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Abstract

Septic shock is the most common cause of death in intensive care units due to an aggressive inflammatory
response that leads to multiple organ failure. However, a lipopolysaccharide (LPS) tolerance phenomenon
(a nonreaction to LPS), is also often described. Neither the inflammatory response nor the tolerance is com-
pletely understood. In this work, both of these responses were analyzed using microarrays in zebrafish. Fish that
were 4 or 6 days postfertilization (dpf) and received a lethal dose (LD) of LPS exhibited 100% mortality in a
few days. Their transcriptome profile, even at 4 dpf, resembled the profile in humans with severe sepsis.
Moreover, we selected 4-dpf fish to set up a tolerance protocol: fish treated with a nonlethal concentration of
Escherichia coli LPS exhibited complete protection against the LD of LPS. Most of the main inflammatory
molecules described in mammals were represented in the zebrafish microarray experiments. Additionally and
focusing on this tolerance response, the use of cyclodextrins may mobilize cholesterol reservoirs to decrease
mortality after a LD dose of LPS. Therefore, it is possible that the use of the whole animal could provide some
clues to enhance the understanding of the inflammatory/tolerance response and to guide drug discovery.

Introduction

In mammals, microbial products such as lipopolysac-
charide (LPS) or endotoxin are potent inducers of in-

flammation. These components stimulate immune system
cells after the components are recognized, usually by toll-like
receptors (TLRs). TLRs are a family of closely related trans-
membrane proteins that initiate signaling cascades, leading
to the enhanced transcription of cytokines and other proin-
flammatory mediators.1 Due to an excessive inflammatory
response, some individuals develop a sepsis reaction, which
can lead to death in the case of critically ill individuals; septic
shock is the most common cause of death in intensive care
units.2 The aggressive inflammatory response causes multi-
ple organ failure rather than an inability to fight infection.2

However, a hyporesponsive or cell desensitization state
called tolerance (TOL) develops after continued exposure to
LPS and prevents excessive cell activation, limiting the
proinflammatory responses of neutrophils.3 The pathogenesis
of severe sepsis and septic shock is a complex interaction of
inflammatory and anti-inflammatory responses, coagulation,

apoptosis, and metabolic disorders. However, the molecular
processes that lead to multiple organ failure remain unclear.4

The LPS tolerance consisting of a nonreaction to an LPS
treatment is also a response that is not completely understood.
A whole gene expression study is a useful approach to ex-
amine the characteristic signature gene profile that is asso-
ciated with a particular process. In this case, knowledge of
which genes are modulated might reveal novel insights into
the conserved host responses to sepsis and LPS tolerance.

In the present work, we used zebrafish (Danio rerio) to
increase our knowledge of the global transcriptome associ-
ated with sepsis and LPS tolerance. In the past few years, this
species has been gaining importance as a model for many
human diseases because it has important advantages: its fer-
tilized embryos are transparent, fluorescent tools are available
to study host–pathogen interactions, it is suitable for large-
scale genetic analyses, and there is a clear temporal separation
between the innate and adaptive immune systems.5–10 More-
over, we can investigate processes in vivo by using the com-
plete organism and by studying the global response. Therefore,
to determine the associated transcriptome profile and to
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identify the candidate genes associated with sepsis and toler-
ance, we studied the effects of a LPS treatment or the com-
bination of this lethal treatment preceded by the administration
of a sublethal concentration of LPS, which results in a tolerized
state. The sepsis/inflammation/tolerance processes in zebrafish
were analyzed by comparing them with the same responses in
mammals to determine if there are similar gene expression
profiles.

Materials and Methods

Animals

Wild type zebrafish embryos and larvae were obtained
from our experimental facilities where zebrafish are cultured
following established protocols11,12 (also see http://zfin.org/
zf_info/zfbook/zfbk.html). Tg(mpx:GFP) fish were kindly
provided by S. Renshaw (University of Sheffield). Fish care
and challenge experiments were conducted according to the
CSIC National Committee on Bioethics guidelines under
approval number ID 01_09032012.

Experimental treatments

Zebrafish larvae that were 4 or 6 days postfertilization
(dpf) were treated with LPS following a previously described
protocol.13 Briefly, a concentration of 50 lg/mL of LPS from
Escherichia coli serotype 0111:B4 (Sigma-Aldrich) was used
as a sublethal dose treatment (SLD) (after confirming that it
did not induce any mortalities after the treatment), and a
concentration in water of 50 lg/mL of LPS from Pseudo-
monas aeruginosa (Sigma-Aldrich) was used as a lethal dose
(LD) (after determining that all fish died within 2–5 days).

The treatments were conducted in six-well plates that were
maintained at 28�C.

Combinations of sublethal concentrations of E. coli LPS
and lethal concentrations of P. aeruginosa LPS were used to
generate a tolerance state. The diagrams of the various ex-
periments are shown in Figure 1A and B. After the different
treatments, sampling was conducted after 30 min, and four
biological replicates were collected for each treatment. Par-
allel experiments with the same stock of fish larvae were
always conducted to follow the mortalities observed during
each treatment.

