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Background: Liver X receptor (LXR), a ligand-activated transcription factor, regulates important biological
processes. It has been associated with pathology and proposed as a therapeutic target. The zebrafish is a
new vertebrate model for disease modeling, drug and toxicity screening and will be interesting to test for
its potential for LXR-related studies.
Methods: Adult male fish were exposed to LXR agonist T0901317 at 20, 200 and 2000 nM for 96 h and the
livers were sampled for histological, microarray and qRT-PCR analyses.
Results: Histological analysis suggests dose-dependent perturbation of carbohydrate and lipid metabolisms
by T0901317 in the liver, which lead to hepatocyte swelling and cell death. Microarray data revealed several
conserved effects of T0901317 with mammalian models, including up-regulation of LXR-targeted genes,
modulation of biological pathways associated with proteasome, cell death, extracellular matrix and adhe-
sions, maturity onset diabetes of the young and lipid beta oxidation. Interestingly, this study identified the
complement and coagulation systems as down-regulated by T0901317 for the first time, potentially via tran-

scriptional repression by LXR activation. qRT-PCR validated the expression of 16 representative genes, con-
firming activation of LXR signaling and down-regulation of these biological pathways by T0901317 which
could be linked to the anti-thrombogenic, anti-atherogenic and anti-inflammatory actions, as well as meta-
bolic disruptions via LXR activation.
Conclusion and general significance: Our study underscores the potential of using zebrafish model coupled
with transcriptomic analysis to capture pharmacological and toxicological or pathological events induced
by LXR modulators.
© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Liver X receptors (LXRs) are oxysterol-activated transcription factors.
Its ligands includenatural oxysterols 22-R-hydroxycholesterol (22R-HC),
24, 25(S)-epoxycholesterol, and 27-hydroxycholesterol, and synthetic
compounds T0901317 and GW3965 [1,2]. Activated LXRs form heterodi-
merswith retinoidX receptor and regulate gene transcription via binding
to LXR response elements in the promoter regions of target genes [3]. In
mammals, there are two LXR isoforms, LXRα (NR1H3) and LXRβ
(NR1H2) but in zebrafish and fugu only one single LXR gene with higher
sequence similarity to mammalian LXRα had been reported [4,5].
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Zebrafish LXR has been found to be ubiquitously expressed in all exam-
ined tissues, with highest expression in the liver, and it can be activated
by 22R-HC, and synthetic agonists such as GW3965 and T0901317 based
on up-regulation of several known LXR regulated genes [4].

LXR regulates glucose and lipid metabolisms [6], and also modu-
lates immune and inflammatory responses [7–9]. LXR is therefore a
potential therapeutic target for atherosclerosis, diabetes and rheuma-
toid arthritis [8,10–13]. However, LXR activation is also associated
with adverse effects such as hepatic steatosis and hypertriglyceride-
mia in mice [7]. Furthermore, administration of T0901317 induced
more severe hepatic lipogenesis in diabetic mouse models than the
non-diabetics [14]. The lipogenic effects of T0901317 lead to an in-
crease of triglyceride and non-high density lipoprotein cholesterol
in hamsters and monkeys in preclinical studies and thus outweigh
the desired beneficial effects and prevent the advancement of
T0901317 into clinical trials [12].

Zebrafish is an emerging new vertebrate model for compara-
tive studies of energy metabolism [15], immune function [16]
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and thrombosis [17] as it shares many important similarities in
these physiological systems with mammals. Moreover, there is
an increasing interest in using zebrafish for disease modeling,
drug and toxicity screening [18,19] as it could provide an alterna-
tive model to rodent for studying drug-induced toxicity and drug
screening. The liver is a major organ for drug metabolism and de-
toxification; hence perturbations can be detected from the liver
and toxicity implicated with the perturbation can also be assessed.
We have previously shown that chemical agonists that activate
two other nuclear receptors (aryl hydrocarbon receptor and estro-
gen receptor) induced conserved responses between zebrafish and
humans [20]. As for LXR, although its tissue distribution and de-
velopmental expression patterns had been characterized in zebra-
fish [4], little is known with regard to LXR-induced liver
perturbation in zebrafish. In our efforts to understand nuclear
receptor-induced perturbation and toxicity in the liver for disease
modeling and drug screening using the zebrafish model, we have
performed three independent experiments for histological, micro-
array and real-time PCR analyses in order to investigate
T0901317-induced perturbation in the zebrafish liver. Here we
present histological, biochemical and molecular evidence of con-
served effects of LXR agonist between zebrafish and mammalian
models, thus supporting the zebrafish model for LXR-related studies.
Gene set enrichment analysis provided additional insights into
T0901317 concentration-dependent induced liver perturbation which
resulted in modulation of several molecular signatures including coagu-
lation and complement systems which has not been reported previous-
ly. By validating the genes using quantitative real-time PCR in another
independent experiment, we confirmed that the activation of LXR sig-
naling by T0901317 as well as the down-regulation of representative
genes associated with specific biological pathways that could be linked
to the therapeutic and pathologic effects of LXR activation. Our study
demonstrated the potential of using zebrafish coupled with transcrip-
tomic analysis for modeling toxicological or pathological effects and
for screening of LXR modulators.
2. Experimental procedures

