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Vitamin A (VA) and retinoid derivatives are known morphogens controlling vertebrate

development. Despite the research effort conducted during the last decade, the precise

mechanism of how VA induces post-natal bone changes, and particularly those operating

through crosstalk with the thyroid hormones (THs) remain to be fully understood.

Since effects and mechanisms seem to be dose and time-dependent, flatfish are an

interesting study model as they undergo a characteristic process of metamorphosis

driven by THs that can be followed by external appearance. Here, we studied the

effects of VA imbalance that might determine Senegalese sole (Solea senegalensis)

skeletogenetic phenotype through development of thyroid follicles, THs homeostasis

and signaling when a dietary VA excess was specifically provided during pre-, pro- or

post-metamorphic stages using enriched rotifers and Artemia as carriers. The increased

VA content in enriched live prey was associated to a higher VA content in fish at all

developmental stages. Dietary VA content clearly affected thyroid follicle development,

T3 and T4 immunoreactive staining, skeletogenesis and mineralization in a dose and

time-dependent fashion. Gene expression analysis showed that VA levels modified the

mRNA abundance of VA- and TH-specific nuclear receptors at specific developmental

stages. Present results provide new and key knowledge to better understand how VA

and TH pathways interact at tissue, cellular and nuclear level at different developmental

periods in Senegalese sole, unveiling how dietary modulation might determine juvenile

phenotype and physiology.
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INTRODUCTION

Skeletogenesis is a key morphogenetic event in the embryonic
and post-embryonic development of vertebrates by which the
skeletal structures are formed. Several differences between
mammals and teleosts regarding skeletal tissue types, their
differentiation, remodeling and resorption of skeletal tissues
have been reviewed in Boglione et al. (2013a). For instance,
unlike mammalian species, skeletal growth in many teleost
species continues throughout life (Witten and Huysseune, 2009);
while fish larvae skeleton is less developed at birth (Haga
et al., 2009). Despite these differences in the spatiotemporal
formation, teleosts share all the same basic machinery (molecular
mechanisms and cell types: chondrocytes, osteoblast, osteocytes
and osteoclasts; with some exceptions regarding the presence
of osteocytes) for bone development (Boglione et al., 2013a).
Thus, they represent a suitable biological model for studying how
different biotic and abiotic factors might affect skeletogenesis
(Sire et al., 2009; Witten and Huysseune, 2009; Boglione et al.,
2013b).

One of the major consequences of fish hatching at a
much earlier developmental stage than other vertebrates is that
nutrition, among other factors, plays a key role in controlling
early fish development. Therefore, it can be experimentally
modulated easily, in contrast to mammalian species where it can
be hardly achieved due to regulation by the maternal metabolism.
In this regard, a number of studies linked several nutrients
with the skeletal phenotype when their level and/or form of
supply in the diet were inappropriate or unbalanced (Boglione
et al., 2013b). One of the most extensively studied nutrients
is vitamin A (VA), a fat soluble vitamin that is not de novo
synthesized by vertebrates (Ross et al., 2000) and thus, it has to
be provided in a fine-tuned level and chemical form for proper
vertebrate development. Several studies have described how fish
larvae fed high levels of VA showed an abnormal skeletogenesis
(Fernández and Gisbert, 2011; Boglione et al., 2013a). Nutritional
VA requirements/effects seem to be cell/tissue, developmental
stage and species-specific, but the particular signaling pathway
by which retinoic acid (RA), the most active form of VA, induce
abnormal skeletogenesis is still not fully understood.

At the nuclear level, RA is known as a ligand for the
VA nuclear receptors [retinoic acid receptors (RARs) and
retinoid X receptors (RXRs); Germain et al., 2006a,b] in
order to control the transcription of genes involved in cell
proliferation/differentiation and/or activity, and particularly that
of chondrocytes, osteoblasts and/or osteoclasts. Some reports
suggested that in fish RA is important for osteoblast (the bone

forming cells) differentiation and function (Laue et al., 2008;

Spoorendonk et al., 2008). Accordingly, Li et al. (2010) proposed
two distinct roles of RA in the osteoblast lineage; an early role in

blocking the recruitment of osteoblasts, and a later role in mature

osteoblasts, promoting bone matrix synthesis. Additionally, in
fish, bones formed through endochondral ossification were more
prone to develop abnormalities than those ossifying through
intramembranous ossification under a dietary VA imbalance,
suggesting a physiological control by VA in both chondrocyte and
osteoblast cells (Fernández and Gisbert, 2010). The disturbance

of the RAR signaling pathway regulating osteoblast activity has
been suggested to be the main cause of jaw deformities induced
by VA imbalance in Japanese flounder (Paralichthys olivaceus)
larvae when RXR and RAR selective agonists exposure was
compared (Haga et al., 2002). More recently, we have shown
that RARα seems to be the most specific VA pathway inducing
abnormal skeletogenesis using in vivo and in vitro approaches
in gilthead seabream (Sparus aurata) (Fernández et al., 2011,
2014). Nevertheless, skeletal deformities might be also indirectly
induced through VA action on: (i) digestive system maturation,
by perturbing nutrient uptake (Fernández et al., 2008); (ii) muscle
development (Hamade et al., 2006), through the mechanostat
theory (Fiaz et al., 2010); (iii) pituitary cells (Sternberg andMoav,
1999), by altering the synthesis and secretion of growth factors
(Fernández et al., 2011); or (iv) thyroid follicles, by modifying
homeostasis of thyroid hormones (THs; Fernández et al., 2009).
The latter have been demonstrated to have a direct role on skeletal
development and bone mineral density in mammals (reviewed
in Gogakos et al., 2010), while in fish species it is known to
control metamorphosis (Manchado et al., 2008a,b; Campinho
et al., 2010; Gomes et al., 2015; Shao et al., 2016). The RA
and THs signaling pathways crosstalk in flatfish metamorphosis
(eye migration and adult pigmentation acquisition) has been
recently hypothesized, being the basis for the generation of
asymmetry in flatfish (Shao et al., 2016). However, little is known
about the interaction between VA and TH signaling pathways
on the skeletal development. Furthermore, such knowledge in
mammalian species is still scarce. While VA impact on thyroid
homeostasis has been reported in vivo (Silva et al., 2009;
Mühlbauer et al., 2010) and in vitro (Fröhlich et al., 2004), only
a recent study suggested that TH signaling might also impact VA
signaling/homeostasis (Li et al., 2015).

Fish larvae undergo metamorphosis during their early
ontogeny, a highly complex transition process that will lead
larvae to become juveniles. This is an endocrine driven process
in which THs play a central role (Pittman et al., 2013). In
flatfish, this process involves a set of profound morphological,
biochemical and physiological transformations, to transform
them from a pelagic to a benthic mode of life (Geffen et al., 2007).
Senegalese sole (Solea senegalensis) is a flatfish species considered
a promising flatfish species for aquaculture production (Morais
et al., 2016). Consequently, an increased understanding has
been gained on the manner in which husbandry practices,
environmental conditions, genetic background and/or nutrition
requirements influence adult development. Previous results
of our group showed how a dietary VA excess affected the
number and size of thyroid follicles as well as the TH
immunoreactivity (Fernández et al., 2009) and how exposure to
RA signaling agonist and antagonist affected THs signaling at the
transcriptional level (Boglino et al., 2017) during Senegalese sole
metamorphosis. Nevertheless, how dietary VA imbalance during
different phases of early fish development might affect juvenile
skeletal phenotype and physiology through the interaction with
THs signaling is still not known.

The objective of the present study was (i) to evaluate the
effect of graded levels of dietary VA administered to Senegalese
sole larvae during pre-, pro- and post-metamorphosis, with

Frontiers in Physiology | www.frontiersin.org 2 June 2017 | Volume 8 | Article 458

http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive


Fernández et al. Flatfish VA and TH Crosstalk

emphasis on its impact on thyroidal follicles and skeletal
development; and (ii) to provide new insights into the underlying
molecular mechanisms of abnormal skeletogenesis under dietary
VA imbalance.

MATERIALS AND METHODS

Ethics Statement
All experiments complied with the ARRIVE guidelines (Kilkenny
et al., 2010) and were performed according to 2010/63/EU of the
European Parliament and Council, and to guideline 86/609/EU of
the European Union Council. Animal experimental procedures
were conducted in compliance with the experimental research
protocol (reference number 4978-T9900002) approved by the
Committee of Ethic and Animal Experimentation of the IRTA
and the Departament de Medi Ambient i Habitatge (DMAH,
Generalitat de Catalunya, Spain). For sampling purposes,
soles were sacrificed with an overdose of anesthetic (Tricaine
methanesulfonate, MS-222, Sigma-Aldrich).

Larval Rearing and Experimental Design
Newly hatched larvae were distributed (initial density: 80 larvae
L−1) in 21 cylindrical tanks (100 L) connected to a recirculation
unit (IRTAmarTM). Water conditions were as follows: 18.0 ±

1.0◦C, 35 ppt salinity, pH between 7.8 and 8.2, and daily exchange
of water (20%) in the recirculation system with gentle aeration
and oxygenation (>4mg L−1). Photoperiod was 12 L:12 D and
light intensity was 500 lx at water surface.

General feeding protocol for Senegalese sole used in the
present study was as follows: pre-metamorphic larvae were fed
from 3 days post hatch (dph) to 10 dph with rotifers (Brachionus
plicatilis) enriched with Easy SelcoTM (ES, INVE, Belgium).
Rotifer density in larval rearing tanks was 10 rotifers mL−1

from 3 to 6 dph and gradually reduced to 5 rotifers mL−1 at
10 dph. Rotifer density was adjusted twice a day in order to
assure the optimal prey density. Enriched Artemia metanauplii
(EG, INVE, Belgium) were offered to sole from 6 to 40 dph at
increasing densities from 0.5 to 12 metanauplii mL−1. Artemia
metanauplii density was adjusted four times per day (at 9, 12,
15, and 18 h) to assure the optimal prey density and nutritional
VA value, as described in Cañavate et al. (2006). No changes in
the levels of VA content in enriched Artemia metanauplii were
observed during the first 4 h post-enrichment in larval rearing
tanks (Fernández, unpublished data). From 20 dph onwards,
when individuals showed completion of eye migration and begin
to show a benthonic behavior, the volume of rearing tanks was
reduced to 40 L and enrichedArtemiawas delivered frozen. From
41 dph to the end of the experiment (55 dph), post-metamorphic
larvae were weaned onto dry feed (Gemma Micro 150–300©

Skretting, Spain).
To evaluate the effect of VA on Senegalese sole development,

three different dietary VA levels (non-supplemented, 10 and
50 times supplemented; denoted as ES, VA10, VA50) were
supplied and performed in triplicate at three clearly defined
developmental stages: pre-, pro- and post-metamorphosis,
whereas the rest of the time, fish were fed with the non-
enriched VA live prey (ES), as shown in Figure 1. Imbalance
on dietary VA content was induced by the addition of retinyl

palmitate (1,600,000 IU g−1, Sigma-Aldrich, Spain) to the Easy
SelcoTM emulsion; enriching emulsions supplemented with VA
(VA10 and VA50) or not (ES) were used to enrich both live
preys (carriers), rotifers during pre-metamorphosis and Artemia
metanauplii during pro- and post-metamorphosis. Both live
preys were enriched as previously described in Fernández et al.
(2008).

