabolism and relative
cholesterol deprivation in the Cyp7al-tg mouse livers. Interestingly, HFD feeding markedly
induced mRNA expression of SREBP-1 and its target gene stearoyl-coenzyme A desaturase
1 in wild-type mice but not in Cyp7al-tg mice. Fatty acid synthase (FAS) mMRNA expression
was higher in Cyp7al-tg mice than in wild-type mice in both the chow and HFD groups and
did not correlate with hepatic SREBP-1 levels. FAS is an FXR target genel’; thus, induction
of FAS in Cyp7al-tg mice could be due to bile acid activation of FXR in the liver. HFD
feeding induced the mRNA expression of the hepatic fatty acid uptake transporter CD36 in
wild-type mice but not in Cyp7al-tg mice. This expression profile suggests that decreased
hepatic lipogenesis and fatty acid uptake could alleviate HFD-induced hepatic fat
accumulation. Expression of Cyp8b1, which is involved in synthesis of cholic acid was
markedly inhibited. This explains the increased CDCA and hydrophobicity of bile acid pool
in Cyp7al-tg mice.1®> SHP expression was significantly induced by HFD in both wild type
and Cyp7al-tg mice. The mRNA levels of the proinflammatory cytokines tumor necrosis
factor a, interleukin-6, and transforming growth factor p1 were significantly lower in HFD-
fed Cyp7al-tg mice. Because of increased SREBP-2 expression, hepatic 3-hydroxy-3-
methyl-glutaryl-coenzyme A reductase and low-density lipoprotein (LDL) receptor
expression was significantly higher in Cyp7al-tg mice, and this suggested compensatory
induction of cholesterol synthesis and LDL cholesterol uptake to maintain hepatic
cholesterol homeostasis.

Cyp7al-tg Mice Had Higher Hepatic VLDL Secretion but Maintained Plasma Lipid
Homeostasis

Obesity and fatty liver are often associated with increased hepatic VLDL production and
hypertriglyceridemia. Surprisingly, despite lower hepatic TG contents, both male and female
Cyp7al-tg mice showed a higher rate of VLDL secretion in postprandial states (Fig. 3A and
Supporting Fig. 4A). The mRNA and protein expression of microsomal triglyceride
transport protein (MTP), which encodes the rate-limiting enzyme in the VLDL assembly,
was significantly higher in the livers of Cyp7al-tg mice versus wild-type mice (Fig. 3B,C),
and this suggested an increased VLDL assembly rate. Analysis of plasma lipid levels
showed that fasting plasma TG was not elevated in HFD-fed wild-type mice versus chow-
fed controls (Fig. 3D), and this was consistent with the resistance of C57BL/6J mice to
HFD-induced hypertriglyceridemia.ll Interestingly, despite the increased hepatic VLDL
secretion, Cyp7al-tg mice did not show elevated fasting plasma TG levels (Fig. 3D and
Supporting Fig. 4B), and this possibly suggested increased TG clearance in peripheral
tissues. The fasting plasma FFA level was elevated in HFD-fed wildtype mice versus chow-
fed controls and was significantly lower in HFD-fed Cyp7al-tg mice (Fig. 3E); this was
consistent with decreased adiposity. Serum cholesterol levels were significantly lower in
Cyp7al-tg mice in both chow-fed and HFD-fed groups (Fig. 3F and Supporting Fig. 4C).
The fasting serum ketone body contents for Cyp7al-tg male (2.18 + 0.2 mg/ dL) and female
mice (3.10 £ 0.42 mg/dL) were significantly lower than those for wild-type male (4.57
0.70 mg/dL) and female mice (5.68 £ 0.46 mg/dL); this was consistent with lower fasting
serum FFA levels in Cyp7al-tg mice versus wild-type mice. An FPLC analysis of serum
lipoprotein profiles showed that HFD-fed wild-type mice had markedly increased
concentrations of LDL cholesterol and LDL/high-density lipoprotein 1 (HDL1) particles (a
shoulder in the size range between LDL and HDL), whereas the lipoprotein profiles of HFD-
fed Cyp7al-tg mice predominantly showed HDL cholesterol (Fig. 4A). Male wildtype and
Cyp7al-tg mice had increased VLDL cholesterol. Increased levels of LDL/HDL1 particles
have been observed in ob/ob and db/db mice and in obese mice lacking ApoA-118-20
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because of a defect in HDL uptake and recycling in ob/ob mice.1® Both male and female
Cyp7al-tg mice had increased TG contents in the VLDL particles (Fig. 4B). This was
consistent with increased VLDL secretion in HFD-fed Cyp7al-tg mice. In summary,
Cyp7al-tg mice had increased hepatic VLDL secretion despite lower hepatic fat contents,
and this indicated that increased hepatic VLDL secretion in Cyp7al-tg mice may have
contributed to decreased hepatic fat accumulation.