2.1. Zebrafish and T0901317 treatment

Adult male zebrafish (around 6 months old and 500–700 mg
per fish) were obtained from a local fish supplier. To avoid com-
plications that could be introduced due to reproductive cycle
and hormonal changes as a result of the high fecundity and regu-
lar spawning in females, only male fish were used. The zebrafish
were acclimatized for at least two weeks in aquaria before the ex-
periments began and they were fed twice a day. Only healthy fish
with normal swimming and feeding behaviors were selected for
experiments with T0901317 (Sigma-Aldrich), which was dissolved
in dimethyl sulfoxide (DMSO; Sigma-Aldrich) as a vehicle solvent.
Final DMSO concentration in all treatments and control was 0.05%
(v/v). Zebrafish were exposed to T0901317 at different concentra-
tions (20 nM, 200 nM and 2000 nM) for 96 h with 10 fish in 2-L
water per tank at 27±2 °C. Chemical solutions and water were
changed daily by transferring treated fish to new tanks. Fish
were not fed throughout the experiment. All experiments were
performed in accordance to the guidelines of Institutional Animal
Care and Use Committee (IACUC) and approved by IACUC. Five in-
dependent sets of experiments were conducted, i.e. for histologi-
cal analysis, hepatosomatic index, enzyme-colorimetric assays,
microarray experiments and real-time PCR gene expression vali-
dation. The 96 h is chosen as a single end-point for all experi-
ments because it is the end time-point for the standard 96-h
acute zebrafish toxicity test which provides sufficient time for
the cumulated effects of the agonist to occur and manifest in the
liver including toxico-pathology. This would enable us to compare
with endpoint data reported in mammalian models.

2.2. Hepatosomatic index

At the end of the experiment, wet weight of fish was first deter-
mined before dissecting the whole liver to be weighed. Hepatoso-
matic index was calculated based on the following formula: (wet
weight of liver/wet weight of body)×100. A total of N=7 biological
replicates were used.

2.3. Histological processing

At the end of the experiment, the peritoneal organs including the
liver were fixed in Bouin's solution and in Formalin solution 10%, Neu-
tral Buffered (Sigma-Aldrich) for 1 week at room temperature. The tis-
sue samples were then washed several times with 70% ethanol,
dehydrated in a series of increasing ethanol concentration (70%–
100%), cleared in Histo-Clear and embedded in paraffin. The paraffin-
embedded samples were sectioned sagittally at 5 μm thickness. The
Bouin-fixed sections were stained with hematoxylin and eosin (H&E)
for qualitative and quantitative assessment of liver parenchyma.

2.4. Histological examination

Histological assessment was performed with a compound micro-
scope, Axioskop 2 (Zeiss®), for T0901317-induced phenotypic changes
in liver parenchyma at tissue level. Hematoxylin and Eosin-stained liver
sections from treated and control fish were compared for qualitative
(i.e. visible changes in liver parenchyma) and quantitative (i.e. hepato-
cytes nuclei density) changes. Density of the hepatocyte nuclei (no. of
hepatocyte nuclei/36,250 μm3) was measured in T0901317-treated
and control fish liver with the image analyzer program (Axiovision,
Zeiss®). Anterior, middle and posterior regions of three liver sections
were used to determine the density of hepatocytes nuclei from each
replicate. Four biological replicates (N=4) were assessed for each
group. The statistical significance (Pb0.01, Pb0.05) of changes in densi-
ty was determined using a heterocedastic Student's t-test.

