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A B S T R A C T

Fatty acids (FAs) are key elements that affect not only growth but also different immune functions, and therefore,
nutrition is important for growing healthy fish. Zebrafish (Danio rerio) is a good model for assessing the bene-
ficial effects of immunostimulants, including FAs, before applying them in aquaculture. Accordingly, this study
evaluated the effects of palmitic acid (PA) treatment on different immune parameters of zebrafish and on the
mortality caused by the spring viremia of carp virus (SVCV). The results suggest that PA modulates the infection
outcome in vivo, which benefits zebrafish and results in reduced mortality and viral titres. The antiviral pro-
tection elicited by this FA seems to be associated with the inhibition of autophagy and is independent of other
immune processes, such as neutrophil proliferation or type I interferon (IFN) activity. The use of PA as an
immunostimulant at low concentrations showed great potential in the prevention of SVCV infections; therefore,
this FA could help to prevent the mortality and morbidity caused by viral agents in aquacultured fish.
Nevertheless, the potentially detrimental effects of suppressing autophagy in the organism should be taken into
account.

1. Introduction

Fatty acids (FAs) are involved in diverse biological processes, in-
cluding the modulation of vascular resistance, growth, survival, stress,
cell membrane structure and immune responses. As a consequence, they
have a powerful impact on overall health status. In addition to their
ability to alter the fluidity of immune cell membranes, FAs also have an
important role in different processes directly linked to immunity, such
as the regulation of structural components, eicosanoid synthesis, for-
mation of lipid peroxides, regulation of gene expression, apoptosis,
alteration of antigen presentation or modulation of intestinal micro-
biota [1]. In mammals, FA administration enhances resistance to bac-
terial and viral pathogens by increasing survival and decreasing bac-
terial and viral loads [2–6]. The mechanisms by which FAs are able to
activate the immune system in mammals include the enhancement of
cytokine production in macrophages [7,8], regulation of apoptosis
[9,10], and modulation of autophagy in hepatocytes [11]. It is be-
coming evident that the function and proportion of leukocyte sub-
populations are greatly influenced by their intrinsic metabolic profile.
In this sense, it has been shown that FA oxidation, together with glucose
metabolism, plays a pivotal role in determining the cell phenotype of
macrophages and T lymphocytes [12–17]. It has also been reported that
neutrophils are in constant contact with FAs, which modulate cell

functions through different mechanisms [18]. The outcome of the in-
teraction, whether stimulation or inhibition of neutrophil recruitment,
depends on different conditions, including the type and concentration
of FAs [11,18].

Infectious diseases represent one of the major threats to fish aqua-
culture. The absence of commercially available vaccines or treatments
for several diseases raises the importance of developing new strategies
to prevent and/or combat infections. Moreover, if we also consider the
increasing prevalence of antibiotic-resistant bacteria [19], then the
development and use of alternative therapies are urgently needed to
guarantee the sustainable development of fish aquaculture. Immuno-
stimulation and nutritional approaches could represent an alternative
way to ensure optimal fish growth performance and health [20].

It has been extensively explained that dietary manipulation can
enhance the response to stress, injury and infection [21]. In addition to
being considered a key source of energy [22], FAs can strongly influ-
ence these processes. Therefore, modulations in the level and compo-
sition of FAs could impact the immune system of fish. It is known that
FA supplementation to the fish diet could be a promising approach in
the culture of commercial fish species since FA-enriched feed has been
shown to enhance the protection against several pathogens [20,23–29].
Fish fed with alternative oil sources showed enhanced phagocytic ac-
tivity, higher antibody production and increased lysozyme activity
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[30].
Palmitic acid (PA) is a vegetable oil candidate for fish oil replace-

ment in aquafeeds [31,32]. It is the most common FA found in animals,
plants and microorganisms and a major component of the fruit from oil
palms. It has been reported to possess pharmacological properties such
as anticancer, anti-inflammatory or analgesic activities, and it also
seems to modulate autophagy and NFκB signalling pathways in human
cells [33–35]. Although few studies have focused on the properties of
PA in the immune response of vertebrates other than mammals, a recent
publication reported that the treatment of zebrafish larvae with PA
induces nitrous oxide (NO) and reactive oxygen species (ROS) pro-
duction and expression of pro-inflammatory cytokines [36]. An increase
in the expression of pro-inflammatory cytokines was also observed in
one-month-old zebrafish fed with various proportions of PA [36].

To further investigate the potential of this FA in aquaculture, we
used the model species zebrafish and the viral pathogen spring viremia
of carp virus (SVCV), a rhabdovirus associated with high mortalities in
cyprinids. Because viral diseases are important concerns in fish aqua-
culture since they produce mortalities for which no treatments are
available, the aim of the present study was to use different approaches
in vivo and in vitro to examine the effect of the PA treatment on the
survival and immunity of zebrafish. We found that the PA treatment
reduced the mortality caused by SVCV and suppressed viral prolifera-
tion, likely by inhibiting autophagosome/lysosome fusion, the final step
of autophagy. Because SVCV uses autophagy to replicate [37], our re-
sults suggest that PA reduces viral replication through the inhibition of
autophagic flux.

2. Materials and methods

2.1. Fish, cell line, virus

Embryos and larvae from wild-type zebrafish were obtained from
our experimental facility, where zebrafish are maintained following
established protocols [38,39] (see http://zfin.org/zf_info/zfbook/zfbk.
html). The transgenic lines Tg GFP-Lc3 (CMV:EGFP-map1lc3b) zf155
[40] and Tg Mpo:GFP (BAC-zC91B8) [41] were previously described.
Fish care and challenge experiments were reviewed and approved by
the CSIC National Committee on Bioethics under approval number
ES360570202001/16/FUN01/PAT.05/tipoE/BNG.

Fibroblast-like ZF4 cells, derived from zebrafish embryos (ATCC
CRL-2050) [42], were cultured in Dulbecco's modified Eagle's medium
(DMEM/F12, Gibco) supplemented with 2% penicillin and strepto-
mycin (InvivoGen) and 10% foetal bovine serum (FBS) at 27 °C.

The rhabdovirus spring viremia of carp virus (SVCV isolate 56/70)
was propagated in ZF4 cells at 22 °C and titrated in 96-well plates. The
TCID50/ml was calculated according to the Reed and Muench method
[43].

2.2. Reagents

Palmitic acid was obtained from Sigma-Aldrich (P0500) and dis-
solved in pre-heated 0.1 N NaOH at 60 °C as reported previously
[36,44]. Two 10mM stock solutions were prepared: a solution for the
larvae treatment, which was generated by conjugating PA with a pre-
warmed fatty acid-free BSA solution (Sigma-Aldrich, A7030) and a
solution for the cell culture, which consisted of DMEM/F12 containing
12% (w/v) BSA. The autophagy inhibitors 3-methyladenine (3MA) and
chloroquine (CQ) were purchased from Sigma-Aldrich (#M9281 and
#C6628, respectively) as was the autophagy activator rapamycin
(RAPA; #R0395).

2.3. Treatment assays in vivo

2.3.1. Survival experiment and sampling procedures
At day 3 post-fertilization (dpf), wild-type zebrafish larvae were

transferred to 6-well plates and maintained in 6ml of filtered egg water
(60mg/ml sea salts in distilled water). Larvae were incubated at 27 °C
in the presence of PA (1mM) [36] for 24 h or in control medium con-
taining 0.1 N NaOH and BSA without PA. Thereafter, the fish were
rinsed in egg water three times, and one-half of the larvae from each
treatment were infected with SVCV (4.3× 105 TCID50/ml) by bath
immersion for 24 h. Mortality was assessed for 8 days post-infection
(dpi) using three biological replicates composed of 10 larvae each. This
experiment was conducted three times, and results from the replica-
tions were obtained. For the gene expression experiments, the same
approach was used, and at 24 h post-infection (hpi), five or six pools
(4–5 larvae/pool) were sampled and stored at −80 °C until RNA iso-
lation.

2.3.2. Visualization of Lc3 abundance and neutrophil count
Transgenic GFP-Lc3 and Mpo:GFP larvae were used for the visua-

lization of Lc3 abundance and for the neutrophil count, respectively.
The experiment was conducted as in the previous section, but at 24 hpi,
the larvae were anaesthetized by adding two drops of a 0.05% MS-222
solution to a Petri dish with a volume of 10ml of egg water. Then,
images of the whole larvae were taken using a Nikon AZ100 fluores-
cence microscope. To discard the potential autofluorescence of this FA,
PA-treated wild-type zebrafish were also observed under the fluores-
cence microscope, and no positive fluorescence signal was obtained
(data not shown).