Biochemical Analyses
The retinoid content of enrichment emulsions, enriched live
prey, and sole were analyzed by HPLC, using a modified version
of the method by Takeuchi et al. (1998). After sampling, live
prey and larvae were washed with distilled water to remove
salt and bacteria, and the samples were frozen at −80◦C until
posterior analysis. Experimental enriching emulsions (ES, VA10,
and VA50) and enriched live prey were analyzed in triplicate. For
retinoid content in sole, samples (1 g wet weight) were taken at
10, 21, 41, and 55 dph from each tank/replicate (three biological
replicates). Lipids were extracted with chloroform:methanol
(C:M, 2:1) according to Folch’s method (Folch et al., 1957) and
stored in C:M:BHT (2:1:0.01%) at 20mg L−1 and −20◦C until
analysis. Lipid extracts were then evaporated and dissolved in
methanol:acetone (1:1, v/v) prior to retinoid HPLC analysis.
The HPLC system (Thermo Separation Products, San Jose, CA,
USA) was equipped with a Lichrospher C-18 reversed-phase
column (250 mm length and 4 mm diameter; Merck, Darmstadt,
Germany) and a UV–visible detector set at a wave length of 325
nm, and retinoid determination was performed as in Fernández
et al. (2009). No gradient was used. The mobile phase was a
mixture (85:15, v/v) of methanol (98%) with 0.5% ammonium
acetate and chloroform. The flow rate was 1.5 ml min−1, and
the elution time was 18 min. The specificity of the method for
the different retinoid compounds is guaranteed by the retention
times of the peaks in the standard injections and the lack of
interfering peaks in the blank runs. The standards used and
the relative retention times were: retinoic acid (Sigma-Aldrich
R-2625; 1.86 min), retinol (Sigma-Aldrich R-7632; 2.29 min),
all-trans retinal (Sigma-Aldrich R-2500; 2.64 min), retinyl
palmitate (Sigma-Aldrich R-3375; 14.58 min), and the internal
standard retinyl acetate (Sigma-Aldrich R-4632; 3.14 min). In
analyzed samples, retention times were 1.91, 2.27, 2.69, 14.66,
and 3.13 min, respectively (Supplementary Figure 1). The four
point linear regressions of the peak area and the concentration
ratios of the internal standard and each retinoid analyzed had
r2 higher than 0.9886, and were considered linear in the range
of the tested samples. The repeatability was assessed through
the injection of five different standard solutions (Sigma-Aldrich)
with a mixture of the retinoids analyzed for each of the four
levels used in the calibration curves. The coefficient of variation
was in all cases below 5%. These standard analyses also allowed
checking the % recovery of the assayed retinoids, which was
found between 92 and 101%. No peak was considered below a
signal/noise ratio of 10.

Monitoring of Growth, Survival, and
Metamorphosis
At 10, 21, 41, and 55 dph, 15 individuals were randomly
sampled from each tank, rinsed with distilled water, and used
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FIGURE 1 | Experimental design of the present study showing from top to bottom: (i) Developmental stages considered (larvae and juvenile); (ii) Days post hatch (0, 3,

10, 20, 41, and 55); (iii) Main events during larval development (hatch, mouth opening, pre-metamorphosis, pro-metamorphosis, post-metamorphosis); (iv)

Experimental groups listed on the left column, graphically depicted in central columns: Control, larvae fed rotifers and Artemia metanauplii enriched with Easy Selco

(ES); PreVA10, larvae fed rotifers enriched with ES supplemented with a dietary content 10 fold above normal (VA10) and afterwards Artemia metanauplii enriched with

ES; PreVA50, larvae fed rotifers enriched with ES supplemented with a dietary content 50 fold above normal (VA50) and afterwards Artemia metanauplii enriched with

ES; ProVA10, larvae fed rotifers enriched with ES, Artemia metanauplii enriched with ES supplemented with a dietary content in 10 fold above normal (VA10) during

pro-metamorphosis (from 10 to 20 dph) and afterwards Artemia metanauplii enriched with ES; ProVA50, larvae fed rotifers enriched with ES, Artemia metanauplii

enriched with ES supplemented with a dietary content in 50 fold above normal (VA50) during pro-metamorphosis (from 10 to 20 dph) and afterwards Artemia

metanauplii enriched with ES; PostVA10, larvae fed rotifers enriched with ES, with Artemia metanauplii enriched with ES (from 10 to 20 dph) and afterwards Artemia

metanauplii enriched with ES supplemented with a dietary content in 10 fold above normal (VA10) during post-metamorphosis (from 21 to 41 dph); PostVA50, larvae

fed rotifers enriched with ES, with Artemia metanauplii enriched with ES (from 10 to 20 dph) and afterwards Artemia metanauplii enriched with ES supplemented with

a dietary content in 50 fold above normal (VA50) during post-metamorphosis (from 21 to 40 dph); and weaning process for all experimental groups on the right

column from 41 to 55 dph.

for standard length (SL) and dry weight (DW) determination.
Larval width was only evaluated in fully metamorphosed and
bottom-settled individuals (55 dph). Larval standard length (SL)
and width was measured with a digital camera connected to a
binocular microscope (Nikon SMZ 800) and an image analysis
system (AnalySIS, Soft Imaging Systems, GmbH). After sole were
used for morphometric purposes, they were dried at 60◦C until
their weight was constant. DW of samples was assessed in an
analyticmicrobalance (Sartorius BP211D). Final survival rate was
calculated as the percentage of final surviving fish with respect
to the initial number at the beginning of the trial minus those
individuals removed for sampling.

The eye migration index is generally used in Senegalese sole
as a measure of metamorphosis progress. Eye migration was
evaluated at 10, 21, 41, and 55 dph (30 specimens per replicate)
as in Fernández-Díaz et al. (2001), and data were expressed as the
relative amount (%) of specimens at each developmental stage at
the same sampling time (age).

Mineralization Degree and Skeletal
Phenotype Analyses
To evaluate the mineralization degree of the skeleton, and to
identify and quantify the incidence of skeletal deformities, 30

specimens per tank were sampled at 10, 21, and 55 dph and
fixed in formaldehyde solution (10%). Animals were stained
with Alizarin red for bone and Alcian blue for cartilage in
whole mount preparations using a modification of the method
described by Klymkowsky andHanken (1991). Skeletal structures
were identified and named according to Okada et al. (2001),
Wagemans and Vandewalle (2001) and Gavaia et al. (2002). At
10, 21, and 55 dph, the mineralization degree (non-, slightly-, or
fully-mineralized), meristic characters and skeletal abnormalities
in the cranium, vertebral column and caudal fin complex
were evaluated (for a detailed view of skeletal structures see
Supplementary Figure 2).

Thyroid Gland Development
The development of the thyroid gland (number and size of
thyroidal follicles) as well as detection and semiquantification
of THs, thyroxin (T4) and triiodothyronine (T3) were evaluated
on histological sections of fish aged 10, 21, and 55 dph
(n = 3 specimens per rearing tank; n = 9 per dietary
treatment) accordingly to Ortiz-Delgado et al. (2006) and using
monoclonal antibodies (Cat. 10-T35A M94210-515 and Cat.
10-T30B M94207-3010 from Fitzgerald (USA), respectively).
Three different thyroid follicle regions/contents were considered
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for the evaluation of THs immune-reactivity (Supplementary
Figure 3).

Gene Expression Analyses
Total RNA was extracted from pools of whole body specimens
(50 to 3 individuals per sample at 6, 10, 21, and 41 dph
depending on fish size) using TRIzol reagent (Invitrogen R©, San
Diego, CA, USA) following manufacturer’s protocol. RNA was
quantified using a Gene-Quant spectrophotometer (Amersham
Biosciences) and purity established by the absorbance ratio
260/280 nm. The integrity of the RNA was examined by
gel electrophoresis. Total RNA (1 µg) was retrotranscribed
using the QuantiTect Reverse Transcription Kit (Qiagen R©);
electrophoresis using a 1.2% agarose gel was run to assess the
specificity of RT-PCR product. Real-time qPCR was performed
using an ABI PRISM 7300 (Applied Biosystems). For each
gene, a species-specific Taqman assay was designed (Applied
Biosystems) using the sequences acquired from the GenBank
database (Supplementary Table 1). The efficiency of the Taqman
assay for each gene was previously evaluated to assure that it
was close to 100%. All reactions were performed in 96 well
plates in triplicate in 20 µl reaction volumes containing: 10 µl
of 2× TaqMan universal PCR master mix (Applied Biosystems);
1 µl of the 20× Taqman primer/probe solution corresponding
to the analyzed gene; 8 µl of molecular biology grade water;
and 1 µl of cDNA diluted 1:10, with the exception of bone
Gla protein (bgp), which was evaluated with a 1:5 dilution.
Standard amplification parameters were as follows: 95◦C for
10 min, followed by 45 amplification cycles, each of which
comprised 95◦C for 15 s and 60◦C for 1 min. Real time qPCR
was performed for each gene following MIQE guidelines such
as including a calibrator sample within each plate (Bustin
et al., 2009). The relative gene expression ratio for each gene
was according to Pfaffl (2001). Relative gene expression was
normalized using ubiquitin (ubq), a previously reported reference
gene for accurate normalization in qPCR studies with Senegalese

sole (Infante et al., 2008; Richard et al., 2014; Fernández et al.,
2015).

Statistical Analyses
Results are given as mean and standard deviation. Data expressed
as percentage (survival, incidence of skeletal deformities, eye
migration success, and mineralization degree) were previously
arcsin(x1/2)-transformed. All data were checked for normality
(Kolmogorov–Smirnov test) and homoscedasticity of variance
(Bartlett’s test) and then compared by means of One Way
ANOVA for multiple comparisons. When significant differences
were detected, Tukeymultiple-comparison test was used to detect
differences among experimental groups. The level of significant
difference was set at P < 0.05. All the statistical analyses were
conducted using GraphPad Prism 5.0 (GraphPad Software, Inc.).

RESULTS

Biochemical Analyses
Lipids and Retinoid Levels in Experimental Emulsions

and Enriched Live Prey

Total lipid levels and retinoid content in the experimental
emulsions (ES, VA10, and VA50), enriched rotifers and Artemia
metanauplii are presented in Table 1. Lipid content was not
significantly affected by retinyl palmitate addition neither in the
experimental emulsions nor in the enriched live prey (ANOVA,
P > 0.05).

In general, retinoid content was significantly increased
in experimental emulsion by retinyl palmitate addition, and
particularly regarding the retinoic acid (RA), retinyl palmitate
and total VA (sum of the content of all the retinoids: RA, retinal,
retinol and retinyl palmitate) content (ANOVA, P < 0.05).
Retinal was found in experimental emulsions in a very low level
while not detected in enriched live preys. Retinol content was
significantly increased in experimental emulsions and enriched
live preys, with the unique exception of ES and VA10 emulsions.

TABLE 1 | Total lipid and retinoids (mean values ± standard deviation) content in experimental enriching emulsions, enriched rotifers and Artemia metanauplii.

Experimental

group

Lipid content

(mg g−1 DW)

RA content

(IU Kg−1 DW)

Retinal

content

(IU Kg−1 DW)

Retinol content

(IU Kg−1 DW)

Retinyl palmitate

content (IU Tn−1 DW)

Total VA content

(IU Tn−1 DW)

Enriching emulsion ES 689.80 ± 10.42 62.95 ± 16.72c 0.69 ± 0.07b 19.12 ± 1.49b 1,291.85 ± 86.32c 1,291.93 ± 86.32c

VA10 693.0 ± 13.17 225.08 ± 4.61b 0.89 ± 0.1a 10.51 ± 3.1b 19,897.94 ± 3,173.22b 19,898.18 ± 3, 173.22b

VA50 711.77 ± 57.86 574.5 ± 112.75a 0.0 ± 0.0c 75.95 ± 9.65a 57,220.82 ± 8,326.61a 57,221.47 ± 8,326.63a

Enriched rotifers ES 75.25 ± 1.52 n.d. n.d. 16.14 ± 5.53c 31.39 ± 3.5c 31.41 ± 3.5c

VA10 90.02 ± 10.23 55.5 ± 10.68b n.d. 365.75 ± 20.9b 264.15 ± 70.2b 264.52 ± 70.18b

VA50 84.62 ± 9.73 216.75 ± 23.3a n.d. 1,635.33 ± 145.85a 912.67 ± 55.27a 914.31 ± 55.42a

Enriched Artemia

metanauplii

ES 135.80 ± 17.87 n.d. n.d. 12.48 ± 1.55c 4.23 ± 0.44c 4.25 ± 0.45c

VA10 131.54 ± 21.2 96.25 ± 10.25b n.d. 59.62 ± 2.61b 12.7 ± 0.04b 12.85 ± 0.03b

VA50 134.1 ± 18.89 3,245.56 ± 301.27a n.d. 328.36 ± 30.94a 415.64 ± 58.55a 419.21 ± 58.73a

Total lipid content determined in enriching emulsions (N = 3), enriched rotifers (N = 3) and enriched Artemia metanauplii (N = 3). Retinoid and total retinoid content determined in

enriching emulsions (N = 3), enriched rotifers (N = 3), and enriched Artemia metanauplii (N = 3). Total VA, total retinoid content; ES, easy selco; VA10, ES supplemented its retinoid

dietary content in 10 times; VA50, ES supplemented its retinoid dietary content in 50 times; n.d., non-detected. Different superscript letters within the column of each parameter

evaluated and enriching emulsion, enriched rotifers or enriched Artemia metanauplii denotes statistically significant differences among experimental groups (ANOVA, P < 0.05).
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Lipids and Retinoid Levels in Fish

Total lipid content in larvae was found homogeneous among the
different sampling times (10, 21, 41, and 55 dph), even when soles
were fed increasing levels of VA (Table 2), with the exception of
day 21 in which specimens from the PreVA50 group showed a
higher total lipid content (13.77± 1.65mg g−1 DW) than that of
PreVA10 group (8.44± 0.18mg g−1 DW; ANOVA, P < 0.05).

