ASBMB

JOURNAL OF LIPID RESEARCH

I

_html

Supplemental Material can be found at:
http://www.jlr.org/content/suppl/2010/02/24/jir.M001602.DC1

FXR activation reverses insulin resistance and lipid
abnormalities and protects against liver steatosis in

Zucker (fa/fa) obese rats®

Sabrina Cipriani, Andrea Mencarelli, Giuseppe Palladino, and Stefano Fiorucci'

Dipartimento di Medicina Clinica e Sperimentale, Universita di Perugia, Via E. dal Pozzo, 06122 Perugia,
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Abstract The farnesoid X receptor (FXR) is a bile acid ac-
tivated nuclear receptor. Zucker (fa/fa) rats, harboring a
loss of function mutation of the leptin receptor, develop
diabetes, insulin resistance, obesity, and liver steatosis. In
this study, we investigated the effect of FXR activation by
6-ethyl-chenodeoxycholic acid, (6E-CDCA, 10 mg/kg) on
insulin resistance and liver and muscle lipid metabolism in
Ja/farats and compared its activity with rosiglitazone (10 mg/kg)
alone or in combination with 6E-CDCA (5 mg/kg each). In
comparison to lean (fa/+), fa/fa rats on a normal diet devel-
oped insulin resistance and liver steatosis. FXR activation
protected against body weight gain and liver and muscle fat
deposition and reversed insulin resistance as assessed by in-
sulin responsive substrate-1 phosphorylation on serine 312
in liver and muscles. Activation of FXR reduced liver ex-
pression of genes involved in fatty acid synthesis, lipogene-
sis, and gluconeogenesis. In the muscles, FXR treatment
reduced free fatty acid synthesis. Rosiglitazone reduced
blood insulin, glucose, triglyceride, free fatty acid, and cho-
lesterol plasma levels but promoted body weight gain (20%)
and liver fat deposition. FXR activation reduced high den-
sity lipoprotein plasma levels.lli In summary, FXR admin-
istration reversed insulin resistance and correct lipid
metabolism abnormalities in an obesity animal model.—
Cipriani, S., A. Mencarelli, G. Palladino, and S. Fiorucci.
FXR activation reverses insulin resistance and lipid abnor-
malities and protects against liver steatosis in Zucker (fa/fa)
obese rats. J. Lipid Res. 2010. 51: 771-784.

Nonalcoholic fatty liver disease (NAFLD) covers a spec-
trum of hepatic abnormalities ranging from fatty liver
(steatosis) to fatty liver inflammation and damage to hepa-
tocytes (nonalcoholic steatohepatitis, NASH). NASH is a
leading cause of cirrhosis and liver cancer. NAFLD is associ-
ated with insulin resistance and metabolic syndrome [obe-
sity, combined hyperlipidemia, diabetes mellitus (type 2)
and high blood pressure] (1, 2) The prevalence of NAFLD
has been estimated to be 17-33% in some countries;
NASH may be present in 1/3 of such cases, and 20-25%
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of NASH patients could progress onto cirrhosis (2). The
exact cause of NAFLD is still unknown; however, both
obesity and insulin resistance play a strong role in the dis-
ease process (3-6). Excess caloric intake in obese subjects
and reduced physical activity leads to metabolic overload,
increased triglyceride input, and adipocyte enlargement.
This hypertophy of adipocytes induces a macrophage
recruitment, which results in a pro-inflammatory state
[increased production of tumor necrosis factor-(TNF) a) ]
that increases lipolysis and the levels of circulating FFAs
(3-6). The excess of circulating FFAs exerts a number of
deleterious effects on mitochondrial function and insulin
signaling through activation of protein kinase C (PKC),
IkB kinase (IKK ), and c-Jun N-terminal protein kinase
(JNK). These serine/threonine (Ser/Thr) kinases phos-
phorylate various Ser residues on the insulin responsive
substrate (IRS) proteins, inhibiting insulin receptor tyro-
sine kinase activity, a key molecular mechanism of insulin
resistance (7, 8).

Farnesoid X receptor (FXR) is a member of the
nuclear receptor superfamily of ligand activated recep-
tors expressed in the liver, kidney, intestine, and adrenals.
FXR functions as a bile acid sensor and regulates bile acid

Abbreviations: AKT, serine/threonine protein kinase PKB; apo,
apolipoprotein; ALT, alanine aminotransferase; AST, aspartate amino-
transferase; BA, bile acid; CPT-1, carnitine palmitoyl transferase 1;
CYP7A1, cholesterol 7a-hydroxylase; 6E-CDCA, 6-ethyl-chenodeoxy-
cholic acid; FXR,farnesoid X receptor; FXRE, FXR response element;
GLUT4, glucose transporter 4; yGT, gamma glutamyl tranferase;
G6Pase, glucose-6-phosphatase; H&E, hematoxylin-eosin; IKK §, IkB
kinase; IRS, insulin responsive substrate; ITT, insulin tolerance test;