Cyp7al-tg Mice Had Improved Glucose Homeostasis and Insulin Sensitivity

Wild-type mice fed an HFD had significantly elevated fasting glucose and insulin levels in
comparison with chow-fed mice, and this was suggestive of impaired insulin sensitivity
(Fig. 5A,B). These values in HFD-fed Cyp7al-tg mice were comparable to those in chow-
fed mice (Fig. 5A,B). Increased insulin sensitivity in Cyp7al-tg mice was further confirmed
by glucose tolerance testing (Fig. 5C and Supporting Fig. 5A) and insulin tolerance testing
(Fig. 5D and Supporting Fig. 5B). The mRNA expression levels of the hepatic
gluconeogenic gene G6Pase, but not PEPCK, were significantly lower in HFD-fed Cyp7al-
tg mice, and this indicated decreased fasting hepatic gluconeogenesis (Fig. 5E,F). These
gene expression profiles reflected increased hepatic insulin sensitivity and were also
consistent with the repressive effect of bile acids on gluconeogenic genes.1® The absence of
inhibition of PEPCK in Cyp7al-tg mice could be due to an FXR response element in the
PEPCK promoter that counteracts the negative regulation of PEPCK by SHP and insulin
signaling.12 The hepatic glycogen content was lower in HFD-fed mice versus chow-fed
wild-type mice. In contrast, the liver glycogen contents in HFD-fed Cyp7al-tg mice and
chow-fed mice were similar (Fig. 6A). These observations were further confirmed by PAS
staining of liver sections from these mice (Fig. 6B). Insulin is known to stimulate hepatic
glycogen synthesis by phosphorylation (inactivation) of glycogen synthase kinase 3
(GSK3pB). Increased phosphorylation of AKT-1 and GSK3p is consistent with improved
hepatic insulin signaling in the livers of Cyp7al-tg mice (Fig. 6C,D). In summary, all results
demonstrated that hepatic expression of Cyp7al improved glucose homeostasis and insulin
sensitivity in HFD-fed Cyp7al-tg mice.

Cyp7al-tg Mice Had Increased Energy Expenditure

The resistance to HFD-induced obesity may be one of the major mechanisms by which
Cyp7al-tg mice had improved overall lipid and glucose homeostasis and insulin sensitivity.
To explore why HFD-fed Cyp7al-tg mice had fewer adipocytes than HFD-fed wild-type
mice despite significantly elevated hepatic VLDL production, we determined the energy
expenditure in HFD-fed wild-type and Cyp7al-tg mice by indirect calorimetry. HFD-fed
Cyp7al-tg mice had consistently higher O, consumption and CO, production than wild-type
mice (Fig. 7A and Supporting Fig. 6). A lower RQ value (RQ = Vo2 Vo) indicates higher
utilization of fat as an energy source, whereas a higher RQ value indicates higher
carbohydrate utilization. Dietary fat is known to have a glucose-sparing effect leading to a
decreased RQ value. The increased RQ value in Cyp7al-tg mice could be a result of less
tissue fat available for oxidation in these mice or a result of improved insulin sensitivity that
promotes tissue carbohydrate utilization. Bile acid—activated TGR5 signaling in brown
adipose tissue (BAT) stimulated energy expenditure and decreased adiposity in HFD-fed
mice.14