Regarding retinoid content, neither RA nor retinal were

detected in any experimental group regardless of the sampling
time. At the end of eachmetamorphic stage, larvae fed the highest
VA level (PreVA50, ProVA50 and PostVA50) also showed the
highest retinol content (50.45 ± 11.54, 10.14 ± 0.95, and 7.21 ±
1.97 IU Kg−1 DW at 10, 21, and 41 dph, respectively; ANOVA,
P < 0.05). However, retinol content in post-metamorphic larvae
aged 55 dph did not show significant differences, ranging from
3.3 ± 0.25 to 4.14 ± 0.73 IU Kg−1 DW (ANOVA, P < 0.05).
Regarding retinyl palmitate body content, the same pattern was
observed. Fish fed with the highest VA content during each
developmental stage also showed the highest retinyl palmitate
content at 10, 21, and 41 dph (ANOVA, P < 0.05). However,

unlike retinol content, fish still exhibited significant differences
in retinyl palmitate content at 55 dph (ANOVA, P < 0.05).

Larval Growth, Survival Rate, and
Metamorphosis
The dietary VA level did not significantly affect Senegalese
sole SL at any developmental stage (Figure 2A; ANOVA, P >

0.05). However, at the end of the trial (55 dph), juveniles fed
increasing levels of VA showed significant differences in body
width (Figure 2B; ANOVA, P < 0.05). Fish from the PreVA10
and ProVA10 groups showed the largest (0.4 ± 0.02 mm) and
lowest (0.33 ± 0.01 mm) width values, respectively; whereas the
rest of the groups showed intermediate values ranging from 0.35
± 0.01 to 0.38± 0.01 mm.

Growth as determined by DW was also affected by dietary VA
levels and metamorphic stages, but only at the end of the trial
(55 dph; Figure 2C). Sole from PreVA10 and PreVA50 groups
showed the highest values (7.83 ± 0.45 and 8.04 ± 0.12 mg,
respectively). Fish from the Control, ProVA10 and PostVA10
groups displayed the lowest values (between 5.26 ± 0.94 and 6.4

TABLE 2 | Total lipid and retinoid (mean ± SD) content in Senegalese sole individuals at 10, 21, 41, and 55 dph fed experimental diets.

Experimental group dph Lipid content Retinol content Retinyl palmitate content Total VA content

Control 10 10.19 ± 0.24 7.39 ± 0.45b 9,882.67 ± 1,656.59c 9,890.05 ± 1, 657.05c

PreVA10 9.6 ± 1.41 13.46 ± 1.06b 24,422.33 ± 1,686.99b 24,435.8 ± 1,687.64b

PreVA50 10.89 ± 3.86 50.45 ± 11.54a 121,165.0 ± 11,749.29a 121,215.45 ± 11,760.83a

Control 21 12.15 ± 0.15a,b 4.76 ± 0.72c,d 11,373.0 ± 688.72b,c 11,377.76 ± 689.44b,c

PreVA10 8.44 ± 0.18b 3.39 ± 0.01d 8,452.0 ± 591.14c 8,455.39 ± 591.13c

PreVA50 13.77 ± 1.65a 6.58 ± 0.99b,c 20,752.0 ± 5,583.31b 20,758.58 ± 5,584.31b

ProVA10 11.59 ± 1.38a,b 5.37 ± 0.56b,c,d 14,898.0 ± 1,845.55b,c 14,903.37 ± 1,846.11b,c

ProVA50 10.99 ± 2.02a,b 10.14 ± 0.95a 36,373.5 ± 1,950.91a 36,383.64 ± 1,949.95a

Control 41 12.04 ± 1.65 1.59 ± 0.66b 8,975.5 ± 152.03b 8,977.09 ± 152.69b

PreVA10 11.0 ± 0.37 3.47 ± 0.61b 13,354.33 ± 852.88b 13,357.8 ± 852.71b

PreVA50 11.55 ± 2.05 3.32 ± 0.67b 13,512.67 ± 4,357.34b 13,515.99 ± 4,357.92b

ProVA10 8.86 ± 1.01 3.28 ± 0.43b 12,741.67 ± 2,491.01b 12,744.94 ± 2,491.33b

ProVA50 9.83 ± 0.64 3.36 ± 0.65b 15,784.67 ± 1,984.83b 15,788.03 ± 1,985.46b

PostVA10 10.41 ± 1.11 3.42 ± 0.49b 16,277.0 ± 1,873.79b 16,280.42 ± 1,874.08a

PostVA50 9.49 ± 1.52 7.21 ± 1.97a 41,934.0 ± 7,873.65a 41,941.21 ± 7,875.58a

Control 55 12.25 ± 1.22 3.32 ± 1.43 15,695.5 ± 727.61b,c 15,698.82 ± 729.04b,c

PreVA10 11.65 ± 0.17 3.3 ± 0.25 10,790.0 ± 3,785.22c 12,908.45 ± 1,347.7c

PreVA50 12.68 ± 0.92 3.64 ± 0.38 15,388.0 ± 314.89b,c 15,391.64 ± 315.27b,c

ProVA10 13.33 ± 1.11 4.09 ± 0.98 19,322.33 ± 4,131.96a,b 19,326.43 ± 4,132.94a,b

ProVA50 13.50 ± 0.32 3.42 ± 0.42 16,658.33 ± 1,553.96b,c 16,661.75 ± 1,553.83b,c

PostVA10 11.57 ± 0.61 4.14 ± 0.73 19,596.67 ± 3,209.24a,b 19,600.81 ± 3,209.86a,b

PostVA50 11.93 ± 0.52 3.85 ± 0.75 25,876.67 ± 1,890.37a 25,880.52 ± 1,891.05a

Total lipid (mg g-1 DW), retinyl, retinyl palmitate and total VA (IU Kg-1 DW) content determined in Senegalese sole larvae fed live preys enriched with different experimental emulsions

(ES, VA10 and VA50) at different developmental stages (pre-, pro- and post-metamorphosis; N = 3). Total VA, total retinoid content; Control, larvae fed rotifers and Artemia metanauplii

enriched with Easy Selco (ES); PreVA10, larvae fed rotifers enriched with ES supplemented its dietary content in 10 times (VA10) and afterwards Artemia metanauplii enriched with ES;

PreVA50, larvae fed rotifers enriched with ES supplemented its dietary content in 50 times (VA50) and afterwards Artemia metanauplii enriched with ES; ProVA10, larvae fed rotifers

enriched with ES, then Artemia metanauplii enriched with ES supplemented its dietary content in 10 times (VA10) during pro-metamorphosis (from 10 to 20 dph) and afterwards Artemia

metanauplii enriched with ES; ProVA50, larvae fed rotifers enriched with ES, with Artemia metanauplii enriched with ES supplemented its dietary content in 50 times (VA50) during

pro-metamorphosis (from 10 to 20 dph) and afterwards Artemia metanauplii enriched with ES; PostVA10, larvae fed rotifers enriched with ES, then Artemia metanauplii enriched with ES

(from 10 to 20 dph) and afterwards Artemia metanauplii enriched with ES supplemented its dietary content in 10 times (VA10) during post-metamorphosis (from 21 to 37 dph); PostVA50,

larvae fed rotifers enriched with ES, thenwith Artemia metanauplii enriched with ES (from 10 to 20 dph) and afterwards with Artemia metanauplii enriched with ES supplemented its

dietary content in 50 times (VA50) during post-metamorphosis (from 21 to 37 dph). Different superscript letters within the column of each parameter evaluated denote statistically

significant differences among experimental groups (ANOVA, P < 0.05).

Frontiers in Physiology | www.frontiersin.org 6 June 2017 | Volume 8 | Article 458

http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive


Fernández et al. Flatfish VA and TH Crosstalk

FIGURE 2 | Larval performance (growth and survival; mean ± standard deviation) in Senegalese sole fed the different experimental diets. Standard length at 10, 21,

41, and 55 dph (A), standard width at 55 dph (B), dry weight at 10, 21, 41, and 55 dph (C) and survival rate at 55 dph. For a detailed description about the different

experimental groups, please see the legend of Figure 1. Different letters at the top of each bar denote statistically significant differences among experimental groups

(ANOVA, P < 0.05; N = 3).

± 0.23 mg; ANOVA, P < 0.05). Finally, survival rates (between
40 and 60%, Figure 2D) and percentage of sole with specific
eye migration index (results not shown) were similar among
experimental groups (ANOVA, P > 0.05).

Degree of Skeletal Mineralization and
Incidence of Skeletal Deformities
At 10 dph, different VA dietary regimes provided at pre-
metamorphosis already induced a significantly different degree of
mineralization in cranial, axial and caudal structures (Figure 3).
PreVA10 larvae showed a higher percentage of fully mineralized
upper and lower jaws than in the rest of experimental groups
(Figures 3a,b,e,f; ANOVA, P < 0.05). Similar results were also
observed in other cranial structures such as the cleithrum,
branchial arches, and ethmoid (results not shown). Similarly,
such VA regimes also significantly affected the mineralization
degree of some axial structures (Figure 3c; ANOVA, P < 0.05)
such as the haemal and neural spines, but not the percentage of
pre-metamorphic larvae with ossified vertebrae nor the hypurals
at the caudal fin complex (Figure 3d; ANOVA, P > 0.05).

At 21 dph, VA dietary regimes provided at pre- and
pro-metamorphosis significantly affected the degree of
mineralization, particularly in cranial, axial and caudal structures
(Figure 4 and Supplementary Figure 4). No differences in the
degree of mineralization of upper and lower jaws were
found in specimens from the different experimental groups
(Figures 4a,b), neither regarding the percentage of larvae
with mineralized vertebrae (Supplementary Figure 4a), nor the
haemal and neural spines (ANOVA, P > 0.05; results not shown).

However, a distinct mineralization degree was found in cranial
structures such as the complex formed by the hyoid, interhyal,
pre-opercular, and quadrate (Figure 4c) and different regions of
the neurocranium (R1, R2, R3, and R4; Supplementary Figure 1).
A higher percentage of soles from ProVA10 and ProVA50 groups
with an earlier onset of mineralization at the hyoid, interhyal,
pre-opercular, and quadrate was found compared to that of
Control, PreVA10 and PreVA50 specimens (ANOVA, P < 0.05).
Similarly, ProVA10 and ProVA50 groups showed the highest
advanced mineralization degree in the cranium (37.06 and
38.49% in the R3 area, respectively; Figures 4e,f). In addition,
although not significantly different, ProVA10 and ProVA50
groups tended to show a higher percentage of specimens with
mineralized modified neural spines (Mns), epural and hypurals
(1-5) (Supplementary Figures 4b–d; ANOVA, P > 0.05). A
higher mean number of formed caudal rays (Supplementary
Figure 4e; ANOVA, P < 0.05) was observed in fish from
PreVA10, ProVA10, and ProVA50 groups compared to those of
the PreVA50 group, whereas specimens from the Control group
had intermediate values. Furthermore, some skeletal deformities
in the caudal fin region were already clearly identified at 21 dph
(Supplementary Figures 4f,g).

At the end of the trial (55 dph), Senegalese sole early juveniles

fed different dietary VA levels at different metamorphic stages

have mineralized all the skeletal elements with some particular

exceptions for R2, R3, and R4 regions. Nevertheless, no significant

differences were found between experimental groups when the

percentage of specimens with mineralized R2, R3, or R4 region
were considered (Figure 5a; ANOVA, P > 0.05). Similarly, the
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FIGURE 3 | Mineralization degree of different skeletal structures in 10 dph Senegalese sole larvae fed increased dietary vitamin A levels at different developmental

stages. Percentage of larvae showing different degrees of mineralization showing fully mineralized (black bar fraction), slightly mineralized (gray bar fraction) and not

mineralized (white bar fraction) structures of upper jaw (a) and lower jaw (b). Percentage of larvae showing an onset of mineralization in axial structures (vertebrae,

haemal and neural spines) (c), and hypurals (d). Detailed view of the degree of mineralization of several cranial structures from PreVA10 (e) and Control (f) larvae at 10

dph. Note the extended alizarin red staining in several structures (upper and lower jaws, cleithrum, ethmoid and neural spines) in the PreVA10 larvae, whereas a slight

mineralization of the cleithrum in the Control larvae. For a detailed description about the different experimental groups, please see the legend of Figure 1. Different

letters within black bar fraction in graphs (a,b) or at the top of each bar on the rest of the graphs denote statistically significant differences among experimental groups

(ANOVA, P < 0.05; N = 3).

percentage of fish with mineralized neural rays, ventral rays
or pterigophores was also not significantly different among
experimental groups (Figure 5b; ANOVA, P > 0.05). Finally, fish
from PreVA50 had the highest mean number of vertebrae (48.68

± 0.4), followed by fish from PreVA10 group (46.57 ± 0.12).
ProVA50 fish showed intermediate values (46.08 ± 0.02) while

those from Control, ProVA10, PostVA10 and PostVA50 groups
showed the lowest number (ranging from 45.85 ± 0.2 to 46.0 ±

0.08; Figure 5c; ANOVA, P < 0.05). Other minor abnormalities

such as the presence of neural and haemal spines in the urostyle
in the caudal fin complex were found (Figures 5d,e).