JNK, c-Jun N-terminal protein kinase; LDL-r, LDLreceptor; LPK,pyruvate

kinase type L; LXR, liver X receptor; LRH, liver-related homolog-1; NA-
FLD, nonalcoholic fatty liver disease; NASH, nonalcoholic steatohepa-
titis; OGTT, oral glucose tolerance test; PEPCK, phosphoenolpyruvate
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coactivator-1 «; PI3K, phosphatidylinositol-3-kinase; PKC, protein ki-
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homeostasis by decreasing their endogenous produc-
tion and by accelerating bile acid biotransformation and
excretion (9). Because bile acids represent the end-product
of cholesterol metabolism, FXR has also a role in regu-
lating lipid and cholesterol homeostasis. FXR activation
induces the expression of genes involved in lipoprotein
metabolism/clearance and represses the activity of genes
involved in the synthesis of triglycerides. The main mech-
anism of inhibition of triglyceride biosynthesis by FXR
ligands is the inhibition of the expression of transcrip-
tion factor sterol-regulatory element binding protein-
1c (SREBP-Ic) and its lipogenic target genes including
FAS (9, 10). In addition, activation of FXR increases
B-oxidation and decreases lipogenesis by downregulat-
ing the production of TNF-a by adipocytes and the lev-
els of circulating FFAs (9-11). In addition to its role on
lipid metabolism, FXR plays a role in glucose homeostasis
(9, 10, 12, 13). Thus, FXR-deficient mice develop insulin
resistance and administration of FXR ligands to wild-type
mice lowers blood glucose levels as a result of enhanced
phosphorylation of IRS-1 in tyrosine residues in the liver
and peripheral tissues including muscle and adipose
tissue (12, 13). Further, the activation of FXR represses
hepatic gluconeogenesis (12), interferes with glycolysis
via inhibition of LPK (pyruvate kinase type L) expres-
sion, stimulates glycogen storage, and inhibits de novo
lipogenesis (12, 13). Finally, FXR induces glucose trans-
porter 4 (GLUT-4) expression through the direct activa-
tion of an FXR response element (FXRE) in the GLUT-4
promoter (14).

Zucker (fa/fa) rats, harboring a loss-of-function muta-
tion of the leptin receptor, exhibit hyperphagia and hyper-
leptinaemia and develop obesity and insulin resistance
(15). Because obesity, type 2 diabetes, and liver steatosis
are distinctive features of NAFLD, Zucker (fa/fa) rats can
be considered a model for NAFLD (1, 15, 16). Agents that
target insulin sensitivity have been used for treatment of
metabolic disorder. Thus, antidiabetic drugs, metformin
and peroxisome proliferator—activated receptor-y (PPARYy)
ligands, rosiglitazone and pioglitazone, have shown to be
beneficial in the treatment of NAFLD/NASH patients
(17). The use of PPARy ligands thiazolidinediones, how-
ever, increases visceral fat deposition and carries a poten-
tial risk for cardiovascular events, making the quest for
NAFLD/NASH treatment an active field of clinical inves-
tigation with many different approaches being currently
under evaluation (17-19).

In the present study, we have investigated whether acti-
vation of FXR by a synthetic FXR ligand reverses insulin
resistance and protects against liver steatosis development
and insulin resistance in obese fa/fa rats and compared
the effect of this agent with that of rosiglitazone.

MATERIALS AND METHODS

Animal protocol

Lean (fa/+) and obese male (fa/fa) Zucker rats were from
Charles River. Rats were housed on a 12 h light-dark cycle and
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fed standard laboratory diet ad libitum. The experimental pro-
tocol was approved by the Animal Study Committee of the Uni-
versity of Perugia. Drug administration was started at 15 weeks
of age. Fa/fa rats were randomly allocated into four groups
(12 animals per group) and administered with vehicle (methyl
cellulose 1%), 6a-ethyl-chenodeoxycholic acid (6E-CDCA) an
FXR ligand (10 mg/kg), rosiglitazone (10 mg/kg) or a com-
bination of 6E-CDCA and rosiglitazone (5 mg/kg each) (20).
Treatments were administered by oral gavage once daily for 7
weeks. Consumed food and body weight were measured once a
week. At the day of euthanasia, rats were anesthetized with 50
mg/kg sodium pentothal. Blood was collected in heparinized
tubes and then centrifuged and plasma was stored at —80°C.
Skeletal muscle (gastrocnemius), liver, adipose tissue (epididy-
mal fat), pancreas, heart, and terminal ileus were removed from
each rat. All tissues were frozen in liquid nitrogen and stored at
—80°C or fixed in formalin or included in OCT. Tissue sections
(7 pm thick) were then stained with hematoxylin and eosin
(H&E) and red oil.

Biochemical analysis

Different kits were used, following manufacturer instructions,
to determine concentrations of various metabolites in plasma:
insulin (Mercodia Rat insulin ELISA, Uppsala, Sweden), adipo-
nectin (ELISA kit, Linco Research, Charles, MO). Glucose, aspar-
tate aminotransferase (AST), alanine aminotransferase (ALT),
v glutamyl tranferase (yGT), total cholesterol, LDL, and HDL tri-
glyceride levels were determined using specific kits (Alfa-Wasserman,
Bologna, Italy). FFA level was determined using a Wako Kkit.
IRS-1 phosphorylation on Ser(312) and serine threonine
protein kinase (AKT) phosphorylation on Ser(473) were assessed
in liver, muscle, and adipose (not shown) samples using a vali-
dated IRS-1 p-S312, Elisa Kkit, total IRS-1 Elisa kit, total Akt Elisa
kit, Akt p—S473 Elisa kit from BIOSOURCE (Invitrogen, Milan,
Italy).