Moreover, to determine the importance of the cholesterol
metabolism in sepsis, different concentrations of alpha and
beta cyclodextrins (Sigma-Aldrich) were added 24 h before
the LD of LPS.

Neutrophil migration studies

Tg(mpx:GFP) zebrafish larvae with GFP fluorescent
neutrophils were used to investigate the neutrophil migra-
tion to a wound. After larvae hatching (3 dpf), a SLD of LPS
was administered as described above, and 24 h later, the
zebrafish tails were cut using a razor. Four hours after the
tail ablations, neutrophil migration to the wound was ob-
served under an AZ100 microscope (Nikon) and photo-
graphed with a DS-Fi1 digital camera (Nikon). The same
protocol was conducted using the 4-dpf larvae, except that a
30-min SLD treatment was used instead of a 24-h treatment
for comparison. Controls were used in both cases with tail
ablation, but without the LPS treatment. Finally, the relative
fluorescence intensity in the tail was measured using ImageJ
software.14

FIG. 1. Graphical represen-
tation of the different experi-
ments conducted for sampling
and further microarray hy-
bridization. (A) Treatments
applied to 6-dpf fish receiv-
ing a LD of LPS (LD), a
SLD of LPS (SLD), and
controls (CON). (B) Treat-
ments applied to 4-dpf fish
receiving a LD of LPS (LD),
a SLD of LPS (SLD), SLD
and LDs (TOL), and controls
(CON). h, hours poststimula-
tion; min, minutes; dpf, days
postfertilization. Parallel ex-
periments to follow the mor-
talities per treatment with the
same stock of fish larvae used
for sampling are shown in the
plots both for (A) and (B).
LPS, lipopolysaccharide.
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RNA isolation and cDNA transcription

Larvae (n = 10–15) from each condition were pooled
30 min poststimulation in 500 lL of TRIzol reagent (Life
Technologies) and preserved at - 80�C until use. Total RNA
isolation was conducted following the TRIzol manufacturer’s
specifications in combination with the RNeasy Mini Kit
(Qiagen) for RNA purification after DNase I treatment. One
microgram of total RNA was then used to obtain cDNA using
the SuperScript III First-Strand Synthesis SuperMix for
quantitative reverse transcriptase-polymerase chain reaction
(qRT-PCR) (Life Technologies).

Microarray analyses

The 4 · 44K Zebrafish Gene Expression Microarray (V2,
AMADID 019161) from Agilent Technologies was used.
Briefly, this array is composed of a 60-mer oligonucleotide
array containing 43,803 probes representing 23,207 genes. A
total of six slides (21 microarrays) were hybridized. RNA
quality was assessed with the Agilent 2100 Bioanalyzer and
kept frozen at - 80�C until all of the experiments could be
hybridized and processed simultaneously. The labeling of
2 lg of RNA (*50 lg/mL) and hybridizations were carried
out at the Universidad Autónoma de Barcelona microarray
facility, complying with the Minimum Information about a
Microarray Experiment (MIAME) standards.15 The signal
was captured, processed, and segmented using an Agilent
G2565B scanner (Agilent Technologies) with the Agilent
Feature Extraction Software (v9.5) protocol GE1-v5_95
using an extended dynamic range and preprocessing by the
Agilent Feature Extraction v9.5.5.1.

The results for the fluorescence intensity data and quality
annotations were imported into GeneSpring GX version
11.0.2 (Agilent Technologies). All of the control features
(including the positive and negative controls and the landing
lights) were excluded from the subsequent analyses. Nor-
malization was then carried out by a percentile shift at the
75th percentile. Entities with an expression between the 20th
and 100th percentile in the raw data were retained and used in
the subsequent analyses. To assess genes for differential
expression, the normalized log intensity ratios were analyzed
with Student’s t-test without multiple testing correction.

Differential modulation of gene expression after each
treatment has been compared using Venn diagrams. Lists of
modulated genes in each treatment compared with controls
were selected and compared with other treatments or fish age
using the Venny software program16 (http://bioinfogp.cnb
.csic.es/tools/venny/index.html).

For enrichment analysis, the functional classes that were
significantly different among the treatments were identified
using the Blast2GO software program.17 Fisher’s exact test
with a term filter value of 0.05 and multiple testing correction
have been used to compare the list of up- or down-modulated
probes for each treatment separately (fold change >1.5).
Following the true path rule, only the most specific terms
obtained were presented.