2.4. Treatment assays in vitro

2.4.1. Viral titre estimation
The SVCV infectivity in vitro was evaluated by two different

methods. In the first method, ZF4 cells were seeded on 96-well plates,
and when the cells were at 70–80% confluence, the medium was re-
moved and replaced by DMEM with penicillin/streptomycin and 2%
FBS in the presence or absence of PA (1mM), after confirming that this
concentration did not affect cell viability. Seven 10-fold serial dilutions
of SVCV (higher concentration: 4.3× 105 TCID50/ml) in DMEM with
penicillin/streptomycin and 2% FBS were used for the viral titration in
triplicate following the Reed and Muench method [43]. Uninfected
controls were also included, and the plates were incubated at 27 °C. The
evolution of the cytopathic effect (CPE) was checked every day using a
Nikon Eclipse TS100 inverted microscope. To obtain replication results,
this experiment was conducted three times.

The infectivity of SVCV in vitro was also evaluated by quantitative
PCR (qPCR) detection of the SVCV N gene. ZF4 cells were seeded as
described above and treated with 1mMPA, 5 μM RAPA, or 1mMPA
and 5 μM RAPA and incubated with SVCV (4.3×103 TCID50/ml). At
24 h post-infection, the medium was removed, and the cells were wa-
shed twice with PBS, collected (4 biological replicates) and stored at
−80 °C until RNA isolation.

2.4.2. Cellular apoptosis
The ZF4 cells were seeded on 96-well plates, and when the cells

were at 70–80% confluence, the medium was removed and replaced by
DMEM with penicillin/streptomycin and 2% FBS containing 1mMPA,
SVCV (4.3× 105 TCID50/mL), or PA and SVCV. Uninfected controls
were also included. Then, the cells were incubated at 27 °C, and after
3 h, the cells were centrifuged and resuspended in 100 μL of binding
buffer (BB1X). Then, 5 μl of annexin V (Invitrogen) and 5 μl of 7-amino-
actinomycin (7-AAD) (BD Pharmingen) were added to the cell sus-
pensions. Samples were incubated for 15min at room temperature in
the dark and analysed by flow cytometry to study the putative differ-
ential level of cell death between the ZF4 cells treated with PA and
those not treated with PA. Data acquisition was performed using a FACS
Calibur flow cytometer (Becton and Dickinson), and analyses were
carried out using CellQuest software (Becton and Dickinson).
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2.4.3. Western blot analysis
To analyse the conversion of Lc3-I to Lc3-II as a means to estimate

the abundance of autophagic-related structures, the ZF4 cells were
seeded onto 24-well plates, and when they reached 70–80% confluence,
the medium was removed and replaced by DMEM with penicillin/
streptomycin and 2% FBS alone (control) or in combination with
1mMPA, SVCV (4.3×105 TCID50/ml) or PA and SVCV. After 24 h of
incubation, the culture medium was removed, and the cells from the
monolayers were resuspended in 150 μl of PBS with 2% Triton X-100
(Sigma-Aldrich), 1% of protease inhibitor cocktail (Sigma-Aldrich,
#P8340) and a 10% of phosphatase inhibitor cocktail (Thermo Fisher,
#78420). The cells were maintained on ice during the whole process to
prevent protein denaturation. Homogenates were centrifuged at
14,000 rpm for 20min at 4 °C, and the resulting supernatants were re-
covered. A total of 20 μg of protein was mixed with 1×NuPAGE LDS
sample buffer (Invitrogen) and resolved in a 4–20% Mini-PROTEAN
TGX gel (Bio-Rad) and transferred to a nitrocellulose membrane (Bio-
Rad). The membrane was blocked for 2 h with 3% (w/v) bovine serum
albumin (BSA) in TBST buffer (20-mM Tris, 0.5-M NaCl, and 0.1%
Tween 20) and incubated for 1 h with a rabbit polyclonal anti-LC3A/B
antibody (Cell Signalling Technology, #4108; diluted 1:500 in 1% BSA-
TBST buffer) and a mouse monoclonal anti-actin antibody (Chemicon,
#MAB1501; diluted 1:5000 in 1% BSA-TBST buffer) at room tem-
perature. After it was washed, the membrane was incubated with a goat
anti-rabbit IgG-HRP secondary antibody (Sigma-Aldrich, #A6154; di-
luted 1:6000) and detected by chemiluminescence with Luminata™
Forte Western HRP substrate (Millipore) and visualized with a
ChemiDoc XRS Plus system (Bio-Rad).

2.4.4. Immunofluorescence detection of Lc3b
The ZF4 cells were seeded onto 24-well plates with 12-mm glass

coverslips, and when the cells reached 70–80% confluence, the medium
was removed and replaced by DMEM with penicillin/streptomycin and
2% FBS containing 1mMPA, SVCV (4.3× 105 TCID50/mL) or PA and
SVCV. Uninfected controls were also included. The plates were in-
cubated at 27 °C, and after 24 h, the medium was removed, and the cells
were fixed with 2% paraformaldehyde for 10min at 4 °C. After they
were washed, the cells were blocked by incubating them for 1 h in PBS
with 0.1% saponin (Sigma-Aldrich) and 2% BSA (Sigma-Aldrich). Then,
the cells were incubated overnight at 4 °C with a mouse anti-LC3B
monoclonal antibody (Nanotools; #0231–100/LC3-5F10) (1:20) in
staining buffer (PBS with 0.1% saponin and 0.1% BSA). The cells were
then washed and incubated with Alexa Fluor 488 goat anti-mouse IgG
(1:1000) for 1 h at RT. All samples were stained with a 4′-6-diamidino-
2-phenylindole (DAPI) solution (Molecular Probes-Life Technologies)
for nuclear localization and with a phalloidin solution (Sigma-Aldrich)
for actin filament localization. Prepared samples were mounted using
ProLong Antifade reagent (Life Technologies). Confocal images were
captured with a TSC SPE confocal microscope (Leica) using LAS AF
software (Leica). The Lc3b intensity was measured using ImageJ soft-
ware [45].

2.4.5. Lc3b and Lamp1 co-localization
The ZF4 cells were seeded onto 24-well plates with 12-mm glass

coverslips in the absence of serum for inducing starving (pro-autop-
hagic stimulus), and after 15 h, the medium was removed and replaced
by DMEM with penicillin/streptomycin containing 1mMPA, 5 μM
RAPA or 1 μM CQ. Untreated controls were also included. The plates
were incubated at 27 °C and, after 2.5 h, the cells were fixed and im-
muno-stained for Lc3b and Lamp1 detection following the protocol
described in section 2.4.4. For Lc3b puncta identification, the mouse
anti-LC3B monoclonal antibody (Nanotools; #0231–100/LC3-5F10;
1:20) and the secondary antibody, Alexa Fluor 635 goat anti-mouse IgG
(1:1000), were used. For Lamp1, a rabbit polyclonal anti-Lamp1
(Abcam; #ab24170; 1:500) and the secondary antibody, Alexa Fluor
488 goat anti-rabbit IgG (1:1000), were utilized. Confocal images were
captured using a TSC SPE confocal microscope (Leica) using LAS AF
software (Leica).

2.4.6. Lysosome detection
To visualize l the lysosomes, the ZF4 cells were seeded onto 24-well

plates with 12-mm glass coverslips, and when they reached 70–80%
confluence, the medium was removed and replaced by DMEM with
penicillin/streptomycin and 10% FBS (control), or medium containing
1mMPA, 5 μM RAPA, 5mM 3MA or 1 μM CQ. After 2.5 and 24 h, two
sets of cells, respectively, were washed and incubated with 1 μM of
LysoSensor Blue DND-167 reagent (Molecular Probes-Life
Technologies), which is used to stain the acidic lysosomal vesicles in
live cells, and incubated for 30min in the dark. Preparations were
mounted using ProLong Antifade reagent (Life Technologies). Confocal
images were captured using a TSC SPE confocal microscope (Leica)
using LAS AF software (Leica).

2.5. RNA extraction, cDNA synthesis and quantitative PCR analysis

Total RNA was extracted from zebrafish larvae and ZF4 cells using
the Maxwell 16 LEV SimplyRNA Tissue kit (Promega) with the auto-
mated Maxwell 16 Instrument, in accordance with instructions pro-
vided by the manufacturer. cDNA synthesis was performed with the
NZY First-Strand cDNA synthesis kit (NZYtech) using 500 ng of RNA.

The quantitative analysis of gene expression was determined using a
7300 Real-Time PCR System (Applied Biosystems). The cDNA was
amplified using specific primers for the beclin1, ambra1a, atg5, gabarap,
ifnphi1, ifnphi2 and SVCV N genes, which were previously described in
different publications [46–49]. The primer sequences are shown in
Table 1. The primer amplification efficiency was calculated according
to the threshold cycle (CT) slope method [50]. Analyses were per-
formed with 1 μl of cDNA using the SYBR GREEN PCR Master Mix
(Applied Biosystems) in a total PCR volume of 25 μl that contained each
primer (10 μM). The thermal cycling was initiated with a denaturation
step (95 °C, 10min) followed by 40 cycles of a denaturation step (95 °C,
15 s) and one hybridization-elongation step (60 °C, 1min). mRNA levels
of the target genes were normalized with the reference gene 18s ribo-
somal RNA, which was stably expressed in this experiment. Expression
levels were calculated according to the Pfaffl method [50].