Liver histology

For histological examination, portions of the right and left
liver lobes from each animal were fixed in 10% formaline,
embedded in paraffin, and a section of 7 microns thickness
stained with H&E, Oil Red O, and sirius red, and histological
and morphometric analysis were performed. The liver histol-
ogy was scored using a modification of the system developed by
Brunt etal. (21). Briefly, the degree of steatosis, hepatocyte bal-
looning, lobular inflammation, and portal inflammation was
scored separately in a blinded way. Each variable was graded
from zero through three. The sum of the scores (degree of ste-
atosis, hepatocyte ballooning, lobular inflammation, and por-
tal inflammation) was considered as the total pathology grade.
Fibrosis was staged from zero through three (see supplemen-
tary Table I and supplementary Fig. I).

Tissue triglyceride, cholesterol, FFAs, and glycogen

For determination of total triglyceride, cholesterol, and FFA
(N = 6-4) content fragments of ~100 mg of liver or gastrocne-
mius were homogenized with 1 ml of T-PER (Pirce). The homo-
genates were used for protein concentration analysis (Bradford
assay, Bio-rad, Milan, Italy), and 100 pl of tissue extracts added
to 1.6 ml CHCIl3:methanol (2:1) for 16 h at 4°C, after which
200 pL of 0.6% NaCl was added and the solution centrifuged at
2,000 gfor 20 min. The organic layer was removed and dried by
Speed Vac System (HETO-Holten, Waltham, MA). The result-
ing pellet was dissolved in 100 pL phosphate buffered saline
containing 1% Triton X-100 and triglyceride, cholesterol, and
FFA content was measured by specific enzymatic reagents.
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qRT-PCR

Quantization of the liver expression of selected genes was made
by real-time PCR (quantitative RT-PCR) as described previously
(22). The expression of each gene was measured in at least six
rats per group. All PCR primers (supplementary Table II) were
designed with the PRIMER3-OUTPUT software using published
sequence data obtained from the National Center for Biotechnol-
ogy Information database. Relative efficiency of the primer used
for qRT-PCR was calculated through the determination of standard
curves for every gene. Standard curves were performed using stan-
dard concentrations of cDNA template and estimating the unit of
relative fluorescence. Optimization experiments were performed
to obtain a primers efficiency value of 100% for every gene.

OGTT and ITT

The oral glucose tolerance test (OGTT) and the insulin tol-
erance test (ITT) were performed after overnight fasting after
the second week of treatment (not shown) and at the end of
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treatments. For OGTT, rats were given 2 g/kg glucose by oral
gavage. For the IGTT, rats were injected ip with 0.5 U/kg bovine
insulin (Sigma, St. Louis, MO). Blood samples were collected 0,
20, 40, 60, 100, and 120 min after oral glucose or ip insulin via
the tail vein.

Statistical analysis

All data are expressed as mean + SE. Treatments were com-
pared by one-way ANOVA followed by the Tukey test. An associ-
ated probability (Pvalue) of < 0.05% was considered significant.

RESULTS

Body weight

At the age of 15 weeks, obese fa/fa Zucker rats were
heavier thanlean control (fa/+)havingamean bodyweight
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Fig. 1. Effect of administration of obese fa/fa rats with nuclear receptor ligands on body weight and liver and fat weight. Zucker obese fa/
fa rats were administered daily with 6E-CDCA (10 mg/kg) and rosiglitazone (10 mg/kg) alone or in combination (5 mg/kg each) for 7
weeks starting at the age of 15 weeks. Data are mean + SE of 12 rats. * P< 0.05 naive fa/faversus lean. ** P< (.05 treated versus naive fa/fa.
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TABLE 1. Biochemical plasma parameters after 7 weeks treatment

Rats Lean (fa/+)

Treatment Naive Naive
Insulin (ng/L) 1,019.0 + 83.0 3,292.0 + 909.0#
Glucose (mg/dl) 116.0 + 6.0 174.8 + 7.0#
Triglyceride (mg/dl) 23.6 £ 4.0 407.0 + 56.0#
FFA (ng/dl) 0.6 £0.1 1.3+ 0.1#
Cholesterol (mg/dl) 69.9 £5.0 191.7 + 12.5#
LDL (mg/dl) 39.2 +4.2 74.0 +11.0
HDL (mg/dl) 21.6£1.6 45.0 + 1.8#
ALT (units/L) 43.1+1.9 109.0 £ 11.9
AST (units/L) 89.9+2.0 182.0 + 30.0
yGT (units/L) 6.2+0.5 6.6 £0.9
Adiponectin (ng/ml) 6.6 +0.4 9.0+0.9

fa/fa
6E-CDCA Rosiglitazone Rosiglitazone + 6E-CDCA
1,704.0 + 360.0 881.0 + 43.0%* 1,282.0 + 268.0
127.2 + 9.0%* 128.2 + 8.0%* 129.8 + 5.0%
236.0 + 48.0 206.0 + 42.0%* 158.0 + 24.0*
1.0 +0.1% 0.9 +0,1* 0.9 +0.1%
152.0 + 11.2 143.3 + 7.6% 173.0 £ 14.2
80.9 + 10.7 68.7 + 5.3 100.0 + 15.7
35.0 + 2.34* 41.0+1.9 40.7+ 1.5
78.5 + 8.1 140.3 + 33.6 84.0 + 8.2
93.9 £ 10.0 172.0 + 45.0 1120 +11.0
45+0.3 56+0.5 5.3+04
7.0+0.3 11.4+0.5 12.4 + 0.4*

Data are mean + SE (n =12).