For the interactome analysis, interactions and overlays of
expression profiles were visualized using the Cytoscape
(version 2.8.2.; www.systemsbiology.org). The interactome
network was obtained from all interactions with a Final
Bayesian Score > 6. The interactome backbone contains 5,760
nodes (protein–protein and protein–DNA interactions) and

99,573 relationships between these proteins (interactions).
The designation of protein properties was drawn from
Alexeyenko et al. 201018 NCBI gene name attributes were
used to unify the protein list and were imported through the
Biomart plugin. The network for the zebrafish challenges was
built from within the Danio_rerio_CS interactome. Topolo-
gical analysis of individual and combined networks was
performed with Network Analyzer, and jActiveModules 2.2
was used to analyze network characteristics.19,20 GO analy-
ses were conducted with the Biological Network Gene
Ontology (BinGO, version 2.0) plugin21 that was used for
statistical evaluation of groups of proteins with respect to the
current annotations available at the Gene Ontology Con-
sortium (www.geneontology.org). GO overrepresentation
was calculated using the hypergeometric test with Benjamini
and Hochberg false discovery rate (FDR) multiple testing
correction and significance (pFDR < 0.05). The redundant
GO classes were deleted to simplify the figure, and all GO
classes for each treatment were included as Supplementary
Tables S1 and S2 (Supplementary Data are available online at
www.liebertpub.com/zeb). In addition, we conducted a
complementary analysis with the ClusterMaker cytoscape
plugin,22 using the MCL algorithm to search protein–
protein interaction network modules derived from TAP/
MAS (tandem affinity purification/mass spectrometry).
This approach clustered the network into modules based on
the purification enrichment (PE) score to indicate the
strength of the node association given a fixed set of genes with
high protein–protein affinity (interactome cluster nodes). The
subcellular localization was determined by the Cytoscape
plugin, Cerebral.23

Quantitative reverse transcriptase-polymerase
chain reaction

Specific PCR primers were designed from the sequences
of the selected probes (Supplementary Table S3) using
the Primer3 program24 according to qRT-PCR restrictions.
Oligo Analyzer (version 1.0.2) was used to check for dimer
and hairpin formation, and the efficiency of each primer pair
was also analyzed from the slope of the regression line of the
quantification cycle versus the relative concentration of
cDNA.25 A melting curve analysis was also performed to
verify that only specific amplification occurred and that no
primer dimers were amplified. If these conditions were not
accomplished, new primer pairs were designed.

qRT-PCR was performed using the 7300 Real Time PCR
System (Applied Biosystems). One microliter of fivefold di-
luted cDNA template was mixed with 0.5 lL of each primer
(10 lM) and 12.5 lL of SYBR green PCR master mix (Ap-
plied Biosystems) in a final volume of 25 lL. The standard
cycling conditions were 95�C for 10 min, followed by 40
cycles of 95�C for 15 s and 60�C for 1 min. All reactions were
performed as technical triplicates, and an analysis of melting
curves was performed in each reaction. The relative expres-
sion levels of the genes were normalized using 18S ribosomal
RNA (BX296557) expression as a housekeeping gene con-
trol, which was constitutively expressed and not affected by
the treatments, following the Pfaffl method.25 Fold change
units were calculated by dividing the normalized expression
values of the stimulated tissues by the normalized expression
values of the controls. For the biological replicates, the
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Table 1. Top25 Most Modulated Genes in Fish Treated with the Lethal and Sub-LD Compared

with Control Fish (LD/Control); (SLD/Control)

Description (4 dpf) FC Reg Description (6 dpf) FC Reg

LD/control comparison

Glutaminyl-peptide cyclotransferase-like 8.3 Up Tumor necrosis factor-beta 28.2 Up
Interleukin 1, beta 5.5 Up Cholesterol 25-hydroxylase 15.6 Up
Alpha globin type-2, transcript variant 1 5.3 Down E74-like factor 3 (ets domain transcription

factor, epithelial-specific)
12.9 Up

Diablo, IAP-binding mitochondrial protein 4.8 Up Zinc finger and BTB domain containing 25 9.7 Up
Pyruvate dehydrogenase kinase, isoenzyme 2 4.1 Up Early growth response 2 9.5 Up
Cyclin-dependent protein kinase 5 3.7 Down D-alanyl-D-alanine carboxypeptidase protein 9.4 Up
Patched 1 3.7 Up Pleckstrin homology domain containing,

family F (with FYVE domain) member 1
8.6 Up

Somatolactin beta 3.3 Up FOS-like antigen 2 7.8 Up
DNA fragmentation factor, alpha polypeptide 3.3 Up FBJ murine osteosarcoma viral

oncogene homolog B
7.3 Up

Centrosomal protein 70 2.9 Up Early growth response 3 7.0 Up
Very large inducible GTPase 1 2.8 Down Coagulation factor IIIb 6.8 Up
Caspase b-like 2.7 Up Interleukin 1, beta 6.2 Up
Polymeric immunoglobulin receptor 2.7 Up Prostaglandin-endoperoxide synthase 2b 6.0 Up
Transmembrane protein 220 2.7 Up Alpha 1 type II procollagen 5.2 Up
Preimplantation protein 4-like 2.6 Up Rho-related BTB domain containing 2a 5.2 Up
ST3 beta-galactoside