Table 1
Nucleotide sequences of the PCR primers used to evaluate mRNA abundance by quantitative PCR (qPCR).

Gene Forward primer Reverse primer

18s ribosomal RNA ACCACCCACAGAATCGAGAAA GCCTGCGGCTTAATTTGACT
SVCV N gene TGAGGTGAGTGCTGAGGATG CCATCAGCAAAGTCCGGTAT
ifnphi1 GAGCACATGAACTCGGTGAA TGCGTATCTTGCCACACATT
ifnphi2 CCTCTTTGCCAACGACAGTT CGGTTCCTTGAGCTCTCATC
beclin1 GATCATGCAATGGTGGCTTTC CCTCCTGTGTCCTCAATCTTT
ambra1a TCTTTCGAGAAATGGCACCT CTCTCTGCGTTAGGGACAGG
atg5 AGAGAGGCAGAACCCTACTATC CCTCGTGTTCAAACCACATTTC
gabarap GTCTGACCTCACAGTTGGGC TCCTGGTAGAGCAGTCCCAT
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2.6. Statistics

Comparisons among groups were made using Student's t-test (paired
comparisons) or one-way ANOVA (multiple comparisons) followed by a
Student-Newman-Keuls test, and the differences were considered

statistically significant at p < 0.05. When necessary, the data were log-
transformed to fulfil the conditions of the analysis of variance.

In survival experiments, Kaplan-Meier cumulative survival curves
were analysed for statistical significance with a log-rank (Mantel-Cox)
test. Significant differences are displayed as *** (p < 0.001), **
(0.001 < p < 0.01) or * (0.01 < p < 0.05).

3. Results

3.1. Palmitic acid treatment enhances zebrafish survival and reduces viral
replication after an SVCV challenge

We first evaluated the capacity of PA to protect against an SVCV
infection in vivo (Fig. 1A). Mortality started at 4 dpi and, since that day,
we observed that treatment with PA increased the resistance of zebra-
fish larvae against viral infection. At the end of the experiment, the
survival percentage was 0% for the untreated fish and 67.3% for the PA-
treated fish. There were no significant differences in the survival of the
control and the PA-treated larvae without infection.

We also analysed the antiviral effect of PA in ZF4 monolayers. A
reduction of 2-logarithm (log) in the virus titre (significant differences
0.01 < p < 0.05) was observed when the cells were treated with PA
(Fig. 1B). Differences in the replication of SVCV in the ZF4 cells were
also found by analysing the expression of the SVCV N gene at 24 hpi
(Fig. 1C). A significant (p < 0.001) reduction in the detection of the N
gene was observed in the cells treated with PA compared to the gene
level detected in cells threated with only the virus.

3.2. Palmitic acid does not increase apoptosis, type I interferon expression
or neutrophil count during SVCV infection

We next studied the potential mechanisms that could be involved in
the antiviral effect of PA against SVCV (Fig. 2). When ZF4 cells were
exposed to 1mMPA, a significant increase in the percentage of apop-
totic cells was observed compared to that observed in the untreated and
uninfected cells (p < 0.001). SVCV infection also elevated apoptosis
levels in both the untreated and PA-treated cells (p < 0.001). How-
ever, although the administration of PA increased apoptosis, per se, it
did not influence the percentage of apoptotic cells in the infected ZF4
cells (Fig. 2A).

To further determine whether the antiviral protection provided by
PA was due to the potentiation of the type I IFN response, the expres-
sion of ifnphi1 and ifnphi2 was analysed in zebrafish larvae. As ex-
pected, SVCV infection induced the expression of the ifnphi1 gene
(p < 0.001) compared to that of the uninfected control. However, no
significant differences were noticed in zebrafish larvae treated with PA
or with PA and SVCV compared to the control (Fig. 2B). Indeed, PA
downregulated the ifnphi1 expression induced by SVCV. On the other
hand, ifnphi2 expression was not affected by any of the treatments
(Fig. 2C).

Finally, to determine whether neutrophil proliferation could be a
mechanism involved in resistance, we confirmed that the neutrophil
number in the Mpo:GFP zebrafish larvae was not affected by PA and/or
SVCV (Fig. 2D and E).

3.3. Palmitic acid alters the autophagic process

Autophagy has been described as an efficient antiviral mechanism
in response to certain viral infections [51–54]; however, at the same
time, it is known that SVCV uses autophagy to facilitate its own re-
plication [37]. Therefore, we investigated whether PA could mediate
the clearance of SVCV via autophagy induction (Fig. 3). The use of the
transgenic zebrafish line GFP-Lc3 enabled us to observe the expression
of the central component of autophagy, Lc3, in live larvae (Fig. 3C). The
results from the analysis of the images revealed that, whereas no sig-
nificant modulation was observed in the larvae treated with SVCV

Fig. 1. Effect of PA treatment on the survival of zebrafish larvae after an SVCV
challenge (A) and antiviral effect of PA in the ZF4 cells (B, C). (A) Kaplan-Meier
survival curves of zebrafish larvae. Data were analysed for statistical sig-
nificance with a log-rank (Mantel-Cox) test. The graphs represent the means of
3 independent experiments, and the data are presented as the means ± SEM.
(B) Effect of PA treatment in the viral titre of ZF4 cells infected with SVCV and
calculated following the Reed and Muench method. The graphs represent the
means of 3 independent experiments, and the data are presented as the
means ± SEM. (C) Detection of the SVCV nucleoprotein (N) gene in ZF4 cells
treated or not with PA at 24 hpi. The graph represents the means ± SEM of 5
independent biological replicates. Significant differences are displayed as
***(0.0001 < p < 0.001), ** (0.001 < p < 0.01) or * (0.01 < p < 0.05).
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alone, the Lc3-associated fluorescence significantly increased in the
body muscle mass (p < 0.001) (Fig. 3A) and liver
(0.001 < p < 0.01) (Fig. 3B) of the larvae treated with PA compared
to the levels observed in the untreated control individuals. The higher
level of Lc3 signal was also maintained in the larvae treated with
PA + SVCV, especially in the body muscle mass (p < 0.001) (Fig. 3A).

To further investigate the effect of PA on the autophagy mechanism,
the ZF4 cells were incubated with FA and/or infected with SVCV for
24 h to determine the autophagy levels as indicated by cellular Lc3
distribution (Fig. 4A). According to the results in vivo, the PA treatment
increased the accumulation of Lc3-positive autophagosomes in the ab-
sence or presence of SVCV (p < 0.001) (Fig. 4B). To thoroughly assess
the autophagy through Lc3, western blotting was performed from ly-
sates of ZF4 cells at 24 h post-treatment and/or post-infection (Fig. 4C
and D). We studied the extent of autophagy by analysing Lc3-I/Lc3-II
conversion [55]. The Lc3-II/Lc3-I ratio significantly increased
(p < 0.05) in the cells treated with PA ± SVCV compared to the
control and SVCV groups (Fig. 4C and D).

Nevertheless, because certain autophagy inhibitors also increase the
detection of autophagosomes by blocking autophagosome/lysosome
fusion, thereby suppressing their degradation, we used the autophagy
inducer RAPA to evaluate whether autophagy induction effectively
reduces SVCV replication. We used RAPA and PA alone and in combi-
nation to analyse the replication of SVCV in the ZF4 cells (Fig. 4E).
Whereas the use of PA reduced the level of detected virus compared to
levels in untreated but SVCV-infected cells (0.01 < p < 0.05), RAPA
increased viral replication (0.01 < p < 0.05). Moreover, the use of PA
and RAPA showed an intermediate viral proliferation level.

3.4. Palmitic acid inhibits autophagosome/lysosome fusion

Cells activate autophagy under starving conditions, and RAPA also
contributes to the activation of this process. Whereas RAPA increased
the co-localization of Lc3b and Lamp1 in starved ZF4 cells, the Lc3b-
and Lamp1-positive puncta were reduced by the administration of PA
(Fig. 5), indicating impaired autophagosome/lysosome fusion. Inter-
estingly, although CQ is known as an autophagy inhibitor that prevents
autophagosome/lysosome fusion, we also observed a reduction in
Lamp1 fluorescence after this treatment (Fig. 5).

3.5. Palmitic acid increases the number of lysosomes in ZF4 cells

When ZF4 cells were treated for 2.5 h with PA and different au-
tophagy modulators, we observed that PA significantly increased the
number of LysoSensor-positive dots per cells compared to the number
observed from untreated cells (p < 0.001) (Fig. 6A and B), and a si-
milar pattern was observed for the autophagy inhibitor CQ
(p < 0.001) (Fig. 6A and B). Although CQ-treated cells showed a re-
duction in Lamp1 fluorescence, the presence of lysosomes was con-
firmed, which could be indicative of Lamp1 modulation. On the other
hand, the autophagy inducer RAPA and the inhibitor 3MA did not
significantly affect the number of lysosomes (Fig. 6A and B). Therefore,
it seems that PA exerts a similar effect to that induced by CQ. PA
showed a time-increase effect in ZF4 cells, with a significantly higher
number of lysosomes per cell at 24 h (Fig. 6C) compared to the number
at 2.5 h (Fig. 6D).

