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Abstract Liver X receptors (Lxrs) are master regulators of
cholesterol catabolism, driving the elimination of choles-
terol from the periphery to the lumen of the intestine. De-
velopment of pharmacological agents to activate Lxrs has
been hindered by synthetic Lxr agonists’ induction of he-
patic lipogenesis and hypertriglyceridemia. Elucidating the
function of Lxrs in regulating enterocyte lipid handling
might identify novel aspects of lipid metabolism that are
pharmacologically amenable. We took a genetic approach
centered on the single Lxr gene nrlh3 in zebrafish to study
the role of Lxr in enterocyte lipid metabolism. Loss of nrih3
function causes anticipated gene regulatory changes and
cholesterol intolerance, collectively reflecting high evolu-
tionary conservation of zebrafish Lxra function. Intestinal
nrlh3 activation delays transport of absorbed neutral lipids,
with accumulation of neutral lipids in enterocyte cytoplas-
mic droplets. This delay in transport of ingested neutral
lipids protects animals from hypercholesterolemia and he-
patic steatosis induced by a high-fat diet. On a gene regula-
tory level, Lxra induces expression of acsi3a, which encodes
acyl-CoA synthetase long-chain family member 3a, a lipid
droplet-anchored protein that directs fatty acyl chains into
lipids. Forced overexpression of acls3a in enterocytes de-
lays, in part, the appearance of neutral lipids in the vascula-
ture of zebrafish larvae.lill Activation of Lxr in the intestine
cell-autonomously regulates the rate of delivery of absorbed
lipids by inducting a temporary lipid intestinal droplet stor-
age depot.—Cruz-Garcia, L., and A. Schlegel. Lxr-driven en-
terocyte lipid droplet formation delays transport of ingested
lipids. J. Lipid Res. 2014. 55: 1944-1958.

Supplementary key words acyl-CoA synthetase long-chain family
member 3 ® diet and dietary lipids ® fatty acid/transport ® electron mi-
croscopy ® intestine ® nuclear receptors/liver X receptor ® nutrition ®
transcription activator-like effector nuclease ® zebrafish

Atherosclerotic cardiovascular disease is the leading cause
of death worldwide (1). Elevated serum cholesterol is a
major causal risk factor for development and progression
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of atherosclerosis (2). The most widely used treatment
for atherosclerosis is statin drugs, which potently inhibit
3-hydroxy-3-methylglutaryl CoA reductase, the rate-limiting
enzyme of cholesterol biosynthesis (3). Nevertheless,
statins do not fully mitigate cardiovascular risk. Recent
epidemiological investigations reveal that postprandial
(nonfasting) plasma lipid levels are a major determinant
of cardiovascular risk because they reflect the persistence of
highly atherogenic remnant lipoprotein particles in the
circulation (4). Statin drugs do not modulate the abundance
or atherogenicity of remnant lipoprotein particles (5).
Elucidation of the regulatory events controlling the
pace of entry of ingested lipids into the blood stream in
chylomicrons might afford the opportunity to blunt post-
prandial hyperlipidemia. Human jejunal biopsies (6), pro-
longed, label-free lipid droplet imaging of live loops of
mouse intestine (7), and fluorescent lipid probe-based vi-
sualization of intestinal lipid droplets in zebrafish larvae
(8) have revealed that a substantial fraction of absorbed
lipids remain in the enterocyte for many hours following a
meal. These findings suggest that there is an intrinsic
mechanism for delaying, in part, transit of absorbed lipids.
The molecular mechanism accounting for this hours-long
retention of absorbed lipids in the intestine is not known.
Liver X receptors (Lxrs) are nuclear receptor transcrip-
tion factors that regulate energy metabolism through en-
gaging specific metabolite substrates such as oxysterols
and then altering the expression of diverse, but function-
ally integrated genes (9, 10). Lxrs are central inducers of
cholesterol catabolism (9, 10). Known direct target genes
of Lxr transactivation include factors involved in reverse
cholesterol transport; lipoprotein modification; cholesterol

Abbreviations:  Acsl3, acyl-CoA synthetase long-chain family member 3;
BODIPY FL Cy, 4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-sindacene-
3-dodecanoic acid; Btub or Tubb, B-tubulin; dpf, days post-fertilization;
EGFP, enhanced green fluorescent protein; HFD, high-fat diet; mpf,
months post-fertilization; Mtp, microsomal triglyceride transfer protein;
ORO, Oil Red O; PFA, paraformaldehyde; TALEN, transcription activator-
like effector nuclease; TopFluorPC, 1-palmitoyl-2-(dipyrrometheneboron
difluoride)undecanoyl-sn-glycero-3-phosphocholine.

" To whom correspondence should be addressed.

e-mail: amnons@u2m2.utah.edu
The online version of this article (available at http://www.jlr.org)
contains supplementary data in the form of two tables and four figures.

Copyright © 2014 by the American Society for Biochemistry and Molecular Biology, Inc.

This article is available online at http://www.jlr.org



uptake, absorption, and excretion; FA and triacylglycerol
regulation; bile transport; glucose metabolism; immune
and inflammatory signaling; and adipocyte homeostasis
(9, 10). Two Lxr paralogs have been described in mam-
mals. Lxra (Nrlh3) is mainly expressed in tissues involved
in lipid metabolism regulation, whereas Lxrb (Nrlh2) is
more widely expressed (9, 10). Lxra activation inhibits
cholesterol absorption and promotion of reverse choles-
terol transport. In contrast to its role in atheroprotective
cholesterol elimination, Lxra upregulates hepatic lipogenic
enzymes and increases liver and blood triacylglycerol lev-
els (11-14), both of which are known risk for cardiovas-
cular disease (15). This dichotomous action, driving
elimination of cholesterol while triggering liver FA synthe-
sis, has been a major impediment to developing Lxr-based
therapeutics. No studies have directly assessed whether
Lxra regulates intestinal FA absorption and trafficking.

Zebrafish has emerged as a major model system for
studying metabolism (16). Among many other technical
advantages, such as external fertilization, rapid organo-
genesis, and prolonged optical transparency of larvae,
retention of the evolutionarily central cholesteryl ester
transfer protein (Cetp) gene in zebrafish has allowed in-
vestigators to develop dyslipidemia models without diffi-
culty (17-19). Many dyslipidemic animal models lack
Cetp, frustrating drug development (20). Similarly, we
have optimized a series of serum and tissue metabolite
composition assays to study lipid metabolism (21-23). Vi-
tal to this study, zebrafish have a single Lxr ortholog
(nr1h3) (24-26), which is similar to mammalian Lxra (25).
This fortuitous finding allowed us to avoid the neofunc-
tionalization of Lxrb in mammalian neuronal develop-
ment and brain lipid homeostasis that clouds studies in
higher organisms’ Lxr family members (27).

