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Abstract  As 5-lipoxygenase (5-LO) is an emerging target in
obesity and insulin resistance, we have investigated whether
this arachidonate pathway is also implicated in the progres-
sion of obesity-related fatty liver disease. Our results show
that 5-LO activity and 5-LO-derived product levels are sig-
nificantly elevated in the liver of obese ob/ob mice with re-
spect to wild-type controls. Treatment of ob/ob mice with a
selective 5-LO inhibitor exerted a remarkable protection
from hepatic steatosis as revealed by decreased oil red-O
staining and reduced hepatic triglyceride (TG) concentra-
tions. In addition, 5-LO inhibition in ob/ob mice downregu-
lated genes involved in hepatic fatty acid uptake (i.e., L-FABP
and FAT/CD36) and normalized peroxisome proliferator-
activated receptor alpha (PPAR«a) and acyl-CoA oxidase ex-
pression, whereas the expression of lipogenic genes [i.e., fatty
acid synthase (FASN) and SREBP-1c] remained unaltered.
Furthermore, 5-LO inhibition restored hepatic microsomal
TG transfer protein (MTP) activity in parallel with a stimula-
tion of hepatic VLDL-TG and apoB secretion in ob/ob mice.
Consistent with these findings, 5-LO products directly inhib-
ited MTP activity and triggered cytosolic TG accumulation in
CC-1 cells, a murine hepatocyte cell line.fif Taken together,
these findings identify a novel steatogenic role for 5-LO in
the liver through mechanisms involving the regulation of he-
patic MTP activity and VLDL-TG and apoB secretion.—
Lopez-Parra, M., E. Titos, R. Horrillo, N. Ferré, A. Gonzalez-
Périz, M. Martinez-Clemente, A. Planaguma, J. Masferrer, V.
Arroyo, and J. Claria. Regulatory effects of arachidonate 5-
lipoxygenase on hepatic microsomal TG transfer protein ac-
tivity and VLDL-triglyceride and apoB secretion in obese
mice. J. Lipid Res. 2008. 49: 2513-2523.

Supplementary key words arachidonate 5-LO e VLDL-TG e he-

patic steatosis

In the early stages of liver injury, triglycerides (TG) ac-
cumulate in the cytoplasm of hepatocytes leading to he-
patic steatosis. Although generally asymptomatic, hepatic
steatosis or fatty liver is no longer regarded as a neutral
and innocent bystander but rather as a premorbid condi-
tion that increases the vulnerability of this organ to prog-
ress to advanced liver disease (1, 2). Indeed, hepatic
steatosis is frequently complicated by the presence of a
prominent inflammatory component, a condition known
as steatohepatitis, which may evolve in time to tissue dam-
age and scar accumulation, progressive fibrosis, and even-
tually to liver cirrhosis (3—5). The prevalence of fatty liver
disease and steatohepatitis is increasing worldwide in par-
allel with the rise in obesity, dyslipidemia, and insulin resis-
tance, and they are considered the hepatic manifestations
of the metabolic syndrome (1, 2).

The arachidonate 5-lipoxygenase (5-LO) pathway has
recently been identified as an emerging target in obesity,
insulin resistance, and atherosclerosis (6—14). In fact, 5-LO
activating protein is overexpressed in the adipose tissue of
obese patients with insulin resistance, and linkage analysis
and gene mapping have identified 5-LO as a gene with
pleiotropic actions on adipose fat accumulation (7-9). In
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addition, augmented formation of 5-LO-derived products
has been detected in cells growing under hyperglycemic
and hyperinsulinemic conditions (10). Likewise, the 5-LO
pathway has been established as a risk factor in athero-
sclerosis, and an allelic variant of the 5-LO gene has been
identified in patients with high-risk of atherosclerosis (11,
12). Importantly, 5-LO colocalizes with inflammatory cells
in the atheroma plaque and appears to promote the patho-
genesis of hyperlipidemia-dependent vascular complica-
tions (6, 13, 14). However, the potential involvement of
the 5-LO pathway in the progression of fatty liver disease
remains to be clarified.

In the present study, we examined the expression, ac-
tivity, and functional role of 5-LO in hepatic steatosis in
ob/ob mice, an experimental model of obesity-related fatty
liver disease (3, 15). In these animals, we assessed key fac-
tors governing the progression of hepatic steatosis (i.e.,
fatty acid uptake, lipogenesis, and fatty acid oxidation),
the activity of the microsomal TG transfer protein (MTP)
and VLDL-TG and apoB secretion. In addition, we exam-
ined the effect of 5-LO products [leukotriene (LT) By
and LTD4] on mechanisms regulating TG synthesis and
export in CC-1 cells, a murine hepatocyte cell line.