2.5. Apoptotic staining

Apoptotic staining was performed on formalin-fixed paraffin-
embedded sections using Apoptag®Plus Fluorescein In Situ Apoptosis
Detection Kit according to manufacturer's protocol (Chemicon) to de-
tect DNA fragmentations which are associated with cellular apoptosis
in the liver.

2.6. Periodic acid-Schiff (PAS) staining

PAS is used to detect glycogen in tissue sections. Staining was per-
formed on formalin-fixed paraffin-embedded sections using Alcian
Blue PAS stain kit without diastase according to manufacturer's pro-
tocol (BioGenex).

2.7. Oil red O staining

Oil Red O is used to stain for lipids. Fresh frozen liver samples were
sectionedwithCryostat Sectioning and stainedwithOil RedO (Sigma-Al-
drich). Sections were also counterstained with hematoxylin for contrast.

2.8. Triacylglycerol (triglyceride) and glycogen quantification

Triacylgycerol and glycogen levels in the liver were determined
using the respective enzyme-colorimetric Triglyceride Quantification
Kit (Biovision) and EnzyChrom™ Glycogen Assay Kit (Biovision)
according to manufacturer's protocol. Triacylgycerol (nmol) and
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glycogen (μg) levels were normalized to the protein level (μg) in the
liver. The protein level in the liver was determined using a colorimetric
Protein Quantitation Kit (Biovision) according to manufacturer's proto-
col. The statistical significance (Pb0.05) of changes in relative gene ex-
pression level when compared to the control group was determined
using a heterocedastic Student's t-test.

2.9. RNA extraction and DNA microarray experiments

For the microarray experiments, adult male zebrafish were ex-
posed to T0901317 at 20 nM, 200 nM and 2000 nM with 0.05% (v/v)
DMSO as vehicle for 96 h, whereas the control group was exposed
to vehicle only. Five biological replicates were performed for each
treatment group and each replicate consists of livers pooled from 4
individual male fish. Therefore, a total of 20microarray hybridizations
were performed on 20 pooled liver samples derived from 80 zebrafish
for the three treatment groups and one control group.

Total RNAs from five replicates (each replicate consist of pooled
livers from four fishes) after 96 hour treatment were isolated with
Trizol reagent (Invitrogen, USA) protocol. Reference RNA was
obtained by pooling total RNA from whole male and female wild-
type zebrafish in 9:1 ratio. Reference RNA was co-hybridized with
RNA samples either from control or treated fish on a poly-L-lysine-
coated glass array spotted with 22 K zebrafish oligo probes. For fluo-
rescence labeling of cDNAs, 10 μg of total RNA from the reference and
sample RNAs were reverse transcribed and labeled differently, with
fluorescent dyes Cy-3 and Cy-5, respectively. The microarray slides
were hybridized at 42 °C for 16 h in hybridization chambers, then
they were washed in a series of washing solutions (2× SSC with
0.1% SDS; 1× SSC with 0.1% SDS; 0.2× SSC and 0.05× SSC; 30 s
each), dried with low-speed centrifugation and scanned for fluores-
cence detection with the GenePix 4000B scanner (Axon Instruments).
Detailed protocols for microarray experiment and data acquisition
using the zebrafish microarray can be referred [21,22].

2.10. Microarray data normalization and transcriptome analysis with
gene set enrichment analysis (GSEA)

Lowess method in the R package (http://www.braju.com/R/) was
used to normalize the raw microarray data. The microarray raw
data have been formatted to be compliant with MIAME standard.
The transcriptome data of each treatment group, i.e. Low (L, 20 nM),
Mid (M, 200 nM), High (H, 2000 nM), and in one combined analysis
group [Low, Mid and High (LMH)] were compared to the control
group using t-test to generate a p-value for each gene in the respec-
tive group. The reason for combining the 3 treatment groups in the
analysis is to increase statistical power for identifying gene with over-
all consistent expression trend (i.e. concentration-dependent pertur-
bation) across the three concentrations. Gene set enrichment analysis
(GSEA) [23] was performed to characterize the molecular pathways
or processes that were perturbed by T0901317. The zebrafish genes
were mapped to human homologs as previously described in [21].
The human homologs of zebrafish genes from the transcriptome pro-
files were ranked according to the p-values with Student t-test. The
“GseaPreranked” option of GSEA was used. The ranking metric used
was log10 (1/P) where P is the p-value of a gene from microarray
data. Up-regulated genes are assigned positive values of log10 (1/P)
whereas down-regulated genes are assigned negative values of log10
(1/P). The genes were later ranked in descending order based on
values of log10 (1/P). The ranked list of genes for each concentration
are compared to 1892 curated gene sets or molecular signatures
that are deposited in the Molecular Signatures Database (MSigDB)
from the GSEA website http://www.broadinstitute.org/gsea/index.jsp.