Fig. 2. Measurement of different immune parameters after PA treatment. (A) Effect of PA and SVCV infection in the apoptosis of ZF4 cells measured by flow
cytometry. Data represent the mean of four independent experiments ± SEM. (B, C) Relative mRNA abundance of ifnphi1 (B) and ifnphi2 (C) in pools of 4–5 zebrafish
larvae treated or not with PA in the absence or presence of SVCV infection. The data represent the mean ± SEM of 5–6 measurements. (D, E) Neutrophil count in the
transgenic Mpo:GFP zebrafish larvae treated with PA for 24 h and then infected or not with SVCV. The numbers in the images represent the animals with the shown
phenotype per total analysed larvae. The neutrophil count is presented as the mean ± SEM of the analysed fish by treatment. Comparisons among groups were made
using one-way ANOVA (multiple comparisons) followed by a Student-Newman-Keuls test. Significant differences are displayed as *** (0.0001 < p < 0.001), **
(0.001 < p < 0.01) or * (0.01 < p < 0.05).
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3.6. Palmitic acid modulates the expression of autophagy-related genes in
vivo

The expression of some autophagy-related genes was also evaluated
in zebrafish larvae pre-treated with or without PA for 24 h and subse-
quently infected with SVCV or not (Fig. 7). In the absence of infection,
the PA treatment increased the expression of beclin1 (Fig. 7A) and ga-
barap (Fig. 7D). On the other hand, SVCV induced an increase in the
expression of atg5 compared to the untreated and uninfected control
(Fig. 7C). Interestingly, the mRNA levels of beclin1 (Fig. 7A) and atg5
(Fig. 7C) were lower in the PA + SVCV group compared with the SVCV
and PA groups, and gabarap (Fig. 7D) showed lower expression in the
PA + SVCV individuals compared to the PA-treated group. Finally, no
significant modulations were noted in the mRNA levels of ambra1a
(Fig. 7B).

4. Discussion

In mammals, several FAs are involved in different immune functions
and can induce changes in mechanisms with significant roles in in-
flammatory processes and in the resistance of the host against infectious
microorganisms [1]. As in humans, the concept that better nutrition
leads to improved health also applies to aquatic animals. In aqua-
culture, dietary lipids have been used to enhance resistance and sur-
vival against bacterial and viral infections and to regulate the innate
response during infectious diseases [20,23–29]. It has been shown that
high concentrations of PA have toxic effects on zebrafish embryos,
likely due to the increase in the expression of pro-inflammatory cyto-
kines [36]. However, it is practically unknown how non-toxic con-
centrations of FAs, such as PA, can affect immune parameters in zeb-
rafish. In the present study, we assessed whether treatment with PA was

able to ameliorate the resolution of SVCV infection in zebrafish. We
demonstrated that treatment by bath immersion with 1mMPA in-
creases survival after SVCV infection in zebrafish larvae. Further, this
increase in survival is in agreement with the in vitro assays in ZF4 cells
treated with PA, which revealed a reduction in the viral titre and in the
expression of the SVCV N gene, reflecting the antiviral effect of this FA
at low concentrations. The protection obtained is comparable to that
observed in other fish species against pathogens when they are feeding
with FA-enriched diets [20,23–29]. Nevertheless, the mechanism ex-
plaining how PA inhibits viral infection has not yet been proposed.

One of the most plausible explanations for this antiviral activity
could be the potentiation of the IFN system. Type I interferons (IFNs)
are the main cytokines regulating the antiviral innate immune response
in vertebrates [56]. IFNs induce the expression of IFN-stimulated genes
(ISG), which encode proteins with direct antiviral activity [57]. How-
ever, we found that PA did not affect the expression of the type I IFNs
ifnphi1 and ifnphi2. Hence, the antiviral mechanism based on the in-
duction of IFNs seems not to be involved in the protection against SVCV
provided by the PA in zebrafish larvae.

Neutrophils are the most abundant type of circulating leukocyte in
zebrafish and play a critical role in the immune response to infection
[58,59]. However, neutrophils can have beneficial and detrimental ef-
fects [60], and transmigration of these cells through the vascular en-
dothelial walls into inflamed tissues is a critical defence mechanism of
the innate immune system against infection and chronic inflammatory
diseases [61]. Therefore, we further analysed changes in the number of
neutrophils in the transgenic line Tg Mpo:GFP larvae after PA treatment
and found that this was not altered by FA. Our results are in agreement
with studies in humans that showed that PA does not significantly alter
chemotaxis and phagocytosis [62] and that this FA induces the pro-
duction of significant amounts of ROS in the absence of any neutrophil

Fig. 3. Palmitic acid activates autophagy in zebrafish larvae. Zebrafish GFP-Lc3 transgenic embryos were treated with PA by bath immersion, and 24 h later, they
were infected with SVCV for 24 h. The intensity of the GFP-Lc3 signal was measured in the body muscle mass (A) and liver (B). Numbers in the images represent the
animals with the shown phenotype per the total number of animals analysed (C). The results are presented as the mean ± SEM of the analysed fish by treatment.
Comparisons among groups were made using one-way ANOVA (multiple comparisons) followed by a Student-Newman-Keuls test. Significant differences are dis-
played as *** (0.0001 < p < 0.001), ** (0.001 < p < 0.01) or * (0.01 < p < 0.05).

M. Librán-Pérez, et al. Fish and Shellfish Immunology 95 (2019) 595–605

600



(caption on next page)

M. Librán-Pérez, et al. Fish and Shellfish Immunology 95 (2019) 595–605

601



stimulus [63].
Infections modulate divergent host immune responses, including

apoptosis or programmed cell death [64,65]. It has been shown that PA
also increases apoptosis [66,67]. Concordantly, we found that both PA
and SVCV induce apoptosis, but the presence of PA did not increase the
number of apoptotic cells in SVCV-infected cells. As in the case of the
induction of IFNs mentioned above, the transmigration of neutrophils
and apoptosis do not seem to be the mechanisms involved in the pro-
tection provided by PA against SVCV.

On the other hand, it is known that pathogen infections can induce
autophagy, and this process may have evolved as a powerful tool of the
cellular innate immunity to target and degrade incoming pathogens,
such as bacteria or viruses [68]. Nevertheless, in the case of SVCV, it
has been reported that this virus induces autophagy to promote its own
replication [37]. In the present study, SVCV was not able to sig-
nificantly affect the Lc3 signal both in vivo and in vitro, but zebrafish
larvae and ZF4 cells treated with PA alone or in combination with SVCV
exhibited higher levels of Lc3-positive signal. In ZF4 cells, the effects
were even higher with the combination of PA and SVCV, which was
also reflected in a higher Lc3-II/Lc3-I conversion ratio. Increases in Lc3
detection are usually misinterpreted as increased autophagy activation.
However, the use of autophagy inhibitors, such as CQ and bafilomycin,
increases the accumulation of autophagosomes and, accordingly, LC3
detection [69,70]. In order to better understand if PA is inducing or
inhibiting autophagy, we analysed the effect of the autophagy inducer
RAPA on viral replication, and we observed a greater SVCV detection
when ZF4 cells were incubated with this drug, indicating that autop-
hagy benefits the virus. The addition of PA to the RAPA-treated cells
significantly reduced viral replication, which likely indicated that PA
and RAPA mediate opposite effects during autophagy. The higher Lc3
signal detection in cells treated with both PA and SVCV is likely due to
the cumulative effect of autophagy induction by the virus, but autop-
hagy suppression by PA in the final steps of autophagosome processing,

as was previously observed for the combination of RAPA and CQ [69].
Different publications reported opposite effects of PA in the autop-

hagy mechanism. Some works claimed the pro-autophagic role of this
FA [71–75], whereas a similar number of publications indicated its
inhibitory activity during autophagic flux [76–82]. These differences
could be due to the different cell types used, the PA concentrations and
different exposure times, but could be due to misinterpreted results
because of the complexity of autophagy. Most of the publications re-
porting an inhibitory role of PA in autophagy suggest that this FA in-
hibits autophagosome/lysosome fusion, as occurs with CQ [83]. Indeed,
this is one of the main mechanisms proposed to explain PA-induced
apoptosis [78,79].

To compare the effect of PA to that induced by CQ, we treated ZF4
cells with RAPA, CQ or PA, and the co-localization of Lc3b and the
lysosome marker Lamp1 was analysed. As expected, RAPA increased
the co-localization of both proteins, but in the case of CQ and PA, the
Lc3b-Lamp1 puncta were almost inexistent. Nevertheless, for CQ, lower
detection of Lamp1 was also observed. As this could be indicative of
lysosome degradation, we stained live ZF4 cells with LysoSensor Blue
DND-167 after treatment with RAPA, 3MA, CQ or PA. LysoSensor is
used to measure acidic lysosomal vesicles and becomes more fluor-
escent with acidic pH values. Whereas a low number of LysoSensor-
positive cells were observed in the control, RAPA- and 3MA-treated
cells, a significant increase was found with CQ and PA, indicating that
lysosomes remained acidic but accumulated in the cells. Therefore,
both CQ and PA diminished autophagosome/lysosome fusion without
apparently affecting the lysosome functionality or, at least, not the pH
level. The mechanism by which PA inhibits the fusion of both structures
remains controversial. Interestingly, 3MA, which is also an inhibitor of
autophagy by blocking the formation of autophagosomes [84–86], did
not increase the accumulation of lysosomes.