We found that enterocyte-limited Lxra activation causes
retention of absorbed neutral lipids in these cells. This de-
lay in delivering lipids to the systemic circulation confers
protection from high-fat diet (HFD)-induced hypercholes-
terolemia and hepatic steatosis. On a molecular level, we
found Lxra induces expression of cellular machinery that
diverts the absorbed lipids to cytoplasmic lipid droplets and
away from chylomicron assembly and secretion. Specifically,
the known direct Lxra target gene acyl-CoA synthetase long-
chain family member 3 (acsl3a), which encodes a lipid
droplet-anchored long-chain acyl-CoA synthetase that is
central to the biogenesis and growth of lipid droplets
(28-30), is strikingly induced by Lxra-overexpressing en-
terocytes. Furthermore, overexpression of acsl3a in entero-
cytes is sufficient to delay the appearance of absorbed lipid
in the vasculature. Our study reveals that Lxr sets the rate
of delivery of ingested lipids to the systemic circulation by
regulating the production of enterocyte lipid droplets.

MATERIALS AND METHODS

Animals

The Institutional Animal Care and Use Committee and the
Radiation Safety Committee of the University of Utah approved

all studies. Animals were euthanized by tricaine overdose or im-
mersion in ice. The Centralized Zebrafish Animal Resource at
the University of Utah maintains the WT WIK strain zebrafish
used in this study.

Gene targeting

Targeted gene deletion of the nrlh3 gene was performed us-
ing transcription activator-like effector nucleases (TALENS) tar-
geting the second exon of the gene. The TALEN sequences were
designed by the University of Utah Mutation Generation and De-
tection Facility (31). The TALEN target site was identified with
the TALEN Targeter program (https://boglab.plp.iastate.edu/
node/add/talen). The TALEN monomers were designed for
the second exon of nrih3 (5-GGCTTTCATTACAATGTGCT-
GAGCTGTGAGGGCTGTAAAGGTTTCTTCAGACG). Two plas-
mids containing the right and left TALEN monomers were
cloned with the Golden Gate Assembly method into a modified
CS2" backbone vector (pCS2TAL3-IxrTALEN-DD and pCS2TALS-
IxrTALEN-RR). From those resulting plasmids, the 5" capped
mRNA was produced by in vitro transcription (Promega) of the
Nofl-linearized plasmids; 1 nL. (250 pg of each plasmid per nl) of
the transcribed product was injected in zebrafish embryos (GO).
Mutations were detected in outcrossed GO offspring (F1 genera-
tion) by means of high-resolution melting analysis (HRMA) and
were confirmed with Sanger sequencing (32). Mutations were
screened with HRMA analysis using the following primers: for-
ward 5-TCTGGCTTTCATTACAATGTGC and reverse 5-GCT-
GCGTCTGAAGAAACCTT. The resultant WT PCR product for
each genotype was a 60 bp amplicon. In 2101 mutants, the ampli-
con was 49 bp. In 2702 mutants, the amplicon was 82 bp.

Transgenesis
2103

Tg(fabp2:EGFP-nr1h3)™”,  Tg(acth2:EGFP-nr1h3)*", and
Tg(fapr:EGFP—acsl}a)1105 transgenic lines were prepared in WIK
animals using the 70/2 transposase (33). Our breeding strategy
led to the standard incorporation of a single transgene copy: half
of the progeny from an outcross of each founder animal showed
transmission of enhanced green fluorescent protein (EGFP) flu-
orescence. The following primers were used to add the recombi-
nation sites to nrlh3 and acsl3a sequences and to recombine
them into the pDONRP2R-P3 plasmid: ixra forward 5-gggga-
cagctttcttgtacaaagtgg CGGCAGAAGTGAAACAGGAGATTCTCA,
Ixra reverse 5’-ggggacaactttgtataataaagttgTCATTCGTGAACAT-
CCCAAATTT, acsi3a forward b-ggggacagctttctigtacaaagtggGG-
AGGCTGACGCAGGATTTGAGTC, and acsl3a reverse b-gggga-
caactttgtataataaagttg T TACTTGGCTCCGTACATCCTCTC. The
4.5 kb fabp2 promoter was amplified from genomic DNA, as pre-
viously described (34). The recombination sites were added with
the following primers to recombine the promoter into the
pDONRP4-P1R plasmid: forward 5-ggggacaactttgtatagaaaagtt-
gAAACCTTTAGTTTGGGTTTTTCAGA and reverse 5"-ggggact-
gettttttgtacaaacttgGATGATGACAGACTGTTGTGTGATC. The rest
of the plasmids for the transgenic constructs were kindly donated
by the Kwan lab at the University of Utah (http://tol2kit.genetics
.utah.edu).

Immunoblot analysis

Homogenates of 30 larvae [5 days post-fertilization (dpf)]
were prepared in 150 pl of RIPA Buffer (Sigma) containing a
protease inhibitor cocktail (Roche Complete Mini) with a mi-
cropestle. Forty micrograms of protein were separated in a 15%
sodium dodecyl sulfate-denaturing polyacrylamide gel and trans-
ferred to a polyvinylidene difluoride membrane. Membranes
were incubated with antibodies against EGFP (rabbit, A-11122,
Life Technologies, Carlsbad, CA), B-tubulin (Btub or Tubb rab-
bit HRP conjugated, Abcam ab6046), and Lxra (goat, Abcam
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ab24362). Secondary HRP-conjugated antibodies for rabbit (goat
anti-rabbit IgG-HRP) and goat (donkey anti-goat IgG-HRP) were
obtained from Santa Cruz Biotechnology.

Larvae high-fat feeding experiments and Oil Red O
staining

A 5% w/v dried egg yolk (Sigma) suspension was prepared
in embryo water (5 mM NaCl, 0.17 mM KCI, 0.33 mM CacCl,,
0.33 mM MgSO,, pH 7.4) as previously described (8, 21). Ten
6 dpf larvae were distributed per well in 6-well plates (Nest Bio-
tech Co. Ltd.), and the egg yolk suspension was added (5 ml per
well). After 6 h, 3 wells per experimental group were rinsed with
embryo water to remove uningested lipids. After the rinses, the
larvae were fixed in 4% paraformaldehyde (PFA)-PBS for 1 h at
room temperature. For the following time points (24, 48, and
72 h), larvae were kept in clean 6-well plates until the fixation in
4% PFA-PBS. After all larvae were collected and fixed, they were
stained with Oil Red O (ORO) for 1 h as described previously
(21). After staining, larvae were rinsed in PBS, and lipid staining
was observed with an AF6000 microscope (Leica Microsystems).
Representative pictures were acquired with an attached DFC319FX
camera.

Defined diet preparation

Experimental diets were formulated based on previously de-
scribed zebrafish diets (35). All the ingredients listed in supple-
mentary Table I were homogenized in a mixer (KitchenAid
Artisan Stand Mixers), and the resulting dough was air dried for
48 h. After drying, the diets were ground with a coffee grinder,
sieved into convenient pellet size (400-600 wm), and stored at
—20°C. Animals were fed these two diets for 3 weeks (juvenile
experiments) or 2 months (adult experiments). Proximate com-
position analyses from the diets were performed by the Missis-
sippi State University Chemical Laboratory. For all adult studies,
5 female and 5 male 3 months postfertilization (mpf) zebrafish
were distributed in 3 liter tanks. The animals were fed twice daily
with automatic feeders (Auto Fish feeder Petco, San Diego, CA).
After 2 months of eating these diets, animals were euthanized,
and their intestines and livers were dissected for further analysis
described in the following sections.