MATERIALS AND METHODS

Experimental Studies

Adult male wild-type (control) and leptin-deficient mice (ob/ob
mice) in the C57BL/6] background (The Jackson Laboratory, Bar
Harbor, ME) received either a standard mouse chow (placebo
group) or a chow containing a 5-LO inhibitor (5-L.O inhibitor
group) for 14 days. The 5-L.O inhibitor used in this study was the
compound CJ-13,610, a nonredox-type 5-L.O inhibitor provided by
Pfizer (St. Louis, MO), with proven efficacy in vivo and in vitro
(16-18). CJ-13,610 was incorporated into the diet by PMI Nutrition
International (Brentwood, MO) to yield approximately 10 mg/kg
body weight. Feed was made available ad libitum in wire feeders
above the floor of the cage. Feed was changed every day and food
intake was monitored throughout the experiment. Mice consumed
approximately 3—-6 g food/day. This drug regimen exerts effec-
tive 5-LO inhibition in wild-type mice (16) and in ob/ob mice
(see later discussion). At the end of the intervention period, mice
were anesthetized with isoflurane and blood was collected by
cardiac puncture. The liver was immediately excised, rinsed in
Dulbecco’s Phosphate Buffered Saline (DPBS), and fixed in 10%
formalin for histological analyses. The remaining liver tissue was
snap-frozen in liquid nitrogen for RNA extraction and other analy-
sis or was cryopreserved in optimal cutting temperature (OCT)
compound for oil red-O staining. All animal studies were con-
ducted in accordance with the criteria of the Investigation and
Ethics Committee of the Hospital Clinic and the European Com-
munity laws governing the use of experimental animals.

Histological analysis

Hepatic steatosis was assessed by oil red-O staining in OCT-
embedded cryosections. Briefly, cryosections were fixed in
60% isopropanol for 10 min and stained with 0.3% oil red-O
in 60% isopropanol for 30 min and subsequently washed with
60% isopropanol. Sections were counterstained with Gill’s he-
matoxylin, washed with acetic acid solution (4%), and mounted
with aqueous solution. Sections were visualized under a Nikon
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Eclipse E600 microscope (Kawasaki, Japan) at a magnification of
X100 and relative areas of steatosis (expressed as % oil red-O
staining) were quantified by histomorphometry using a com-
puterized image analysis system (AnalySIS®, Soft Imaging System,
Munster, Germany). A minimum of 25 independent fields per
sample were evaluated.

Hepatic VLDL-TG production rate and apoB secretion

The in vivo VLDL-TG production rate was assessed as de-
scribed (19-21), with modifications. Wild-type and ob/ob mice
received standard mouse chow or a chow containing the 5-LO
inhibitor CJ-13,610 (10 mg/kg body weight) for 14 days (n =
3—4 per group). On the day of experimentation, mice received
an iv injection of 500 mg/kg body weight of Triton WR-1339
(Tyloxapol, Sigma, St. Louis, MO) as a 15 mg/100 pl solution
of saline in the tail vein. Blood samples were taken by tail bleed-
ing before ({y) and 30, 60, and 120 min after Triton injection. At
the end of the experiment, a large blood sample was obtained
by heart puncture for isolation of VLDL particles (see below).
Plasma VLDL-TG levels were determined with the Triglycérides
Enzymatique PAP 150 kit (BioMérieux, Marcy I’Etoile, France)
and read at a wavelength of 492 nm in a FluoStar Optima plate
reader (BMG LabTech, Offenburg, Germany). The VLDL-TG
production rate was calculated from the slope of TG concentra-
tion versus the time curve and was expressed as wmol/kg/h.
ApoB content in nascent VLDL particles was determined as de-
scribed (19-21) with modifications. Briefly, 30 pl of isolated
VLDL samples were resuspended in SDS-containing Laemmli
sample buffer, heated for 5 min at 95°C, and separated through
5% SDS-PAGE. Proteins were electroblotted during 2 h into
PVDF membranes. Blots were soaked for 1 h at room tempera-
ture in Tris-buffered saline containing 0.1% (v/v) Tween 20
and 5% (w/v) nonfat dry milk and were incubated overnight at
4°C with an anti-apoB polyclonal antibody (dilution 1:1000)
(Chemicon, Millipore Co., Billerica, MA). After washing, blots
were incubated for 1 h at room temperature with a horseradish
peroxidase-linked donkey anti-goat antibody (dilution 1:4000)
(Abcam, Cambridge, MA) and subsequently visualized using an
enhanced chemiluminiscence detection system. Bands were
quantified by densitometry using the Image Gauge 4.0 software
(Fuji Photo Film Co., Japan).

Isolation of VLDL

Plasma VLDL-containing fraction (d = 1.006 g/ml) was iso-
lated by density gradient ultracentrifugation with a NaCl solu-
tion (d = 1.006 g/ml) at 45,000 rpm for 18 h at 15°C in an
Optima L-90K ultracentrifuge using a fixed-angle rotor (model
50 Ti; Beckman Coulter Inc., Fullerton, CA). The top fraction
containing VLDL was collected and frozen at —80°C until analysis
of apoB levels.