alpha-2,3-sialyltransferase 1
2.4 Up CD276 molecule precursor 5.1 Up

Junctional adhesion molecule C precursor 2.4 Down JUN B proto-oncogene 4.9 Up
Diaphanous homologue 2 2.4 Up Nuclear factor of kappa light polypeptide

gene enhancer in B-cells inhibitor, alpha a
4.4 Up

Tumor necrosis factor receptor
superfamily member 18

2.3 Up JUN dimerization protein 2 4.2 Up

Interleukin 10 2.3 Up ANP32A protein 4.1 Up
Wingless-type MMTV integration site

family, member 3A
2.3 Up Glypican 6 4.1 Up

Keratocan 2.3 Down CCAAT/enhancer binding protein
(C/EBP), beta

4.0 Up

Cytochrome P450 2.3 Down Somatolactin alpha 4.0 Up
Phosphatidylcholine-sterol acyltransferase

precursor
2.3 Up Prostaglandin E receptor 2b (subtype EP2) 3.9 Up

Zinc finger protein 347 2.3 Up Galactosidase, beta 1-like 2 3.6 Up

SLD/control comparison

Low density lipoprotein receptor 3.4 Up Centrosomal protein 135 8.9 Up
Tumor necrosis factor receptor

superfamily, member 14
2.8 Down Glucose-6-phosphatase 8.7 Up

C1q-like adipose specific protein 2.6 Up Zinc finger protein 37 homolog 7.7 Up
NADPH oxidase organizer 1 2.4 Down Solute carrier family 12 member 9-like 7.3 Up
Splicing factor 3a, subunit 1 2.4 Up Nipped-B homolog 6.9 Up
Macrophage expressed 1 2.3 Down Histamine receptor H2 6.9 Up
Phosphoenolpyruvate synthase 2.2 Up PRKC, apoptosis, WT1, regulator like 5.9 Up
ADP-ribosylation factor GTPase activating

protein 1
2.2 Up Zinc finger protein 592 5.9 Up

Integrin, alpha 2 2.1 Up Leucine-rich repeat-containing
G protein-coupled receptor 4

5.7 Up

Synaptosomal-associated protein 23 2.1 Down PR domain containing 1c 5.7 Up
Zinc finger protein 782 2.0 Down EF-hand calcium-binding

domain-containing protein 4B
5.3 Up

Sterile alpha and TIR motif containing 1 5.2 Up
Gamma-glutamyltransferase family 5.2 Up
Ataxin 2 5.2 Up
Notum 3 5.1 Up
Oxytocin receptor 5.1 Up
Glucagon receptor 5.1 Up
40S ribosomal protein S21 5.1 Up
Hyaluronan and proteoglycan link protein 1b 5.1 Up
Zinc finger protein 271 4.9 Up
Activating molecule in

beclin-1-regulated autophagy
4.8 Up

Glutamate receptor, ionotrophic, AMPA 3b 4.7 Up
Adenosine A2b receptor 4.7 Up
PE-PGRS family protein 4.7 Up
Transcription termination factor, RNA

polymerase II
4.7 Up

dpf, days postfertilization; FC, fold change; LD, lethal dose; Reg, regulation; SLD, sublethal dose.
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average relative level of expression from each replicate was
considered a single point, and the mean and standard error
were calculated.

Results and Discussion

LPS-induced mortalities and microarray
validation results

The experiments conducted with parallel fish groups that
received the same treatments than those used for analyzing
the gene expression profile showed that fish (4 or 6 dpf) died
after the LD of P. aeruginosa LPS with mortalities reaching
100% within a few hours posttreatment. However, no mor-
talities were recorded when the fish were treated with a low
concentration of the E. coli LPS. These results were highly
consistent, and for this reason, we used the P. aeruginosa
LPS and the E. coli LPS as the lethal and SLDs, respectively
(Fig. 1A). In the tolerance experiments, 4-dpf fish previously
treated with a SLD of E. coli LPS did not die after the
P. aeruginosa LD treatment, which allowed us to obtain the
sample of tolerized fish according to Novoa et al.13 (Fig. 1B).

A group of four transcripts modulated in 4- and 6-dpf fish
was selected to quantify their expression pattern and validate
the transcriptome profile after microarray hybridization with
the samples described above. Increased expression was
confirmed by qRT-PCR for the four transcripts selected for
each age (Supplementary Fig. S1A, B).