When examining skeletal phenotype in soles aged 55 dph,
no significant differences in the upper jaw were identified
among experimental groups. In contrast, high levels of skeletal
deformities were found along the axial skeleton (Figure 6).
The Control group showed the lowest percentage of deformed
fish at any vertebra considered along the axial skeleton

(Figure 6a). Significant differences in the percentage of fish
with deformed vertebrae number 3, 4, 12, 13, 14, 15, and 16
were found between Control group and experimental dietary
VA unbalanced groups (Figures 6b,c; ANOVA, P < 0.05). The
typology of deformities was diverse and might be summarized
as follows: compressed vertebrae (Figure 6d), neural spine and
parapophysis abnormalities (Figure 6e), curved pterigophores,
fused vertebrae, straight urostyle, presence of neural spine-like
structures at the urostyle (Figure 6f), and supplementary neural
spine or curved epural (Figure 6g).

Thyroidal Follicles Development
The numbers of follicles appeared similar between the different
dietary groups at 10 dph [average values ranging from 2.0 to
1.3 follicles per fish; Figure 7A; ANOVA, P > 0.05]. In contrast,
specimens from the PreVA10 and ProVA50 groups showed
increased number of thyroidal follicles per fish (7.0 ± 1.0) with
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FIGURE 4 | Mineralization degree of different skeletal structures in 21 dph Senegalese sole larvae fed with increased dietary vitamin A levels at different developmental

stages. Percentage of larvae showing different degrees of mineralization (showing fully mineralized (black bar fraction), slightly mineralized (gray bar fraction) and not

mineralized (white bar fraction) structures) of upper jaw (a) and lower jaw (b). Percentage of larvae showing an onset of mineralization in closely related axial structures

(hyoid, interhyal, pre-opercular and quadrate) (c), and in defined cranial regions (R1, R2, R3, and R4; please see further information in Supplementary Figure 2) (d). A

detailed view of the degree of mineralization of several cranial structures from Control (e) and ProVA50 (f) larvae at 21 dph is presented. Note the extended alizarin red

staining in several cranial regions when comparing Control (black arrow heads) with ProVA50 (white arrow heads) larvae. For a detailed description about the different

experimental groups, please see the legend of Figure 1. Different letters within white, light gray, strong gray and black bar fraction in graph (d) or at the top of each

bar in graph (c) denotes statistically significant differences among experimental groups (ANOVA, P < 0.05; N = 3).

respect to the Control group (4.3 ± 0.6) at 21 dph (Figure 7B)
and similar results were observed at 55 dph (Figure 7C). In
contrast, the thyroidal follicle size was not significantly affected
by the dietary VA regime in any of the developmental stages
(ANOVA, P > 0.05; Figures 7D–F).

Semi-quantification results of T3 and T4 at 10, 21, and 55
dph are presented in Figures 8, 9. Fish aged 10 dph from the
PreVA10 group showed a higher T3 and T4 immunoreactivity
in the colloid content (CC; 16.06 ± 10.54 arbitrary units (AU)
and 22.72 ± 3.7 AU, respectively) of the follicles than the rest of
the groups (ranging from 2.61± 1.26 to 7.0± 3.25 AU and from
3.17 ± 0.89 to 8.11 ± 3.38 AU, respectively; ANOVA, P < 0.05;

Figures 8A, 9A). However, those differences were not found in
the cortical vesicles (CV) and epithelial cells (EC) (ANOVA, P >

0.05).
At 21 dph, T3 immunoreactivity in CC, CV, and EC were

significantly different among experimental groups (Figure 8B;
ANOVA, P < 0.05). In CC, soles from the PreVA10 and ProVA10
groups exhibited the highest T3 immunoreactivity. However,
the higher effect on T3 immunoreactivity has been found in
CV with higher signal in the Control and PreVA10 groups
(35.78 ± 7.72 and 30.26 ± 8.81 AU; respectively) and lower
in ProVA10 and ProVA50 groups (2.51 ± 0.48 and 4.23 ± 0.8
AU, respectively). Regarding T4 immunoreactivity, it was only
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FIGURE 5 | Mineralization degree of different skeletal structures and mean number of vertebrae in 55 dph Senegalese sole larvae fed increased dietary vitamin A

levels at different developmental stages. Percentage of larvae showing mineralization in cranial regions (R1, R2, R3, and R4; please see further information in

Supplementary Figure 2) (a), dorsal and ventral rays and pterigophores (b) and mean number of vertebrae (c). A detailed view of the caudal fin complex from Control

(d) and PreVA50 (e) fish at 55 dph is presented. Note the additional presence of a preural vertebrae (white #) and the related vertebral compression in preural

vertebrae (white arrowheads), and the presence of neural and haemal spines in the urostyle (black arrowheads) in PreVA50 fish compared with the Control fish. For a

detailed description about the different experimental groups, please see the legend of Figure 1. Different letters at the top of each bar in graph (c) denote statistically

significant differences among experimental groups (ANOVA, P < 0.05; N = 3).

significantly different in CC, with the Control fish being those
showing the highest T4 immunoreactivity (6.92 ± 2.27 AU)
and PreVA50 specimens the lowest (1.96 ± 1.22 AU; Figure 9B;
ANOVA, P < 0.05).

At 55 dph, although significant differences in T3 and T4
immunoreactivity among experimental groups was observed
in CC, CV and EC (P < 0.05); the highest effect of dietary
VA regimens were at the T3 and T4 immunoreactivity in
CV (Figures 8C, 9C). In this sense, while PreVA10 specimens
have the highest immunoreactivity for T3 (15.49 ± 2.17
AU) and a higher T4 (6.07 ± 0.79 AU) than that of the
Control group, it was the PreVA50 group that had the highest
T4 immunoreactivity and Control fish the lowest (23.9 ±

3.01 and 3.58 ± 1.19 AU, respectively) in CV (P < 0.05).
While differences in T3 immunoreactivity at the thyroid
follicle’s compartments were exemplified in Figures 8D–F;
their relatives for T4 immunoreactivity were exemplified in
Figures 9D–F.

Gene Expression Analyses
ThemRNA levels of retinoid receptors (rarα and rxrα), the retinol
binding protein (rbp), the th receptors trαa, trαb, and trβ as well
as the one regarding the tshβ were up-regulated in PreVA50
larvae compared to Control larvae at 6 dph (Figure 10; ANOVA,
P < 0.05). The expression levels of these genes in PreVA10
larvae was intermediate with respect the PreVA50 and Control
groups, with the exception of trβ and rbp. In particular, while
trβ was upregulated in PreVA10 larvae with respect to Control
group; rbp in PreVA10 larvae was significantly lower than that
of PreVA50 larvae. At 10 dph, bgp expression was still not
detected and no statistically significant differences were found in
all evaluated genes (ANOVA, P > 0.05; results not shown). In
contrast, at 21 dph (Figure 11), ProVA10 and ProVA50 larvae
showed decreased expression of rarα with respect to the Control
group, while PreVA10 and PreVA50 specimens intermediate
values (ANOVA, P < 0.05). In contrast, rxrα expression was only
different between the ProVA50 and ProVA10 groups (ANOVA,
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FIGURE 6 | Percentage of Senegalese sole juveniles with a deformity in axial skeleton at 55 dph when fed increased dietary vitamin A levels at different developmental

stages. Percentage of juveniles showing a deformity at each vertebra (a), detailed representation of this percentage (mean ± standard deviation) of fish with

deformities at the 3rd and 4th vertebrae (b), and at the 12, 13, 14, 15, and 16th vertebrae (c). Detailed view of cephalic vertebrae compression (black arrowhead) (d),

miss-joint of neural spines (black arrowhead) and ectopic calcification in a parapophysis (white arrowhead) (e), curved pterigophore (black arrowhead), neural

spine-like at the urostyle (white arrowhead), fused preurals (white-filled arrowhead) and straight urostyle (black-filled arrowhead) (f), extra neural spine in preural 1

(black arrowhead) and curved modified neural spine (white arrowhead) (g), in fish at 55 dph. For a detailed description about the different experimental groups, please

see the legend of Figure 1. Different letters at the top of each bar denote statistically significant differences among experimental groups (ANOVA, P < 0.05; N = 3).

P < 0.05). The trβ appeared significantly down-regulated in
ProVA10 soles compared to the Control group (ANOVA, P <

0.05). Finally, at 41 dph, no differences were detected in all
evaluated genes (ANOVA, P > 0.05; results not shown).

DISCUSSION

Several studies have evaluated the effects of dietary VA
imbalances at early development in different marine fish
species (Fernández and Gisbert, 2011; Negm et al., 2013, 2014;
Lie et al., 2016). A dietary safe level for VA during larval
development was initially suggested to be less than 50,000
IU Kg−1 (Takeuchi et al., 1995); although (Mazurais et al.,
2009) showed that the optimal level for harmonious skeletal
development significantly fluctuated during ontogeny of fish.
Furthermore, in our previous works it has been shown how
dietary VA excess affected skeletal development, the number
and size of thyroid follicles, TH biosynthesis (Fernández et al.,
2009); endochondral bone ossification were more prone to
develop abnormalities than intramembranous bone ossification

(Fernández and Gisbert, 2010); and the need for integrative
research on fish nutritional requirements, since the same dietary
VA content that hampered skeletal development stimulated fish
immunocompetence (Fernández et al., 2015). The present work
investigated by means of biochemical, phenotypic, histological,
immunohistochemical and transcriptional approaches, how
dietary VA excess influenced fish morphogenesis in Senegalese
sole when it was applied at particular early developmental stages
(pre-, pro- and post-metamorphosis).

Retinoid Content in Live Prey and Sole
Specimens
At a commercial level, feeding early life stages of most marine fish
species is still relying on live prey like rotifers andArtemia, which
nutritional value should be improved with enriching emulsions
(Hamre et al., 2013). The nutritional value/composition of live
feeds and their enriching emulsions varies greatly. In particular,
the VA level in different commercial enriching emulsions may
vary up to 700 times (from 2117.2 IU Kg−1 in Aquagrow R©

DHA to 1.5∗106 IU Kg−1 in Easy Selco R©). Furthermore, previous
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FIGURE 7 | Number of follicles of the thyroid gland (mean ± standard deviation) in Senegalese sole fed with experimental diets at 10 (A), 21 (B), and 55 (C) dph. A

detailed view of the number of thyroid follicles (black or white asterisks) in a Control (D), PreVA10 (E), and PreVA50 (F) larvae at 21 dph. For a detailed description

about the different experimental groups, please see the legend of Figure 1. Different letters at the top of each bar denotes statistically significant differences among

experimental groups (ANOVA, P < 0.05; N = 3). Scale bar = 200 µm.

research studies showed that copepods (natural preys of marine
fish larvae) do not contain the same amounts and VA sources (as
well as other nutrients) as those found in commercially enriched
rotifers and Artemia (Ronnestad et al., 1998; van der Meeren
et al., 2008). Thus, regardless of the difficulties in enriching live
preys such as rotifers and Artemia metanauplii with the proper
VA levels (Giménez et al., 2007), two different levels of VA
representative of the differences found in commercial enriching
emulsions (above mentioned) were successfully incorporated
in live preys by means of retinyl palmitate supplementation.
Levels of retinoic acid (RA), retinol, retinyl palmitate and total
VA content in live preys were in line with previous studies
when emulsions were supplemented with increasing levels of VA
(Giménez et al., 2007; Negm et al., 2013, 2014; Lie et al., 2016).