# P<0.05, fa/fa versus lean.

*P < 0.05, treatment versus naive fa/fa.
*#* P<0.01, treatment versus naive fa/fa.

of 492 + 13.4 g significantly higher than that of naive lean
Fa(/+) rats, 331+ 7.0 g (n=12; P<0.01) (Fig. 1A). During
the treatment period, naive fa/fa and lean Fa(/+) gained
~10% of body weight, reaching a final body weight of
533 +13.7 and 374 + 8.6 g (P< 0.01) (Fig. 1B). As shown
in Fig. 1A and B, 7 week treatment with 6E-CDCA atten-
uated body weight gain and all treated animals in this
group maintained the original body weight (initial body
weight, 484.0 = 10.0; final body weight 481.0 + 11.0 g). In
contrast, fa/fa rats administered rosiglitazone or rosigli-
tazone in combination with 6E-CDCA gained ~20% of
body weight (FigurelB) and showed a higher body weight
in comparison with naive fa/fa rats (the final body weight
in the rosiglitazone group was 598.0 + 13.0 g whereas in
the combination group it was 571.0 = 13.0 g) [n = 12;
P<0.05 vs. baseline (starting body weight at week 0) ]. The
food intake (g/day) was not statistically different in all
treated groups. At the end of treatment, the ratio of liver
to body weight as well as the epidydimal fat weight and
the ratio of epidydimal fat to body weight were signifi-
cantly higher in the naive fa/fa than naive lean Fa(/+)
rats (Fig. 1C-F). None of the treatments had any effect
on liver weight but rosiglitazione, either alone or in com-
bination with 6E-CDCA, effectively reduced the ratio of
liver to body weight (data not significant) (Fig. 1C, D).
In addition, rosiglitazone either alone or in combination
with 6E-CDCA effectively increased the epidydimal fat
ratio (Fig. 1F) in comparison to naive Zucker fa/fa rats
(n=12; P<0.05).

Plasma biochemistry

Results of plasma biochemistry analyses are shown in
Table 1. At the age of 22 weeks, naive fa/fa rats were overtly
diabetic and hyper-insulinemic (n = 12; P< 0.01). In addi-
tion, fa/farats had higher plasma levels of triglyceride, FFA,
cholesterol, and LDL and lower levels of HDL than naive
lean rats (Table 1). Moderate elevation of serum transami-
nases is the most common and often the only laboratory
abnormality found in patients with NAFLD and NASH (1,
2). ALT and AST levels were 2-fold higher in naive fa/fa rats
than in lean rats fed the control diet (Table 1). Adminis-
tering fa/fa rats for 7 weeks with an FXR ligand effectively
reduced plasma glucose levels (n = 12; P< 0.05), FFA, and
HDL (n =12; P<0.05) without changing cholesterol plasma
levels (Table 1). Rosiglitazone administration effectively
reduced insulin and glucose plasma levels as well as triglyc-
eride, FFA, and cholesterol but not LDL and HDL (Table 1;
n =12; P<0.05). A similar pattern of effects was observed in
response to rosiglitazone in combination with 6E-CDCA.

Liver biochemistry

In comparison with lean rats, naive fa/fa rats had sig-
nificantly higher liver content of triglyceride, FFA, cho-
lesterol, and glycogen. Administering fa/fa rats with the
FXR ligand (Table 2) effectively decreased triglyceride,
FFA, cholesterol, and glycogen content (n = 12; P< 0.05).
Rosiglitazone administration reduced liver FFA and glyco-
gen content but increased the liver triglyceride content
(n=12; P<0.05). The combined administration of PPARy

TABLE 2. Biochemical tissues parameters after 7 weeks treatment

Rats Lean (fa/+) fa/fa

Treatment Naive Naive 6E-CDCA Rosiglitazone Rosiglitazone +6E-CDCA
Liver FFA (nmol/mg protein) 739.8 +98.7 1,124.0 = 192.5# 430.0 + 42.2% 907.0 + 274.0% 810.0 + 125.0%
Liver cholesterol (pg/mg) 0.7+0.1 1.7+ 0.2# 0.3+0.1% 1.5+0.1 1.1+0,1%

Liver glycogen (pg/mg protein) 148.1 +16.0 6,054.0 + 1362.0# 342.8 + 55.0% 2217.0 + 574.0%* 1,376.0 + 368.0*
Muscle triglyceride (pg/mg protein) 1.8+0.7 8.5 = 0.9# 2.7+ 0.5% 75+ 1.5 48+1.9

Muscle FFA (nmol/mg protein) 151.8 = 26.6 608.0 + 66.8# 204.0 = 40.9% 349.0 + 105.0 282.0 + 31.7*
Muscle cholesterol (pg/mg protein) 04=0.1 2.1+0.1# 0.2+0.1% 1.3 +0.3* 1.3 £ 0.5%

Data are mean = SE (n =12).
# P<0.05, fa/faversus lean.
*P<0.05, treatment versus naive fa/fa.