The high-cholesterol (4% w/w) diet was prepared as previ-
ously described (19). Commercial flakes (TetraMin Tropical Flakes,
Blacksburg, VA) were soaked in a cholesterol-diethyl ether solu-
tion, and the flakes were left to dry overnight. For all adult stud-
ies, b female and 5 male 3 mpf zebrafish were distributed in
3 liter tanks. The animals were fed twice daily with automatic
feeders for 21 days.

Blood and tissue lipid composition analysis

Blood was collected by cardiac puncture with glass capillaries
attached to a microinjector (Microinjection Systems, Harvard
System). Blood was diluted in 0.2 ml tubes with 20 pl of PBS-
EDTA. After centrifugation at maximum speed for 5 min, plasma
was collected. Tissues were homogenized in lysis buffer (20 mM
Tris-HCI, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton
X-100) by sonication. Protein concentration was determined with
the BCA protein assay reagent (Thermo Scientific). The triacyl-
glycerol and total cholesterol levels in the blood or tissue homog-
enates were analyzed with colorimetric assay kits (Spinreact,
Mexico), with normalization to protein content.

Oral gavage

Zebrafish (3 mpf) fed a regular diet (twice a day brine shrimp,
housing conditions) were fasted overnight and then gavaged
with 0.2 pCi of [SH]triolein dissolved to a final volume of 2 pl in
a b:1:1 (v/v) flaxseed oil-cod liver oil-sunflower oil mixture that
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emulated the lipid mixture from the experimental diets (36). Af-
ter the gavage, animals were kept in separate tanks (400 ml) at
28°C. Twenty-four hours postgavage, the animals were eutha-
nized, and the intestines were dissected, cleaned with PBS, and
digested overnight at 37°C in 200 ul of 1 N NaOH. The protein
content of a dilution (1/10 in distilled water) of digested homog-
enates was measured by BCA protein assay reagent (Thermo Sci-
entific), and the remainder of the homogenate was mixed with
5 ml of scintillation liquid for counting H disintegrations in a
Beckman L5-5000 instrument.

FA utilization

4,4-Difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-do-
decanoic acid (BODIPY FL C,,, Life Technologies) and 1-palmi-
toyl-2-(dipyrrometheneboron difluoride)undecanoyl-sn-glycero-
3-phosphocholine (TopFluorPC, Avanti Polar Lipids) were diluted
in the 5% dried egg yolk suspension to a final concentration of
20 ng/ml. Larvae (6 dpf) were fed the suspension for 6 h, anes-
thetized, rinsed, and sonicated in chloroform-methanol to per-
form a lipid extraction by Folch method (37). After extraction,
lipids were resuspended in 200 pl of chloroform, and a 10 pl ali-
quotwas run on a TLC plate (TLCissilica gel 60, Merck Millipore).
The standards for triacylglycerol, diacylglycerol, and phosphati-
dylcholine were synthesized as previously described (8). A two-
solvent system was used to separate phospholipids from nonpolar
lipids: the first solvent mixture was run until the middle of the
plate (chloroform-methanol-acetic acid-water, 50:37.5:3.5:2, v/v),
and the second solvent mixture was run to 2 cm from the end of
the plate (hexane-diethyl ether-acetic acid, 70:30:1, v/v). Once
the plate was completely dry, the fluorescent bands were detected
with a blue fluorescence laser (Typhoon Trio variable mode im-
ager, Amersham Bioscience). Fluorescent bands for each lipid
class were normalized to the total fluorescence.

Electron microscopy

The anterior half of the intestine from 5 mpf animals was fixed
in 2.5% PFA and 1% glutaraldehyde in 100 mM sodium cacodyl-
ate (pH 7.4), and counterstained with OsO,. Electron micros-
copy was performed using JEOL JEM-1400 Plus transmission
electron microscope at the University of Utah’s Electron Micros-
copy Core facility.

Cell culture

Caco?2 cells were purchased from the American Type Cell Col-
lection, and were maintained at 37°C and 5% CO, in Dulbecco’s
modified Eagle’s medium supplemented with 4.5 mg/dl glucose,
10% fetal bovine serum, 1% 1-glutamine, 1% penicillin/strepto-
mycin, and 1% lipid (38). Cells were seeded onto Transwell
membranes (24 mm diameter inserts, 3 pm pore size, Corning
Incorporated Costar, Corning, NY) in 6-well plates and grown to
confluence for 21 days prior to treatment with vehicle (DMSO)
or GW-3965. Cells were either fixed and stained with ORO or
subjected to lysis and RNA extraction after 24 h of treatment.

Quantitative PCR analysis

RNA was extracted from the intestines of 5 mpf animals fed a
control diet or HFD for 2 months with the Qiagen RNeasy Mini-
Kit. cDNA was synthesized from 1 pg of intestinal RNA using the
Vitro cDNA synthesis kit (Life Technologies). Primers (0.5 uM),
1/40 of the cDNA synthesis reaction, and SYBR Green PCR mix
(Life Technologies) were combined in a total volume of 20 ul.
The quantitative PCR primer sequences for target genes and the
reference gene are shown in supplementary Table II. Reactions
were performed in an Applied Biosystems 7900HT Detection Sys-
tem in duplicate, and the fluorescence data acquired during the
extension phase were normalized to 7plp0 by the delta-delta



method (39). The primers for human ACSL3 were 5-CCCCT-
GAAACTGGTCTGGTG and 5-TCCGCCTGGTAATGTGTTT-
TAA (40).

ACSL activity

Individual intestines from 4 mpf animals fed a control diet
were homogenized by sonication in 200 pl of a buffer containing
250 mM sucrose, 10 mM Tris (pH 7.4), 1 mM EDTA, 1 mM di-
thiothreitol, and protease inhibitor cocktail (Roche). Homoge-
nates were centrifuged at 16,000 rpm at 4°C for 30 min. The clear
supernatant was collected, and the protein concentration was
measured with BCA protein assay reagent (Thermo Scientific).
Acsl activity in 10 pg of protein was measured as previously de-
scribed (41). The reaction was performed at 28°C for 5 min in
the presence of 175 mM Tris-HCI, pH 7.4, 8 mM MgCly, 5 mM
dithiothreitol, 10 mM ATP, 250 pM CoA, and 3 pCi of [BH]oleic
acid (specific activity 15 Ci/mmol) dissolved in 0.5 mM Triton
X-100, and 10 pM EDTA. The reaction was stopped with the ad-
dition of 1 ml isopropanol-heptane-1 M HySO, (40:10:1, v/v).
After two washes with heptane, the *H disintegrations in the re-
covered [SH]oleolyl-CoA were counted in a Beckman L5-5000
TD liquid scintillation counter.