The content of retinoids in Senegalese sole at the end of
each developmental stage (pre-, pro-, and post-metamorphosis)
clearly reflected that of enriched live prey. Furthermore, no
RA or retinal was detected regardless the feeding regime, in
agreement with Fernández et al. (2009), and confirming the
proper management of dietary retinoids by Senegalese soles

(Boglino et al., 2017). Retinol content in each experimental group
at the different sampling points vaguely reflected the level of
dietary VA administered at different developmental stages, and
only significant differences were found between soles at post-
metamorphosis when fed the highest dietary VA content during
this developmental stage (PostVA50 group). Furthermore, after
the VA-washing period, no differences in retinol content were
found among experimental groups, suggesting that Senegalese
sole juveniles efficiently metabolize this retinoid compound, a
key regulatory step to avoiding undesired effects on retinoic
signaling pathways (Boglino et al., 2017). Unlike with retinol
content, retinyl palmitate levels and total VA content were more
consistent with the hypervitaminosis A induced by the diets
at the different developmental periods: the higher VA content
in live feed led to higher retinyl palmitate (and total VA)
content in Senegalese sole individuals. Surprisingly, even after
the VA washing period, specimens fed with highest dietary VA
content during post-metamorphosis (PostVA50) still presented
higher retinyl palmitate levels than the Control group, suggesting
that VA washing period was not long enough to return the
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FIGURE 8 | Semi-quantitative assessment of triiodothyronine (T3) hormone (mean ± standard deviation) content by using immunohistochemical approaches in

Senegalese sole fed with experimental diets. T3 content at 10 (A), 21 (B), and 55 (C) dph. A detailed view of the immunoreactive intensity in thyroid follicles in a

Control (D), PreVA10 (E), and PreVA50 (F) larvae at 10 dph. CC, colloid content; CV, cortical vesicles content; EC, epithelial cells content. For a detailed description

about the different experimental groups, please see the legend of Figure 1. Different letters at the top of each bar denotes statistically significant differences among

experimental groups (ANOVA, P < 0.05; N = 3). Scale bar = 200 µm.

retinyl palmitate body content to normal levels. The increasing
accumulation of retinyl palmitate concomitant with a decrease
in retinol levels during development was in agreement with
previous studies (Moren et al., 2004; Fernández et al., 2009).

Senegalese Sole Performance
Dietary VA imbalance has already been demonstrated to affect
larval growth performance and survival in different fish species
(Fernández and Gisbert, 2011; Negm et al., 2013, 2014; Lie
et al., 2016). However, those effects have been found to be
species- (Fernández, 2011), developmental- (Villeneuve et al.,
2006), and cell type-dependent (Fernández et al., 2014). In the
present study, no differences in SL were found, in contrast
with results from Fernández et al. (2009) where a lower dietary
excess (up to 8 times higher than the control diet) provided
during a longer time (from 6 to 37 dph) induced lower SL
values. These results suggest that even low dietary imbalances
are able to affect growth in SL when administered during
longer periods (wholemetamorphosis process). In contrast, while
a temporally defined VA imbalance (particularly during pre-
metamorphosis stage; present work) affectedDW, it did not when

lower dietary imbalances were supplied during longer periods
(Fernández et al., 2009). Regarding Senegalese sole morphology,
body width was shown to be more critically time-dependent,
since early juveniles (55 dph) exposed to dietary VA imbalance
at pre-metamorphosis were more round-shaped than those
challenged during pro- and post-metamorphosis. In line with
these observations, altered body morphology was also reported
in European seabass subjected dietary VA excess during larval
development (Georga et al., 2011).

Curiously, an acceleration of the eye migration process
was previously observed in Senegalese sole exposed to dietary
VA excess during pre-metamorphosis (Fernández et al., 2009).
However, even though the dietary VA excess used in the present
study was higher than in the previous one, its supply during pre-
and pro-metamorphosis did not disrupt nor accelerate the eye
migration process, suggesting that the exposure time (between
6 and 10 dph in Fernández et al. (2009) and between 3 and 6
dph [rotifer feeding phase] in the present study) was more likely
responsible for such differences. Altogether, these results suggest
that early morphogenesis is differentially affected depending on
the magnitude of VA imbalance and the time frame during which
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FIGURE 9 | Semi-quantitative assessment of thyroxine (T4) hormone (mean ± standard deviation) content by using immunohistochemical approaches in Senegalese

sole fed with experimental diets. T4 content at 10 (A), 21 (B), and 55 (C) dph. A detailed view of the immunoreactive intensity in thyroid follicles in a Control (D),

PreVA10 (E), and PreVA50 (F) larvae at 10 dph. CC, colloid content; CV, cortical vesicles content; EC, epithelial cells content. For a detailed description about the

different experimental groups, please see the legend of Figure 1. Different letters at the top of each bar denotes statistically significant differences among

experimental groups (ANOVA, P < 0.05; N = 3). Scale bar = 200 µm.

it is supplied and thus, dietary VA content is of the utmost
importance for harmonic early vertebrate development to obtain
a normal post-metamorphic phenotype.

Skeletal Development Under Dietary VA
Imbalance at Different Early
Developmental Phases
Pre-metamorphic sole larvae fed with increased levels of VA
exhibited higher frequency of skeletal deformities in the axial
skeleton and higher mean number of vertebral bodies; the last
presumably as a consequence of a disruption in notochord
segmentation (Haga et al., 2009). Present results are in agreement
with the notion of the earlier the VA imbalance the higher
the effect (Haga et al., 2002; Villeneuve et al., 2006). Most
importantly, a different degree of mineralization in particular
structures was also observed depending on the dietary VA
dose supplied and the developmental period considered. For
instance, while at 10 dph PreVA10 larvae had a higher degree of
mineralization of upper and lower jaws, haemal and neural spines

compared to Control larvae, larvae in the PreVA50 group at 10
dph did not. In vivo and in vitroworks have already suggested VA
accelerates skeletal mineralization (Fernández et al., 2011, 2014;
Cardeira et al., 2016). Surprisingly, while a non-dose response

on this process was observed when larvae were fed with the

highest VA content (PreVA50); a dose-response on the increased

mineralization degree was observed when dietary regimens
were supplied during pro-metamorphosis. Skeletal structures

undergoing mineralization from 10 to 21 dph (hyoid, interhyal,
pre-opercular, quadrate, those composing the splanocranium,

and haemal and neural spines) showed a higher mineralization

stage at 21 dph in ProVA10 and ProVA50 than in Control

group. In contrast, no differences in degree of mineralization

in any skeletal structure considered was observed regardless
the level of dietary VA supplied during post-metamorphosis,
suggesting that metamorphosed Senegalese sole larvae have
an increasing capacity to control VA metabolism. Overall this
suggested that although skeletogenesis was disrupted in soles fed
dietary VA supplemented diets, mineralization degree seemed to
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FIGURE 10 | Expression of selected genes related with vitamin A, thyroid hormone and extracellular matrix mineralization in Senegalese sole larvae at 6 dph when fed

with increased dietary vitamin A levels during pre-metamorphosis. rarα, retinoic acid receptor α; rxrα, retinoid x receptor α; rbp, retinol binding protein; trαa, thyroid

hormone receptor α a; trαb, thyroid hormone receptor α b; trβ, thyroid hormone receptor β; tshβ, thyroid stimulating hormone β; tg, thyroglobulin; bgp, bone gla

protein. For a detailed description about the different experimental groups, please see the legend of Figure 1. Different letters at the top of each bar denotes

statistically significant differences among experimental groups (ANOVA, P < 0.05; N = 3).

bemore dependent on the dietary VA regime supplied at different
metamorphic stages.

Thyroid Follicles Development and THs
Biosynthesis/Compartmentalization are
Disrupted Differentially
A previous study demonstrated that dietary VA excess provided
from 6 to 37 dph increased the number and size of thyroid
follicles, as well as the T3 and T4 total immunoreactivity
(Fernández et al., 2009). In contrast, when an excess of dietary
VA was provided during a limited time period (present study),
only an increased number of follicles was found, regardless of
the metamorphosis period considered (pre-, pro-, and post-
metamorphosis). Here, in addition, we observed a differential
immunoreactivity effect for both THs depending on the thyroid
follicle’s compartment considered and the developmental stage
in which the VA excess was supplied. In this sense, during pre-
metamorphosis, the higher effect of a VA imbalance was on THs
biosynthesis (increasing colloid content of THs); while during
pro-metamorphosis, the higher effect of a VA imbalance seemed
to be on TH’s mobilization (decreasing THs in cortical vesicles,

more evidenced in T3). Furthermore, previous disruption
(particularly during pre-metamorphosis) in development of
thyroid follicles and THs homeostasis was still reflected in
metamorphosed fish, indicating a higher sensitivity when the
surge of THs appear to trigger the metamorphosis process
(Manchado et al., 2008b). Curiously, during this particular
metamorphic stage, a similar pattern of degree of mineralization
at 10 dph (increased mineralization in PreVA10 specimens,
but similar to that of Control group in PreVA50 specimens)
was found for T3 and T4 levels (PreVA10 with increased
immunoreactivity and PreVA50 with a similar one to the Control
group); evidencing a point where the VA dose-response in TH
immunoreactivity was also broken and might be responsible for
the skeletal phenotype observed in the PreVA10 group.

Gene Expression of VA and TH Signaling
Pathways
The retinoic acid (RAR), retinoid X (RXR) and thyroid
(TRs) receptors control vertebrate development and homeostasis
through genomic and non-genomic actions (Ross et al.,
2000; Balmer and Blomhoff, 2002; Gogakos et al., 2010).
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FIGURE 11 | Expression of selected genes related with vitamin A, thyroid hormone and extracellular matrix mineralization in Senegalese sole larvae at 21 dph when

fed with increased dietary vitamin A levels during pre- or pro-metamorphosis. rarα, retinoic acid receptor α; rxrα, retinoid x receptor α; rbp, retinol binding protein;

trαa, thyroid hormone receptor α a; trαb, thyroid hormone receptor α b; trβ, thyroid hormone receptor β; tshβ, thyroid stimulating hormone β; tg, thyroglobulin; bgp,

bone gla protein. For a detailed description about the different experimental groups, please see the legend of Figure 1. Different letters at the top of each bar denotes

statistically significant differences among experimental groups (ANOVA, P < 0.05; N = 3).

Interestingly, RXRα represents a crosstalk point between both
signaling pathways since it forms heterodimers with either
RARs or TRs, thus controlling gene transcription (Gogakos
et al., 2010). More recently, it has been suggested that,
through the control of histone modifications, an elevated
TH signaling might stimulate RA signaling genes, while RA
signaling might de-repress TH signaling (Li et al., 2015). In
fish, metamorphosis is a largely known THs signaling driven
process (Campinho et al., 2010; Gomes et al., 2015); while RA
and THs signaling pathways crosstalk in flatfish metamorphosis
(eye migration and adult pigmentation acquisition) has been
recently hypothesized (Shao et al., 2016). Nevertheless, although
transcriptomic approaches have been previously used to uncover
the underlying VA signaling pathways activated or inhibited
in fish species (Oliveira et al., 2013; Lie et al., 2016),
little is known about the interaction between RA and TH
signaling pathways determining the skeletal development in
fish.

In general, the present study showed as the expression of
most analyzed genes was significantly altered at 6 dph under
dietary VA excess, while a lower proportion showed an altered
expression at 21 dph, or showed no modification at 41 dph.
These results were in line with the increasing effect of dietary

VA imbalance supplied at each time period on skeletogenesis,
follicle development and THs immunoreactivity: the earlier the
imbalance, the higher the effect. In this sense, a disrupted
expression of VA receptors (rara and rxra) in a dietary VA
dose-dependent manner has been reported at 6 dph, while
at 21 dph only the expression of rara was also consistently
perturbed under a dietary VA imbalance. These results are in
line with our previous in vivo and in vitro reports where the
isoform rara has been shown the most consistently disrupted VA
receptor under dietary VA excess in fish species (Fernández et al.,
2011, 2014). However, although an RA exposure led also to an
upregulation of rara expression, it was concomitant with a down-
regulation of trαa and trβ1 expression in another flatfish species
(Shao et al., 2016). Here we observed that although increased
dietary VA levels at 6 dph increased rara expression, it also led
to an upregulation of trαa, trαb, and trβ . Such contradictory
results might be due to species-specific ontogenetic differences
(metamorphosis starts at 210◦C days and ends at 525◦C days
in Japanese flounder, while metamorphosis in Senegalese sole
begins and ends at 170 and 340◦C days, respectively), and/or
with the experimental approach (RA bath exposure vs. dietary
VA imbalance, respectively). Furthermore, such differences seem
to be correlated with the different effects observed on the eye
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migration process during pre-metamorphosis, being inhibited in
RA exposed Japanese flounder, but not in Senegalese sole fed high
dietary VA content.