Biochemical analyses

Serum concentrations of cholesterol, TG, and free fatty acids,
as well as serum alanine and aspartate aminotransferase (ALT
and AST) activities were determined by standard laboratory pro-
cedures. Serum insulin levels were determined using an Ultra-
sensitive Mouse Insulin ELISA kit (Mercodia, Uppsala, Sweden).
The total hepatic content of cholesterol and TG was determined
by standard laboratory procedures following lipid extraction with
isopropyl alcohol-hexane. Briefly, tissue samples (100 mg) were
homogenized in 10 ml hexane/isopropanol mixture (3:2) and
placed on an orbital shaker overnight at the maximum speed
(250—-300 rpm). Subsequently, 3 ml of anhydrous sodium sulfate
(0.47 M) were added, and the samples were shaken again for
15 min. After centrifugation (200 g for 5 minutes), the upper



phase was placed into a clean borosilicate tube, evaporated under
No, and resuspended in 1 ml of sodium cholate (0.5%, w/v). To
determine TG concentrations in samples from cell culture ex-
periments, supernatants were collected and evaporated under a
stream of Ny, whereas cells were trypsinized, placed into borosili-
cate glass tubes, and centrifuged for 5 min at 800 g. Cell extracts
and supernatants were resuspended in 1 ml hexane/isopropanol
(3:2) and placed on an orbital shaker for 3 h. Subsequently, 300 1
of natrium sulfate anhydride (0.47 M) were added and the sam-
ples shaken again for 15 min. After centrifugation (200 g for
5 minutes), TG concentrations were analyzed with a commer-
cially available kit (BioMérieux).

5-LO activity assay

5-LO activity was measured in liver explants obtained from
wild-type and ob/ob mice. Liver sections of about 40 mg were in-
cubated with 0.5 ml of Ringer buffer containing arachidonic acid
(50 uM) (Cayman Chemical, Ann Arbor, MI) and ionophore
A23187 (buM) (Sigma) for 15 min at 37°C in a 24-well plate.
At the end of the incubation period, supernatants were collected,
centrifuged for 5 min at 3000 rpm at 4°C, and frozen at —80°C
until the determination of 5-LO products by enzyme immuno-
assay (22, 23). 5-LO activity was calculated as the sum of LTB4 and
cysteinyl-LTs produced per time unit and expressed as ng/min.
The accumulation of ITB4 and cysteinyl-LTs in the liver of wild-
type mice and ob/ob mice was determined in samples of about
0.2-0.4 g that were individually homogenized with a Ultra-Turrax
T25 (Ika, Werke Staufen, Germany) in 2 ml of cold DPBS** and
extracted with Sep Pak Cy;g columns, prior to enzyme immunoassay
analysis (22, 23).

Cell incubations

CC-1 cells, an adult rat hepatocyte cell line (24), were ob-
tained from the European Collection of Cell Cultures (ECACC,
Salisbury, UK). CC-1 cells were grown at 37°C in a 5% COq atmo-
sphere in EMEM media supplemented with 10% FBS (Biowest,
Nuaill¢, France), L-glutamine (4 mM), penicillin (50 U/ml), strep-
tomycin (50 pg/ml), sodium pyruvate (1 mM), and NEAA (0.1 mM).
For experiments assessing TG levels and gene expression studies,
the cells were seeded on 12-well plates at a density of 1 X 10° and
2.5 X 10° cells/well, respectively. Twenty-four hours later, the cells
were incubated overnight with serum-free medium supplemented
with 25 mM glucose. Thereafter, the cells were exposed to vehicle
(<0.5% ethanol) or increasing concentrations (0, 0.1, 1, and
10 wM) of synthetic LTB, and ITD,4 (Cayman Chemical). Twenty-
four hours later, supernatants and cell extracts were obtained as
described above in the Biochemical analyses section, and stored
at —20°C until further analysis. For gene expression studies, RNA
was isolated from cell extracts as described below. In some experi-
ments, insulin (100 nM) was added to the medium or the cells
were pretreated with 10 uM of CP-105,696 (a B-LT; receptor an-
tagonist) (kindly provided by Pfizer) or 1 uM of MK-571 (a cys-
LT, receptor antagonist) (Cayman Chemical) for 15 min, followed
by the addition of either vehicle, LTB, or LTD,.

MTP activity assay

MTP activity was determined by a rapid and sensitive fluores-
cent assay in which samples were incubated with donor vesicles
containing quenched fluorescent lipids and acceptor vesicle
(Chylos Inc., Woodbury, NY). Briefly, 50-100 mg of tissue sam-
ples were homogenized in 1 ml of hypotonic Buffer K (1 mM
TrisHCI, 1 mM EGTA, 1 mM MgCly, pH 7.6, 4°C) containing
1/50 protease-inhibitor cocktail (Roche, Manheim, Germany).
Liver homogenates were stored on ice, and protein concentra-
tions were determined using the MicroBCA™ Protein Assay

Reagent Kit (Pierce, Rockford, IL). For each sample, the MTP
assay was performed in duplicate in black fluorescence microtiter
plates using 5 pl of substrate vesicles (containing both donor and
acceptor vesicles) and 10 pg of homogenate liver protein. Plates
were incubated at 37°C for 30 min and read in a FluoStar Optima
fluorescence plate reader at 450 nm excitation and 520 nm emis-
sion wavelengths. To determine blank values, 5 pl of vesicles were
added to 95 wl of homogenization buffer. The total fluorescence
of donor vesicles was determined by adding 95 .l isopropanol to
5 pl vesicles. MTP activity (percentage transfer) was then calcu-
lated with equation 1:

% Transfer = (Sample “fluorescence units - Blankﬂuoresrem:e units)

/(TOtalﬂuaresrmzte units ~ Blankﬂuon’,scmm unit&) X100
(Eg. 1)

Specific MTP activity was expressed as the mean of % transfer/
mg total protein/hour of duplicate quantifications.