Ex vivo FA oxidation

FA oxidation was measured in tissue homogenates as previ-
ously described (42). Homogenates from two pools of zebrafish
intestines per genotype (n = 6 intestines per pool) were incu-
bated for 2 h at 28°C in reaction buffer (100 mM sucrose, 10 mM
Tris-HC1, 5 mM KH,PO,, 0.2 mM EDTA, 0.3% FA-free BSA,
80 mM KCI, 1 mM MgCly, 2 mM 1-carnitine, 0.1 mM malate,
0.05 mM CoA, 200 pM oleate, pH 8.0) containing [14C]oleate
(0.4 pCi per sample). The generated CO, was trapped with filter
paper soaked in hyamine hydroxide. The acid-soluble metabo-
lites where separated from the unoxidized FAs by adding 1 M
perchloric acid. The CO, trapped and the acid-soluble metabo-
lite fraction were mixed with 5 ml of scintillation liquid (Ultima
Gold, PerkinElmer), and the e disintegrations were counted in
a Beckman L.5-5000 TD instrument. Oxidation values were nor-
malized per milligram of protein.

Intestinal transit assay

Intestinal transit was monitored as previously described (43).
Larvae were fed powdered dry food (30 micron Hatchfry, Argent
Labs) from 5 dpf until 7 dpf. At 7 dpf, the animals were fed a mix
of powder and a nondigestible fluorescence tracer for 1 h: 300 pl
of 2 pm yellow-green FluoroSpheres carboxylate-modified micro-
spheres (Life Technologies) and 200 mg of larval powder. After
1 h, the animals were transferred to clean plates, and animals
with intestines that were full of ingested material were selected
for serial imaging at 6 and 24 h. The animals were screened in a
Leica AF6000 microscope (Leica Microsystems), and the position
of the remaining fluorescent ingested material was scored.

Microsomal triglyceride transfer protein activity assay

Microsomal triglyceride transfer protein (Mtp) activity was mea-
sured in adult zebrafish anterior intestines with a commercial, flu-
orescence-based kit according to the manufacturer’s instructions
(44) (Roar Biomedical, New York, NY). Tissues were homogenized
by sonication in 100 pl of assay buffer (150 mM NaCl, 1 mM EDTA,
10 mM Tris, pH 7.4). The assay was performed adding 50 pg of
protein per sample, 5 pl of donor particle, and 5 pl of acceptor
particle and incubated for 21 h at 28°C. The fluorescence was mea-
sured at different time points (3, 6, and 21 h) at the excitation
wavelength of 465 nm and emission wavelength of 538 nm using a
SpectraMax Mbe microplate reader (Molecular Devices).

Enterocytes isolation and FA uptake analysis

Enterocyte isolation was performed as previously described in
other fish species (45) with minor modifications. WT and
Tg(fabp2:EGIP-nr1h3) 2 mpf animals were fasted overnight. The
animals were anesthetized, and the intestines (anterior and mid-
dle intestines) were dissected and rinsed in PBS. The intestines
from 20 animals per group were minced in Hanks’ solution (Sigma
HB8264) with two scalpels. After the tissue was minced, the tissue
was digested in collagenase (Sigma C5138). After 15 min, the di-
gested tissue was filtered through 300 pm (Pentair Industrial, Mil-
waukee, WI), 100 pm, 70 pm, and 40 pm (Cell strainers, BD Falcon,
San Jose, CA) meshes to remove ~90% of the goblet cells present.
After the filtrations, the cell suspension was centrifuged at 80 gfor
10 min to obtain the enterocyte pellet. After two washes with
Hanks’ medium, the enterocytes were resuspended in 1.5 ml of
Hanks’-BSA. The cells were counted with a Neubauer chamber,
and the concentration was adjusted to have 1 x 10° cells/ml. After
the isolation, 100 pl of cell suspension was added in a 96-well plate
(Flat bottom, Greiner CELLSTAR 96-well plates, No. 655180), and
0.5 pl of BODIPY FL C,5 solution was added (20 ng/ml in Hanks’
buffer). The plate was incubated at 28°C in a shaker for 15 or
30 min. After the incubation time points, the cells were trans-
ferred to 1.5 ml tubes and centrifuged for 5 min at maximum
speed to pellet the cells, and the buffer was removed. After two
washes with Hanks’ solution, cells were lysed with 100 pl of lysis
buffer (20 mM Tris-HCI, 150 mM NaCl, 1 mM EDTA, 1 mM
EGTA, 1% Triton X-100) by sonication. Protein content was mea-
sured from 5 pl of the homogenate by BCA protein assay reagent
(Thermo Scientific), and the remaining lysate was used to per-
form a lipid extraction. After the lipid extraction, lipids were re-
suspended in 100 pl of chloroform and run on a TLC plate.
Fluorescence bands were detected with a blue light laser (Ty-
phoon Trio variable mode imager, Amersham Bioscience). Cell
viability was also measured with an LDH Cytotoxicity Assay kit
(Cayman Chemical Co., Ann Arbor, MI) after 2 and 4 h of incu-
bation time.

Body fat composition analysis

Adult 5 mpf animals were anesthetized, rinsed, dried, and
weighed. They were then homogenized in chloroform-methanol
to perform a lipid extraction. After extraction, the mass of lipids
was divided by body mass.

Statistical analysis

Statistical analyses were performed using SigmaStat software.
Data are presented as means + standard error of the mean. Un-
less explicitly stated otherwise, differences with the WT group
were evaluated using Student’s ttest or ANOVA (followed by
Tukey’s test for multiple comparisons). A significance of P< 0.05
was applied to all statistical tests performed.

RESULTS

Generation of Lxra-null mutant zebrafish

We prepared two nrlh3 deletion mutants using TALENs
targeting the second exon of the gene (31). The first nrih3
mutation (hereafter, strain z/0I) has an 11 bp deletion
causing an in-frame stop codon truncating the protein in
the DNA binding domain. The second nrli3 mutation
(hereafter, strain z102) has a 22 bp insertion that also
causes a premature stop codon (Fig. 1A). Both of these
mutations cause a premature truncation in the DNA
binding domain (Fig. 1B). Heterozygous carriers of both
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mutations (nr1h37*'"" and nrih3”*'%?) were viable and
fertile and transmitted the mutations in the germ line
in the anticipated Mendelian ratios. Transheterozygous
(nrIh377*% mutants showed complete loss of Lxra im-
munoreactivity with an antibody raised against the C-
terminal portion of the protein (Fig. 1C). When treated
with GW3965, nrlh3'""*” mutant larvae did not show
induction of the Lxra target gene cyp7ala, whereas WT lar-
vae did (Fig. 1D). In livers from adult animals fed a high-
cholesterol diet, abcg8 and cyp7ala transcript abundance
was lower in nrlh)"zm/”oz animals (Fig. 1E). Similar to

A

“:Larb’ mice, nrlh3""*% mutants were choles-

terol intolerant, with striking hypercholesterolemia and
hepatic cholesterol accumulation in the liver when fed
high-cholesterol diets (Fig. 1F, G). These gene expres-
sion and dietary studies revealing cholesterol intolerance
confirmed that nr1h3"""*” are Lxra-null mutants.