Autophagy requires a core set of conserved proteins known as au-
tophagy-related (Atg) proteins [87]. Atg proteins are involved in the

Fig. 4. Palmitic acid increases the Lc3b signal in ZF4 cells. (A) The ZF4 cells were incubated with PA for 24 h and subsequently infected or not with SVCV. At 24 hpi,
the cells were fixed and immuno-stained for Lc3b (green) and actin (red) detection. Nuclei were stained with DAPI (blue). Images were taken by confocal microscopy
to determine the proportion of Lc3-positive cells. (B) The percentage of Lc3-positive ZF4 cells after different treatments. Data are presented as the mean ± SEM of
four independent experiments. (C, D) Western blot analysis of the Lc3 in ZF4 cells after PA treatment and/or SVCV infection. Graphs represent the Lc3-II/Lc3-I ratio.
The actin bands were detected using an anti-actin antibody as an internal control for protein load. Data are shown as the mean ± SEM of 4 independent experiments.
(E) Detection of the SVCV N gene in ZF4 cells incubated with PA, RAPA or PA + RAPA for 24 h and then infected with SVCV. The graph represents the
means ± SEM of 5 independent biological replicates. Comparisons among groups were made using Student's t-test (paired comparisons) or one-way ANOVA
(multiple comparisons) followed by a Student-Newman-Keuls test, and the differences were considered statistically significant at p < 0.05. Significant differences
are displayed as *** (0.0001 < p < 0.001), ** (0.001 < p < 0.01) or * (0.01 < p < 0.05). (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)

Fig. 5. Palmitic acid inhibits autophagosome-lysosome fusion. The ZF4 cells under conditions of starvation were incubated with PA, RAPA or CQ for 2.5 h. Untreated
controls were also included. After the incubation period, the cells were fixed and immuno-stained for Lc3b (red) and Lamp1 (green) detection. Nuclei were stained
with DAPI (blue). Images were taken by confocal microscopy to determine the prevalence of the co-localization of Lc3b and Lamp1. Representative images were
selected to reflect the effect of the different compounds on the autophagic flux. Yellow/orange puncta indicate co-localization of Lc3b and Lamp1 (autophagic flux).
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 6. Palmitic acid does not affect lysosome acidity and integrity but increases the number of lysosomes per cell. The ZF4 cells were incubated for 2.5 h with PA,
3 MA, RAPA or CQ. Untreated controls were also included. For PA and untreated control, the ZF4 cells were also incubated for 24 h. Live cells were stained with
LysoSensor Blue DND-167 reagent for acidic lysosomal vesicle detection. Images were taken by confocal microscopy. (A, B) Compared to the respective controls,
RAPA- and 3 MA-treated cells showed no significant differences in the number of lysosomes after 2.5 h. CQ and PA induced a significant increase in the number of
lysosomes per cell compared to the other treatments. (C, D) The accumulation of lysosomes induced by PA persisted after 24 h and was significantly higher compared
to the cells stimulated for 2.5 h. Data are shown as the mean ± SEM of the number of lysosomes per cell counted in 8–10 images per treatment. Comparisons among
groups were made using one-way ANOVA (multiple comparisons) followed by a Student-Newman-Keuls test. Significant differences are displayed as ***
(0.0001 < p < 0.001), ** (0.001 < p < 0.01) or * (0.01 < p < 0.05). (For interpretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)

Fig. 7. Relative mRNA abundance of beclin1 (A), ambra1a (B), atg5 (C), and gabarap (D) in pools of 4–5 zebrafish larvae treated or not with PA and then infected with
SVCV. Data represent the mean ± SEM of 5–6 measurements. Significant differences are displayed as *** (0.0001 < p < 0.001), ** (0.001 < p < 0.01) or *
(0.01 < p < 0.05).
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induction of the phagophore, its expansion to an autophagosome, and
finally the latter's fusion with the lysosome [87–89]. Because autophagy
is tightly regulated and balanced by distinct regulatory pathways, to
further understand whether PA also affects the expression of the au-
tophagy components, we analysed the mRNA levels of some of these
Atg proteins. In our results, beclin1, a key protein that plays an im-
portant role in a critical step of the autophagic process, namely, au-
tophagosome formation, and gabarap, crucial for autophagosome for-
mation and sequestration of cytosolic cargo into double-membrane
vesicles, showed overexpression after PA treatment. Interestingly, when
the zebrafish larvae were treated with PA and infected with SVCV, no
modulations were observed in the expression of autophagy-related
genes. This finding could indicate that the suppression of autophagic
flux by PA could be interpreted as a state of deficiency in the de-
gradative system and, as a consequence, the cells try to compensate by
upregulating the expression of autophagy-related genes. On the other
hand, because SVCV activates autophagy, the effects of PA on gene
expression could be counteracted.

In conclusion, in the present study, we describe, for the first time in
fish, the potential antiviral mechanism of PA treatment. Although the
administration of PA at high concentrations usually induces toxic ef-
fects, low concentrations of this FA could benefit the resolution of viral
infections. Our results showed that treatment with PA reduces the
mortality caused by SVCV infection both in vivo and in vitro. Although
some of the main antiviral mechanisms were studied in this work, only
the inhibition of the autophagic flux seems to be involved in the pro-
tection provided by PA. Therefore, PA could be a useful therapeutic
compound to prevent viral outbreaks in aquacultured fish.
Nevertheless, the autophagy suppression caused by PA could also
generate collateral detrimental effects in cells, such as apoptosis or
senescence. Therefore, the use of this FA in aquaculture should be
carefully considered.

Acknowledgements

This work was funded by the BIO2017-82851-C3-1R project of the
Spanish Ministerio de Economía y Competitividad and IN607B 2019/01
from Consellería de Economía, Emprego e Industria (GAIN), Xunta de
Galicia. Marta Librán-Pérez was the recipient of postdoctoral fellow-
ships from the Ministerio de Ciencia, Innovación y Universidades (IJCI-
2017-31426). Patricia Pereiro wishes to thank the Axencia Galega de
Innovación (GAIN, Xunta de Galicia) for her postdoctoral contract
(IN606B-2018/010). We thank Judit Castro for technical assistance.

References

[1] M.A. Puertollano, E. Puertollano, G. Álvarez De Cienfuegos, M.A. De Pablo, Dietary
lipids, modulation of immune functions, and susceptibility to infection, Nutr. Ther.
Metabol. 26 (2008) 97–108.

[2] N. Bourne, J. Ireland, L.R. Stanberry, D.I. Bernstein, Effect of undecylenic acid as a
topical microbicide against genital herpes infection in mice and Guinea pigs,
Antivir. Res. 40 (1999) 139–144.

[3] S.L. Svahn, L. Grahnemo, V. Pálsdóttir, I. Nookaew, K. Wendt, B. Gabrielsson,
E. Schéle, A. Benrick, N. Andersson, S. Nilsson, M.E. Johansson, J.O. Jansson,
Dietary polyunsaturated fatty acids increase survival and decrease bacterial load
during septic Staphylococcus aureus infection and improve neutrophil function in
mice, Infect. Immun. 83 (2015) 514–521.

[4] S.L. Svahn, M.A. Ulleryd, L. Grahnemo, M. Ståhlman, J. Borén, S. Nilsson,
J.O. Jansson, M.E. Johansson, Dietary omega-3 fatty acids increase survival and
decrease bacterial load in mice subjected to Staphylococcus aureus-induced sepsis,
Infect. Immun. 84 (2016) 1205–1213.

[5] L. Zhao, Y. Chen, K. Wu, H. Yan, X. Hao, Y. Wu, Application of fatty acids as an-
tiviral agents against tobacco mosaic virus, Pestic. Biochem. Physiol. 139 (2017)
87–91.

[6] U.N. Das, Arachidonic acid and other unsaturated fatty acids and some of their
metabolites function as endogenous antimicrobial molecules: a review, J. Adv. Res.
11 (2018) 57–66.

[7] S.M. Weldon, A.C. Mullen, C.E. Loscher, L.A. Hurley, H.M. Roche, Docosahexaenoic
acid induces an anti-inflammatory profile in lipopolysaccharide-stimulated human
THP-1 macrophages more effectively than eicosapentaenoic acid, J. Nutr. Biochem.
18 (2007) 250–258.

[8] R. Gorjão, A.K. Azevedo-Martins, H.G. Rodrigues, F. Abdulkader, M. Arcisio-
Miranda, J. Procopio, R. Curi, Comparative effects of DHA and EPA on cell function,
Pharmacol. Ther. 122 (2009) 56–64.