An enrichment score (ES) that reflects the degree to which a mo-
lecular signature (a pre-defined gene set) is over-represented at the
top or bottom rank of the ranked whole transcriptome profile was
calculated by ‘walking’ down the ranked profile. The ES is the maxi-
mum deviation from zero encountered in the random walk corre-
sponds to a weighted Kolmogorov–Smirnov-like statistic. The ES for
each molecular signature was normalized to the size of the set yield-
ing a normalized enrichment score (NES). Statistical significance of a
molecular signature for each concentration treatment was calculated
using an empirical phenotype-based permutation test procedure. The
number of permutation used was 1000. Molecular signature with
false discovery rate (FDR) b0.25 was considered statistically signifi-
cant, 0.25≤FDR b0.35 as marginally significant and FDR≥0.35 were
not significant. Positive and negative NES values indicate that if the
over-represented genes were mostly correlated with the ranked up-
or down-regulated genes, respectively.

2.11. Gene expression validation with real time quantitative PCR

Quantification of gene expression level was performed on synthe-
sized First Strand cDNA via quantitative Real-Time PCR reaction using
LightCycler® 480 SYBR Green I Master kit according to manufac-
turer's protocol (Roche). Nine biological replicates (N=9) in each
concentration group were performed for all real-time PCR experi-
ments. Quantification of transcript levels were measured by using rel-
ative quantification between PCR signal of the target transcript in
treatment groups and untreated control group after normalization
with the transcript level of 60S ribosomal protein L13a (rpl13a). De-
tailed information of primers used is provided in Additional file 1.
The statistical significance (Pb0.1, Pb0.05) of changes in relative
gene expression level when compared to the control group was de-
termined using a heterocedastic Student's t-test.

3. Results and discussion

3.1. Histological analysis of T0901317-induced perturbations in zebrafish
liver

Histological analysis was performed on the liver from male adult
zebrafish exposed to a range of T0901317 concentrations to examine
the histological changes caused by T0901317 toxicity. This will also
help to establish the appropriate concentration that could induce per-
turbation leading to hepatotoxicity and hence the concentrations that
will be used for subsequent microarray experiment. We observed
concentration-dependent histological changes in the liver when fish
were treated with 20 nM, 200 nM and 2000 nM of T0901317. We
found that T0901317-treated liver parenchyma appeared to be less
homogenous and the hepatocytes appeared to have swelled as they
were larger and less regular in shape as T0901317 concentration in-
creased when compared to the more compact, smaller and
polygonal-shaped hepatocytes in the control group (Fig. 1A–D).Be-
sides having larger size and irregular shape, the hepatocytes were ob-
served to have clear cytoplasm and many without nucleus or with
small fading nucleus in the liver of fish treated with 200 nM and
2000 nM of T0901317 (Fig. 1C and D) when compared to the pale
pink granular cytoplasm with distinct nuclei in hepatocytes of fish
treated with 20 nM of T0901317 or control group. Indeed, the num-
ber of hepatocyte nuclei per volume (36,250 μm3) of the section
stained with hematoxylin and eosin (H&E) was found to have re-
duced significantly as T0901317 concentration increased (Fig. 1E;
see Experimental procedures). Since fish treated with 2000 nM
T0901317 has the most significant reduction in hepatocyte nuclei
per volume liver section, we further measured the hepatosomatic
index and performed apoptotic staining (see Experimental
procedures) to determine if liver enlargement and/or cell death may
have caused the decrease in hepatocyte nuclei per volume liver sec-
tion of fish treated with 2000 nM T0901317 compared to the control
group. The mean hepatosomatic index of fish treated with 2000 nM
T0901317 was found to have increased significantly (1.7-fold higher