Lxra”’

Generation of enterocyte-limited Lxra-overexpressing
zebrafish

We prepared a ¢cDNA encoding an EGFP-Lxra fusion
protein that would allow us to visualize the transgene

cDNA 241 agctgtgagggctgtaaaggtttc
WT  otein 81 -S--C--E--G--C--K--G--F
cDNA 241 agct----—-—-———--= aaaggtttc
z101 protein 81 —S—-STOP
¢DNA 241 agctgtgaaaggtgtaaaggttgtaaaggtgagctgtaa
2102 protein 81 =§=-C==E--R--C--K--G--C--K--G--E--L--STOP
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Fig. 1. Generation of nr1h3"""*'”” Lxra mutants. A: cDNA and protein sequence of nrlh3 mutations gener-

ated with TALENs. B: Illustrations of the truncated Lxr proteins predicted by the mutations. C: Immunoblot

analysis showing complete loss of Lxra protein expre:
expression in 18 dpflarvae incubated with GW3965

ssion in z101/z102 transheterozygous animals. D: ¢yp7ala
(n = 3 pools of 3 larvae each). A significant increase was

observed only in WT larvae treated with the agonist (P< 0.05). E: mRNA expression of abcg8and c¢yp7alain livers
of adults fed a high-cholesterol diet (n = 3 to 5). Asterisks (*) indicate P< 0.05 for each genotype compared
with WT. F, G: Plasma and hepatic cholesterol (Chol) was measured in adults fed a high-cholesterol diet at the
conclusion of the experiment (n = 3 to 5). Asterisks (*) indicate P< 0.05 compared with WT. Btub, 3-tubulin.
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product with fluorescent imaging and immunoblotting.
First established with the Glucocorticoid receptor,
N-terminal tags do not appear to alter the subcellular lo-
calization or ligand-dependent transactivation of nuclear
receptor target genes (46). The stable Tg(actb2:EGIP-nr1h3)
transgenic line was prepared using Tol2 transposase-
mediated transgenesis (33) and showed broad EGFP re-
porter was expression (Fig. 2A). We analyzed EGFP-Lxra
protein expression in the progeny of two independent
transgenic founders; equal EGFP-Lxra fusion protein

A

o~

expression was detected in both transgenic cohorts with
both anti-Lxra and anti-EGFP antibodies, confirming de-
sired transgene product expression (Fig. 2B). These im-
munoblot analyses of two separate founders minimized
our concern for positional or transgene copy number ef-
fects in working with this construct. Likewise, the trans-
genic protein’s expression did not alter the much higher
abundance of the endogenous Lxra protein. This is a con-
cern because Lxra is a retinoid X receptor (Rxr) heterodi-
merization partner, and very high expression of one such
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Fig. 2. Generation of Lyra transgenic zebrafish. A: A 5 dpf Tg(actb2:EGFP-nr1h3) larva photographed in
the left lateral view with a GFP long-pass filter shows broad transgene expression. The yellow autofluores-
cence of the intestinal lumen. B: Immunoblot analyses with anti-Lxra and anti-EGFP antibodies demonstrate
that the fusion protein is expressed to equivalent levels in transgenic animals, and the presence of the trans-
genic fusion protein does not alter the abundance of the endogenous Lxra protein. Anti-Tubb antibody was
used as a loading control. C: ¢yp7ala expression in 18 dpf larvae incubated with vehicle (0.1% DMSO) or
GW3965 (200 nM) for 24 h (n = 3 pools of 3 larvae each). Values that do not share a common letter are
significantly different (P < 0.05) from one another. D: All 6 dpf Tg(actb2:EGFP-nr1h3) larvae show hepatic
steatosis (open arrowhead) when fixed and stained with ORO. Note, this larva is photographed in the right
lateral view. E: EGFP expression in a 6 dpf Tg(fabp2:EGIP-nr1h3) larva is restricted to the anterior intestine.
Note this left lateral view is higher magnification than in A. F: Western blot analysis of EGFP-Lxra fusion
proteins in extracts prepared from WT, Tg(fabp2:EGFP-nr1h3), and Tg(acth2:EGIFP-nr1h3). G: abcg5 expres-
sion in intestine and liver of 42 dpf WT and Tg(fabp2:EGIP-nr1h3) (f2) juveniles (n = 4). Asterisk (¥) indi-
cates significant differences with the WT group (< 0.05).
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partner may titrate the available Rxr protein that would
otherwise be in complex with other partners (47).

Next, we addressed whether the global overexpression
of EGFP-Lxra would increase transactivation of a known
Lxra target gene. Specifically, we measured cyp7al mRNA
abundance in WT and Tg(acth2:EGFP-nrlh3) transgenic
larvae in the presence or absence of the potent Lxra syn-
thetic agonist GW3965. Whereas WT larvae treated with
agonist showed a 50% increase in ¢yp7al transcript abun-
dance, Tg(actb2:EGFP-nrl1h3) transgenic larvae showed a
250% increase in the absence of exogenous ligand and
a 350% increase in the presence of exogenous ligand
(Fig. 2C). Finally, we fixed and stained never-fed 6 dpf
Tg(actb2:EGFP-nr1h3) larvae with the neutral lipid dye
ORO to assess whether these animals have increased liver
lipid accumulation, a phenotype that would be expected
in an organism with overly active hepatic Lxra (11, 12).
Tg(acth2:EGFP-nrlh3) had hepatic steatosis at 6 dpf (Fig. 2D).
Collectively, these preliminary studies show that the EGFP-
Lxra fusion protein we prepared is functional.

Next, we prepared the stable transgenic line 7g(fabp2:EGFP-
nrlh3), which expresses the EGFP-Lxra fusion protein
under the control of the enterocyte-limited fatty acid bind-
ing protein 2 (fabp2) promoter (Fig. 2E). The EGFP-Lxra
fusion protein was detected by immunoblotting protein
extracts from larvae with an anti-GFP antibody; as ex-
pected, its abundance was less than that seen in extracts
prepared from Tg(acth2:EGIFP-nr1h3) larvae (Fig. 2F). In-
creased transcriptional activation of Lxra target genes was
confirmed by measuring abcg5 transcript abundance. We
observed increased abcg5 expression in the intestine, but not
in the liver of adult Tg(fabp2:EGIP-nr1h3) animals (Fig. 2G).
These gene expression profiles confirm that we success-
fully prepared an enterocyte-limited Lxra overexpressing
line that shows anticipated induction of known target
genes.