To determine MTP activity in samples from cell culture experi-
ments, CC-1 cells were seeded on 6-well plates at a density of 5 X
10° cells/well; grown overnight with serum-free medium sup-
plemented with 25 mM glucose; and then exposed to vehicle
(<0.5% ethanol), LTB,4 (0.1 and 1 pM), or LTD, (0.1 and 1 pM).
Twenty-four hours later, cells were washed twice with ice-cold
DPBS followed by one wash with ice-cold Buffer K. Subsequently,
cells were incubated for 2 min with Buffer K prewarmed at 37°C,
scraped with 300 wl ice-cold Buffer K containing 1/50 protease-
inhibitor cocktail, and homogenized using a 21G needle syringe.
In these experiments, 24 pg of protein extracts were assayed with
an incubation time period of 6 h. To assess whether LTB, and
LTD, directly affect MTP activity, homogenates from CC-1 cells
containing a total of 24 pg of protein were incubated with dif-
ferent concentrations of LTB; (0.1 and 1 pM) and LTD, (0.1
and 1 pM) and immediately processed in triplicate for MTP ac-
tivity for an incubation time period of 6 h.

RNA isolation

Isolation of total RNA from liver tissue and cultured cells
was performed using Trizol (Invitrogen, Carlsbad, CA) and the
RNAqueous Kit (Ambion Inc., Austin, TX), respectively. RNA
concentration was assessed in a ultraviolet spectrophotometer
and its integrity tested on a 6,000 LabChip in a 2,100 Bioanalyzer
(Agilent Technologies, Palo Alto, CA).

RT Real-Time PCR

cDNA synthesis from 1 pg of total RNA was performed using
the High-Capacity cDNA Archive Kit (Applied Biosystems, Foster
City, CA). Validated and predesigned TaqMan primers and probes
from Assays-on-Demand products were used to quantify 5-LO
(Mm01182743_m1), MTP (MmO00435015_m1 and Rn01522970_
ml), sterol response element-binding protein-lc (Srebp-1c, ID:
Mm00550338_m1 and Rn01495754_m1), fatty acid synthase (FASN,
ID: Mm00662319_m1 and Rn00569117_m1), liver fatty acid-
binding protein (L-FABP, ID: Mm00444340_m1 and Rn00561171_
ml), fatty acid translocase (FAT/CD36, ID: Mm00432403_m1 and
Rn00580728_m1), peroxisome proliferator-activated receptor o
(PPARq, ID: Mm00440939_m1 and Rn00566193_m1), and acyl-
CoA oxidase (Aco, ID: Mm00443579_m1 and Rn00569216_m1)
using B-actin (Actb, ID: Mm00607939_s1 and Rn00667869_m1) as
an endogenous control. Real-time PCR amplifications were carried
out in an ABI Prism 7900HT Sequence Detection System. PCR re-
sults were analyzed with the Sequence Detector Software version
2.1 (Applied Biosystems). Relative quantification of gene expression
was performed using the comparative C; method. The amount of
target gene, normalized to B-actin and relative to a calibrator, was
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Fig. 1. Increased 5-lipoxygenase (5-LO) product formation in
ob/ob mouse liver and inhibition by a selective 5-LO inhibitor. He-
patic levels of leukotriene B, (LTB4) (A) and LTC,/LTD4/LTE,
(B) in wild-type (wt) mice (n = 5), ob/ob mice (n = 8), and
ob/ob mice treated with a 5-LO inhibitor [ob/ob + 5-LO inhibitor
(inh)] (n = 8). C: 5-LO activity was determined in liver sections
from wt and ob/ob mice incubated with arachidonic acid. D:
5-LO expression in liver tissue samples from wild-type and ob/ob
mice was assessed by real-time PCR and normalized to B-actin
levels. Results are expressed as mean * SEM. a, P < 0.05, b, P <
0.01, and ¢, P < 0.001 vs. wt mice; * P < 0.05 and ** P < 0.01 vs.
untreated ob/ob mice.

determined by the arithmetic formula 244 described in the com-
parative C, Method (User Bulletin #2; http://docs.appliedbiosystems.
com/pebiodocs/04303859.pdf).

Statistical analysis

Statistical analysis of the results was performed using the
ANOVA and unpaired Student’s i-test. Results were expressed

TABLE 1.

as mean * SEM, and differences were considered significant
at P < 0.05.

RESULTS

The amounts of LTB, and LTC,/LTD,/LTE,, the most
potent and representative products of the arachidonate
5-LO pathway, were significantly higher in homogenates
of liver samples from ob/ob mice compared with those
from wild-type mice (Fig. 1A, B). Moreover, liver tissue
explants obtained from ob/ob mice and incubated with
arachidonic acid produced significantly higher amounts
of 5-LO products than liver tissue samples from wild-type
animals (Fig. 1C). 5-LO mRNA levels were essentially un-
altered in the liver of ob/ob mice (Fig. 1D). In the ob/ob
mouse liver, 5-LO activity and LTB4 and LTC,/LTD,/LTE,
levels were effectively reduced by CJ-13,610, a selective non-
redox type 5-LO inhibitor (Fig. 1A-C).