CYP7A1-tg Mice Had Increased Expression of Genes Involved in Energy Metabolism

The HFD-fed wild-type mice had more BAT than Cyp7al-tg mice (Fig. 7B, left panel).
However, with normalization to body weight, the Cyp7al-tg mice and wildtype mice had
similar ratios of BAT to body weight (Fig. 7B, right panel). In BAT, uncoupling protein-1
(UCP-1) was induced in HFD-fed Cyp7al-tg mice in comparison with HFD -fed wild-type
mice (Fig. 7C, left panel). UCP-1 is the major uncoupling protein that is highly expressed in
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BAT. Induction of UCP-1 uncouples mitochondrial oxidative phosphorylation to dissipate
ATP energy as heat and reduces adiposity and body weight.2X The mRNA expression levels
of TGRS were increased approximately 4-fold in BAT of Cyp7al-tg mice (Fig. 7C, left
panel). Expression levels of peroxisome proliferator-activated receptor y coactivator-la and
type 2 deiodinase mRNA were also significantly induced in BAT of Cyp7al-tg mice (Fig.
7C, left panel). This gene expression profile in the BAT of Cyp7al-tg mice was similar to
that in the BAT of cholic acid—fed mice and HFD-fed mice,14 and this supported the
conclusion that bile acid—activated TGRS signaling increased energy expenditure in BAT. In
contrast, the mRNA expression levels of fatty acid oxidation genes were largely unchanged
in the muscle of Cyp7al-tg mice (Fig. 7C, right panel).

Discussion

The potential role of the hepatic Cyp7al gene in preventing the development of obesity and
diabetes has not been investigated previously. This study showed that increased hepatic
CYP7A1 expression improved several parameters of metabolic syndrome, including obesity,
hepatic steatosis, and insulin resistance, in mice. Resistance of Cyp7al-tg mice to HFD-
induced obesity, insulin resistance, and hyperlipidemia could be a result of both enhanced
hepatic CYP7AL enzyme activity and activation of cellular bile acid signaling due to an
expanded bile acid pool. These findings underscore the importance of bile acid homeostasis
in maintaining whole body lipid, glucose, and energy homeostasis.

In the liver, free fatty acids (FFAS) taken up from circulation are esterified into TGs and
assembled into VLDL particles, which are secreted and transported to adipocytes for
storage. Increased adipose mass due to excessive caloric intake is known to account for
many manifestations of metabolic syndrome. Elevated cytokine production from adipose
tissue is associated with insulin resistance.22 Abnormal adipose lipolysis due to the
combined effect of increased adiposity and insulin resistance may lead to increased transport
of free fatty acids to the liver and other peripheral tissues. This may not only cause impaired
glucose utilization and organ insulin resistance but also contribute significantly to the
development of nonalcoholic fatty liver disease. Thus, resistance to HFD-induced obesity
and visceral fat accumulation may be one of the major mechanisms by which Cyp7al-tg
mice had improved overall lipid and glucose homeostasis and insulin sensitivity. Increased
hepatic VLDL secretion and normal fasting serum TG levels in Cyp7al-tg mice also suggest
that fat clearance or fat metabolism in peripheral tissues may be increased to account for
decreased adiposity. Indeed, the indirect calorimetry measurements and mRNA expression
profile supported increased energy expenditure in BAT of Cyp7al-tg mice. The role of BAT
in preventing obesity in Cyp7al-tg mice could be further supported by previous studies
showing that expansion of the bile acid pool by cholic acid feeding activated TGR5
signaling in BAT and prevented HFD-induced obesity in mice.1* Transgenic expression of
UCP-1 in BAT increases energy expenditure, reduces adiposity, and prevents obesity in
mice.23 24 BAT is also present in adult humans and is inversely correlated with obesity.2 In
contrast, bile acid sequestrants, which block intestine bile acid absorption, reduce the bile
acid pool size, and induce hepatic CYP7AL expression, do not reduce body weight and
prevent obesity.2% 27 Thus, induction of CYP7A1 without expansion of the bile acid pool
may not prevent obesity.