Intestinal overexpression of Lxra delays lipid absorption

We previously established that 6 dpf larvae show scant
lipid staining, and that following a 6 h high-fat meal, the
intestine, liver, and vasculature show prominent staining
with ORO; this staining correlates with whole-carcass triac-
ylglycerol levels (21). Furthermore, complete clearance of
ingested lipids (resolution of intestinal, hepatic, and vas-
cular staining) occurs in the majority of WT larvae over
the next 18 h. We fed 6 dg)f WT, Tg(fabp2:EGFP-nrlh3)
transgenic, and nrlh3 10172102\ tants a high-fat meal for
6 h and assessed whole-body lipid stores with ORO stain-
ing. While all three cohorts showed no vascular, liver, or
intestinal staining prior to feeding (Fig. 3A), only WT and
nr1h3"""*'” mutant larvae showed vascular lipid staining
at the conclusion of the meal (Fig. 3B). This absence of
vascular lipid staining in Tg(fabp2:EGIFP-nr1h3) transgenic
larvae after 6 h of feeding suggested a delay in the absorp-
tion of ingested lipids or a delay in the transport of
absorbed lipids into the circulation. To address these pos-
sibilities, we placed fed larvae in fresh medium lacking
food and scored with ORO staining 24 h after the meal. At
this point, larvae of all three genotypes showed intestinal
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and vasculature staining (Fig. 3C, D). When examined 48
and 72 h following the meal, WT and nrlh3'V 1% Jar-
vae showed near-complete digestion and use of lipids,
as reflected by fewer animals showing vascular, intesti-
nal, or liver lipid staining (Fig. 3C, D). In contrast,
Tg(fabp2:EGIP-nr1h3) transgenic larvae had persisting in-
testinal and vascular lipid staining. Importantly, the transit
of nondigestible fluorescence beads included in a meal
(43) was similar among all three genotypes (supplemen-
tary Fig. I). Thus, in larvae, overexpression of Lxra in the
intestine delays enterocyte trafficking of ingested lipids
but does not alter intestinal transit of ingested materials.

To establish that intestinal overexpression of Lxra in
the intestine is sufficient to delay the transport of absorbed
lipids even in the absence of normal Lxra expression in
all other organs, we crossed Tg(fabp2:EGFP-nrlh3) to
nrlh3'7*1% mutants and characterized the fate of in-
gested lipids in larvae. Corroborating our results on the
WT Lxra background, forced intestinal expression of Lxra
in global Lxra mutant animals delayed the appearance of
lipids in the vasculature of larvae fed a high-fat meal
(Fig. 4A). Furthermore, nr1h3"""*'%;, Tg(fabp2:EGFP-nr1h3)
larvae showed a delay in complete digestion of the in-
gested lipids (Fig. 4B). Collectively, these results indicate a
cell-autonomous role for Lxra in regulating the fate of
absorbed lipids.

Lxra activation in the intestine delays absorption of FAs
by promoting cytoplasmic lipid droplet formation

To probe the mechanism accounting for the delayed
appearance of neutral lipids in the vasculatures of
Tg(fabp2:EGFP-nr1h3) animals, we gavaged 3 mpf adults
with [SH]triolein and measured tracer signal in the
dissected and washed intestine 24 h later (Fig. 5A).
Tg(fabp2:EGFP-nr1h3) transgenic adults showed greatest
tracer signal in intestines following the gavage, suggesting
that intestinal storage of absorbed lipids accounts for the
delayed appearance of neutral lipids in the vasculature in
these animals. While intestinal retention of radiotracer in
Tg(fabp2:EGFP-nr1h3) transgenic animals was gratifying,
this single labeling method does not account for lipid pool
size or rates of tracer oxidation. Thus, we measured FA
oxidation in isolated intestines. Tg(fabp2:EGIFP-nrlh3) and
WT intestines showed equal rates of 14tCOQ and "'C-labeled
acid-soluble metabolite production when incubated with
"C-oleate. (Fig. 5B, C). This resultindicates that decreased
FA oxidation in Tg(fabp2:EGFP-nr1h3) does not account
for the persistence of absorbed lipids in the form of cyto-
plasmic lipid droplets. Indeed, nrl b9 intestines
showed nearly double the rates of CO, and acid-soluble
metabolite production.

While decreased FA oxidation as a potential explana-
tion for retention of absorbed lipids in the intestines of
Tg(fabp2:EGIP-nrlh3) animals was ruled out, we wished to
further explore the role of Lxra in regulating absorbed FA
handling. To this end, we performed experiments with
two fluorescent medium-chain FA analogs: a 12-carbon FA
analog, BODIPY FL C;y, and a phospholipid analog con-
taining an 11-carbon FA analog side chain. These analogs
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have been previously used in zebrafish to visualize lipid
trafficking (8) and allowed us to circumvent the pool size
quandary: owing to their medium-chain lengths (11 and 12
carbons plus fluorophore), these FA analogs can traverse

the intestine without having to be incorporated into
neutral lipids that are carried as chylomicron cargo.
Tg(fabp2:EGIFP-nr1h3) larvae fed a high-fat meal spiked
with BODIPY FL C;, showed greater incorporation of
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the FA analog in triacylglycerol, diacylglycerol, and phos-
phatidylcholine (Fig. 5D). A similar pattern was observed
in Tg(fabp2:EGFP-nr1h3) larvae after the administration of
TopFluorPC (Fig. 5E). In total, these experiments indicate
that intestine-limited activation of Lxr promotes incorpo-
ration of fatty acyl chains into neutral and phospholipids
that are then stored in the enterocyte.

Next, we fed adult animals defined diets containing
normal (control) or excessive (high) fat for 2 months
and then performed ultrastructural analysis of adult
zebrafish intestines. After a 24 h fast, the intestines of
WT and nr123'°”*” mutant animals had scant lipid
content as revealed by transmission electron micros-
copy. Moreover, cytoplasmic lipid droplets were seen in
Tg(fabp2:EGFP-nr1h3) enterocytes, with the largest and
most numerous lipid droplets appearing in animals fed
HFDs (Fig. 6A). Demonstrating that the Lxr effect on in-
testinal lipid handling is conserved across evolution, a
24 h treatment of the polarized human enterocyte line
Caco2 with GW3965 caused accumulation of cytoplasmic
lipid droplets (Fig. 6B). These structural results confirm
the radiotracer and fluorescent tracer findings and indi-
cate that Lxra activation promotes intestinal neutral lipid
storage.
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Intestinal lipid accumulation might reflect impaired
chylomicron assembly and secretion (48). To test this pos-
sibility, we assayed the activity of the 3 lipoprotein packag-
ing enzyme Mtp. When fed either diet, Tg(fabp2:EGIP-nr1h3)
animals had the highest intestinal Mtp activity, excluding
the possibility that impaired Mtp activity accounted for
the intestinal lipid storage seen in these animals (supple-
mentary Fig. II). This increased Mtp activity in the
Tg(fabp2:EGIP-nrl1h3) animals’ intestines corresponded to
the upregulation in mi{p transcript abundance (Table 1).
This experiment does not exclude a post-Mtp defect in na-
scent chylomicron assembly; however, the major regula-
tory step in halting  lipoprotein assembly is endoplasmic
reticulum-associated degradation of Apob that fails to be
lipidated by Mtp (49).