In agreement with the previous species-specific differences
in metabolism and response to dietary VA imbalances, here
we reported an increased gene expression of rbp only at 6
dph in PreVA50 larvae (fed with 30 times more the total
VA content than the Control group), while in gilthead sea
bream larvae rbp was found up-regulated when dietary VA
content was increased 1.5 times, but down-regulated when it
was increased 10 times (Fernández et al., 2011). Since RBP is
the main protein responsible of retinol transport (Funkenstein,
2001), such differences reinforce this notion of the nutritional
requirements and sensitivity to dietary VA content being fish
species-specific.

Similarly to different vertebrate species, two isoforms of
TRs (TRα and TRβ) have been found in several fish species,
although others like the Senegalese sole had genes encoding
further isoforms like trαa and trαb (Manchado et al., 2008b;
Pittman et al., 2013). All isoforms were differentially expressed
in pre-metamorphic larvae fed increasing levels of VA (6 dph),
while only the expression of the trβ isoform was still altered at
pro-metamorphosis (21 dph). Furthermore, trβ was equally up-
regulated in soles fed both supplemented dietary VA levels, while
trαa and trαb showed intermediate expression values between
those of the Control and PreVA50. Several reports indicated
that both TR isoforms may play an important role in bone
morphogenesis, being expressed at both intramembranous and
endochondral bone formation sites (reviewed in Basset and
Williams, 2016). However, since present results were obtained
from a whole body RNA extraction, and these receptors are
ubiquitously expressed in Senegalese sole tissues (Manchado
et al., 2008b); we cannot relate the altered gene expression
of each TR with a specific tissue, and particularly to that
of bone tissue. Nevertheless, taking into account the loss-of-
function approaches in mice (reviewed in Basset and Williams,
2016), a higher gene expression of trαa and trαb in larvae
fed increased VA doses at 6 dph should present an advanced
mineralization at the end of pre-metamorphosis, which only
occurred in PreVA10 larvae (the ones showing intermediate
values). Following the same line of argument, high trβ expression
in soles fed increased dietary VA contents at 6 (PreVA10 and
PreVA50) and 21 dph (ProVA10 and ProVA50) should induce a
lower degree of mineralization in skeletal structures. However,
since TRs function on skeletogensis is more dependent on the
presence of their ligand (T3), these unexpected phenotypes
might be better explained by the observed disruption on THs
biosynthesis/compartmentalization. In this sense, the Senegalese
sole skeletal phenotype was in accordance with the pattern
of TH immunoreactivity: the higher the T3 immunoreactivity
the higher degree of mineralization in skeletal structures. Such
correlation was clear at 6 dph, larvae from PreVA10 group
that had increased T3 immunoreactivity and a higher degree of
mineralization at the end of pre-metamorphosis than those from
the Control and PreVA50 groups. Similarly, the highest degree
of mineralization of soles fed increased VA levels during pro-
and post-metamorphosis might be correlated with the highest

number (although with equal size) of thyroid follicles in those
specimens at 21 and 55 dph, respectively.

Levels of THs are regulated through the pituitary–thyroid axis
mainly by thyroid stimulating hormone (TSH) and thyroglobulin
(TG), among other factors (Pittman et al., 2013). Their role on
TH synthesis in the thyroid follicle and its negative regulation
by TH are well established in Senegalese sole (Manchado et al.,
2008a). In Senegalese sole, tshβ expression decreased from 3
dph to the start of metamorphosis (Manchado et al., 2008a),
only being up-regulated in the present study at 6 dph in
PreVA50 larvae. In contrast, tg expression has been shown to
increase sharply at the onset of metamorphosis, but decrease
after the climax of metamorphosis (Manchado et al., 2008a).
Since TG is known to act as a matrix for thyroid hormone
biosynthesis, its impairment has been associated with abnormal
TH biosynthesis (Targovnik et al., 2011). Thus, the present
unaltered tg expression at any sampling time, regardless of the
developmental period and the dietary VA level supplied, might
be interpreted as Senegalese sole from all experimental groups
having normal TH biosynthesis, this being in agreement with the
reported lack of effect on the eye migration process. Altogether,
considering results at the transcriptional level, histological T3
and T4 immunoreactivity and the increased number of follicles,
the lack of effect on eye migration process and the increased
mineralization of particular structures, the differential effects of
applying a dietary VA imbalance at clearly distinct metamorphic
stages seems to be due (at least in part) to an altered THs release
from thyroid follicles and abnormal TH signaling in targeted
tissues, rather than abnormal biosynthesis of THs.

Finally, among the known ECMmineralization gene markers,
the most largely used are alkaline phosphatase and bone gla
protein (bgp, also known as osteocalcin). Among the several
different alkaline phosphastase isoenzymes, the non-tissue specific
alkaline phosphatase (expressed in bone, kidney and liver) is
regularly assessed for bone ECM mineralization (Le Du and
Millán, 2002). In contrast, although a broad range of whole-
organism physiological roles have been recently attributed to bgp
(Karsenty and Ferron, 2012) it has been extensively described
as a specific bone marker (Pinto et al., 2001). Thus, since total
RNA extraction was performed in whole body animals, bgp
expression evaluation might be a more accurate assessment of
ECM mineralization. Expression of bgp has been not detected
at 6 and 10 dph (pre-metamorphosis), while an increasing
expression was found at 21 and 41 dph. Such ontogenetic-
related expression was in line with its expression being directly
related to the calcification of skeletal structures (Gavaia et al.,
2006). Nevertheless, regardless of the level of dietary VA and
the developmental period considered, its expression remained
unaffected. Contradictory results on the effect of VA imbalance
were previously reported. While an up-regulation of bgp was
found in vivo and in vitro in gilthead sea bream (Fernández et al.,
2011, 2014) under hypervitaminosis A and under exposure to
RA in an ex vivo approach with Atlantic cod (Gadus morhua;
Lie and Moren, 2012), a down-regulation in vivo was reported
in Atlantic cod fed increasing levels of VA (Lie et al., 2016). Our
lack of bgp expression disruption in Senegalese sole larvae could
be due to its low expression level (Cts > 30) in sole larvae, not
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allowing an accurate detection of differences among experimental
groups. Such low expression seems to be related with the lower
degree of mineralization of skeletal structures in Senegalese sole,
a passive swimming fish, as sustained swimming increased the
mineral content of fish vertebra (Totland et al., 2011).

Altogether, present results showed a lack of dose-response
effect on mineralization degree due to dietary VA levels
supplied, but following the same trend shown for THs
semiquantification at thyroid follicles: the highest mineralization
the highest THs immunoreactiveness. This might be due to
differences on VA metabolism under different dietary VA
contents at each developmental window, as particularly seen
at pre-metamorphosis where the VA dose-response in bone
mineralization (and THs immunoreactiveness) was specifically
broken. At this developmental time, rbp expression was
significantly higher in VA50 fish group than in VA10 and Control
groups, thus suggesting that a specific VA metabolism process
has been triggered. Further and specific research work on this
issue might shed some light on how VAmetabolism is modulated
by dietary VA content since different reports showed or not a
clear modulation on the expression of genes involved in VA
metabolism (Oliveira et al., 2013; Lie et al., 2016; Boglino et al.,
2017).

CONCLUSIONS

Although the impact of dietary VA is well known in
vertebrates, the signaling pathways involved remain to be
properly understood. The present study evidenced that the
dietary VA level provided to Senegalese sole at different
developmental stages (pre-, pro-, and post-metamorphosis) had a

differential impact: the earlier the nutritional imbalance applied,
the higher the effect on skeletogenesis. Furthermore, VA effects
seemed to be, at least partially, due to impaired THs metabolism
and signaling as shown by the perturbed development of thyroid
follicles, THs compartmentalization in thyroid follicles and
whole body expression of trs. Our results suggest an interaction
between both signaling pathways (VA and TH) to be dose and
developmental time dependent and highlight the suitability of
Senegalese sole as a model species for developmental biology
studies on how specifically TH and VA interact during early
vertebrate development.

AUTHOR CONTRIBUTIONS

Conceived and designed the experiments: IF and EG. Performed
the experiments: IF and EG. Analyzed the data: IF, JO,
and FH. Wrote the paper: IF, JO, MD, FH, KA, MM, CS,
and EG.

ACKNOWLEDGMENTS

This work was funded by grant AGL2005-02478 from the
Ministry of Education and Culture (MEC) of the Spanish
Government. IF was supported by a Portuguese post-doctoral
fellowship (SFRH/BPD/82049/2011).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fphys.
2017.00458/full#supplementary-material

REFERENCES

Balmer, J. E., and Blomhoff, R. (2002). Gene expression regulation by retinoic acid.

J. Lipid Res. 43, 1773–1808. doi: 10.1194/jlr.R100015-JLR200

Basset, J. H., and Williams, G. R. (2016). Role of thyroid hormones in

skeletal development and bone maintenance. Endocrine Rev. 37, 135–187.

doi: 10.1210/er.2015-1106

Boglino, A., Ponce, M., Cousin, X., Gisbert, E., and Manchado, M. (2017).

Transcriptional regulation of genes involved in retinoic acid metabolism in

Senegalese sole larvae. Comp. Biochem. Physiol. B. Biochem. Mol. Biol. 203,

35–46. doi: 10.1016/j.cbpb.2016.08.007

Boglione, C., Gavaia, P., Koumoundouros, G., Gisbert, E., Moren, M., Fontagné,

S., et al. (2013a). A review on skeletal anomalies in reared European larvae and

juveniles. Part 1: normal and anomalous skeletogenic processes. Rev. Aquac. 5,

S99–S120. doi: 10.1111/raq.12015

Boglione, C., Gisbert, E., Gavaia, P., Witten, P. E., Moren, M., Fontagné, S.,

et al. (2013b). A review on skeletal anomalies in reared European larvae and

juveniles. Part 2: main typologies, occurrences and causative factors. Rev.

Aquac. 5, S121–S167. doi: 10.1111/raq.12016

Bustin, S. A., Benes, V., Garson, J. A., Hellemans, J., Huggett, J., Kubista, M.,

et al. (2009). The MIQE guidelines: minimum information for publication

of quantitative real-time PCR experiments. Clin. Chem. 55, 611–622.

doi: 10.1373/clinchem.2008.112797

Cañavate, J., Zerolo, R., and Fernández-Diaz, C. (2006). Feeding and

development of Senegal sole (Solea senegalensis) larvae reared in different

photoperiods. Aquaculture 258, 368–377. doi: 10.1016/j.aquaculture.2006.0

4.009

Campinho, M. A., Galay-Burgos, M., Sweeney, G. E., and Power, D. M. (2010).

Coordination of deiodinase and thyroid hormone receptor expression during

the larval to juvenile transition in sea bream (Sparus aurata, Linnaeus). Gen.

Comp. Endocrinol. 165, 181–194. doi: 10.1016/j.ygcen.2009.06.020

Cardeira, J., Gavaia, P. J., Fernández, I., Cengiz, I. F., Moreira-Silva, J., Oliveira,

J. M., et al. (2016). Quantitative assessment of the regenerative and de novo

mineralogenic performances of the zebrafish caudal fin. Sci. Rep. 6:39191.

doi: 10.1038/srep39191

Fernández, I. (2011). Hypervitaminosis A effects on Sparus aurata and Solea

senegalensis: Characterization of Larval Performance and the Underlying Gene

Expression of Abnormal Skeletogenesis. Ph.D. Thesis, University of Barcelona.

Fernández, I., Darias, M., Andree, K. B., Mazurais, D., Zambonino-Infante, J. L.,

and Gisbert, E. (2011). Coordinated gene expression during gilthead sea bream

skeletogenesis and its disruption by nutritional hypervitaminosis A. BMC Dev.