Although HFD feeding induced hepatic TG and cholesterol accumulation in wild-type mice,
Cyp7al-tg mice were protected from HFD-induced fatty liver. In addition to decreased
adiposity, several hepatic mechanisms could account for the resistance of Cyp7al-tg mice to
hepatic steatosis. Lower SREBP-1 expression in HFD-fed Cyp7al-tg mice suggests that
repression of hepatic lipogenesis could contribute to decreased fat accumulation in HFD-fed
Cyp7al-tg mice. Bile acid activation of FXR has been shown to induce SHP to repress
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SREBP-1 and its target genes in lipogenesis.1t However, in chow-fed mice, SREBP-1
expression was significantly higher in Cyp7al-tg mice despite a larger bile acid pool and
induction of SHP, and this brings into question the relative importance of the FXR/SHP
pathway in the repression of SREBP-1 in Cyp7al-tg mice. Insulin is known to induce
SREBP-1 and lipogenesis. Induction of SREBP-1 in HFD-fed wild-type mice was likely a
result of hepatic insulin resistance and hyperinsulinemia. Decreased SREBP-1 expression in
HFD-fed Cyp7al-tg mice could be due to increased insulin sensitivity. Cyp7al-tg mice
showed a robust increase in hepatic VLDL secretion. Increased CYP7AL activity may cause
cholesterol deprivation in the liver and subsequent induction of SREBP-1 and lipogenesis,
which promotes hepatic VLDL production in Cyp7al-tg mice.1> However, our results
showed that when fed an HFD, Cyp7al-tg mice still had increased hepatic VLDL secretion
despite significantly lower SREBP-1 expression and fat content; this suggested that
increased hepatic VLDL secretion in Cyp7al-tg mice was not due to SREBP-1-dependent
lipogenesis. Instead, hepatic MTP mRNA expression was increased in Cyp7al-tg mice, and
this suggested that the increased VLDL secretion could be due to increased VLDL
assembly. Induction of CD36 in the liver causes hepatic TG accumulation and fatty liver
disease.28 HFD-fed Cyp7al-tg mice had lower hepatic CD36 expression; together with
lower plasma FFA levels, this could lead to reduced hepatic fatty acid uptake. Thus,
decreased hepatic lipogenesis, increased hepatic VLDL secretion, and reduced hepatic fatty
acid uptake could alleviate HFD-induced fatty liver in Cyp7al-tg mice.

Cyp7al-tg mice had improved insulin sensitivity, as reflected by glucose and insulin
tolerance tests, and normal fasting glucose and insulin levels. Increased phosphorylation of
AKT and GSK3p and increased glycogen content in the livers of Cyp7al-tg mice were
indicative of improved hepatic insulin sensitivity. Improved insulin sensitivity in Cyp7al-tg
mice was likely a result of both decreased adiposity and the absence of hepatic fat
accumulation. Cyp7al-tg mice showed an increased RQ value suggesting that Cyp7al-tg
mice had improved overall glucose utilization. Hepatic expression of G6Pase was decreased
in Cyp7al-tg mice fed an HFD, and this suggested decreased gluconeogenesis. On the one
hand, repression of gluconeogenesis could be secondary to improved insulin signaling in the
liver; on the other hand, bile acid activation of FXR has been shown to directly repress the
expression of gluconeogenic genes. A recent study has reported that activation of TGR5 by
bile acid derivatives promotes intestinal glucagonlike peptide 1 (GLP-1) release and
improves insulin sensitivity in diabetic obese mice.?? It is likely that Cyp7al-tg mice may
also have increased serum GLP-1, which stimulates insulin secretion and prevents insulin
resistance and diabetes.