774 Journal of Lipid Research Volume 51, 2010

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


http://www.jlr.org/

A

AL

LV

" ASBMB

JOURNAL OF LIPID RESEARCH

I

_htm

Supplemental Material can be found at:
http://www jIr.org/content/suppl/2010/02/24/jir. M001602.DC1
|

A 4 B _ 4 c

D A E

Fig. 2. Effect of administration of obese fa/fa rats with nuclear receptor ligands on liver fat. Zucker obese fa/fa rats were administered
daily with 6E-CDCA (10 mg/kg) and rosiglitazone (10 mg/kg) alone or in combination (5 mg/kg each) for 7 weeks starting at the age of
15 weeks. Figure shown is representative of one animal per group. A-E: Macroscopic appearance of the liver. F-J: H&E staining, magnifica-
tion 40x. K-O: Oil Red O, magnification 40x. Lean rats (A, F, K); fa/fa rats (B, G, L); fa/fa rats administered with 6E-CDCA (C, H, M);
fa/fa rats administered with rosiglitazone (D, I, N); fa/fa rats administered with 6E-CDCA in combination with rosiglitazone (E, J, O). Livers
from fa/fa rats have higher fat content than lean rats. In G and I, arrows indicate ballooning. This pattern was ameliorated by treatment
with 6E-CDCA.

and FXR ligands effectively reduced liver content of FFA,
cholesterol, and glycogen (n = 12; P< 0.05), while causing
a slight but significant increase in triglyceride content
(n=12; P<0.05).
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Fig. 3. Effect of administration of obese fa/fa rats with nuclear
receptor ligands on the liver histopathology. The hustophatology
score was calculated according to the scoring system shown in sup-
plementary Table I. Data are mean + SE. * P < 0.001 naive fa/fa
versus lean; ** P< (.01 treatment versus naive fa/fa.

Liver histology

Histopathologic analysis of H&E stained liver sections
revealed a severe macrovescicular steatosis and hepato-
cyte ballooning with minor or absent portal and lobu-
lar inflammation. An example of the liver appearance is
shown in Fig. 2. Morphometric analysis using a previously
validated score (21) to demonstrate that administering
fa/fa rats with 6E-CDCA alone or in combination with
rosiglitazone effectively reduced the severity of the liver
steatosis and ballooning scores whereas rosiglitazone
worsened both (Fig. 2F-], Fig. 3). The morphometric
analysis of liver sections stained with Oil Red O, a mea-
sure of liver triglyceride content, confirmed this pat-
tern. As shown in Fig. 2K-O, fa/fa rats had a higher liver
content of neutral lipids compared with lean animals.
6E-CDCA reduced liver triglyceride content whereas
rosiglitazone did the opposite. A pathology score con-
structed by summing individual scores for liver steatosis,
hepatocyte ballooning, and lobular and portal inflamma-
tion demonstrate that fa/fa rats had significant obesity-
induced liver pathology and that these alterations were
attenuated by 6E-CDCA alone or in combination with
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rosiglitazone whereas the PPARy ligand alone did the
opposite (Fig. 3). A minimal to mild liver fibrosis was
detected in obese fa/fa rats at the sirius red staining. The
fibrosis stage was slightly attenuated by all treatments
(N =6; P<0.05) (data not shown).

Liver expression of lipogenesis-and
gluconeogenesis-related genes

In comparison with naive lean rats, obese fa/fa rats had
major alterations in the liver expression of genes involved
in lipid, cholesterol, and glucose homeostasis. Thus, a
2-fold increase in malic enzyme and HMG-CoA synthase
and an ~3- to 6fold increase in the expression of FAS and
SREPBI1c was detected in the liver of fa/fa rats. In addi-
tion, a 50% reduction in the expression of apolipoprotein
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(apo)-C2, cholesterol 7a-hydroxylase (CYP7Al), a gene
involved in the conversion of cholesterol into bile acids,
and ABCAI, a gene that regulates cholesterol efflux from
hepatocytes, was detected in fa/fa rats (Fig. 4). No changes
in the liver expression of several nuclear receptors between
lean and fa/fa were detected (Fig. 5). Expression of carni-
tine palmitoyl transferase 1 (CPT-1), a gene involved in the
B-oxidation of fatty acids, was also increased by 2-fold in
fa/fa rats (Fig. 6). Reflecting their condition of insulin resis-
tance, fa/farats had a significant increase in the expression
of pyruvate dehydrogenase and pyruvate kinase, two genes
involved in glycolysis and fatty acid synthesis, and phospho-
enolpyruvate carboxykinase (PEPCK), a key regulatory gene
in the gluconeogenetic pathway. In contrast, the expression
of glucokinase was significantly reduced (Fig. 7).
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FXR activation in fa/fa rats increased the expression of
the FXR-target gene small heterodimer partner (SHP), an
atypical nuclear receptor that has been shown to medi-
ate several metabolic effects of FXR (Fig. 5) (P < 0.05 vs.
fa/fa) and reduced the expression of SREPB-Ic, FAS,
malic enzyme, and pyruvate kinase downregulating fatty
acid synthesis (Fig. 4 and 6). It also inhibited the expres-
sion of the neoglucogenetic enzyme, PEPCK (Fig. 7). The
expression of HMG-CoA synthase (Figs. 4, 7) and that of
HMG-CoA reductase (data not shown) was unchanged
after treatment with 6E-CDCA. Treatment with 6E-CDCA
induced an upregulation of apo-C2 (Fig. 4). Rosiglitazone
administration had no effect on enzymes involved in fatty
acid and triglyceride metabolism as well as cholesterol
homeostasis, with the remarkable reduction of LDL recep-
tor (LDL-r) (Fig. 4). However, it reduced liver CPT1 and
G6Pase (Figs. 6, 7). The combination of the FXR and
PPARYy ligands gives an intermediate phenotype.