Transcriptome of zebrafish after severe (LD)
LPS treatment

The number and magnitude of the response of differen-
tially modulated genes after LPS treatment were both higher
when the experiments were conducted in 6-dpf fish (25.7% of
the modulated genes, based on a cut-off value of >1.5-fold
change) than in 4-dpf fish (1.1% of modulated genes), indi-
cating that maturation of the immune system occurs at these
stages and that older fish respond by expressing a more
complex repertoire of genes. Although the number of com-
mon modulated genes between 4- and 6-dpf LD-treated fish
was low (only 36 genes) and the most modulated genes were
not the same after the LPS treatment when the fish at the two
ages were compared, there was an important up-modulation
of proinflammatory genes such as interleukin 1, beta (IL1B),
tumor necrosis factor-beta (TNFB), and TNF receptor family
members that clearly confirm a strong inflammatory response
in both cases (Table 1). The basis for the differences between
the ages could be that at 4 dpf, not all the genes have started to

Table 2. Top25 Most Modulated Genes in Fish

Treated With the Sublethal and Lethal Dose

Compared With Control Fish (TOL/Control) and

in Fish Treated With the Lethal Dose Compared

to Fish Treated With the Sublethal and Lethal

Dose (LD/Tol)

Description (4 dpf) FC Reg

TOL/control comparison
Somatolactin beta 6.6 Up
Hatching enzyme 1 (he1a) 4.0 Down
FBJ murine osteosarcome viral

oncogene homolog B
3.6 Up

Complement C3-H1 3.2 Down
Splicing factor 3a, subunit 1 3.2 Up
Transmembrane protein 144 3.1 Up
Very large inducible GTPase 1 2.8 Down
Transient receptor potential cation channel,

subfamily V, member 6
2.8 Up

C1q-like adipose specific protein 2.7 Up
Heat shock protein, alpha-crystallin-related, 9 2.5 Up
Ghrelin/obestatin prepropeptide 2.4 Up
Siaz-interacting nuclear protein 2.4 Up
Cylicin-1 2.4 Up
All-trans-13,14-dihydroretinol saturase 2.3 Up
Apolipoprotein B (including Ag(x) antigen) 2.3 Down
Solute carrier family 17 (sodium-dependent

inorganic phosphate cotransporter),
member 7

2.3 Down

Prominin-like 1 2.2 Up
Prickle-like 1 2.2 Down
Phosphoenolpyruvate synthase 2.2 Up
Complement factor B 2.1 Down
Prostaglandin-endoperoxide synthase 2b 2.1 Up
DnaJ (Hsp40) homolog, subfamily B,

member 12
2.1 Down

UDP glucuronosyltransferase 2 family,
polypeptide A3

2.1 Up

Peptidyl-tRNA hydrolase 2.0 Down
Zona pellucida glycoprotein 3a 2.0 Down

LD/TOL comparison

Glutaminyl-peptide cyclotransferase-like 7.3 Up
Interleukin 1, beta 6.8 Up
Trypsinogen 5.6 Up
Stanniocalcin 1 5.1 Up
Cholesterol 25-hydroxylase 4.6 Up
S100 calcium binding protein T 4.3 Down
Histone cluster 3, H3c 3.9 Up
Wingless-type MMTV integration site

family, member 2Bb
3.8 Up

Ubiquitin family 3.7 Up
Glutamate receptor-associated protein 1 3.7 Up
Diablo, IAP-binding mitochondrial protein 3.7 Up
Transcription elongation factor B (SIII),

polypeptide 3
3.6 Up

Centrosomal protein 70 3.4 Up
Alpha-tectorin 3.2 Down
Insulin-responsive sequence DNA-binding

protein 1
3.1 Down

Monooxygenase, DBH-like 1 3.1 Up
Patched 1 3.1 Up
Glutathione peroxidase 7 3.0 Down
Phosphatidylcholine-sterol

acyltransferase precursor
2.9 Up

(continued)

Table 2. (Continued)

Description (4 dpf) FC Reg

Histone cluster 4, H4 2.9 Up
Tumor necrosis factor receptor

superfamily member 18
2.7 Up

Membrane bound O-acyltransferase
domain containing protein 1

2.7 Up

FBJ murine osteosarcome
viral oncogene homolog B

2.7 Down

Epidermal growth factor receptor 2.6 Up
Leucine zipper and W2 domains 1b 2.6 Up

TOL, tolerized.
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be expressed or that the expression was too low to provide
significant values based on the statistical analysis.6,26,27

Many of the differentially modulated transcripts were as-
sociated with biological processes that occur during the in-
flammatory and anti-inflammatory cascades in mammals,
including macrophage and neutrophil activation programs,
the mitogen-activated protein kinase signaling network, ap-
optosis, ROS activity, lipid metabolism, and coagulation
(Table 1). This can also be observed in the enrichment
analysis of Gene Ontology (GO) terms carried out with the
microarray data (Supplementary Table S4): for the genes that
were up-modulated in the 6-dpf fish, there was a significant
enrichment of GO terms such as immune response, G-protein
coupled receptor signaling, detection of stimulus, etc. In
contrast, the genes that were down-modulated in LD-treated
fish were enriched in gene categories that are related to
normal development of the fish, suggesting a strong deviation
from the normal gene expression pattern occurred in response
to the excessive inflammation.