We next examined the contribution of increased hepatic
5-LO activity to the development of hepatic steatosis in
ob/ob mice. Table 1 shows that body and liver weights
and serum cholesterol and insulin concentrations were
significantly increased in ob/ob mice. In addition to se-
vere obesity, hypercholesterolemia, and hyperinsulinemia,
ob/ob mice showed increased serum ALT and AST activ-
ities (Table 1) and remarkable hepatic steatosis as revealed
by histomorphometrical analysis of oil red-O-stained liver
sections (Fig. 2A) and by the presence of increased he-
patic TG content (Fig. 2B). The administration of the selec-
tive 5-LO inhibitor, CJ-13,610, to these mice significantly
alleviated hepatic steatosis as the percentage of the area
stained with oil red-O was drastically reduced in these
obese mice (Fig. 2A). This antisteatotic effect was asso-
ciated with a normalization of hepatic TG content (Fig. 2B).
Body weight decreased and serum TG and free fatty acid
levels increased in ob/ob mice following 5-LO inhibition
(Table 1). Hepatic cholesterol levels (Fig. 2B) and serum
cholesterol and insulin concentrations and serum ALT
and AST activities (Table 1) were unaltered by 5-LO inhi-

Body and liver weights and serum biochemistry values in wild-type mice (wt) (n = 5), leptin-deficient

mice (ob/ob) (n = 8), and ob/ob mice receiving the 5-L.O inhibitor (ob/ob + 5-LO inhibitor) (n = 8)

Parameter Wt ob/ob ob/ob + 5-LO inhibitor
Body weight (g) 23.0 + 1.2 33.0 + 0.6 31.0 = 1.0%
Liver weight (g) 1.10 = 0.01 1.70 = 0.07 1.60 = 0.12°
Liver to body weight ratio (%) 5.02 * 0.24 499 * 0.14 5.01 = 0.25
Serum TG (mg/dl) 90 = 12.8 72.13 = 8.09 147.1 + 12,99
Serum cholesterol (mg/dl) 782 = 3.8 98.8 + 8.9° 97.0 * 6.8°
Serum free fatty acids (pmol/L) ND 1023.0 = 508.9 2447.0 + 257.9
Serum insulin (ng/ml) 0.69 = 0.05 2.99 *+ 0.38¢ 3.22 + 1.28“
Serum ALT (U/L) 26.6 = 2.8 80.8 + 12.97 105.3 = 7.7
Serum AST (U/L) 163.0 = 43.0 312.8 + 70.2° 415.8 = 48.21

ALT, alanine aminotransferase; AST, aspartate aminotransferase; ND, not detected; TG, triglycerides. Data are

expressed as mean = SEM.
“P < 0.05 vs. wt.
b p<0.01 vs. wt.
P < 0.005 vs. wt.
4P < 0.001 vs. wt.
“P < 0.05 vs. ob/ob.
/P < 0.001 vs. ob/ob.
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Fig. 2. Antisteatotic actions of 5-LO inhibition. A: Representative photomicrographs (original magnifica-
tion, X200) of liver sections stained with oil red-O from wild-type mice (wt, left panel) (n = 5), leptin-deficient
mice (ob/ob, middle panel) (n = 8), and ob/ob mice receiving the 5-LO inhibitor (ob/ob + 5-LO inh,
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are expressed as mean * SEM. a, P < 0.01, b, P < 0.005, and ¢, P < 0.001 vs. wt mice; * P < 0.01 and

#% P <(.001 vs. untreated ob/ob mice.

bition. No changes in serum biochemistry parameters
were observed in wild-type mice treated with the 5-LO in-
hibitor (data not shown).

To understand the molecular mechanisms underlying
the antisteatotic effects associated with 5-L.O inhibition,
we explored key genes governing hepatic lipogenesis, fatty
acid uptake, and fatty acid oxidation in ob/ob mice. Ex-
pression levels of key genes involved in de novo hepatic
lipogenesis [i.e., fatty acid synthase (FASN)] (Fig. 3A),
fatty acid uptake [i.e., fatty acid translocase (FAT/CD36)]
(Fig. 3D) and peroxisomal oxidation of fatty acids [i.e.,
PPARa and the PPARa-responsive gene, acyl-CoA oxidase
(ACO)] (Fig. 3E, F) were clearly upregulated in livers of
ob/ob mice. In these obese mice, 5-LO inhibition signifi-
cantly downregulated the expression of genes associated

with fatty acid uptake [i.e., liver fatty acid-binding protein
(L-FABP) and FAT/CD36] (Fig. 3C, D) and normalized
the expression of PPARa and ACO (Fig. 3E, F). By contrast,
the expression of genes involved in lipogenesis, such
as FASN and sterol response element-binding protein-1c
(SREBP-1c¢), remained unchanged (Fig. 3A, B). No changes
were observed in wild-type mice treated with the 5-LO
inhibitor (Fig. 3).