Recent studies have suggested that drugs targeting bile acid signaling may be beneficial for
the treatment of metabolic disorders.” FXR agonists have been shown to improve hepatic
lipid and glucose homeostasis in mice but have not been shown to regulate energy
expenditure and adiposity. More recent studies have identified synthetic bile acid derivatives
as selective TGRS agonists that may have therapeutic potential for treating diabetes and
obesity.8 14 According to this study, induction of hepatic CYP7AL1 not only achieved a
hypocholestolemic effect but also prevented HFD-induced obesity, fatty liver, and insulin
resistance. Induction of CYP7AL expression with expansion of a hydrophobic bile acid pool
may be a more promising treatment strategy for liver diseases and metabolic disorders.
CYP7A1 mRNAs have very short half-lives of less than 30 minutes. It has been reported
recently that apolipoprotein B100 editing enzyme complex-1 (Apobec-1) binds to the AU-
rich sequences in the 3”-untranslated region (3’-UTR) of CYP7A1 mRNA and increases
CYP7A1 mRNA and protein levels.30 Gene transfer of Apobec-1 may stabilize CYP7A1
mRNAs and increase CYP7A1 protein and enzyme activity. We have identified a functional
microRNA-122a binding site in the 3’-UTR of human CYP7A1 mRNA (Song et al. J Lipid
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Res, 2010, in press.). MicroRNA-122a inhibitors (antagomirs) may be transferred into the

liver to induce CYP7A1 enzyme and activity.
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Abbreviations

ACC acetyl coenzyme A carboxylase

ALT alanine aminotransferase

APO apolipoprotein

Apobec-1 apolipoprotein B100 editing enzyme complex-1
BAT brown adipose tissue

BW body weight

CPT1 carnitine palmitoyltransferase 1

Ct cycle threshold

CYP7A1 cholesterol 7a-hydroxylase
Cyp7al-tg cholesterol 7a-hydroxylase transgenic
CYP8B1 cholesterol 12a.-hydroxylase

Dio2 type 2 deiodinase

FAS fatty acid synthase

FFA free fatty acid

FPLC fast protein liquid chromatography
FXR farnesoid X receptor

G6Pase glucose-6-phosphatase

GLP-1 glucagon-like peptide 1

GSK3B glycogen synthase kinase 3

GTT glucose tolerance test

H&E hematoxylin and eosin

HDL high-density lipoprotein

HFD high-fat diet

HMG-CoA 3-hydroxy-3-methyl-glutaryl-coenzyme A
IL6 interleukin-6

IP immunoprecipitation

ITT insulin tolerance test
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LDL low-density lipoprotein
LDLR low-density lipoprotein receptor
MRNA messenger RNA
MTP microsomal triglyceride transport protein
ND not determined
PAS periodic acid-Schiff
PCR polymerase chain reaction
PEPCK phosphoenolpyruvate carboxykinase
PGCila peroxisome proliferator-activated receptor y coactivator-la
PPARa peroxisome proliferator-activated receptor a
RQ respiratory quotient
SCD-1 stearoyl-coenzyme A desaturase 1
SHP small heterodimer partner
SREBP sterol response element binding protein
Tg transgenic
TG triglyceride
TGFB1 transforming growth factor p1
TNFa tumor necrosis factor a
UCP-1 uncoupling protein-1
UTR untranslated region
Vecoz volume of carbon dioxide
VLDL very low density lipoprotein
Vo2 volume of oxygen
WT wild-type
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Tg expression of Cyp7al in the mouse liver prevented weight gain and reduced adiposity.
Female WT or Cyp7al-tg mice were fed either a chow diet or HFD for 4 months, and (A,B)
the body weight, (C) body composition, (D) visceral fat mass, (E) H&E staining of
adipocytes, and (F) food intake were determined. Results are expressed as means and
standard errors (n =6-10). *Statistically significant difference (P < 0.05) versus WT mice on
chow; **statistically significant difference (P < 0.05) versus WT mice on an HFD.
Abbreviations: Tg, transgenic; WT, wild-type.
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Fig. 2.