http://www.braju.com/R/
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Fig. 1. Histological analysis of liver perturbation induced by T0901317. Hematoxylin and eosin (H&E) stained liver sections from adult male zebrafish exposed to (A) vehicle only
(control, 0.05% DMSO), (B) 20 nM (C), 200 nM and (D) 2000 nM of T0901317. The livers from fish exposed to 200 nM and 2000 nM of T0901317 appeared less homogenous and the
hepatocytes appeared larger and more irregular in shape compared to controls. (E) Concentration-dependent decrease in number of hepatocyte nuclei count per volume section
(36,250 μm3) in H&E stained liver sections from fish exposed to T0901317 compared to controls (N=4 biological replicates; Student's t-test *P-valueb0.1, **P valueb0.05). (F) In-
crease hepatosomatic index [(wet weight of liver /wet weight of body)×100] of fish treated with 2000 nM T0901317 compared to control fish (N=7 biological replicates; Student's
t-test **P-valueb0.05). Apoptotic staining in liver of control fish (G) compared to liver treat with 2000 nM T0901317 (H) showed increase apoptotic activity in treated liver. Scale
bar represents 10 μm in panel (A) is applicable for panels (B–D), and in panel (G) is applicable to panel (H).
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than control fish, Pb0.05), suggesting that liver enlargement had oc-
curred in fish treated with 2000 nM T0901317 (Fig. 1F). Interestingly,
increased apoptotic staining was also observed in liver of fish treated
with 2000 nM T0901317 compared to control group (Fig. 1G and H).
Taken together, the findings suggest that the liver has enlarged and
related hepatocyte ballooning which could also lead to cell death
had occurred in the liver of fish treated with 2000 nM T0901317. He-
patocyte ballooning degeneration as indicated by cytoplasmic clearing
and cell swelling with fading nuclei is known to be associated with
liver histopathology [24]. Therefore, the decrease in hepatocyte nuclei
per volume liver section could be due to liver swelling and related hepa-
tocyte ballooning, and possibly cell death.

Since T0901317 and activation of LXR is known to regulate lipid
and carbohydrate metabolisms, we performed oil-red O and PAS
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staining for lipid and glycogen accumulation, respectively, in liver of
fish treated with T0901317. Oil-red O staining detected moderate in-
crease of small vesicular lipid accumulation in some hepatocytes of
fish treated with 200 nM (data not shown) and 2000 nM T0901317
(Fig. 2B) suggesting early or mild signs of hepatic steatosis when
compared to 20 nM T0901317 (data not shown) and control fish
(Fig. 2A). PAS staining revealed accumulation of glycogen, resembling
glycogen storage disorder, in the liver of fish treated with 2000 nM
T0901317 (Fig. 2D) when compared to control fish (Fig. 2C). Even
so, the increase in lipid and glycogen accumulation in the liver was
difficult to quantify using these special-stained liver sections. Since
oil-red O and PAS staining for lipid and glycogen accumulation, re-
spectively, were more apparent in the liver of fish treated with
2000 nM T0901317, we performed additional experiments to
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quantify the levels of triacylglycerol and glycogen using enzyme-
colorimetric assays on liver of fish treated with 2000 nM T0901317
and control fish. We found that triacyglycerol levels in the liver of
fish treated with 2000 nM T0901317 was 1.28±0.52 nmol/μg protein
(mean±standard deviation) and has significantly (Pb0.001)
increased about 10-fold compared to the liver of control fish
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(0.12 ±0.06 nmol/μg protein) (Fig. 2E). As for glycogen, it was
found that the levels in the liver of fish treated with 2000 nM
T0901317 was 1.03±0.58 μg/μg protein and has significantly
(Pb0.005) increased about 16-fold compared to the liver of control
fish (0.06±0.03 μg/μg protein) (Fig. 2F). The findings further con-
firmed the lipid and glycogen accumulation in zebrafish liver as
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induced by T0901317. Lipid and glycogen accumulation in the liver
are also known to cause hepatocyte swelling [24] which contributed
to the observed liver histopathology and increased hepatosomatic
index. Taken together with the histological evidence, the findings
suggest that concentration-dependent perturbation leading to toxicity
and injury could be induced in the liver of adult male zebrafish exposed
to 20 nM, 200 nM and 2000 nM of T0901317. These concentrations
were used for the subsequent microarray experiments.