Muscle biochemistry and gene expression

Muscle triglycerides, FFAs, and cholesterol contents
were significantly higher in muscles of obese fa/fa rats
(Table 2). Consistent with these findings, FAS expression
was increased 3-fold in the muscle of fa/fa rats in compar-

ison with lean rats. In contrast, a decrease in PPAR« and
GLUT-4 was observed (Fig. 8). Treating fa/fa rats with
6E-CDCA resulted in a marked reduction of muscle tri-
glyceride, FFA, and cholesterol content and associated with
a significant reduction in the expression of FAS mRNA
and induction of GLUT4, PPAR«, and PGC-la (Fig. 8). A
similar pattern of effects was observed in rats administered
rosiglitazone alone or in combination with 6E-CDCA,
though the PPARvy ligand alone failed to reduce muscle
triglyceride content (Table 2 and Fig. 8).

Insulin signaling: OGTT and ITT

The OGTT was performed 3 (data not shown) and 7
weeks after drug treatment. At the age of 22 weeks, fa/
Ja rats had a significant higher basal insulin and glucose
plasma levels than lean rats (Table 1). Glucose load in
Ja/fa rats resulted in a sustained increase in plasma glu-
cose levels, indicating that these rats were insulin-resistant
(Fig. 9A). In addition, after the insulin injection the
level of plasma glucose remained high at all time points
in the fa/fa group (Fig. 9C). In lean rats, blood glucose
dropped sharply from 0 to 60 min. After this time point,
it rose slowly toward the baseline in the following 60 min.
Blood glucose levels dropped to ~40% of basal values at
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40 min (a measure of insulin sensitivity). Obese fa/fa rats
were overtly insulin resistant and glucose plasma levels
in response to the ITT never dropped below 70% of
basal values and returned rapidly to the baseline (Fig. 9C)
(P<0,05;n=12).

Administering obese fa/fa rats with 6E-CDCA and
rosiglitazone alone or in combination not only normal-
ized glucose and insulin plasma levels but restored insu-
lin sensitivity as measured by the ITT (Fig. 9A-C). Similar
results were obtained after 3 weeks of treatment (data not
shown).

Insulin signaling: IRS and AKT phosphorylation in liver
and muscles
The classic insulin signaling cascade was severely ham-
pered in liver, muscle, and adipose tissue (not shown) of
obese Zucker rats (fa/fa) compared with lean rats (Fig. 10).
Thus, IRS phosphorylation in Ser(312), an inhibitory
phosphorylation, was markedly increased in the liver and
muscles of fa/fa rats in comparison to lean rats (n = 12;
P<0.05). In contrast, phosphorylation of AKT in Ser(473),
an activatory phosphorylation, was reduced in the liver
and muscles of fa/fa rats. Treating fa/fa rats with 6E-CDCA
and rosiglitazone and their combination restored liver
insulin sensitivity and reduced of IRS phosphorylation on
Ser(312). A similar pattern was observed in the muscle

778 Journal of Lipid Research Volume 51, 2010

(Fig. 10). Finally, FXR activation increased AKT phosphor-
ylation in Ser(437) in the liver (Fig. 10).

DISCUSSION

In this study, we provide compelling evidence that
FXR activation by a steroid agonist reverses biochemical
and hormonal dysfunction in a rodent model of NAFLD.
Obese Zucker fa/farats develop a hyperphagia-driven obe-
sity as a consequence of spontaneous mutation in the lep-
tin receptor (15, 16). Impaired leptin signaling leads to
hyperinsulinemia, hyper-glycemia, hyper-triglyceridemia,
hyper-cholesterolemia, insulin resistance, and liver fat
accumulation and increased aminotrasnferases plasma
levels. Results from a detailed biochemical characteriza-
tion and analysis of expression of genes involved in lipid,
cholesterol, and glucose homeostasis in the liver and mus-
cle provide robust support to the notion that this genetic
model shares major biochemical features with human
NAFLD (1-6). Thus, obese fa/fa rats had an increased
expression of genes involved in gluconeogenesis (PEPCK)
and fatty acid (SREPB-1C and FAS) and cholesterol (HMG-
CoA synthase) synthesis and impaired cholesterol efflux
from hepatocytes (ABCA1 and Apo-C2) leading to accu-
mulation of triglyceride and cholesterol in the liver.
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per group and loaded in triplicates. * P < 0.01 naive fa/fa versus lean