Because of its central role in the production of apoB-
containing VLDL and, therefore, in the export of TG from
hepatocytes, we examined the effects of 5-LO inhibition
on MTP activity. As shown in Fig. 4A, compared with
wild-type animals, the activity of this microsomal transfer
protein was significantly decreased in livers from ob/ob
mice and was partially restored following the inhibition
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acid-binding protein (L-FABP) and fatty acid translocase (FAT/
CD36), and normalizes peroxisome proliferator-activated receptor
alpha (PPAR«) and acyl-CoA oxidase (ACO) expression in the liver
of ob/ob mice. mRNA levels of fatty acid synthase (FASN) (A),
SREBP-1c (B), L-FABP (C), FAT/CD36 (D), PPAR«a (E), and
ACO (F) in liver samples from wild-type (wt) and ob/ob mice
receiving placebo (open bars) or the 5-LO inhibitor (hatched bars)
were assessed by real-time PCR and normalized to the levels of
B-actin. Results are expressed as mean = SEM. a, P < 0.005 and
b, P < 0.001 vs. placebo-treated wt mice; * P < 0.001 vs. placebo-
treated ob/ob mice.

of the 5-LO pathway. MTP mRNA expression was not dif-
ferent in ob/ob mice and was not affected by 5-LO inhibi-
tion (Fig. 4B). We next determined in vivo the effect of
5-LO inhibition on VLDL-TG production rate by injecting
ob/ob and control mice with Triton WR-1339. Consistent
with previous studies (20), hepatic VLDL-TG production
remained unaffected in ob/ob mice (Fig. 4C). Interest-
ingly, 5-LO inhibition induced a 60% increase in hepatic
VLDL-TG production in ob/ob mice (Fig. 4C). In parallel
with findings in MTP activity, the apoB content of the
VLDL fraction was significantly reduced in ob/ob mice
and was completely restored by inhibition of the 5-LO path-
way (Fig. 4 D).

Given that compounds that reduce MTP activity are
known to be steatogenic, we next tested the effects of
5-LO products (i.e., LTB4 and LTD4) on MTP activity in
cultured CC-1 cells, an adult hepatocyte cell line. Consis-
tent with findings observed after 5-LO inhibition in vivo,
LTB4 reduced MTP activity in a concentration-dependent
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Fig. 4. The arachidonate 5-LO pathway modulates in vivo MTP
activity and hepatic VLDL-TG and apoB secretion in ob/ob mice.
A: MTP activity was determined in triplicate using 5 .l of substrate
vesicles and 10 pg of homogenate liver protein. Plates were incu-
bated at 37°C for 30 min and read in a fluorescence plate reader
at 450 nm excitation and 520 nm emission wavelengths. B: Hepatic
MTP mRNA expression in wild-type (wt) mice, ob/ob mice, and
ob/ob mice treated with the 5-LO inhibitor was assessed by real-
time PCR. C: VLDL-TG production rate in pmol/kg/h, calculated
from the plasma TG versus time curve after injection of Triton
WR-1339 in wt, ob/ob, and ob/ob mice treated with the 5-LO in-
hibitor. D: Representative Western blot of apoB content in VLDL
particles before (—) and after (+) Triton WR-1339 injection. The
VLDL fraction was isolated by density gradient ultracentrifugation
and apoB levels were determined as described in Materials and
Methods. The % increase in apoB secretion was calculated by com-
paring band intensities before and after Triton WR-1339 injection.
Results are expressed as mean * SEM from 3-6 different experi-
ments. a, P < 0.005 and b, P < 0.001 vs. wt mice; * P < 0.05 and
#% P < (0.001 vs. untreated ob/ob mice.

manner in CC-1 cells (Fig. 5A). LTD, produced similar
effects on hepatocyte MTP activity, although the changes
were more modest (Fig. 5A). To determine whether 5-LO
products can directly affect MTP activity, homogenates
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Fig. 5. 5-LO products modulate in vitro MTP activity in a murine
hepatocyte cell line. A: MTP activity was determined in CC-1 cells
exposed to vehicle (V) (<0.5% ethanol), LTB, (0.1 and 1 pM), or
LTD4 (0.1 and 1 pM). MTP activity was assayed in duplicate using
5 pl of substrate vesicles and 24 pg of protein extracts with an
incubation period of 6 h. B: Direct effects of 5-LO products on
MTP activity. Homogenates from CC-1 cells were incubated with
different concentrations of LTB4 and LTD4 (0.1 and 1 wM) during
the assessment of MTP activity in the fluorescent assay. C: Quanti-
tative real-time PCR analysis of MTP, FASN, SREBP-1c, L-FABP,
PPAR«a, and ACO mRNA expression in CC-1 cells incubated with
vehicle (open bars), LTB4 (hatched bars), and LTD4 (solid bars).
Results are expressed as mean = SEM from 4-8 different experi-
ments. * P < 0.05 and ** P < 0.001 vs. vehicle (V).