3.2. Gene set enrichment analysis (GSEA) of T0901317-induced liver
perturbation

GSEA was performed to characterize the molecular pathways or
processes that were perturbed by T0901317. A Normalized Enrich-
ment Score (NES) and a False Discovery Rate (FDR) value (corrected
for multiple hypothesis testing) were generated for each of the mo-
lecular signature gene set to indicate the extent of the over-
representation and its statistical significance, respectively. Based on
the categories of FDR and NES values, profiles of the molecular signa-
tures were analyzed across the four groupings (20 nM, 200 nM,
2000 nM or LMH combined analysis). In order to increase our likeli-
hood of identifying molecular signatures that were perturbed by
T0901317 in a concentration-dependent manner, we included in our
analysis of molecular signatures that were consistently up- or down-
regulated with marginal significance (FDR b0.35) in at least two group-
ings. Molecular signatures that demonstrate concentration-dependent
profiles gave greater confidence that the effects are correlated to
T0901317-induced liver perturbation. Using this criterion, we identified
17 molecular signatures from the GSEA output (Fig. 3). Most of the
enriched molecular signatures are associated with cellular morphology
and adhesion, cell death, coagulation cascade and complement system
which demonstrated increasing or decreasing concentration-
dependent perturbation by T0901317.

3.3. Coagulation and complement systems

Based on our transcriptomic analysis, T0901317 appeared to
down-regulate molecular signatures associated with coagulation
and complement system including Complement & Coagulation Cas-
cades (HSA04610), Intrinsic Pathway, Extrinsic Pathway, Fibrinolysis
Pathway, Classical Pathway and Complement Activation Classical
Pathway (Fig. 3). These pathways displayed similar profiles as they
involved overlapping genes. As shown in Fig. 4A–C, with increasing
T0901317 concentration, both NES and FDR values decreased, indicating
a statistical significance in increasing representation of genes in Comple-
ment& Coagulation Cascades. A closer examination of the 26 humanho-
mologs in the Complement & Coagulation Cascades signature revealed
expression profiles that were generally in a down-regulated trend
with increasing concentrations of T0901317 (Fig. 4D). Taken together,
the analysis indicated that the molecular signature for Complement &
Coagulation Cascades was down-regulated by T0901317-induced liver
perturbation in an increasing concentration-dependent manner.

Interestingly, LXR activation has been shown to suppress the ex-
pression of tissue factor (TF), a major initiator of blood coagulation
[25], in human islets [26] and mouse macrophages [27]. Macrophages
are major source of TF contributing to thrombogenesis in atheroscle-
rosis [27]. Hence, anti-thrombotic action via suppression of TF is one
of the anti-atherosclerotic effects of LXR [8]. Our analysis revealed
that various genes (pros1, f10, tfpi, serpinc1 and plg) involved in the
coagulation pathway, which could further be implicated with anti-
thrombotic action, were also down-regulated by T0901317.
Fig. 5. Real-time PCR validation of selected representative genes of interest and comparison w
biological replicates), genes representing biological pathways were validated by real-time PC
tistical significance was determined using Student's t-test: P-valueb0.1*, P-valueb0.05**. Ax
to all histograms. The 200 nM and 2000 nM are combined analysis group using combined e
Moreover, activation of LXR by T0901317 was observed to down-
regulate genes associated with the complement pathway, which is
the part of innate immune system to activate inflammatory response.
Chronic inflammation also contributes to atherogenesis [28] and
there are lines of evidence that complement activation plays a
major role in chronic inflammation that is associated with initiation
and progression of atherosclerotic lesions [29] and also in rheumatoid
arthritis [30]. Thus LXR-induced down-regulation of complement
pathway, as shown in our data, may in turn suppress inflammatory
responses, thus promoting anti-atherogenic effect [9] and ameliorating
rheumatoid arthritis [11]. Taken together, our observations suggest that
T0901317-induced perturbation has suppressive effects on the expres-
sion of coagulation and complement factors in the liver which in return
could further contribute to its anti-thrombotic and anti-atherogenic
actions.

3.4. Extracellular matrix and adhesion

We also observed that T0901317 causes down-regulation of mo-
lecular signatures associated with cellular morphology and adhesion,
including Cell Adhesion Molecules (HSA04514), Cell Adhesion Mole-
cule Activity, ECM Receptor Interaction (HSA04512) and Matrix
Metalloproteinases (MMPs), in concentration dosage-dependent
manner (Fig. 3). Modulations of these molecular signatures were likely
associated with the histological changes in cell and tissue morphology
as observed in the livers of T0901317-treated fish. LXR has been pro-
posed as a potential therapeutic target for atherosclerotic therapy [13]
and T0901317-induced LXR activation has been shown to suppress
the expression of cellular adhesion molecules in atherogenic vascular
tissues [31]. Moreover, it has been reported that inhibition of broad-
spectrum of MMPs leads to reduction in atherogenic progression
[32,33]. Here, we observed T0901317-induced down-regulation of mo-
lecular signature involving MMPs, supporting that suppression of
MMPs expression by activated LXR (via T0901317) could be a mecha-
nism to the anti-atherogenic action as reported in rodent studies [31].