Several results support the notion that the mechanism
of insulin resistance seen in obese fa/fa rats share similar-
ities with insulin resistance seen in patients with NAFLD/
NASH. In those patients, either increased expression of
pro-inflammatory mediators such as TNFa and accumu-
lation of biologically active fatty acid metabolites in liver
and muscle cells activate Ser/Thr kinases leading to IRS-1
serine-phosphorylation and subsequent impaired IRS-1
thyrosine phosphorylation and reduced PI3K activity
upon insulin stimulation (23-25). Similarly, insulin resis-
tance in liver and muscles of fa/fa rats associates with a
robust induction of IRS-1 phosphorylation in Ser(312) as
well as a decreased phosphorylation of AKT at Ser(473),
a phosphorylation site that is required for downstream
propagation of insulin signaling (26). These biochemical
and molecular alterations had pathological readouts; fa/fa
rats develop liver steatosis and hepatocytes ballooning that
share the same lobular distribution of NAFLD patients. In
aggregate, the obesity-driven liver injury in fa/fa rats repro-
duce several major molecular, biochemical, and histologic

or treatment versus naive fa/fa.

features of NAFLD and represent a relevant model to test
pharmacological interventions (16). However, fa/fa rats
fail to develop a robust fibrotic response and inflamma-
tion even in the presence of severe steatosis; for this rea-
son, they cannot be considered a model of NASH. Because
fa/fa rats lack a functional leptin receptor and leptin in
an essential part of the hormonal network that regulates
collagen deposition by hepatic stellate cells and myofibro-
blasts, the later represents an intrinsic limitation of the
model (27).

Members of the nuclear receptor superfamily function
as intracellular ligand-activated transcription factors in
a diverse range of cellular processes (9, 10). A subset of
nuclear receptors that heterodimerize with the retinoid X
receptor o are low-affinity receptors for important meta-
bolic intermediates and regulators of metabolic and adap-
tive/defensive processes, particularly in the liver (28). To
date, the significance of metabolic nuclear receptor in the
development of hepatic steatosis, inflammation, and fibrosis
in NAFLD has not been extensively characterized (17), but
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clinical studies have highlighted a beneficial role for thiazo-
lidinediones, a class of synthetic PPARy ligands (17). The
thiazolidinediones, rosiglitazone and pioglitazone, act as
insulin sensitizers and are used in the treatment of patients
with type 2 diabetes and NASH (18). We found that rosiglita-
zone administration to obese fa/fa rats exerted a number of
beneficial effects and was highly effective in counteracting
insulin resistance as demonstrated by normalization of the
OGTT and the ITT. Further, rosiglitazone reduced Ser(312)
phosphorylation of IRS-1 to the level seen in lean rats and
ameliorates plasma triglyceride, FFA, cholesterol, insulin,
and glucose levels. However, rosiglitazone caused abdom-
inal fat accumulation (as measured by epidydimal weight,
Fig. 1E) and increased rat body weight by ~20% in compar-
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= = o

Fig. 8. Effect of administration of obese fa/fa rats
with nuclear receptor ligands on expression of key
regulatory genes in the muscle. The relative expres-
sion (q-RT-PCR) of each gene was obtained by com-
paring lean and fa/fa rats. RNA samples were from
six animals per group and loaded in triplicates. * P<
0.01 naive fa/fa versus lean or treatment versus naive

fa/fa.

:

Naive fa/fa Naive  6E-CDCA Rosiglitazone Rosiglitazone

+6E-CDCA

ison to naive fa/fa. Rosiglitazone failed to ameliorates serum
markers of liver injury (AST and ALT) and worsened liver
histopathology, increasing liver triglyceride content (Table
2). These findings were consistent with those reported in
another genetic model of liver steatosis developing in leptin-
deficient 0b/ob mice. Because both the 0b/ob mice and fa/fa
rats are characterized by deficiency in leptin signaling, it
might be speculated that failure to ameliorate liver histo-
pathology by rosiglitazone could be limited to models that
build up on an altered leptin signaling. A similar weight gain
was seen in NASH patients administered pioglitazone (29, 30)
or rosiglitazone. Thus, it is widely accepted that the insulin
sensitizing activity of glitazones on adipocytes is responsible
for abdominal fat deposition caused by these agents (31).
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FXR is a bile acid sensor that regulates bile acid syn-
thesis, and in association with CAR and PXR, bile acid
detoxification and excretion (8, 9). In the present study,
we have provided evidence that FXR activation with
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lin and glucose lowering effects, leading to a normaliza-
tion of insulin and glucose response to the OGTT and
ITT. In the latter, glucose plasma levels measured 40 min
after the oral glucose load, a validated measure of insu-
lin resistance, were normalized to values similar to those
of lean rats. In addition, FXR activation reduced blood
triglyceride levels although it had no effects on choles-
terol plasma levels. A reduction of circulating levels of
HDL was noted. Despite its lack of effect on circulating
cholesterol, 6E-CDCA effectively reduced liver fat depo-
sition, improved liver histopathology, and reduced ami-
notransferases plasma levels. These biochemical effects
were supported by molecular changes in the liver and
muscles. FXR activation caused a 6-fold increase in the
liver expression of SHP, a negative regulator of SREBP-1c
and its target gene FAS (32).