Biol. 11:7. doi: 10.1186/1471-213X-11-7

Fernández, I., and Gisbert, E. (2010). Senegalese sole bone tissue originated

from chondral ossification is more sensitive than dermal bone to high

vitamin A content in enriched Artemia. J. Appl. Ichthyol. 26, 344–349.

doi: 10.1111/j.1439-0426.2010.01432.x

Fernández, I., and Gisbert, E. (2011). The effect of vitamin A on flatfish

development and skeletogenesis: a review. Aquaculture 315, 34–48.

doi: 10.1016/j.aquaculture.2010.11.025

Fernández, I., Hontoria, F., Ortiz-Delgado, J. B., Kotzamanis, Y., Estevez, A.,

Zambonino-Infante, J. L., et al. (2008). Larval performance and skeletal

deformities in farmed gilthead sea bream (Sparus aurata) fed with graded levels

of vitamin A enriched rotifers (Brachionus plicatilis).Aquaculture 283, 102–115.

doi: 10.1016/j.aquaculture.2008.06.037

Frontiers in Physiology | www.frontiersin.org 18 June 2017 | Volume 8 | Article 458

http://journal.frontiersin.org/article/10.3389/fphys.2017.00458/full#supplementary-material
https://doi.org/10.1194/jlr.R100015-JLR200
https://doi.org/10.1210/er.2015-1106
https://doi.org/10.1016/j.cbpb.2016.08.007
https://doi.org/10.1111/raq.12015
https://doi.org/10.1111/raq.12016
https://doi.org/10.1373/clinchem.2008.112797
https://doi.org/10.1016/j.aquaculture.2006.04.009
https://doi.org/10.1016/j.ygcen.2009.06.020
https://doi.org/10.1038/srep39191
https://doi.org/10.1186/1471-213X-11-7
https://doi.org/10.1111/j.1439-0426.2010.01432.x
https://doi.org/10.1016/j.aquaculture.2010.11.025
https://doi.org/10.1016/j.aquaculture.2008.06.037
http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive


Fernández et al. Flatfish VA and TH Crosstalk

Fernández, I., Lopez-Joven, C., Andree, K. B., Roque, A., and Gisbert, E. (2015).

Dietary vitamin A supplementation in Senegalese sole (Solea senegalensis)

early juveniles enhance their immunocompetence against induced bacterial

infection: new insights on VA immune system-related underlying pathways.

Fish Shellfish Immunol. 46, 703–709. doi: 10.1016/j.fsi.2015.08.007

Fernández, I., Pimentel, M. S., Ortiz-Delgado, J. B., Hontoria, F., Sarasquete,

C., Estévez, A., et al. (2009). Effect of dietary vitamin A on Senegalese sole

(Solea senegalensis) skeletogenesis and larval quality.Aquaculture 295, 250–265.

doi: 10.1016/j.aquaculture.2009.06.046

Fernández, I., Tiago, D. M., Laizé, V., Cancela, L. M., and Gisbert, E. (2014).

Retinoic acid differentially affects in vitro proliferation, differentiation and

mineralization of two fish bone derived cell lines: different gene expression of

nuclear receptors and ECM proteins. J. Steroid Biochem. Mol. Biol. 140, 34–43.

doi: 10.1016/j.jsbmb.2013.11.012

Fernández-Díaz, C., Yúfera, M., Ca-avate, J. P., Moyano, F. J., Alarcón, F. J., and

Díaz, M. (2001). Growth and physiological changes during metamorphosis

of Senegal sole reared in the laboratory. J. Fish Biol. 58, 1086–1097.

doi: 10.1111/j.1095-8649.2001.tb00557.x

Fiaz, A. W., van Leeuwen, J. L., and Kranenbarg, S. (2010). Phenotypic plasticity

and mechano-transduction in the teleost skeleton. J. Appl. Ichthyol. 26,

289–293. doi: 10.1111/j.1439-0426.2010.01423.x

Folch, J., Lees, M., and Stanley, G. H. S. (1957). A simple method for the isolation

and purification of total lipids from animal tissues. J. Biol. Chem. 226, 497–509.

Fröhlich, E., Witke, A., Czarnocka, B., and Wahl, R. (2004). Retinol has specific

effects on binding of thyrotrophin to cultured porcine thyrocytes. J. Endocrinol.

183, 617–626. doi: 10.1677/joe.1.05693

Funkenstein, B. (2001). Developmental expression, tissue distribution and

hormonal regulation of fish (Sparus aurata) serum retinol-binding protein.

Comp. Biochem. Phys. B 129, 613–622. doi: 10.1016/S1096-4959(01)00355-4

Gavaia, P. J., Dinis,M. T., and Cancela,M. L. (2002). Osteological development and

abnormalities of the vertebral column and caudal skeleton in larval and juvenile

stages of hatchery-reared Senegalese sole (Solea senegalensis). Aquaculture 211,

305–323. doi: 10.1016/S0044-8486(02)00167-9

Gavaia, P. J., Simes, D. C., Ortiz-Delgado, J. B., Viegas, C. S. B., Pinto, J. P., Kelsh, R.

N., et al. (2006). Osteocalcin and matrix Gla protein in zebrafish (Danio rerio)

and Senegal sole (Solea senegalensis): comparative gene and protein expression

during larval development through adulthood. Gene Expr. Patt. 6, 637–652.

doi: 10.1016/j.modgep.2005.11.010

Geffen, A. J., van der Veer, H. W., and Nash, R. D. M. (2007).

The cost of metamorphosis in flatfishes. J. Sea. Res. 58, 35–45.

doi: 10.1016/j.seares.2007.02.004

Georga, I., Glynatsi, N., Baltzois, A., Karamanos, D., Mazurais, D., Darias,

M. J., et al. (2011). Effect of vitamin A on the skeletal morphogenesis of

European sea bass,Dicentrarchus labrax (Linnaeus, 1758).Aquac. Res. 42, 1–19.

doi: 10.1111/j.1365-2109.2010.02676.x

Germain, P., Chambon, P., Eichele, G., Evans, R. M., Lazar, M. A., Leid, M., et al.

(2006a). International union of pharmacology. LX. Retinoic acid receptors.

Pharmacol. Rev. 58, 712–725. doi: 10.1124/pr.58.4.4

Germain, P., Chambon, P., Eichele, G., Evans, R. M., Lazar, M. A., Leid, M., et al.

(2006b). International Union of Pharmacology. LXIII. Retinoid X receptors.

Pharmacol. Rev. 58, 760–772. doi: 10.1124/pr.58.4.7

Giménez, G., Kotzamanis, Y., Hontoria, F., Estévez, A., and Gisbert, E. (2007).

Modelling retinoid content in live prey: a tool for evaluating the nutritional

requirements and development studies in fish larvae. Aquaculture 267, 76–82.

doi: 10.1016/j.aquaculture.2007.01.022

Gogakos, A. I., Bassett, J. H., and Williams, G. R. (2010). Thyroid and bone. Arch.

Biochem. Biophys. 503, 129–136. doi: 10.1016/j.abb.2010.06.021

Gomes, A. S., Alves, R. N., Rønnestad, I., and Power, D. M. (2015).

Orchestrating change: the thyroid hormones and GI-tract development

in flatfish metamorphosis. Gen. Comp. Endocrinol. 220, 2–12.

doi: 10.1016/j.ygcen.2014.06.012

Haga, Y., Dominique, V. J., and Du, S. J. (2009). Analyzing notochord

segmentation and intervertebral disc formation using the twhh: gfp transgenic

zebrafish model. Transgen. Res. 18, 669–683. doi: 10.1007/s11248-009-9259-y

Haga, Y., Takeuchi, T., and Seikai, T. (2002). Influence of all-trans retinoic acid on

pigmentation and skeletal formation in larval Japanese flounder. Fish. Sci. 68,

560–570. doi: 10.1046/j.1444-2906.2002.00462.x

Hamade, A., Deries, M., Begemann, G., Bally-Cuif, L., Genêt, C., Sabatier, F., et al.

(2006). Retinoic acid activates myogenesis in vivo through Fgf8 signalling.Dev.

Biol. 289, 127–140. doi: 10.1016/j.ydbio.2005.10.019

Hamre, K., Yufera, M., Rønnestad, I., Boglione, C., Conceição, L. E. C., and

Izquierdo, M. (2013). Fish larval nutrition and feed formulation: knowledge

gaps and bottlenecks for advances in larval rearing. Rev. Aquacult. 5, S26–S58.

doi: 10.1111/j.1753-5131.2012.01086.x

Infante, C., Matsuoka, M. P., Asensio, E., Ca-avate, J. P., Reith, M., and

Manchado, M. (2008). Selection of housekeeping genes for gene expression

studies in larvae from flatfish using real-time PCR. BMC Mol. Biol. 9:28.

doi: 10.1186/1471-2199-9-28

Karsenty, G., and Ferron, M. (2012). The contribution of bone to whole organism

physiology. Nature 481, 314–320. doi: 10.1038/nature10763

Kilkenny, C., Browne, W. J., Cuthill, I. C., Emerson, M., and Altman, D.

G. (2010). Improving Bioscience Research Reporting: the ARRIVE

Guidelines for Reporting Animal Research. PLoS Biol. 8:e1000412.

doi: 10.1371/journal.pbio.1000412

Klymkowsky, M. W., and Hanken, J. (1991). Whole mount staining

of Xenopus and other vertebrates. Methods Cell. Biol. 36, 419–411.

doi: 10.1016/S0091-679X(08)60290-3

Laue, K., Jänicke, M., Plaster, N., Sonntag, C., and Hammerschmidt, M. (2008).

Restriction of retinoic acid activity by Cyp26b1 is required for proper timing

and patterning of osteogenesis during zebrafish development. Development

135, 3775–3787. doi: 10.1242/dev.021238

Le Du, M. H., and Millán, J. L. (2002). Structural evidence of functional

divergence in human alkaline phosphatases. J. Biol. Chem. 277, 49808–49814.

doi: 10.1074/jbc.M207394200

Li, H., Bai, B., Zhang, Q., Bao, Y., Guo, J., Chen, S., et al. (2015). Ectopic cross-talk

between thyroid and retinoic acid signaling: a possible etiology for spinal neural

tube defects. Gene 573, 254–260. doi: 10.1016/j.gene.2015.07.048

Li, N., Kelsh, R. N., Croucher, P., and Roehl, H. H. (2010). Regulation of neural

crest cell fate by the retinoic acid and Pparg signalling pathways. Development

137, 389–394. doi: 10.1242/dev.044164

Lie, K. K., Kvalheim, K., Rasinger, J. D., Harboe, T., Nordgreen, A., and Moren,

M. (2016). Vitamin A and arachidonic acid altered the skeletal mineralization

in Atlantic cod (Gadus morhua) larvae without any interactions on the

transcriptional level.Comp. Biochem. Physiol. AMol. Integr. Physiol. 191, 80–88.

doi: 10.1016/j.cbpa.2015.10.011

Lie, K. K., and Moren, M. (2012). Retinoic acid induces two osteocalcin isoforms

and inhibits markers of osteoclast activity in Atlantic cod (Gadus morhua)

ex vivo cultured craniofacial tissues. Comp. Biochem. Physiol. A Mol. Integr.

Physiol. 161, 174–184. doi: 10.1016/j.cbpa.2011.10.023

Manchado, M., Infante, C., Asensio, E., Planas, J. V., and Ca-avate, J. P. (2008a).

Thyroid hormones down-regulate thyrotropin b subunit and thyroglobulin

during metamorphosis in the flatfish Senegalese sole (Solea senegalensis Kaup).

Gen. Comp. Endocrinol. 155, 447–455. doi: 10.1016/j.ygcen.2007.07.011

Manchado, M., Infante, C., Rebordinos, R., and Ca-avate, J. P. (2008b). Molecular

characterization, gene expression and transcriptional regulation of thyroid

hormone receptors in Senegalese sole. Gen. Comp. Endocrinol. 160, 139–147.

doi: 10.1016/j.ygcen.2008.11.001

Mazurais, D., Glynatsi, N., Darias, M. J., Christodoulopoulou, S., Cahu, C. H.

L., Zambonino-Infante, J. L., et al. (2009). Optimal levels of dietaryvitamin

A for reduced deformity incidence during development of European sea bass

larvae (Dicentrarchus labrax) depend on malformation type. Aquaculture 294,

262–270. doi: 10.1016/j.aquaculture.2009.06.008

Morais, S., Aragão, C., Cabrita, E., Conceição, L. E. C., Constenla, M., Costas,

B., et al. (2016). New developments and biological insights into the farming

of Solea senegalensis reinforcing its aquaculture potential. Rev. Aquac. 6, 1–37.

doi: 10.1111/raq.12091

Moren, M., Opstad, I., Berntssen, M. H. G., Zambonino-Infante, J. L., and

Hamre, K. (2004). An optimum level of vitamin A supplements for Atlantic

halibut (Hippoglossus hippoglossus L.) juveniles. Aquaculture 235, 587–599.

doi: 10.1016/j.aquaculture.2004.01.030

Mühlbauer, M., Silva, A. C. M., Marassi, M. P., Lourenço, A. L., Ferreira, A. C. F.,

and de Carvalho, D. P. (2010). Retinoic acidmodulation of thyroid dual oxidase

activity in rats and its impact on thyroid iodine organification. J. Endocrinol.