Tg expression of Cyp7al in the mouse liver prevented fatty liver. Female CYP7A1-tg mice
were fed chow or an HFD for 4 months. Mice were fasted overnight. (A) The liver weight
was determined. (B) H&E staining and Oil Red O staining of liver sections. Arrows indicate
unstained lipid inclusions. (C,D) Hepatic cholesterol and TG contents. (E) Serum ALT
levels in WT and CYP7A1-tg mice fed an HFD. Results are expressed as means and
standard errors (n =8-10). *Statistically significant difference (P < 0.05) versus chow-fed
WT mice; **statistically significant difference (P < 0.05) versus HFD-fed WT mice.
Abbreviations: ALT, alanine aminotransferase; Tg, transgenic; WT, wild-type.
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Fig. 3.

Cyp7al-tg mice showed increased hepatic VLDL secretion but maintained plasma TG
homeostasis. Female mice were fed an HFD for 4 months. (A) Mice were briefly fasted for 4
hours, and the hepatic VLDL secretion was assayed after an intraperitoneal injection of
taloxapol. (B,C) Hepatic mRNA and protein expression of MTP in mice fed for 4 hours after
overnight fasting. Liver samples were pooled from six mice per group for western blot
analysis of MTP protein. (DF) Plasma cholesterol, TG, and FFA levels in mice fasted
overnight. Results are expressed as means and standard errors (n =6-8). *Statistically
significant difference (P < 0.05) versus chow-fed WT mice; **statistically significant
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difference (P < 0.05) versus HFD-fed WT mice. Abbreviations: Tg, transgenic; WT, wild-
type.
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FPLC analysis of the plasma lipoprotein profile for HFD-fed WT and Cyp7al-tg male and
female mice. Mice were fed an HFD for 4 month. After 6 hours of fasting, serum was
collected and pooled (four mice per group). Serum lipoproteins were separated by FPLC
with a Superose 6 column, and 0.5-mL fractions were collected for the analysis of (A)
cholesterol and (B) TG contents in each by respective assay kits. Abbreviations: Tg,

transgenic; WT, wild-type.
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Cyp7al-tg mice showed improved insulin sensitivity and glucose homeostasis. Female mice
were fed either a chow or Western diet for 4 months. (A) Fasting serum glucose and (B)
fasting serum insulin were determined. (C) GTT. (D) ITT. (E,F) Hepatic mRNA expression
in mice fasted overnight. Results are expressed as means and standard errors (n =6-12).
*Statistical significance (P < 0.05) versus WT mice on a chow diet; **statistically
significant difference (P < 0.05) versus HFD-fed WT mice. Abbreviations: GTT, glucose
tolerance test; ITT, insulin tolerance test; Tg, transgenic; WT, wild-type.
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Fig. 6.

Cyp7al-tg mice showed increased hepatic glycogen storage. (A) Quantification of the
hepatic glycogen content in overnight fasted female mice. (B) Female mice were fed chow
or an HFD for 4 months. Hepatic glycogen was determined by PAS staining of liver sections
from female mice fasted overnight. (C) Female mice on an HFD were fasted for 16 hours
and refed for 6 hours. AKT was immunoprecipitated from pooled liver samples (n =6); total
and phosphorylated AKT was detected by WB. (D) Hepatic GSK3p and phosphorylated
GSK3p were detected by WB in pooled liver samples (n =6) from refed mice. Results are
expressed as means and standard errors (n =6-8). *Statistical significance (P < 0.05) versus
WT mice on a chow diet; **statistically significant difference (P < 0.05) versus HFD-fed
WT mice. Abbreviations: IP, immunoprecipitation; Tg, transgenic; WB, western blotting;
WT, wild-type.

Hepatology. Author manuscript; available in PMC 2013 July 03.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lietal.