from CC-1 cells were incubated with different concentra-
tions of LTB, and LTDy, and MTP activity was monitored
in the fluorescent assay. As shown in Fig. 5B, MTP activity
was decreased in the presence of 0.1 wM concentrations
of LTB, and LTD,. These findings are consistent with the
observation that neither CP-105,696, a selective B-LT; re-
ceptor antagonist, nor MK571, a selective Cys-LT; recep-
tor antagonist, was able to block the effects of LTB, and
LTD4 on hepatocytes (data not shown), suggesting that
their actions are apparently not mediated by binding to
their cell surface receptors. The effects of incubating CC-1
cells with LTB4 and LTD4 on the expression of genes en-

coding MTP, FASN, SREBP-1c, L-FABP, PPARa, and ACO
are shown in Fig. 5C. Consistent with in vivo findings,
expression of MTP in CC-1 cells was unaffected by 5-LO
products, and neither did LTB4 and LTD, show any effect
on FASN and SREBP-1c mRNA levels, while I-FABP ex-
pression was upregulated by LTB,4. However, incubation
of CC-1 cells with LTB4 and LTD,4 did not result in any
significant change in PPARa and ACO expression, sug-
gesting that the changes observed in ob/ob mice following
5-LO inhibition in vivo were likely to reflect the improve-
ment in lipid homeostasis, since PPAR« is a fine sensor of
intrahepatic lipid levels (25).

The steatogenic effects of 5-LLO products on hepatocytes
were further substantiated by analyzing intracellular and
extracellular TG levels in CC-1 cells incubated with in-
creasing concentrations of LTB, and LTD,4 and growing
under hyperglycemic conditions (25 mM glucose). As shown
in Fig. 6A, LTB, induced a concentration-dependent in-
crease in intracellular TG content in parallel with a de-
crease in extracellular TG concentrations. At the highest
concentration (10 wM), however, LTB, produced an insig-
nificant accumulation of TG (Fig. 6A). This effect was ac-
companied by a significant downregulation of FASN and
SREBP-1c expression (Fig. 6B), indicating that, in the pres-
ence of an excessive concentration of 10 uM LTBy, lipo-
genesis might be decreased. Similar findings, albeit more
modest, were obtained with LTD, (Fig. 6A, B). The steato-
genic effects induced by 5-LO products were partially at-
tenuated by the addition of insulin to the cell incubations
(data not shown).

DISCUSSION

Recent studies have demonstrated that, in addition to its
well-documented participation in inflammatory response,
the 5-LO pathway is also associated with metabolic disease
encompassing atherosclerosis, obesity, and insulin resis-
tance (6-14). In the present study, we provide evidence,
for the first time to our knowledge, that the 5-LO pathway
is also implicated in the pathogenesis of fatty liver disease.
In fact, our findings clearly demonstrate increased he-
patic 5-LO activity and 5-LO product formation (LTB4
and LTC,/D4/E,) in ob/ob mice, a well-established model
of obesity-related hepatic steatosis (3, 15). Our findings
also support a role for 5-LO products in hepatic steatosis
by mechanisms including a decrease in hepatic MTP ac-
tivity and VLDL-TG and apoB secretion and an upregula-
tion of key genes involved in the uptake of free fatty acids
(i.e., L-FABP).

MTP, a microsomal protein present in the endoplasmic
reticulum lumen, is the rate limiting factor for the produc-
tion of apoB-containing VLDL particles in hepatic cells
(26-29). The principal role of MTP is to facilitate the
transfer of lipids to the nascent apoB-containing lipo-
protein particle, which is then converted to VLDL by the
addition of lipid droplets (26—29). Although MTP is capa-
ble of transferring the four major lipid classes (free cho-
lesterol, phospholipids, TG, and cholesteryl esters), this
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Fig. 6. 5-LO products modulate in vitro TG levels in a murine hepatocyte cell line. A: CC-1 cells were
incubated with serum-free medium supplemented with 25 mM of glucose and exposed for 24 h to increas-
ing concentrations (0, 0.1, 1, and 10 uM) of LTB4 or LTD4. TG concentrations were determined in both
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ments. * P < 0.05 and ** P < 0.01 vs. vehicle.

transfer protein strongly prefers TG and cholesteryl esters
(30). Previous studies have shown that a defective muta-
tion in MTP causes a 3 lipoproteinemia characterized by
the absence of apoB lipoproteins accompanied by fatty
liver disease (31). In addition, compounds that inhibit
MTP activity are known to be steatogenic (28). In the
present study, the two major 5-LO products (LTB4 and
LTDy) (32, 33) significantly inhibited MTP activity in vitro
(Fig. 5), whereas 5-LO inhibition re-established MTP ac-
tivity, stimulated VLDL-TG production, and restored apoB
secretion in vivo in steatotic ob/ob mice livers (Fig. 4).
Interestingly, this effect was reproduced in vitro when
LTB4 and LTD,4 were directly added to homogenates of
control cells, indicating a direct inhibitory effect of 5-LO
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products on MTP activity (Fig. 5). Although it is evident
that more studies are required to fully elucidate the
mechanisms implicated, LTB, and LTD4 may bind to
the surface of lipids to prevent MTP action. In fact, com-
pounds with a carboxylic group, as is the case of LTB4 and
LTD,4, might conceivably be associated with TG to hamper
MTP activity (28).