In addition to IL1B or TNFB, other proinflammatory genes
were modulated after the LPS treatment: the CCAAT/
enhancer binding protein (C/EBP), beta (CEBPB) (at 6 dpf),
which is known as a key modulator in inflammatory dis-
eases28–30; the glutaminyl-peptide cyclotransferase-like
(QPCTL) was the most up-modulated gene in the 4-dpf LD-
exposed fish (fold change of 8.3) and have been reported to be
involved in several inflammatory processes, such as Alzhei-
mer’s disease31 or monocyte migration.32,33 The elevated
expression levels of all these molecules explain the exagger-
ated inflammation response that characterizes septic shock.
Moreover, the CD276 molecule precursor (B7-H3), which was
up-modulated under LD conditions at 6 dpf, functions as both
a costimulator of proinflammatory cytokine release through
NFKB34 and a co-inhibitor to control the exuberant immune

responses.35 The up-modulation of other genes that limit the
inflammatory process was also observed: IL10 (at 4 dpf), the
inhibitor of NFKB (NFKBIA, the nuclear factor of kappa light
polypeptide gene enhancer in B-cells inhibitor, alpha) and the
early growth response 2 and 3 transcription factors (EGR2, 3)
(at 6 dpf); these are essential for balancing and successfully
controlling inflammation.36

During the final process that leads to organ failure due to
oxidative stress, tissue-damaging enzymes and apoptosis,
several proteins were found to be up-modulated in the
zebrafish transcriptome: the pyruvate dehydrogenase kinase
isoenzyme 2 (PDK2) was up-modulated at 4 dpf and in-
creases the concentration of lactate in mammals. Lactate
concentration is a measure of tissue hypoxia and is sufficient
for the diagnosis of septic shock.37 Three apoptosis-related
proteins were also up-modulated in 4-dpf fish: diablo, IAP-
binding mitochondrial protein (DIABLO); DNA fragmen-
tation factor, alpha polypeptide (DFFA); and caspase b-
like and one in 6-dpf fish: a protein with homology to
pleckstrin (PLEKHF1) that was reported to be an important
intermediate in the activation pathways of inflammatory
reactions.38

In the pathogenesis of sepsis, inflammation and coagu-
lation play pivotal roles. An up-modulation of coagulation
factor IIIb (F3b) was observed at 6 dpf during the LD
treatment. Moreover, the ST3 beta-galactoside alpha-2,3-
sialyltransferase 1 (ST3GAL1) was up-modulated at 4 dpf.
Sialylation/desialylation is a process that seems to be in-
volved in the clearance of glycoproteins decorated with si-
alic acid to avoid disseminated intravascular coagulation, a
feared complication of sepsis.39

It is worth emphasizing that an important activation of lipid-
mediated signaling was observed; this activation is similar to
the one observed in mammals, which is also a critical step in

FIG. 3. Interactome mapping of 4-dpf zebrafish larvae treated with (A) lethal dose (LD) and (B) tolerized (TOL). Left
panel: interactome modules of mRNAs expressed in larvae based on the MCL algorithm (ClusterMaker plugin). The over-
represented pathways are visualized in Cytoscape with the Cerebral plugin. The larger network shows the pathway ac-
cording to subcellular localization. Right panel: gene ontology analysis (BinGO plugin) of each interactome module of
over-expressed GO categories ( p < 0.01); the color scale bar indicates relative abundance (high-low) of GO categories in
each treatment. The redundant GO classes were deleted. The colors in the main view for each gene expression condition
(two, in this case) were represented according to the quantitative data provided (green; down-modulated, red; up-modu-
lated). Sample size, n = 532 in LD, n = 481 in TOL. BinGO, Biological Network Gene Ontology.

‰

FIG. 2. Neutrophil migration after
LPS treatment and tail ablation. Pic-
tures show the neutrophil migration to
the wound 4 h after tail ablation in
mpx:GFP zebrafish larvae treated with
a SLD of LPS during 30 min (4-dpf
larvae) or 24 h (3-dpf larvae). Controls
were used in both cases with tail ab-
lation, but without the LPS treatment.
Bars represent the relative fluores-
cence intensity density on the tail
measured using ImageJ software
(*p < 0.05).
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the mammalian inflammation cascade.40–43 Prostaglandin-
endoperoxide synthase 2 (PTGS2) and prostaglandin E re-
ceptor 2b (subtype EP2) (PTGER2) were up-modulated at 6
dpf. Phosphatidylcholine-sterol acyltransferase or lecithin-
cholesterol acyltransferase (LCAT) was up-modulated at 4
dpf, and it is a key enzyme in the intravascular metabolism of
HDL cholesterol.44 Importantly, cholesterol 25-hydroxylase
(CH25H) was significantly up-modulated at 6 dpf, and it is
thought to play a role in the inflammatory response because
its expression is induced rapidly, selectively, and robustly by
the TLR ligands poly I:C and LPS.45–48

