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a  b  s  t  r  a  c  t

In oviparous  vertebrates,  vitellogenin  (VTG)  is mainly  produced  by the  liver  in response  to  estrogen
(E2) and  its  synthesis  is  traditionally  coupled  to estrogen  receptor  alpha  induction.  Even  though  VTG  is
a  female-specific  protein,  chemicals  that  mimic  natural  estrogens,  known  as  xenoestrogens,  can  acti-
vate its expression  in  males  causing  endocrine  disruption  to wildlife  and  humans.  Alkylphenols  such as
nonylphenol  (NP)  and octylphenol  (OP)  are  industrial  additives  used  in  the  manufacture  of  a  wide vari-
ety  of  plastics  and detergents,  and  can  disrupt  endocrine  functions  in exposed  animals.  For  more  than  a
decade,  the  freshwater  cichlid  fish  Cichlasoma  dimerus  has  been  used  for  ecotoxicological  studies  in  our
laboratory.  We  recently  found  an  up-regulation  of VTG  gene  expression  in  livers  of male  fish  exposed  to
OP, from  a silent  state  to  values  similar  to those  of  E2-induced  fish.  To  better  understand  the  underlying
mechanisms  behind  the action  of xenoestrogens,  the  aim  of this  study  was  to  analyze  the  dose–response
relationship of C.  dimerus  VTG  and  estrogen  receptors  (ERs)  gene  expression  after  waterborne  exposure
to  0.15, 1.5,  15,  and  150 �g/L OP for up  to 1 month  (0,  1, 3, 7, 14, 21, and 28  days).  At  the  end  of  the
experiment,  histological  features  of  exposed  fish included  active  hepatocytes  with  basophilic  cytoplasm
and  high  eosinophilic  content  in  their  vascular  system  due  to augmented  expression  of  VTG. In  testis,
high  preponderance  of  sperm  was  found  in  fish  exposed  to 150  �g/L  OP.  A classic  dose–response  down-
regulation  of the  expression  of Na+/K+-ATPase,  a  “non-gender  specific  gene”  used  for  comparison,  was
found  with  increasing  OP  concentrations.  No VTG  and  very  low  levels  of  ER�  were  detected  in control
male  livers,  but  an  up-regulation  of both  genes  was  found  in males  exposed  to 0.15  or  150  �g/L  OP.  More-
over,  VTG  transcripts  were  significant  as  early  as  day  3 or day  1  of exposure  to these  OP  concentrations,
respectively.  Nearly  no  response  was  detected  in  1.5 and  15 �g/L OP exposed-fish.  Data  was  curve-fitted
evidencing  a nonmonotonic  dose–response  curve.  Interestingly,  ER�2  mRNA  expression  was  augmented

above  baseline  levels  only  when  males  were  exposed  to the  lowest  OP concentration.  We  speculate  that
genomic  control  of  vitellogenesis  is  under  control  of multiple  steroid  receptors  with  different  affinities
for  ligands.  ER�  isoform,  only  up-regulated  with  very  low  concentrations  of ligand,  would  act  as  a  sen-
sors  of  OP  (or  E2)  to induce  ER�  and  VTG. With  high  OP  concentrations,  the  expression  of ER� isoform  is
promptly  augmented,  with  the  concomitant  VTG  transactivation.
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. Introduction

In oviparous vertebrates the yolk precursor vitellogenin (VTG),
 complex phospholipoglycoprotein, is produced mainly by the
iver in response to estrogens. It reaches the ovaries through the
loodstream where it is incorporated into growing oocytes via
eceptor-mediated endocytosis. Vitellogenin is cleaved into yolk
roteins, which participate in the physiology of the ovulated eggs
nd in the nutrition of the developing embryos (Hiramatsu et al.,
006; Babin et al., 2007). Production of VTG has been tightly
oupled to the induction of estrogen receptors (ERs) at transcrip-
ional and post-transcriptional levels (Flouriot et al., 1996). Nuclear
Rs belong to the steroid/thyroid/retinoic acid superfamily of
igand-activated transcription factors with a modular structure that
onsists of a trans-activation domain (A/B), a highly conserved DNA
inding domain (C), a hinge region (D), a well-conserved ligand
inding domain (E), and a C-terminal region (F) (Andreassen et al.,
003; Menuet et al., 2004). In the absence of ligand, ERs are mostly
ound in the cytoplasm as complexes with inhibitory heat shock
roteins. In the presence of ligand, the heat shock protein complex

s lost. The receptors form homodimers or heterodimers between
R� and/or ER�,  relocating to the nucleus to bind to specific regions
n the DNA (termed estrogen response elements or ERE) where
hey interact with nuclear coactivators or corepressors modulating
he transcription of target genes (Nelson and Habibi, 2013). It has
een proposed that ER forms characterized in teleost fish would
ave distinct functions since they are differentially expressed in a
evelopment, gender, and organ-fashion and they respond differ-
ntly to E2 or specific estrogen receptor modulators (SERM) (Davis
t al., 2008; Chandrasekar et al., 2010; Nagler et al., 2012).

Even though VTG is a female-specific protein, as it is not synthe-
ized by juveniles or male fish, its expression can be transactivated
y exogenous estrogens and chemicals that mimic  natural estro-
ens known as xenoestrogens (Yadetie et al., 1999; Bowman et al.,
000; Arukwe et al., 2001; Genovese et al., 2011, 2012; Chandra
t al., 2012). These xenoestrogens are wild life and human health
azards capable of causing endocrine disruption. Among known
enoestrogens are alkylphenols (AP), such as 4-tert-octylphenol
OP) and nonylphenol (NP), non-ionic surfactants used in the manu-
acture of detergents, plastics, paints, pesticides and cosmetics, and
an disrupt endocrine functions in fish (Trudeau and Tyler, 2007).