205, 271–277. doi: 10.1677/JOE-09-0421

Frontiers in Physiology | www.frontiersin.org 19 June 2017 | Volume 8 | Article 458

https://doi.org/10.1016/j.fsi.2015.08.007
https://doi.org/10.1016/j.aquaculture.2009.06.046
https://doi.org/10.1016/j.jsbmb.2013.11.012
https://doi.org/10.1111/j.1095-8649.2001.tb00557.x
https://doi.org/10.1111/j.1439-0426.2010.01423.x
https://doi.org/10.1677/joe.1.05693
https://doi.org/10.1016/S1096-4959(01)00355-4
https://doi.org/10.1016/S0044-8486(02)00167-9
https://doi.org/10.1016/j.modgep.2005.11.010
https://doi.org/10.1016/j.seares.2007.02.004
https://doi.org/10.1111/j.1365-2109.2010.02676.x
https://doi.org/10.1124/pr.58.4.4
https://doi.org/10.1124/pr.58.4.7
https://doi.org/10.1016/j.aquaculture.2007.01.022
https://doi.org/10.1016/j.abb.2010.06.021
https://doi.org/10.1016/j.ygcen.2014.06.012
https://doi.org/10.1007/s11248-009-9259-y
https://doi.org/10.1046/j.1444-2906.2002.00462.x
https://doi.org/10.1016/j.ydbio.2005.10.019
https://doi.org/10.1111/j.1753-5131.2012.01086.x
https://doi.org/10.1186/1471-2199-9-28
https://doi.org/10.1038/nature10763
https://doi.org/10.1371/journal.pbio.1000412
https://doi.org/10.1016/S0091-679X(08)60290-3
https://doi.org/10.1242/dev.021238
https://doi.org/10.1074/jbc.M207394200
https://doi.org/10.1016/j.gene.2015.07.048
https://doi.org/10.1242/dev.044164
https://doi.org/10.1016/j.cbpa.2015.10.011
https://doi.org/10.1016/j.cbpa.2011.10.023
https://doi.org/10.1016/j.ygcen.2007.07.011
https://doi.org/10.1016/j.ygcen.2008.11.001
https://doi.org/10.1016/j.aquaculture.2009.06.008
https://doi.org/10.1111/raq.12091
https://doi.org/10.1016/j.aquaculture.2004.01.030
https://doi.org/10.1677/JOE-09-0421
http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive


Fernández et al. Flatfish VA and TH Crosstalk

Negm, R. K., Cobcroft, J. M., Brown, M. R., Nowak, B. F., and Battaglene, S. C.

(2013). The effects of dietary vitamin A in rotifers on the performance and

skeletal abnormality of striped trumpeter Latris lineata larvae and post larvae.

Aquaculture 404–405, 105–115. doi: 10.1016/j.aquaculture.2013.04.018

Negm, R. K., Cobcroft, J. M., Brown, M. R., Nowak, B. F., and Battaglene, S.

C. (2014). Performance and skeletal abnormality of striped trumpeter Latris

lineata larvae and post larvae fed vitamin A enriched Artemia. Aquaculture

422–423, 115–123. doi: 10.1016/j.aquaculture.2013.11.008

Okada, N., Takagi, Y., Seikai, T., Tanaka, M., and Tagawa, M. (2001).

Asymmetrical development of bones and soft tissues during eye migration of

metamorphosing Japanese flounder, Paralichthys olivaceus. Cell Tissue Res. 304,

59–66. doi: 10.1007/s004410100353

Oliveira, E., Casado, M., Raldúa, D., Soares, A., Barata, C., and Pi-

a, B. (2013). Retinoic acid receptors’ expression and function during

zebrafish early development. J. Steroid Biochem. Mol. Biol. 138, 143–151.

doi: 10.1016/j.jsbmb.2013.03.011

Ortiz-Delgado, J. B., Ruane, N. M., Pousão-Ferreira, P., Dinis, M. T., and

Sarasquete, C. (2006). Thyroid gland development in Senegalese sole

(Solea senegalensis Kaup 1858) during early life stages: a histochemical

and immunohistochemical approach. Aquaculture 260, 346–356.

doi: 10.1016/j.aquaculture.2006.06.006

Pfaffl, M. W. (2001). A new mathematical model for relative quantification in

real-time RT-PCR. Nucleic Acids Res. 29:e45. doi: 10.1093/nar/29.9.e45

Pinto, J. P., Ohresser, M., and Cancela, M. L. (2001). Cloning of the bone

Gla protein gene from the teleost fish Sparus aurata. Evidence for overall

conservation inmolecular structure and pattern of expression from fish to man.

Gene 270, 77–91. doi: 10.1016/S0378-1119(01)00426-7

Pittman, K., Yufera, M., Pavlidis, M., Geffem, A. J., Koven, W., Ribeiro, L., et al.

(2013). Fantastically plastic: fish larvae equipped for new world. Rev. Aquacult.

5, S224–S267. doi: 10.1111/raq.12034

Richard, N., Fernández, I., Wulff, T., Hamre, K., Cancela, M. L., Conceição, L. E.

C., et al. (2014). Dietary supplementation with vitamin K affects transcriptome

and proteome of Senegalese sole, improving larval performance and quality.

Mar. Biotechnol. 16, 522–537. doi: 10.1007/s10126-014-9571-2

Ronnestad, I., Helland, S., and Lie, O. (1998). Feeding artemia to larvae of

Atlantic halibut (Hippoglossus hippoglossus L) results in lower larval vitamin

A content compared with feeding copepods. Aquaculture 165, 159–164.

doi: 10.1016/S0044-8486(98)00258-0

Ross, S. A., McCaffery, P. J., Drager, U. C., and De Luca, L. M. (2000). Retinoids

in embryonal development. Physiol. Rev. 80, 1021–1054. Available online at:

http://physrev.physiology.org/content/80/3/1021.long

Shao, C.h., Bao, B., Xie, Z., Chen, X., Li, B., Jia, X., et al. (2016). The genome and

transcriptome of Japanese flounder provide insights into flatfish asymmetry.

Nat. Genet. 49, 119–124. doi: 10.1038/ng.3732

Silva, A. C. M., Marassi, M. P., Mühlbauer, M., Lourenço, A. L., Carvalho, D. P.,

and Ferreira, A. C. F. (2009). Retinoic acid effects on thyroid function of female

rats. Life Sci. 84, 673–677. doi: 10.1016/j.lfs.2009.02.010

Sire, J. Y., Donoghue, P. C. J., and Vickaryous, M. K. (2009). Origin and evolution

of the integumentary skeleton in non-tetrapod vertebrates. J. Anat. 214,

409–440. doi: 10.1111/j.1469-7580.2009.01046.x

Spoorendonk, K. M., Peterson-Maduro, J., Renn, J., Trowe, T., Kranenbarg,

S., Winkler, C., et al. (2008). Retinoic acid and Cyp26b1 are critical

regulators of osteogenesis in the axial skeleton. Development 135, 3765–3774.

doi: 10.1242/dev.024034

Sternberg, H., and Moav, B. (1999). Regulation of the growth hormone

gene by fish thyroid/retinoid receptors. Fish Physiol. Biochem. 20, 331–339.

doi: 10.1023/A:1007778632727

Takeuchi, T., Dedi, J., Ebisawa, C., Watanabe, T., Seikai, T., Hosoya, K., et al.

(1995). The effect of β-carotene and vitamin A enriched Artemia nauplii on

the malformation and color abnormality of larval Japanese flounder. Fish Sci.

61, 141–148.

Takeuchi, T., Dedi, J., Haga, Y., Seikai, T., and Watanabe, T. (1998).

Effect of vitamin A compounds on bone deformity in larval

Japanese flounder (Paralichthys olivaceus). Aquaculture 169, 155–165.

doi: 10.1016/S0044-8486(98)00373-1

Targovnik, H. M., Edouard, T., Varela, V., Tauber, M., Citterio, C. E., González-

Sarmiento, R., et al. (2011). Two novel mutations in the thyroglobulin gene as

cause of congenital hypothyroidism. Identification a cryptic donor splice site in

the Exon 19.Mol. Cell Endocrinol. 348, 313–321. doi: 10.1016/j.mce.2011.09.024

Totland, G. K., Fjelldal, P. G., Kryvi, H., Løkka, G., Wargelius, A., Sagstad,

A., et al. (2011). Sustained swimming increases the mineral content

and osteocyte density of salmon vertebral bone. J. Anat. 219, 490–501.

doi: 10.1111/j.1469-7580.2011.01399.x

van der Meeren, T., Olsen, R. E., Hamre, K., and Fyhn, H. J. (2008). Biochemical

composition of copepods for evaluation of feed quality in production of juvenile

marine fish. Aquaculture 274, 375–397. doi: 10.1016/j.aquaculture.2007.11.041

Villeneuve, L., Gisbert, E., Moriceau, J., Cahu, C. L., and Zambonino, J. L. (2006).

Intake of high levels of vitamin A and polyunsaturated fatty acids during

different developmental periods modifies the expression of morphogenesis

genes in European sea bass (Dicentrarchus labrax). Br. J. Nutr. 95, 677–687.

doi: 10.1079/BJN20051668

Wagemans, F., and Vandewalle, P. (2001). Development of the bony skull

in common sole: brief survey of morpho-functional aspects of ossification

sequence. J. Fish Biol. 59, 1350–1369. doi: 10.1111/j.1095-8649.2001.tb00197.x

Witten, P. E., and Huysseune, A. (2009). A comparative view on mechanisms

and functions of skeletal remodelling in teleost fish, with special

emphasis on osteoclasts and their function. Biol. Rev. 84, 315–346.

doi: 10.1111/j.1469-185X.2009.00077.x

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

The reviewer LS and handling Editor declared their shared affiliation, and

the handling Editor states that the process nevertheless met the standards of a fair

and objective review.

Copyright © 2017 Fernández, Ortiz-Delgado, Darias, Hontoria, Andree, Manchado,

Sarasquete and Gisbert. This is an open-access article distributed under the terms

of the Creative Commons Attribution License (CC BY). The use, distribution or

reproduction in other forums is permitted, provided the original author(s) or licensor

are credited and that the original publication in this journal is cited, in accordance

with accepted academic practice. No use, distribution or reproduction is permitted

which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org 20 June 2017 | Volume 8 | Article 458

https://doi.org/10.1016/j.aquaculture.2013.04.018
https://doi.org/10.1016/j.aquaculture.2013.11.008
https://doi.org/10.1007/s004410100353
https://doi.org/10.1016/j.jsbmb.2013.03.011
https://doi.org/10.1016/j.aquaculture.2006.06.006
https://doi.org/10.1093/nar/29.9.e45
https://doi.org/10.1016/S0378-1119(01)00426-7
https://doi.org/10.1111/raq.12034
https://doi.org/10.1007/s10126-014-9571-2
https://doi.org/10.1016/S0044-8486(98)00258-0
http://physrev.physiology.org/content/80/3/1021.long
https://doi.org/10.1038/ng.3732
https://doi.org/10.1016/j.lfs.2009.02.010
https://doi.org/10.1111/j.1469-7580.2009.01046.x
https://doi.org/10.1242/dev.024034
https://doi.org/10.1023/A:1007778632727
https://doi.org/10.1016/S0044-8486(98)00373-1
https://doi.org/10.1016/j.mce.2011.09.024
https://doi.org/10.1111/j.1469-7580.2011.01399.x
https://doi.org/10.1016/j.aquaculture.2007.11.041
https://doi.org/10.1079/BJN20051668
https://doi.org/10.1111/j.1095-8649.2001.tb00197.x
https://doi.org/10.1111/j.1469-185X.2009.00077.x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

	Vitamin A Affects Flatfish Development in a Thyroid Hormone Signaling and Metamorphic Stage Dependent Manner
	Introduction
	Materials and Methods
	Ethics Statement
	Larval Rearing and Experimental Design
	Biochemical Analyses
	Monitoring of Growth, Survival, and Metamorphosis
	Mineralization Degree and Skeletal Phenotype Analyses
	Thyroid Gland Development
	Gene Expression Analyses
	Statistical Analyses

	Results
	Biochemical Analyses
	Lipids and Retinoid Levels in Experimental Emulsions and Enriched Live Prey
	Lipids and Retinoid Levels in Fish

	Larval Growth, Survival Rate, and Metamorphosis
	Degree of Skeletal Mineralization and Incidence of Skeletal Deformities
	Thyroidal Follicles Development
	Gene Expression Analyses

	Discussion
	Retinoid Content in Live Prey and Sole Specimens
	Senegalese Sole Performance
	Skeletal Development Under Dietary VA Imbalance at Different Early Developmental Phases
	Thyroid Follicles Development and THs Biosynthesis/Compartmentalization are Disrupted Differentially
	Gene Expression of VA and TH Signaling Pathways

	Conclusions
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