Transcriptome after mild (SLD) LPS treatment

The inflammatory response observed for this LPS treat-
ment (Table 1) was not as clear as that for the LD described
above. The percentage of modulated genes at 4 dpf (0.3%)
and 6 dpf (14.5%) was lower than for the LD. However, there
was a specific modulation of several genes related to che-
mokines and G protein-coupled receptor signaling that ap-
peared to be modulated only in response to the E. coli LPS
(sublethal treatment): the integrin, alpha 2 (ITGA2) is crucial
for macrophage and neutrophil migration to host tissues49;
and the adenosine A2b receptor (ADORA2B), which is re-
sponsible for the movement of macrophages through a gra-
dient of the chemoattractant C5a.50–55 The up-modulated
ADP-ribosylation factor GTPase activating protein 1 (ARF-
GAP1) also seems to significantly modify the transport of G
protein-coupled receptors,56 including chemokine (C-X-C
motif) receptor 4 (CXCR4), which has been related to TLR4
and LPS tolerance.13,57 This response was also observed in
the enrichment of GO terms in the comparison SLD-treated
fish against controls (Supplementary Table S4).

There were also some modulated genes with important
anti-inflammatory properties in 6-dpf fish: the histamine re-
ceptor H2 (HRH2), that acts as a suppressor of antigen pre-
sentation capacity and enhances IL10 production58–63 and the
toll IL1 receptor domain-containing adaptor (SARM1) that
down-modulates NFKB and IRF3-mediated TLR3 and TLR4
signaling.64

Similar to the LD treatment, some proteins related to tissue
damage and apoptosis were also modulated in zebrafish in
response to the SLD treatment, but the inflammatory effects
did not seem to be as apparent as for the lethal treatment.

Genes involved in glucose homeostasis, such as glucose-6-
phosphatase (G6P) or the glucagon receptor (GCGR), were
highly up-modulated in SLD-treated fish. This is consistent

with reports in mammals because insulin regulates the in-
flammatory response either directly or indirectly.65–72

As in the case of the lethal LPS treatment, the lipid
metabolism-related genes were affected: the low-density li-
poprotein receptor (LDLR) was the most up-modulated gene
at 4 dpf. Because LPS can be bound by triglyceride-rich
lipoproteins (TRL) that may be internalized through the
LDLR pathway, the internalization of lipoprotein bound en-
dotoxin (TRL-LPS) could attenuate the systemic inflamma-
tory response.73 Moreover, LDLR dysfunction leads to the
accumulation of cholesterol-rich LDL (low-density lipopro-
teins) in plasma and premature atherosclerosis.74 This fact
again suggests the key role of cholesterol during the in-
flammation process.

Transcriptome in LPS tolerance

Although the transcriptomic response to LPS was more
complex for 6-dpf fish, the treatment with a previous suble-
thal concentration of LPS induced a complete protection
against a LD of LPS in 4-dpf fish. For this reason, we used 4-
dpf zebrafish larvae to further determine the global tran-
scriptome in a tolerized state against LPS (Table 2). For this
sample, the percentage of modulated genes was low (0.99%
and 2.2% for TOL/CON and LD/TOL comparisons, respec-
tively), most likely corresponding to an immature develop-
ment of the organism.

In general, we determined that many of the proin-
flammatory genes that were up-modulated during the lethal
treatment (Table 1) were down-modulated in the tolerance
state (Table 2), most likely to avoid the excessive inflam-
mation associated with the mortality of fish treated with the
lethal concentration of LPS. This was also confirmed in the
GO enrichment analysis where only the immune response
term was up-modulated in LD-treated fish (LD/TOL com-
parison) reflecting a generalized defense response that most
likely leads to fish death due to an exaggerated inflammation
response (Supplementary Table S4). The reduced capacity to
respond to LPS activation after an initial exposure to this
stimulus has been previously described in mammals and in-
dicates the development of a hyporeactive state.3,75–79 This
reduced response to the LD of LPS could be visualized by
using the zebrafish Tg(mpx:GFP) transgenic line with GFP
fluorescent neutrophils.80 The neutrophil migration to an
injury induced in the tail and, therefore, the inflammatory
reaction was significantly reduced after 24 h of the SLD of
LPS treatment (Fig. 2). Despite this reduced capacity to

FIG. 4. Representative ex-
periment conducted to fol-
low mortalities after alpha
cyclodextrin (A) and beta
cyclodextrin (B) treatment.
Different concentrations (67.5,
125, 250, 500lg/mL) of alpha
and beta cyclodextrins were
added to zebrafish larvae 24 h
before LD treatment for mor-
tality registration.
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respond to LPS in tolerized fish, the interactome analysis
displayed a clearly different response between the LD- and
TOL-treated fish. Whereas the down-modulated genes in LD-
treated 4-dpf fish are enriched in gene categories that are
mainly related to the normal development and differentiation
of the fish, this inhibition was not observed for TOL-treated
fish, with a modulation of cell migration as described above
and a much more complex interactome scenario that requires
further study (Fig. 3A, B).