Page 20
A
*WT WT WT
' rCyp7a1-t ' '
100 ypialg.. «rCyp7al-g 1.0 * rCyp7ai-tg
= “:.‘ £ 90 &
£ w i, E g Wil i g
5 80 \4: ' ".«. ,‘1-\4."“* 2% 0w Vmifl %_o_g A Al s ¥
R wﬁ-"?“ 18 Em "'“""'-':"\b'., -.\‘ .-"".'.7""'"-"‘.: g P .’ -"‘“""‘5'"" ; .
ON 60 W"Ik‘ ONGO :\.* ol ‘..‘..‘"'*n‘ 3 ut "5 k'\\’ h
S L>) 50 ¥ \:Lk" ' %
40 “ g 0.7 —
Time Time Time
B _ 250 0.6
g 200 - L § 0.5 I
- * = 04
S 150 ; © A%
o :
$ 100 = o
< 50 | 9
o o 0.1
0 0
WT Tg WT Tg
C
- c
g 6 o WT+HFD Ko 14 o WT+HFD
‘5 51 m Tg+HFD 3 1.2 = Tg+HFD
/)] Q
o s 1.0
o
X 5 0.8
o )
g 5 08
()
o)) 3 0.4
= ©
< @ 02
@, S o
UCP1 TGR5 Dio2 PGC1aCPT1 PPARQa UCP3 PGC1a CPT1 PPARa

Fig. 7.

Indirect calorimetry analysis of energy expenditure in Cyp7al-tg mice. Female mice were
fed either chow or an HFD for 2 months. (A) O, consumption and CO, production were
determined in free-fed mice over a period of 24 hours by indirect calorimetry (n =4). For the
time, a solid bar indicates the dark cycle, and an open bar indicates the light cycle. The left
panel shows Vg, the middle panel shows Vo2, and the right panel shows RQ. (B) The
brown adipose mass was determined in female mice fed an HFD (n =6). (C) Female mice on
an HFD were refed for 6 hours after 16 hours of fasting, and mRNA expression was
measured by real-time PCR (n = 6). Results are expressed as means and standard errors.
*Statistically significant difference (£ < 0.05) versus WT mice on an HFD. Abbreviations:
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BW, body weight; CPT1, carnitine palmitoyltransferase 1; Dio2, type 2 deiodinase; PGCla.,

peroxisome proliferator-activated receptor -y coactivator-la; PPARa, peroxisome
proliferator-activated receptor a; Tg, transgenic; WT, wild-type.
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Table 1

Hepatic mRNA Expression in WT and CYP7A1-tg Mice

WT +Chow  Tg+ Chow WT +HFD Tg+HFD

Fatty acid metabolism

SREBP-1 1044 207+016° 10460777  3.49+062"

SCD-1 1+0.22 1.86 £0.5 1845+18"  26+063%

FAS 1+0.33 3403% 08+0.05 24+05%

ACC 1+02 1.65 £0.23 1.24+0.14 1.49+0.22

CD36 1+0.07 0.77+0.08 165+0137  0.86+015F
Cholesterol metabolism

HMG-CoA reductase 1+0.53 11.18+2.29% 0.73+0.06 196+682°

LDLR 1+0.13 304404 12701 34055%

SREBP-2 1+02 248+039%  0.97+007 279+029%
Bile acid metabolism

mCYP7AL 1027 0.006 0003 228+0217  005+003"

mCYP8B1 1+022 003+001°  029+0047  002+0.008"

SHP 1+04 3.08+09* 0.92+0.12 199404

rCyp7al ND Ct=19.4+0.27 ND Ct=19.8+0.29
Inflammatory cytokines

TNFa 1£01 1.37£038  335+0397 16+02%

IL6 1+0.09 0.94+0.18 154+0.24 0.73+0.09%

TGFB1 1+0.09 13+03 247404187  1.05+007%

Female mice were on chow or HFD for 4 months. The results are shown as means and standard errors (n = 6-10).

Page 22

Abbreviations: ACC, acetyl coenzyme A carboxylase; CYP8BL1, cholesterol 12a.-hydroxylase; HMG-CoA, 3-hydroxy-3-methyl-glutaryl-coenzyme
A; IL6, interleukin-6; LDLR, low-density lipoprotein receptor; ND, not determined; SCD-1, stearoyl-coenzyme A desaturase 1; Tg, transgenic;
TGFB1, transforming growth factor B1; TNFa, tumor necrosis factor a.; WT, wild type.

*
Statistically significant difference (P < 0.05) versus WT mice on the same diet.

TStatisticaIIy significant difference (P < 0.05) versus WT mice on chow.
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