3.5. Lipid and carbohydrate metabolisms

LXR is known to affect major carbohydrate and lipid metabolic
pathways [6,7]. Therefore, the down-regulated molecular signatures
also included Maturity Onset Diabetes of the Young (MODY) and
Beta-oxidation Pathway (Fig. 3). MODY is an autosomal dominant
monogenic form of type II diabetes characterized by insulin resistance
and relative insulin deficiency. Down-regulation of genes associated
with MODY suggests that T0901317-induced perturbation in beta
cell function, hence promoting insulin deficiency and/or resistance,
though it does not mean that the fish was experiencing MODY specifi-
cally. Down-regulation of Beta-oxidation pathway, where fatty acids
are catabolized to generate energy, may be associated with the onset
of hepatic lipogenesis as intracellular lipid accumulation was observed
in liver of fish treated with T0901317 (Fig. 2B and E). Impaired beta-
oxidation has been reported to promote hepatic steatosis [34].

3.6. Proteasome and cell death

Based onour transcriptomic analysis,molecular signatures associated
with Proteasome (HSA03050), Apoptosis (KEGG), Death receptor and
Fas receptor pathways was up-regulated by T0901317 (Fig. 3). Up-
regulation of proteasome pathway suggests the need to increase pro-
tein degradation activity likely as a means of cellular detoxification
due to intracellular accumulation of oxidized, damaged and misfolded
ith microarray data. Using samples from an independent validation experiment (N=9
R and compared with corresponding microarray data (N=5 biological replicates). Sta-
is titles on the upper left histogram and figure legends on the lower right are applicable
xperimental data from 200 nM and 2000 nM groups.
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proteins. It has been demonstrated that the loss of proteasomes or inhi-
bition of proteasome pathway can lead to the induction of apoptosis
and liver injury [35]. When damaged or misfolded proteins build up,
cells will up-regulate synthesis of proteasomes. However, if accumula-
tion of such proteins exceeds the cell capacity to degrade them, apopto-
tic pathways will be activated and cell death occurs. Interestingly,
molecular signatures associated with apoptosis were also significantly
(FDR≤0.25) up-regulated at even a low T0901317 concentration of
20 nM, which corroborates with our histological evidence suggesting
hepatocyte ballooning degeneration (Fig. 1A–E). LXR activation by
T0901317 has been reported to induce apoptosis in pancreatic beta
cells [36], inhibited pancreatic beta cell viability and proliferation [37]
and more recently has been shown to exert anti-proliferative effect
via cytotoxicity and apoptosis in ovarian [38] and prostate [39] cancer
cells. Our analysis suggests that T0901317-induced perturbation in the
liver caused up-regulation in apoptosis signaling and is likely mediated
by Death receptor and Fas receptor pathways. Acute and chronic liver
toxicity including steatosis are known to be associated with the expres-
sion of Death and Fas receptors on the hepatocytemembrane rendering
these cells more susceptible to apoptosis and subsequent liver injury
[40,41].

3.7. Gene expression validation

The transcriptional down-regulation of the above-mentioned bio-
logical pathways is known to be associated with therapeutic and/or
pathologic effects of LXR activation hence is of interest for validation.
To further confirm T0901317-induced activation of LXR signaling and
validate subsequent down-regulated biological pathways, we deter-
mined the relative expression level of selected representative genes
by quantitative real-time RT-PCR using RNA from liver of a new
batch of fish treated with 200 nM and 2000 nM T0901317 and control
fish. The expression data from 200 nM and 2000 nM groups were also
combined as a single group (200 nM and 2000 nM) for statistical
analysis against the control group and both quantitative real-time
RT-PCR and microarray data were compared.

The relative gene expression analysis of the quantitative real-time
RT-PCR data showed good concordance with the microarray data in
terms of expression direction and trend although the fold-change
levels above respective control groups were different (Fig. 5). Statisti-
cal significance (pb0.10) were observed in almost all the groups in
the real-time PCR data while statistical significance of microarray
data were observed mainly in all the combined 200 nM and
2000 nM group albeit some genes were not significant when analyzed
within respective 200 nM or 2000 nM group. The difference in the
statistical significance is due to the more replicates (N=9 biological
replicates) used in the real-time PCR data compared to the microarray
data (N=5 biological replicates), hence providing greater statistical
power to account for the noise level arising from the biological and
technical variations.