Interestingly, several genes with anti-inflammatory or po-
tential anti-inflammatory properties were up-modulated in
the zebrafish transcriptome: ghrelin/obestatin prepropeptide
(GHRL)81 or S100 calcium binding protein T (S100T). Al-
though the role of this protein in zebrafish is still unknown,
S100 proteins are endogenous activators of innate immune
responses in mammals, and some of them have proinflammatory
properties and are associated with different inflammatory dis-
eases, such as inflammatory bowel disease.82–84

Several genes involved in the relief of oxidative stress as a
compensatory mechanism were up-modulated in tolerized
zebrafish as described for mammals85,86; these include glu-
tathione peroxidase 7 (GPX7), which mitigates the organ
dysfunction during chronic inflammation, and phosphoenol-
pyruvate synthase, which is an essential enzyme when
pyruvate and lactate are used as a carbon source. The up-
modulation in tolerized fish suggests a mechanism for
avoiding the excess of lactate and hypoxia that induces the
organ failure associated with sepsis. In addition to being a
metabolic intermediate, pyruvate is an effective scavenger of
ROS, playing a role as an anti-inflammatory molecule in the
last stages of the inflammation process.87

As already described above for the SLD treatment, the
carbohydrate metabolism seemed to be substantially altered
in the tolerized zebrafish as part of the metabolic syndrome
that it is concurrent with most of the inflammatory diseases
described in mammals. The insulin-responsive sequence
DNA-binding protein 1 (IRE-BP1) that was up-modulated in
tolerized fish compared with LD-treated fish appears to be a
downstream effector of insulin-induced phosphoinositide-3-
kinase (PI3K) signaling and mediates the action of insulin on
multiple target genes.88,89 Moreover, IRE-BP1 expression
also increased the mRNA levels of a number of genes in-
volved in fatty acid homeostasis.90

Regarding the lipid mediators role, some of the molecules that
were up-modulated in LD-treated fish were down-modulated for
the tolerance treatment as described above for the main proin-
flammatory genes. This is the case for LCAT and CH25H (both
involved in cholesterol metabolism). Interestingly, C1q-like
adipose specific protein or adiponectin only appeared to be up-
modulated in tolerized fish compared with the controls. Several
studies have shown that adiponectin attenuates the production of
inflammatory cytokines through LPS-induced macrophages
in vitro.91 Moreover, Benoit and Tenner92 recently reported that
C1q prevents b-amyloid-induced neuronal death in vitro and
induces an up-modulation of genes associated with cholesterol
metabolism.

In summary, we can highlight that transcriptomic analysis
in zebrafish is very suitable for the study of the inflammatory
response. The results obtained with the whole animal are
also commonly observed in mammals using specific tissues
with the same approach. This includes the following: an
early inflammatory response with up-modulation of cyto-

kines, chemokines, and proinflammatory mediators; neu-
trophil, complement and coagulation activation; apoptosis;
and oxidative stress events. The early inflammatory response
is then followed by the transition to an anti-inflammatory
state with increasing abundance of proteins that limit the
inflammatory response, such as proteins responsible for
preventing tissue injury.93–101

Involvement of cholesterol in sepsis

Considering that some of the genes involved in lipid me-
tabolism were the most modulated after LPS treatment, we
sought to determine whether cholesterol metabolism was a
key element in the response observed in LPS-treated fish and
whether our zebrafish model was suitable for this study. To
accomplish these objectives, we used cyclodextrins because
it is well-known that they remove cholesterol from lipid rafts,
which are targets in several diseases, including chronic in-
flammation, sepsis and septic shock, Alzheimer’s disease,
and atherosclerosis.102–104 The addition of different con-
centrations of alpha cyclodextrins before the LD treatment
reduced the mortality to 0% at the higher concentrations (250
and 500 lg/mL) achieving a complete tolerance status to a
LPS LD. For the beta cyclodextrins, a reduction in mortality
was also observed for the concentrations of 125, 250, and
500 lg/mL (Fig. 4A, B). To the best of our knowledge, this is
the first time that a tolerance status with 100% of survival rate
was achieved using zebrafish as a model. Furthermore, as far as
we know, this is the first report on the use of cyclodextrins based
on their anti-inflammatory properties instead of their ability to
increase the bioavailability of several drug–cyclodextrin com-
plexes, which is well documented.105–107 These results, there-
fore, demonstrated the importance of lipid mediators in the
sepsis process.

In conclusion, our results showed that the inflammatory/
tolerance response could be clearly described in a whole or-
ganism model of zebrafish. Our results suggest a fine-tuning of
gene regulation similar to that described in humans. The
modulation was different in larvae administered a LPS LD
(resulting in a strong inflammation response, similar to a sepsis
process) from the larvae administered the milder treatment
(SLD). Importantly, the mammalian inflammation models that
have been proposed in the literature do not seem to be com-
pletely appropriate for the discovery of target genes to resolve
septic shock. However, it is possible that the use of this simple
zebrafish model, which takes the animal as a whole into ac-
count, could provide us with some conserved insight to aid in
our understanding of the inflammatory/tolerance response and
drug discovery.
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