[9] L.L. Listenberger, X. Han, S.E. Lewis, S. Cases, R.V. Farese Jr., D.S. Ory,
J.E. Schaffer, Triglyceride accumulation protects against fatty acid-induced lipo-
toxicity, Proc. Natl. Acad. Sci. U.S.A. 100 (2003) 3077–3082.

[10] M. Ricchi, M.R. Odoardi, L. Carulli, C. Anzivino, S. Ballestri, A. Pinetti, L.I. Fantoni,
F. Marra, M. Bertolotti, S. Banni, A. Lonardo, N. Carulli, P. Loria, Differential effect
of oleic and palmitic acid on lipid accumulation and apoptosis in cultured hepa-
tocytes, J. Gastroenterol. Hepatol. 24 (2009) 830–840.

[11] S. Mei, H.M. Ni, S. Manley, A. Bockus, K.M. Kassel, J.P. Luyendyk, B.L. Copple,
W.X. Ding, Differential roles of unsaturated and saturated fatty acids on autophagy
and apoptosis in hepatocytes, J. Pharmacol. Exp. Ther. 339 (2011) 487–498.

[12] R. Wang, D.R. Green, Metabolic checkpoints in activated T cells, Nat. Immunol. 13
(2012) 907–915.

[13] P. Chiaranunt, J.L. Ferrara, C.A. Byersdorfer, Rethinking the paradigm: how com-
parative studies on fatty acid oxidation inform our understanding of T cell meta-
bolism, Mol. Immunol. 68 (2015) 564–574.

[14] M. Lochner, L. Berod, T. Sparwasser, Fatty acid metabolism in the regulation of T
cell function, Trends Immunol. 36 (2015) 81–91.

[15] E.L. Mills, L.A. O'Neill, Reprogramming mitochondrial metabolism in macrophages
as an anti-inflammatory signal, Eur. J. Immunol. 46 (2016) 13–21.

[16] D. Namgaladze, B. Brüne, Macrophage fatty acid oxidation and its roles in macro-
phage polarization and fatty acid-induced inflammation, Biochim. Biophys. Acta
1861 (2016) 1796–1807.

[17] J. Van den Bossche, L.A. O'Neill, D. Menon, Macrophage immunometabolism:
where are we (going)? Trends Immunol. 38 (2017) 395–406.

[18] H.G. Rodrigues, F. Takeo Sato, R. Curi, M.A.R. Vinolo, Fatty acids as modulators of
neutrophil recruitment, function and survival, Eur. J. Pharmacol. 785 (2016)
50–58.

[19] J. Romero, C.G. Feijoó, P.A. Navarrete, Antibiotics in aquaculture - use, abuse and
alternatives, in: E.D. Carvalho, J.S. David, R.J. Silva (Eds.), Health and Environment
in Aquaculture, InTech, Rijeka, Croatia, 2012, pp. 159–198.

[20] V. Kiron, H. Fukuda, T. Takeuchi, T. Watanabe, Essential fatty acid nutrition and
defence mechanisms in rainbow trout Oncorhynchus mykiss, Comp. Biochem.
Physiol. Physiol. 111 (1995) 361–367.

[21] A. Oliva-Teles, Nutrition and health of aquaculture fish, J. Fish Dis. 35 (2012)
83–108.

[22] V.A. Ziboh, Nutritional modulation of inflammation by polyunsaturated fatty acids/
eicosanoids, in: M.E. Gershwin, J.B. German, C.L. Keen (Eds.), Nutrition and
Immunology, Humana Press, Totowa, New Jork, 2000, pp. 157–167.

[23] J.I. Erdal, Ø. Evensen, O.K. Kurstad, A. Lillehaug, R. Solbakken, K. Thorud,
Relationship between diet and immune response in Atlantic salmon (Salmo salar L.)
after feeding various levels of ascorbic acid and omega-3 fatty acids, Aquaculture 98
(1991) 363–379.

[24] M.H. Li, D.J. Wise, M.R. Johnson, E.H. Robinson, Dietary menhaden oil reduced
resistance of channel catfish (Ictalurus punctatus) to Edwardsiella ictaluri,
Aquaculture 128 (1994) 335–344.

[25] S.P. Lall, J.E. Milley, D.A. Higgs, S.K. Balfry, Dietary lipids, immune function and
pathogenesis of disease in fish, Biochem. Physiol. Advan. Finfish Aquacult. (2002)
19–23.

[26] C.Y. Pan, Y.H. Liu, H.Y. Gong, J.Y. Chen, Transcriptome analysis of the effect of
polyunsaturated fatty acids against Vibrio vulnificus infection in Oreochromis nilo-
ticus, Fish Shellfish Immunol. 62 (2007) 153–163.

[27] S. Nayak, W. Koven, I. Meiri, I. Khozin-Goldberg, N. Isakov, M. Zibdeh, D. Zilberg,
Dietary arachidonic acid affects immune function and fatty acid composition in
cultured rabbit fish Siganus rivulatus, Fish Shellfish Immunol. 68 (2017) 46–53.

[28] S. Nayak, I. Khozin-Goldberg, G. Cohen, D. Zilberg, Dietary supplementation with
ω6 LC-PUFA-rich algae modulates zebrafish immune function and improves re-
sistance to streptococcal infection, Front. Immunol. 9 (2018) 1960.

[29] Q. Ma, L.Y. Li, J.Y. Le, D.L. Lu, F. Qiao, M.L. Zhang, Z.Y. Du, D.L. Li, Dietary mi-
croencapsulated oil improves immune function and intestinal health in Nile tilapia
fed with high-fat diet, Aquaculture 496 (2018) 19–29.

[30] A. Makol, S. Torrecillas, A. Fernández-Vaquero, L. Robaina, D. Montero,
M.J. Caballero, L. Tort, M. Izquierdo, Effect of conjugated linoleic acid on dietary
lipids utilization, liver morphology and selected immune parameters in sea bass
juveniles (Dicentrarchus labrax), Comp. Biochem. Physiol. B Biochem. Mol. Biol. 154
(2009) 179–187.

[31] G. Mourente, J.G. Bell, Partial replacement of dietary fish oil with blends of vege-
table oils (rapeseed, linseed and palm oils) in diets for European sea bass
(Dicentrarchus labrax L.) over a long term growth study: effects on muscle and liver
fatty acid composition and effectiveness of a fish oil finishing diet, Comp. Biochem.
Physiol. B Biochem. Mol. Biol. 145 (2006) 389–399.

[32] G.M. Turchini, B.E. Torstensen, W.K. Ng, Fish oil replacement in finfish nutrition,
Rev. Aquac. 1 (2009) 10–57.

[33] K.A. Soni, P. Jesudhasan, M. Cepeda, K. Widmer, G.K. Jayaprakasha, B.S. Patil,
Identification of ground beef derived fatty acid inhibitors of autoinducer-2 based
cell signaling, J. Food Prot. 71 (2008) 134–138.

[34] S. Keawsa-ard, B. Liawruangrath, S. Liawruangrath, A. Teerawutgulrag, S.G. Pyne,
Chemical constituents and antioxidant and biological activities of the essential oil
from leaves of Solanum spirale, Nat. Prod. Commun. 7 (2012) 955–958.

[35] S. Sekar, X. Wu, T. Friis, R. Crawford, I. Prasadam, Y. Xiao, Saturated fatty acids
promote chondrocyte matrix remodeling through reprogramming of autophagy
pathways, Nutrition 54 (2018) 144–152.

[36] S.H. Cha, Y. Hwang, K.N. Kim, H.S. Jun, Palmitate induces nitric oxide production
and inflammatory cytokine expression in zebrafish, Fish Shellfish Immunol. 79

M. Librán-Pérez, et al. Fish and Shellfish Immunology 95 (2019) 595–605

604

http://refhub.elsevier.com/S1050-4648(19)31023-X/sref1
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref1
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref1
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref2
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref2
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref2
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref3
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref3
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref3
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref3
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref3
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref4
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref4
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref4
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref4
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref5
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref5
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref5
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref6
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref6
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref6
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref7
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref7
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref7
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref7
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref8
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref8
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref8
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref9
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref9
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref9
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref10
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref10
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref10
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref10
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref11
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref11
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref11
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref12
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref12
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref13
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref13
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref13
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref14
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref14
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref15
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref15
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref16
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref16
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref16
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref17
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref17
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref18
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref18
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref18
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref19
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref19
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref19
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref20
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref20
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref20
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref21
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref21
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref22
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref22
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref22
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref23
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref23
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref23
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref23
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref24
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref24
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref24
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref25
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref25
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref25
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref26
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref26
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref26
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref27
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref27
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref27
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref28
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref28
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref28
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref29
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref29
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref29
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref30
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref30
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref30
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref30
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref30
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref31
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref31
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref31
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref31
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref31
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref32
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref32
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref33
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref33
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref33
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref34
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref34
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref34
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref35
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref35
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref35
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref36
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref36


(2018) 163–167.
[37] L. Liu, B. Zhu, S. Wu, L. Lin, G. Liu, Y. Zhou, W. Wang, M. Asim, J. Yuan, L. Li,

M. Wang, Y. Lu, H. Wang, J. Cao, X. Liu, Spring viraemia of carp virus induces
autophagy for necessary viral replication, Cell Microbiol. 17 (2015) 595–605.