Next, we tested the possibility that an Lxra-driven in-
crease in FA uptake in enterocytes might simply over-
whelm the ability of these cells to package FAs into
chylomicrons, diverting them passively into cytoplasmic
lipid droplets (50). In isolated enterocytes, less BODIPY
FL C,y was absorbed when Lxra was overexpressed (sup-
plementary Fig. III). One limitation of this type of ex vivo
experiment is that it is impossible to distinguish between
apical and basolateral uptake. Nevertheless, this decrease
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in FA uptake by Tg(fabp2:EGFP-nrlh3) enterocytes is sup-
ported at a molecular level in the downregulation of ¢d36
and slc27a4 transcripts, both encoding proteins involved
in enterocyte uptake of luminal FAs (Table 1), although the
extent of their contribution to FA uptake remains a matter
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droplet formation. A: Electron microscopy of anterior intestine sec-
tions showing lipid droplet accumulation in Tg(fabp2:EGFP-nr1h3)
transgenic animals] 24 h postfeeding. GC, goblet cells; 1d, lipid
droplets; m, mitochondria; Ma, macula adherens or desmosome;
mv, microvilli; n, nuclei. B, C: Caco2 cells were culture in the pres-
ence or absence (vehicle, DMSO 0.1% v/v) of 2 pM GW3965 for
24 h and then either fixed and stained with ORO (and hematoxy-
lin counterstain of nuclei) or subjected to RNA extraction for
quantification of ACSL3 transcript. * P < 0.01 in a two-sided Stu-
dent’s ttest.
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TABLE 1.

Intestinal gene expression profiles of juvenile animals after control diet and HFD

Control Diet HFD
Tg(fabp2: Tg(fabp2:
Gene Protein WT E(}flgnr[;h}) nrlh 3100102 WT L(;lglg’/—;n[]7 h3) nrlh 30
FA CoA activation
acsl3a Acyl-CoA synthetase long-chain family member 3a  1.04 + 0.11* 17.88+5.48" 0.68=0.12" 1.17+0.12" 26.53+4.03" 0.5+ 0.21¢
acsl3b Acyl-CoA synthetase long-chain family member 3b 1.19+0.11  1.34+0.10 0.47+0.07  1.66+0.22" 1.91+0.09° 0.63+0.07"
acsl5  Acyl-CoA synthetase long-chain family member 5 1.05+0.11  1.09+0.04 1.11+0.12  232+0.31 228+0.24 2.58+0.43
FA transport
cd36  CD36 antigen 1.02+0.08*  0.41+0.04" 1.05+0.17" 1.26+0.17° 0.32+0.08" 0.80+0.15"
sle27a4  Solute carrier family 27, member 4 1.01+0.03 081012 116012 1.19=0.19" 0.73+0.08" 2.05 + 0.45°
Lipoprotein assembly
apoala Apolipoprotein A-Ia 1.01+0.10  0.65+0.08 1.08+0.07 12.30+0.84" 3.55+0.92" 6.29 + 1.52"
apoalb Apolipoprotein A-Ib 1204042 1.35+057 257+1.25 0.37+0.08 584+1.73" 1.90+0.43"
apoad4  Apolipoprotein A-IV 1.02+0.12 0.60+1.56 2.73+0.89 7.68+1.24 6.54+0.36 8.90=x1.17
apoba  Apolipoprotein Ba 1.33+0.44 1.17+0.30 1.68+0.62 240x0.93 4.52+208 297+0.65
apobb  Apolipoprotein Bb 1.01+0.08" 0.49+0.06° 1.58+0.22" 2.25+0.24" 1.20+0.06" 2.37 +0.27°
dgat2  Diacylglycerol O-acyltransferase 2 1.04+0.11*  0.26+0.04" 2.39+0.18 1.68+0.23" 0.54+0.17> 3.57 + 0.30°
mtp Microsomal triglyceride transfer protein 1.01+0.08" 1.84+0.33" 1.24+0.18" 3.36+0.47" 6.55+0.87" 3.76 + 0.59"

Results for each gene were analyzed by one-way ANOVA, followed by Tukey’s test. Values that do not share a common letter are significantly

different (P< 0.05). n = 5-6.

of contention (51). Taken together, these studies in larvae,
adults, and isolated enterocytes indicate that overexpres-
sion of Lxra in the intestine drives storage of absorbed FAs
in cytoplasmic lipid droplets. Neither defective chylomi-
cron assembly nor excessive FA uptake by enterocytes ap-
pears to be the cause of Lxr-driven intestinal storage.

Enterocyte-limited overexpression of Lxra protects
animals from hypercholesterolemia and hepatic steatosis

Next, we wished to examine the metabolic conse-
quences of modulating intestinal Lxr activity in response
to HFDs. When fed the control diet for 2 months,
Tg(fabp2:EGFP-nrIh3) transgenic adults and nrlh3 10172102
mutants had lower masses at the conclusion of the de-
fined diet feeding period (supplementary Fig. IVA).
Tg(fabp2:EGFP-nr1h3) transgenic adults had less body fat
at the conclusion of the feeding period (su})zplementary
Fig. IVB). The lower mass of the nrlh3"""*"” mutants is
reminiscent of the lower mass of young Lxra /3 Lxrab /™
mice (52). Out of concern that these differences in body
mass and composition might cloud further analysis, we
limited feeding of the HFDs to 2 months. Similar to the
effect of high-cholesterol feeding (Fig. 2F), deletion of
nrlh3 caused increased plasma total cholesterol (Fig. 7A, B),
although the effect was significant only on control diets.
Intestine-limited overexpression of Lxr caused decreases
in both total and LDL cholesterol when animals were fed
either diet (Fig. 7A, B). Again mirroring the Iphenotype of
young Lxra ' ;Lxrb '~ mice (52), nrlh3"*"*'” mutants
had lower fasting plasma triacylglycerol on both diets
(Fig. 7C). Overexpression of Lxra in the intestine also
caused a decrease in fasting plasma triacylglycerol on
control diets only (Fig. 7C). On the HFD, nrlp 300
mutants showed increased hepatic cholesterol (Fig. 7D).
Furthermore, nrlh3'"*% mutants showed striking,
HFD-induced increases in hepatic triacylglycerol, while
Tg(fabp2:EGIFP-nrlh3) animals were protected from this
steatosis (Fig. 7E). In summary, enterocyte-limited overex-
pression of Lxra protects against diet-induced hypercho-
lesterolemia and hepatic steatosis.
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Lxra promotes lipid accumulation in enterocytes through
the upregulation of acsl3a, which encodes a cytoplasmic
lipid droplet-anchored enzyme of FA activation

We performed a focused survey of Lxra target genes
that could be involved in the intestinal lipid accumula-
tion (Table 1). The acsi3a transcript (orthologous to
human ACSL3) showed the highest induction in Lxra-
overexpressing animals and reduced expression in Lxra
mutants. Similarly, following a short pharmacological
treatment with Lxr agonist, Caco2 cells showed a 50% in-
crease in ACSL3 transcript abundance (Fig. 6C). Acyl-CoA
synthetases are enzymes that activate FAs for lipid synthe-
sis, catabolism, and phospholipid remodeling (53). There
are five subfamilies with diverse isoforms in mammals
showing differential substrate FA length specificity (54).
The long-chain acyl-CoA synthetases, or Acsls, activate FAs
with a chain length of 12 to 20 carbons. Acsl3 is ubiqui-
tously expressed (55). Acsl3 targeting to cytoplasmic lipid
droplets is achieved by an N-terminal cytoplasmic lipid
droplet anchor motif that is not present in other Acsl fam-
ily members (28) This enzyme acts throughout lipid drop-
let biogenesis to activate CoA thioesters for subsequent
incorporation into the growing storage depot (29). The
induction of the encoding acls3a transcript raised the pos-
sibility that this enzyme might serve to activate FAs for in-
corporation into glycerolipids and cholesteryl esters at the
surface of lipid droplets, “channeling” them away from
incorporation into chylomicrons (56, 57).