Previous studies have shown that FXR deficiency results
in insulin resistance in the liver and muscle (12). Despite
the fact that FXR deficient mice fail to develop overt dia-
betes and NASH, even on a high-fat diet, activation of
FXR with synthetic agonists or gene transfer ameliorates
insulin signaling in the liver and muscle (12). However,
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FXR is not expressed in muscle cells, indicating that the
effects it exerts on the muscle are indirect (12). We found
that by increasing -oxidation and decreasing liver lipo-
genesis, 6E-CDCA reduced circulating FFA. Because bio-
logically active FFA metabolites activate Ser/Thr kinases
causing IRS-1 serine-phosphorylation and impaired IRS-1
thyrosine phosphorylation upon insulin stimulation, the
reduction of FFA could contribute to the restoration of
insulin signaling (11, 12).

The liver controls blood glucose levels by modulating
gluconeogenesis, glycogen synthesis, and glycolysis. The
glucokinase and pyruvate kinase are the two rate-limiting
enzymes involved in glycogen synthesis and glycolytic path-
way. The activation of FXR interferes with glycolysis and glu-
coneogensis via repressing the pyruvate kinase (type L) and
by downregulating the expression of PEPCK and G6-Pase,
the two enzymes that catalyze the initial and the last step of
gluconeogenesis. Both genes are known to be downregu-
lated by FXR through an SHP-dependent mechanism (13,
33, 34). Repression of pyruvate kinase and induction of glu-
cokinase will increases glycogenosynthesis, further support-
ing the plasma glucose lowering effect of the FXR ligand.
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Fig. 11. Schematic diagram of the effects induced by 6E-CDCA and rosiglitazone in lipid and glucose metabolism.
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In addition to its liver effects, FXR activation exerted
several beneficial effects in the muscle. 6E-CDCA upregu-
lated the muscle expression of GLUT-4, PPARa, uncou-
pling protein 2, andPGC-la while downregulating FAS
expression. In contrast to 6E-CDCA, rosiglitazone failed
to stimulate FFA (-oxidation in the muscle and upregu-
lated FAS expression favoring fat deposition in muscle
cells (Fig. 11).

FXR and PPARy ligands exert hypoglycemic activities
but ligands for the two receptors differ for their activity
on [-oxidation. Whereas rosiglitazone inhibited genes
involved in fatty acid B-oxidation, the FXR ligand did the
opposite. Because B-oxidation of FFA is an efficient path-
way to dissipate energy and fat, its inhibition will favor
body accumulation of FFA.

Administering fa/faratswith 6E-CDCA inhibited Cyp7A1
expression and reduced circulating levels of HDL. Because
CYP7A1 is the rate-limiting enzyme in bile acid synthesis,
its inhibition might impair bile generation (35, 36). In
addition, because of the critical role of CYP7A1 in regu-
lating cholesterol homeostasis, the negative regulation of
this gene by FXR agonists need to be carefully evaluated
in clinically relevant settings (37). Previous studies, how-
ever, have shown that FXR activation increases bile flow
in rats (37) and reduces the cholesterol saturation index
in the bile (38). Reduction of circulating levels of HDL is
another common effect observed with FXR ligands. The
mechanism for this unwanted effect is at the moment
unclear, but studies on human hepatocytes have shown
that FXR directly downregulates the synthesis of apoAl,
one of the main components of HDL (39). Whether this
effect will have negative consequences on lipid metabo-
lism needs to be addressed in clinical settings.

Despite the fact that FXR actions are predominantly
exerted in the liver, 6E-CDCA exerted metabolic effects
in the muscle an adipose tissue. However, it should be
noted that bile acids reach the systemic circulation exert-
ing direct regulatory activities in peripheral tissues. In the
muscle, 6E-CDCA upregulated the expression of Glut-4 as
well as genes involved in B-oxidation and energy expendi-
ture and downregulated FAS mRNA. However, it should
be kept in mind that amelioration of insulin sensitivity in
the muscle could also be secondary to the reduction of
circulating levels of FFAs.

In summary, this study provides evidence that leptin-
receptor mutated Zucker fa/fa rats are a genetic model of
insulin resistance and obesity-driven liver injury that share
biochemical and histological similarities with NAFLD.
Using this model, we have demonstrated that 6E-CDCA
an FXR ligand, was effective in counteracting insulin
resistance in liver and muscle cells, resulting in a robust
attenuation of liver steatosis. Despite the fact that we have
measured expression of steady state mRNA but not pro-
tein, the present results suggest a beneficial role for FXR
ligands in metabolic disorders. i

Sabrina Cipriani carried out animal studies, biochemical
analysis, histological analysis, and PCR analysis and wrote the
manuscript. Andrea Mencarelli carried out animal studies and

biochemical and histological analyses. Giuseppe Palladino
carried out PCR and histological analysis. Stefano Fiorucci
designed the study and wrote the manuscript.
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