The uptake of free fatty acids is another of the most
important contributing factors to hepatic steatosis since
these lipid components are taken up by hepatocytes and
are readily sterified to produce TG (4). The uptake of free
fatty acids is facilitated by two major proteins: L-FABP, a
fatty acid-binding protein of approximately 15 kDa, which
is highly abundant in the cytosol of liver parenchymal
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cells; and FAT/CD36, a fatty acid translocase of approxi-
mately 88 kDa (34, 35). Previous studies have shown that
L-FABP-deficient mice manifest decreased fatty acid bind-
ing capacity and are protected against obesity-induced he-
patic steatosis (34). On the other hand, FAT/CD36 is
markedly overexpressed in the liver of ob/ob mice and
its mRNA levels increase in parallel with liver TG content
in experimental fatty liver (36, 37). Therefore, our results
showing a reduction in L-FABP and FAT/CD36 after 5-LO
inhibition contribute to explain the overall antisteatotic
action of this experimental maneuver in ob/ob mice. It
is important to note that no changes in the expression of
these genes were observed following the administration of
the 5-LO inhibitor to lean wild-type mice (Fig. 3), suggest-
ing a lack of effect of these compounds in tissues carrying
low 5-LO activity. This finding is consistent with previous
studies showing no effects of inhibitors of the 5-LO pathway
in lean control animals (16, 22, 23).

In our study, 5-LO inhibition dramatically improved
fatty liver, but aggravated the severity of serum hypertri-
glyceremia and circulating free fatty acids in ob/ob mice.
Similar undesired effects on the metabolic phenotype have
been described in previous studies with other antisteatotic
strategies (38—41). The mechanisms by which TG and free
fatty acids levels are triggered in these studies remain to be
defined, but intriguing possibilities are that excess lipids
from other major storage depots, such as adipose tissue,
are concomitantly removed and delivered to the circula-
tion or that 5-LO products regulate TG homeostasis, con-
tributing to hepatic steatosis but protecting other tissues
from TG accumulation (39—41). The worsening of hyper-
lipidemia following inhibition of 5-LO in obese ob/ob
mice was not observed after 5-LLO inhibition in mice fed a
high-fat diet, another model of diet-induced obesity-related
steatosis (R.H., personal communication), suggesting that
this undesired response to 5-LO inhibition could be re-
stricted to the leptin-deficient ob/ob mouse model.

The presence of a metabolically active 5-LO pathway
in the liver has been ascribed to Kupffer cells, and these

Fig. 7. Summary of the proposed mechanism for the
steatogenic actions of 5-LO products. The uptake of
free fatty acids (FFA) is one of the most important con-
tributing factors to hepatic steatosis since these lipid
components are taken up by hepatocytes and readily
sterified to triglycerides (TAG). TAG are then stored
within the intracellular compartment or incorporated
in the rough endoplasmic reticulum (RER) into very
low density lipoproteins (VLDL) particles for export to
the interstitial space. The uptake of FFA is facilitated
by two major proteins: a membrane fatty acid trans-
locase (FAT/CD36) and a liver fatty acid-binding protein
(L-FABP), whereas the transfer of TAG to the nascent
apoB-containing VLDL is facilitated by a microsomal
TAG transfer protein (MTP) present in the RER lumen.
5-LO products upregulate the expression of key genes
involved in FFA uptake (i.e., L-FABP) and induce a re-
duction of MTP-mediated TAG export, thus contributing
to the intracellular accumulation of TAG in the liver.

macrophages are the only hepatic cell type endowed with
a complete enzymatic machinery for the biosynthesis of
5-LO products (22, 23, 42). On the other hand, many of
the known biological effects of 5-LO products are me-
diated through interaction with specific G-protein coupled
receptors (33). To date, two receptors for LTB, (B-LT,
and B-LTy) and two receptors for LTD,4 (Cys-LT; and Cys-
LTs) have been cloned and their presence in hepatocytes
has been characterized (43, 44). In our study, the induc-
tion of intracellular TG accumulation and the inhibition
of MTP activity by synthetic 5-LO products was not medi-
ated by binding of LTB, and LTDy to cell surface receptors
since neither a selective B-LT; receptor antagonist nor a
selective Cys-LT; receptor antagonist was able to block
their effects. Although more studies are needed to clarify
this issue, the existence of distinct uptake systems for LTB,4
and LTDy4 at the sinusoidal membrane of hepatocytes has
been previously demonstrated (45). Moreover, in addition
to cell surface receptors, LTB, is known to bind to nuclear
receptors (46).

In summary, our results indicate that 5-LO products
directly modulate two key steps in lipid transport within
the hepatic cells: the expression of key genes involved in
the uptake of free fatty acids (i.e., L-FABP) and the secre-
tion of VLDL-TG and apoB under the control of MTP
activity (Fig. 7). The finding that 5-LO inhibition exerts
antisteatotic effects in a murine model of obesity-related
fatty liver disease adds more weight to the evidence ob-
tained in previous studies demonstrating a protective
effect of 5-LO inhibition against liver inflammation and
fibrosis (16, 22, 23) A&
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