[38] C. Nusslein-Volhard, R. Dahm, Zebrafish, a Practical Approach, Oxford University
Press, Oxford, 2002.

[39] M. Westerfield, The Zebrafish Book. A Guide for the Laboratory Use of Zebrafish
(Danio rerio), fourth ed., University of Oregon Press, Eugene, 2000.

[40] C. He, C.R. Bartholomew, W. Zhou, D.J. Klionsky, Assaying autophagic activity in
transgenic GFP-Lc3 and GFP-Gabarap zebrafish embryos, Autophagy 5 (2009)
520–526.

[41] S.A. Renshaw, C.A. Loynes, D.M. Trushell, S. Elworthy, P.W. Ingham, M.K. Whyte, A
transgenic zebrafish model of neutrophilic inflammation, Blood 108 (2006)
3976–3978.

[42] W. Driever, Z. Rangini, Characterization of a cell line derived from zebrafish
(Brachydanio rerio) embryos, In Vitro Cell. Dev. Biol. Anim. 29A (1993) 749–754.

[43] L.J. Reed, H. Muench, A simple method of estimating fifty percent endpoints, Am. J.
Hyg. 27 (1938) 493–497.

[44] S. Sinha, G. Perdomo, N.F. Brown, R.M. O'Doherty, Fatty acid-induced insulin re-
sistance in L6 myotubes is prevented by inhibition of activation and nuclear loca-
lization of nuclear factor kappa B, J. Biol. Chem. 279 (2004) 41294–41301.

[45] C.T. Rueden, J. Schindelin, M.C. Hiner, B.E. DeZonia, A.E. Walter, E.T. Arena,
K.W. Eliceiri, ImageJ 2: ImageJ for the next generation of scientific image data,
BMC Bioinf. 18 (2017) 529.

[46] J.S. Elenbaas, D. Maitra, Y. Liu, S.I. Lentz, B. Nelson, M.J. Hoenerhoff, J.A. Shavit,
M.B. Omary, A precursor-inducible zebrafish model of acute protoporphyria with
hepatic protein aggregation and multiorganelle stress, FASEB J. 30 (2016)
1798–1810.

[47] S. Santangeli, F. Maradonna, G. Gioacchini, G. Cobellis, C.C. Piccinetti, L. Dalla
Valle, O. Carnevali, BPA-induced deregulation of epigenetic patterns: effects on
female zebrafish reproduction, Sci. Rep. 6 (2016) 21982.

[48] G. Huang, F. Zhang, Q. Ye, H. Wang, The circadian clock regulates autophagy di-
rectly through the nuclear hormone receptor Nr1d1/Rev-erbα and indirectly via
Cebpb/(C/ebpβ) in zebrafish, Autophagy 12 (2016) 1292–1309.

[49] P. Pereiro, G. Forn-Cuní, S. Dios, J. Coll, A. Figueras, C. Novoa, Interferon-in-
dependent antiviral activity of 25-hydroxycholesterol in a teleost fish, Antivir. Res.
145 (2017) 146–159.

[50] M.W. Pfaffl, A new mathematical model for relative quantification in real-time RT-
PCR, Nucleic Acids Res. 29 (2001) 2002–2007.

[51] S. Shelly, N. Lukinova, S. Bambina, A. Berman, S. Cherry, Autophagy is an essential
component of Drosophila immunity against vesicular stomatitis virus, Immunity 30
(2009) 588–598.

[52] P. Garcia-Valtanen, M. Ortega-Villaizan Mdel, A. Martinez-Lopez, R. Medina-Gali,
L. Perez, S. Mackenzie, A. Figueras, J.M. Coll, A. Estepa, Autophagy-inducing
peptides from mammalian VSV and fish VHSV rhabdoviral G glycoproteins (G) as
models for the development of new therapeutic molecules, Autophagy 10 (2014)
1666–1680.

[53] R. Espín-Palazón, A. Martínez-López, F.J. Roca, A. López-Muñoz, S.D. Tyrkalska,
S. Candel, D. García-Moreno, A. Falco, J. Meseguer, A. Estepa, V. Mulero, TNFα
impairs rhabdoviral clearance by inhibiting the host autophagic antiviral response,
PLoS Pathog. 12 (2016) e1005699.

[54] P. Pereiro, A. Romero, P. Díaz-Rosales, A. Estepa, A. Figueras, B. Novoa, Nucleated
teleost erythrocytes play an Nk-lysin- and autophagy-dependent role in antiviral
immunity, Front. Immunol. 8 (2017) 1458.

[55] C. He, C.R. Bartholomew, W. Zhou, D.J. Klionsky, Assaying autophagic activity in
transgenic GFP-Lc3 and GFP-Gabarap zebrafish embryos, Autophagy 5 (2009)
520–526.

[56] V. Fensterl, G.C. Sen, Interferons and viral infections, Biofactors 35 (2009) 14–20.
[57] A.J. Sadler, B.R. Williams, Interferon-inducible antiviral effectors, Nat. Rev.

Immunol. 8 (2008) 559–568.
[58] G.J. Lieschke, A.C. Oates, M.O. Crowhurst, A.C. Ward, J.E. Layton, Morphologic and

functional characterization of granulocytes and macrophages in embryonic and
adult zebrafish, Blood 98 (2001) 3087–3096.

[59] B. Amulic, C. Cazalet, G.L. Hayes, K.D. Metzler, A. Zychlinsky, Neutrophil function:
from mechanisms to disease, Annu. Rev. Immunol. 30 (2012) 459–489.

[60] E.A. Harvie, A. Huttenlocher, Neutrophils in host defense: new insights from zeb-
rafish, J. Leukoc. Biol. 98 (2015) 523–537.

[61] Y. Hirano, M. Aziz, P. Wang, Role of reverse transendothelial migration of neu-
trophils in inflammation, Biol. Chem. 397 (2016) 497–506.

[62] H. Akamatsu, Y. Niwa, K. Matsunaga, Effect of palmitic acid on neutrophil functions
in vitro, Int. J. Dermatol. 40 (2001) 640–643.

[63] G.J. Wanten, F.P. Janssen, A.H. Naber, Saturated triglycerides and fatty acids ac-
tivate neutrophils depending on carbon chain-length, Eur. J. Clin. Investig. 32
(2002) 285–289.

[64] G. Hacker, S. Kirschnek, S.F. Fischer, Apoptosis in infectious disease: how bacteria
interfere with the apoptotic apparatus, Med. Microbiol. Immunol. 195 (2006)
11–19.

[65] X. Huang, H. Wang, L. Meng, Q. Wang, J. Yu, Q. Gao, D. Wang, Role of eosinophils
and apoptosis in PDIMs/PGLs deficient mycobacterium elimination in adult

zebrafish, Dev. Comp. Immunol. 59 (2016) 199–206.
[66] N. Omae, M. Ito, S. Hase, M. Nagasawa, J. Ishiyama, T. Ide, K. Murakami,

Suppression of FoxO 1/cell death-inducing DNA fragmentation factor α-like effector
A (Cidea) axis protects mouse β-cells against palmitic acid-induced apoptosis, Mol.
Cell. Endocrinol. 348 (2012) 297–304.

[67] Q. Yuan, S. Zhao, F. Wang, H. Zhang, Z.J. Chen, J. Wang, Z. Wang, Z. Du, E.A. Ling,
Q. Liu, A. Hao, Palmitic acid increases apoptosis of neural stem cells via activating
c-Jun N-terminal kinase, Stem Cell Res. 10 (2013) 257–266.

[68] V. Deretic, B. Levine, Autophagy, immunity, and microbial adaptations, Cell Host
Microbe 5 (2009) 527–549.

[69] E. Iwai-Kanai, H. Yuan, C. Huang, M.R. Sayen, C.N. Perry-Garza, L. Kim,
R.A. Gottlieb, A method to measure cardiac autophagic flux in vivo, Autophagy 4
(2008) 322–329.

[70] M. Redmann, G.A. Benavides, T.F. Berryhill, W.Y. Wani, X. Ouyang, M.S. Johnson,
S. Ravi, S. Barnes, V.M. Darley-Usmar, J. Zhanga, Inhibition of autophagy with
bafilomycin and chloroquine decreases mitochondrial quality and bioenergetic
function in primary neurons, Redox Biology 11 (2017) 73–81.