Three known LXR-targeted genes, lxr itself, fatty acid synthase
(fasn) (the probes for these two genes were not found in our micro-
array, hence there is no microarray data for them) and fasn-like,
were up-regulated in a concentration-dependent manner confirming
that T0901317 induced activation and up-regulation of LXR signaling
pathway in the liver of treated fish which is consistent with mamma-
lian data. Activated LXR is known to auto-regulate its own expression
as demonstrated in various human cells [42] and also up-regulate
FASN which modulates lipid metabolism [7]. We further inferred
down-regulation of the following biological pathways in the liver of
fish exposed to T0901317 by determining the relative expression
levels of representative genes: vascular cell adhesion molecule 1
(vcam1), integrin, alpha 9 homolog (ITGA9 homolog), matrix metallo-
peptidase 9 (mmp9) for cellular morphology and adhesion; coagulation
factor X (f10), protein S alpha homolog (PROS1 homolog) for coagula-
tion cascade; plasminogen (plg) for fibrinolysis; complement
component 8 alpha (c8a), complement component 9 (c9) for comple-
ment pathway; acyl-coenzyme A dehydrogenase short chain (acads)
for beta-oxidation pathway, glucose-6-phosphatase a, catalytic
(g6pca) for gluconeogenesis, insulin-like growth factor 1(igf1), hepato-
cyte nuclear factor 1-beta-A (hnf1ba), insulin (ins) for insulin signaling
and related beta cell function. The expression level of these genes
showed down-regulation trend in the liver of fish exposed to
T0901317 and were all statistically significant (pb0.10) in the real-
time PCR data (Fig. 5). Down-regulation of g6pca, which catalyzes
the terminal step in the gluconeogenic and glycogenolytic, corrobo-
rates with the accumulation of glycogen observed in the histological
analysis (Fig. 2D and F) and together with down-regulation of acads
and up-regulation of fasn and fasn-like, are known to be associated
with hepatic steatosis (Fig. 2B and E) [7,43]. Taken together, the up-
regulation of LXR targeted genes, lxr, fasn, and fasn-like, suggests in-
volvement of LXR activation and signaling in T0901317-induced
liver perturbation which resulted in down-regulation in biological
pathways such as extracellular matrix and adhesion, complement
and coagulation systems, lipid and carbohydrate metabolisms.

Although LXR activation is known to suppress the gene expression
and protein level of tissue factor (TF), an initiator of blood coagulation
[26,27], and also suppress inflammatory responses [9], it is worth
highlighting that suppression of gene expression associated with
the coagulation and complement systems involving multiple genes
(Fig. 4) by LXR activation has not been reported previously. Transcrip-
tional repression by LXR on genes implicated in inflammation and
lipid metabolism has been described [8,44–46]. It has been reported
that nearly all of the LXR transrepression activities on genes involved
with inflammatory signaling pathways in macrophages were shown
to require interaction with nuclear receptor corepressor (NCor) and
silencing mediator of retinoic acid and thyroid hormone receptor
(SMRT) [45]. Our study suggests that zebrafish lxr may be involved
in similar transcription repression of several biological pathways,
and hence, it is plausible that complement and coagulation system
could also be transrepressed by lxr via interaction with corepressors
NCor and SMRT homologs which are known to be present in
zebrafish.

4. Conclusions

In summary, in our efforts to use zebrafish for disease modeling,
drug and toxicity screening, we have investigated T0901317-
induced perturbation in the zebrafish liver and found several con-
served effects of T0901317 with mammalian models including up-
regulation of LXR-targeted genes, modulation of biological pathways
associated with cell death, extracellular matrix and adhesions, carbo-
hydrate and lipid metabolisms. In addition to the known pathways,
the study also identified that the complement and coagulation sys-
tems were down-regulated by T0901317 induced LXR activation.
These biological pathways down-regulated by T0901317 could be
linked to the anti-thrombogenic, anti-atherogenic and anti-
inflammatory actions, as well as metabolic disruptions via LXR activa-
tion. Our study highlights the potential of using zebrafish liver
coupled with transcriptomic analysis to capture pharmacological
and toxicological or pathological events induced by LXR modulators.
The molecular signatures and validated genes identified in this
study can serve as a reference for drug and toxicity screening of LXR
modulators using the zebrafish model.

Supplementary materials related to this article can be found
online at doi:10.1016/j.bbagen.2011.10.009.
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