To test our hypothesis, we confirmed that the increase
in acslc3a transcript abundance correlated with in-
creased Acsl activity in intestine homogenates from
Tg(fabp2:EGFP-nr1h3) animals (Fig. 8A). Because the main
Acsl enzymes expressed in intestine are Acsl3 and Acslb
(58), this assay cannot distinguish between the activities of
these two Acsls. Nevertheless, a recent study demonstrated
that Acsl3 has a higher substrate affinity for oleic acid than
longer-chain FAs (41). Furthermore, neither the paralo-
gous acs{3b transcript nor the acsl5 transcript were induced
in Tg(fabp2:EGFP-nr1h3) enterocytes, arguing that Acsl3a
activity is uniquely induced by intestinal Lxra activation
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(Table 1), and the increase in Acsl activity we observed in
whole intestine homogenate is a conservative underesti-
mate of increased Acsl3a expression and activity.

To demonstrate that the acsi3a induction was a dominant
driver of lipid accumulation in Lxra-overexpressing entero-
cytes, we prepared an intestine-limited acs{3a-overexpressing
transgenic line. Similar to Tg(fabp2:EGFP-nrlh3) larvae fed
a high-fat meal, 6 dpf Tg(fabp2a:EGIP-acsl3) larvae showed
less vascular lipid staining at the conclusion of a 6 h, high-
fat meal (Fig. 8B). The appearance (Fig. 8B) and subse-
quent clearance (Fig. 8C) of absorbed lipids was also
delayed in Tg(fabp2a:EGIP-acsl3) larvae. Thus, overexpres-
sion of the Lxra target gene acsi3a in enterocytes was suf-
ficient to recapitulate, in part, the phenotype of Lxra
overexpression (Fig. 8D).

DISCUSSION

We found that Lxra overexpression in enterocytes delays
the appearance of ingested lipids in the vasculature. This
delay is observed in zebrafish larvae following a single meal
and in adults fed defined diets chronically. The net effect of
Lxra activation in enterocytes included protection from hy-
percholesterolemia and hepatic steatosis when fed HFDs.
After excluding the possibilities of impaired Mtp activity
and exaggerated FA uptake, we found that enterocytes over-
expressing Lxra show increased acsl3a transcript abun-
dance, and that the encoded protein’s forced expression
is sufficient to recapitulate, in part, the phenotype of
Tg(fabp2:EGIP-nrlh3) transgenic animals. Of course, other
Lxr effectors acting in the intestine may contribute to the
global control of lipid trafficking; however, our work dem-
onstrates that, among the myriad regulatory events govern-
ing lipid droplet biogenesis, site-specific activation of fatty
acyl-CoA represents a mechanism for funneling these me-
tabolites to storage (28, 29, 55, 57).

While nr1n3"""*% animals showed anticipated gene ex-
pression changes and were cholesterol intolerant, they did
not show many differences when compared with WT when
studied for their intestinal lipid-handling properties other
than increased intestinal FA oxidation. This finding is con-
sistent with the ability of young Lxra ' ;Lxrb’~ mice to re-
sist dietinduced obesity, through induction of a thyroid
hormone-dependent thermogenesis program (52). Never-
theless, as Lxra /3 Lxrb/~ mice age, they lose adipose mass
on normal diets. This weight loss might be a function of the
age-dependent brain lipid accumulation and neurodegen-
eration that occurs in these animals (27). Introducing the
ob (leptin) mutation homozygously into Lxra ' ;Lxrb '~
mice causes modest weight gain, indicating that the “adipo-
stat” signaling system remains intact (59).

Our finding that nr1h3""”*% larvae appear to transport
absorbed lipids at the same pace as WT larvae raises the
possibility that loss of Lxra function in the intestine might
require longer experimental manipulations to reveal ad-
ditional differences. Alternatively, loss of Lxr globally
might mask changes in intestinal lipid transport, with off-
setting transcriptional programs driven by such nuclear
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Fig. 8. Overexpression of acls3ain WT enterocytes is sufficient to delay transport of ingested lipids. A: Total ACSL activity was measured in
intestine homogenates by monitoring conversion of free [SH]oleic acid to [3H] oleolyl-CoA (n = 5). Asterisk (¥) indicates significant differ-
ences with the WT group (P<0.05). B: WT and Tg(fabp2:EGFP-acsl3a) larvae were fed a high-fat meal for 6 h and then fixed and stained with
ORO. C: After the 6 h meal, animals were placed in clean embryo water and fixed and stained 24, 48, and 72 h later. The staining patterns
were quantified (n = 19-20 per genotype and time point). D: Model for Lxr-driven intestinal storage of absorbed lipids. Cholesterol (C) and
plant sterols (PS) are suspended in micelles in the lumen of the intestine. They are absorbed at the apical surface of enterocytes by NPCL1LI1.
Plant sterols are immediately excreted back into the lumen by the action of ABCG5/ABCGS8 heterodimers. FAs are transported across the
apical surface by carriers that are not shown. Absorbed C and FAs, which are liberated by luminal lipases, are reassembled in the endoplasmic
reticulum (ER) into cholesteryl esters (CE) and triacylglycerol (TAG) by a series of enzymes (not shown). ER-synthesized neutral lipids are
packaged with ApoB into chylomicrons by MTP. Nascent chylomicrons are transferred to the Golgi apparatus and then secreted into baso-
lateral space, entering the lymphatic drainage. In parallel, ApoAl is released along the basolateral surface, where it combines with ABCA1-
transported free cholesterol to form nascent HDL particles. Enterocyte Lxra activation induces expression of the lipid droplet-anchored
FA-activating enzyme Acls3, which drives FAs into this organelle and away from the secretory machinery.

receptors as peroxisome proliferator-activated receptors
(60). We will address these questions in the future with
more tissue-specific overexpression models placed on the
nrl 3101102 background. Likewise, long-term studies will
be required to address whether intestinal Lxr overexpres-
sion has effects on longevity, fertility, atherogenesis, and
obesity. The last area is of interest because cold adaptation
in poikilothermic zebrafish requires evolutionarily con-
served induction of thyroid hormone signaling to gener-
ate heat (61-63). We anticipate that exploring Lxr’s
regulation of heat dissipation could lead to generalizable
findings regarding regulation of body mass.

In conclusion, we have shown that Lxra induces accu-
mulation of lipids in the enterocytes by diverting absorbed
lipids into cytoplasmic lipid droplets. This diversion from
chylomicron assembly and secretion hinges, in part, on in-
duction of the direct Lxra target Acsl3 and has salutary
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effects on systemic lipid handling. Conditional, cell-type-
limited deletion of acsl3a will allow us to further explore
the role of the encoded gene in intestinal lipid transport.

The authors thank Sarah Hugo for technical assistance and
Diana Lim for improving Figure 8D.
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