[71] S.E. Choi, S.M. Lee, Y.J. Lee, L.J. Li, S.J. Lee, J.H. Lee, Y. Kim, H.S. Jun, K.W. Lee,
Y. Kang, Protective role of autophagy in palmitate-induced INS-1 beta-cell death,
Endocrinology 150 (2009) 126–134.

[72] K. Komiya, T. Uchida, T. Ueno, M. Koike, H. Abe, T. Hirose, R. Kawamori,
Y. Uchiyama, E. Kominami, Y. Fujitani, H. Watada, Free fatty acids stimulate au-
tophagy in pancreatic β-cells via JNK pathway, Biochem. Biophys. Res. Commun.
401 (2010) 561–567.

[73] S.H. Tan, G. Shui, J. Zhou, J.J. Li, B.H. Bay, M.R. Wenk, H.M. Shen, Induction of
autophagy by palmitic acid via protein kinase C-mediated signaling pathway in-
dependent of mTOR (mammalian target of rapamycin), J. Biol. Chem. 287 (2012)
14364–14376.

[74] L. Martino, M. Masini, M. Novelli, P. Beffy, M. Bugliani, L. Marselli, P. Masiello,
P. Marchetti, V. De Tata, Palmitate activates autophagy in INS-1E β-cells and in
isolated rat and human pancreatic islets, PLoS One 7 (2012) e36188.

[75] Q.Q. Tu, R.Y. Zheng, J. Li, L. Hu, Y.X. Chang, L. Li, M.H. Li, R.Y. Wang, D.D. Huang,
M.C. Wu, H.P. Hu, L. Chen, H.Y. Wang, Palmitic acid induces autophagy in hepa-
tocytes via JNK2 activation, Acta Pharmacol. Sin. 35 (2014) 504–512.

[76] H. Koga, S. Kaushik, A.M. Cuervo, Altered lipid content inhibits autophagic vesi-
cular fusion, FASEB J. 24 (2010) 3052–3065.

[77] G. Las, S.B. Serada, J.D. Wikstrom, G. Twig, O.S. Shirihai, Fatty acids suppress
autophagic turnover in β-cells, J. Biol. Chem. 286 (2011) 42534–42544.

[78] H.S. Kim, V. Montana, H.J. Jang, V. Parpura, J.A. Kim, Epigallocatechin gallate
(EGCG) stimulates autophagy in vascular endothelial cells: a potential role for re-
ducing lipid accumulation, J. Biol. Chem. 288 (2013) 22693–22705.

[79] S. Tanaka, H. Hikita, T. Tatsumi, R. Sakamori, Y. Nozaki, S. Sakane, Y. Shiode,
T. Nakabori, Y. Saito, N. Hiramatsu, K. Tabata, T. Kawabata, M. Hamasaki,
H. Eguchi, H. Nagano, T. Yoshimori, T. Takehara, Rubicon inhibits autophagy and
accelerates hepatocyte apoptosis and lipid accumulation in nonalcoholic fatty liver
disease in mice, Hepatology 64 (2016) 1994–2014.

[80] A. RostamiRad, S.S.S. Ebrahimi, A. Sadeghi, M. Taghikhani, R. Meshkani,
Palmitate-induced impairment of autophagy turnover leads to increased apoptosis
and inflammation in peripheral blood mononuclear cells, Immunobiology 223
(2018) 269–278.

[81] Y.C. Chang, H.W. Liu, Y.T. Chen, Y.A. Chen, Y.J. Chen, S.J. Chang, Resveratrol
protects muscle cells against palmitate-induced cellular senescence and insulin re-
sistance through ameliorating autophagic flux, J. Food Drug Anal. 26 (2018)
1066–1074.

[82] M.P. Hernández-Cáceres, L. Toledo-Valenzuela, F. Díaz-Castro, Y. Ávalos, P. Burgos,
C. Narro, D. Peña-Oyarzun, J. Espinoza-Caicedo, F. Cifuentes-Araneda, F. Navarro-
Aguad, C. Riquelme, R. Troncoso, A. Criollo, E. Morselli, Palmitic acid reduces the
autophagic flux and insulin sensitivity through the activation of the free fatty acid
receptor 1 (FFAR1) in the hypothalamic neuronal cell line N43/5, Front.
Endocrinol. 10 (2019) 176.

[83] M. Mauthe, I. Orhon, C. Rocchi, X. Zhou, M. Luhr, K.J. Hijlkema, R.P. Coppes,
N. Engedal, M. Mari, F. Reggiori, Chloroquine inhibits autophagic flux by de-
creasing autophagosome-lysosome fusion, Autophagy 14 (2018) 1435–1455.

[84] P.O. Seglen, P.B. Gordon, 3-Methyladenine: specific inhibitor of autophagic/lyso-
somal protein degradation in isolated rat hepatocytes, Proc. Natl. Acad. Sci. U.S.A.
79 (1982) 1889–1892.

[85] A. Petiot, E. Ogier-Denis, E.F. Blommaart, A.J. Meijer, P. Codogno, Distinct classes
of phosphatidylinositol 3′-kinases are involved in signaling pathways that control
macroautophagy in HT-29 cells, J. Biol. Chem. 275 (2000) 992–998.

[86] S. Huang, F.A. Sinicrope, Celecoxib-induced apoptosis is enhanced by ABT-737 and
by inhibition of autophagy in human colorectal cancer cells, Autophagy 6 (2010)
256–269.

[87] D. Glick, S. Barth, K.F. Macleod, Autophagy: cellular and molecular mechanisms, J.
Pathol. 221 (2010) 3–12.

[88] N.T. Ktistakis, S.A. Tooze, Digesting the expanding mechanisms of autophagy,
Trends Cell Biol. 26 (2016) 624–635.

[89] N. Mizushima, M. Komatsu, Autophagy: renovation of cells and tissues, Cell 147
(2011) 728–741.

M. Librán-Pérez, et al. Fish and Shellfish Immunology 95 (2019) 595–605

605

http://refhub.elsevier.com/S1050-4648(19)31023-X/sref36
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref37
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref37
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref37
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref38
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref38
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref39
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref39
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref40
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref40
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref40
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref41
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref41
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref41
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref42
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref42
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref43
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref43
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref44
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref44
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref44
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref45
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref45
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref45
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref46
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref46
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref46
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref46
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref47
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref47
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref47
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref48
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref48
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref48
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref49
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref49
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref49
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref50
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref50
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref51
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref51
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref51
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref52
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref52
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref52
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref52
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref52
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref53
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref53
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref53
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref53
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref54
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref54
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref54
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref55
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref55
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref55
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref56
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref57
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref57
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref58
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref58
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref58
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref59
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref59
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref60
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref60
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref61
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref61
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref62
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref62
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref63
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref63
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref63
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref64
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref64
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref64
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref65
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref65
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref65
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref66
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref66
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref66
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref66
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref67
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref67
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref67
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref68
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref68
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref69
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref69
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref69
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref70
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref70
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref70
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref70
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref71
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref71
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref71
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref72
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref72
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref72
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref72
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref73
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref73
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref73
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref73
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref74
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref74
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref74
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref75
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref75
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref75
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref76
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref76
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref77
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref77
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref78
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref78
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref78
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref79
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref79
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref79
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref79
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref79
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref80
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref80
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref80
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref80
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref81
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref81
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref81
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref81
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref82
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref82
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref82
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref82
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref82
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref82
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref83
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref83
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref83
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref84
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref84
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref84
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref85
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref85
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref85
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref86
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref86
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref86
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref87
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref87
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref88
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref88
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref89
http://refhub.elsevier.com/S1050-4648(19)31023-X/sref89

	Antiviral activity of palmitic acid via autophagic flux inhibition in zebrafish (Danio rerio)
	Introduction
	Materials and methods
	Fish, cell line, virus
	Reagents
	Treatment assays in vivo
	Survival experiment and sampling procedures
	Visualization of Lc3 abundance and neutrophil count

	Treatment assays in vitro
	Viral titre estimation
	Cellular apoptosis
	Western blot analysis
	Immunofluorescence detection of Lc3b
	Lc3b and Lamp1 co-localization
	Lysosome detection

	RNA extraction, cDNA synthesis and quantitative PCR analysis
	Statistics

	Results
	Palmitic acid treatment enhances zebrafish survival and reduces viral replication after an SVCV challenge
	Palmitic acid does not increase apoptosis, type I interferon expression or neutrophil count during SVCV infection
	Palmitic acid alters the autophagic process
	Palmitic acid inhibits autophagosome/lysosome fusion
	Palmitic acid increases the number of lysosomes in ZF4 cells
	Palmitic acid modulates the expression of autophagy-related genes in vivo

	Discussion
	Acknowledgements
	References