The freshwater cichlid fish Cichlasoma dimerus belongs to one
f the largest Perciform families (Nelson, 2006), the Cichlidae, and
nhabits inland waters of Argentina and Brazil. This species displays
n elaborate social system and organized biparental breeding activ-
ties and can be easily adapted to laboratory conditions (Pandolfi
t al., 2009). C. dimerus has been extensively used in our labora-
ory for ecotoxicological studies (Moncaut et al., 2003; Rey Vázquez
t al., 2009; Rey Vázquez and Lo Nostro, 2014; Da Cuña et al.,
011, 2013; Genovese et al., 2011, 2012; Piazza et al., 2011). As

 biomarker of early detection of pollution, we have already shown
TG as a good estrogen-responsive gene; for which we previously
btained a partial sequence of liver VTGAb mRNA for this species,
ighly homologous to other teleosts’ VTG (Genovese et al., 2011,
012). We  were also able to detect an up-regulation of VTG gene
xpression in liver of male fish exposed to 150 �g/L OP for 28 days,
rom a silent state typical of male fish and reaching the same level of
nduction caused by estradiol (Genovese et al., 2012). Furthermore,
P exerted induction of plasma vitellogenin, and histological liver
nd testis damage; the latter possibly causing impairment of sper-
atogenesis (Rey Vázquez et al., 2009; Genovese et al., 2011, 2012).
fter transference of OP-treated fish to OP-free water, histological

amage could not be restored; however molecular biomarkers such
s plasma protein induction and mRNA expression of estrogen-
esponsive genes were completely recovered after adequate time
f depuration (28 days) (Genovese et al., 2012).
cology 156 (2014) 30–40 31

Some dose–response studies of the effects caused by xenoestro-
gens or natural estrogens in fish report a linear dose-dependent
induction of estrogen-responsive genes such as VTG, estrogen
receptor (ER), zona pellucida protein (ZP) and/or corresponding
proteins (Yadetie et al., 1999; Andersson et al., 2007; Calabrese,
2004). However, recent studies (Villeneuve et al., 2012; Beausoleil
et al., 2013) report nonmonotonic concentration-responses after
endocrine disruption. To our knowledge, no such studies have been
done in estrogen-responsive genes in cichlid fish.

As we  were particularly interested in whether the response
to OP agreed with a threshold, non-threshold linear, or biphasic
model, the aim of this work was  to study the dose–response rela-
tionship of the C. dimerus VTG gene expression to environmental
relevant concentrations of OP, as a valuable tool for risk manage-
ment of environmental estrogens since effects at higher doses not
always readily predict the effect at low-doses.

2. Materials and methods

2.1. Animals

Adult Cichlasoma dimerus (Perciformes, Cichlidae) of both sexes,
caught in Esteros del Riachuelo, Corrientes Province, Argentina
(27◦35′ S 58◦45′ W),  were housed in 100 L glass aquaria with fil-
tered tap water (pH 7.3, alkalinity 36.5 mg/L, hardness 55 mg/L,
conductivity 219 �S/cm, dissolved oxygen 8 mg/L, sodium 20 mg/L)
under conditions that mimic  their natural habitat (Casciotta et al.,
2005) for at least one month before the start of the experiments.
Aquaria were kept at 26 ± 1 ◦C, 14:10 light:dark cycle with full
spectrum illumination, external filtration, constant aeration and
regulated pH 7.3. Fish were fed daily with cichlid pellets (Tetra®).
All experiments were performed in accordance with international
standards on animal welfare (World Medical Association Statement
on Animal Use in Biomedical Research, 2006), and local regula-
tions.

2.2. Experimental design

Adult male fish (45.6 ± 1.6 g body weight; n = 4–6 for each treat-
ment) were transferred to 50 L glass aquaria and exposed during 0,
1, 3, 7, 14, 21, and 28 days to 0.15; 1.5; 15 and 150 �g/L (0.73, 7.3,
73, 730 nM respectively) 4-tert-octylphenol (OP, Sigma–Aldrich,
USA), previously dissolved in ethanol 96◦ (the final concentra-
tion of alcohol in each aquarium was  0.001%). Control groups
were exposed to ethanol alone under the same conditions. Con-
centrations of OP were selected to range from environmentally
relevant in surface waters (reported levels usually below 1 �g/L),
occasionally occurring higher values (as high as 22 �g/L), to lev-
els above those detected (Céspedes et al., 2005; Wang et al., 2012;
Wu et al., 2013; Babay et al., 2014). In order to confirm that ini-
tial nominal and actual OP levels were in good agreement, water
samples were analyzed by reverse phase HPLC coupled to fluores-
cence detection according to Rey Vázquez et al. (2009). Briefly,
water samples were treated by solid phase extraction on a C18
column, eluted by methanol and injected into the HPLC. Water
renewal including OP was  performed twice a week when OP  val-
ues decreased by 80% from the initial concentration (data not
shown). Octylphenol was  not detected in OP-free water at any time
point.

Female fish were i.p. injected with 17�-estradiol (10 �g/g bw)
(E2; Sigma–Aldrich, USA) to strongly induce VTG expression. The
obtained mucus, plasma, and liver samples were used as positive

controls in Western blots and gene expression assays.

No mortality was registered in E2-injected females or in OP
exposed males.
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.3. Sample collection

After the exposure period, fish were sedated (Jungle Hypno, Fish
almer, USA), and total body weight (g) was determined. Blood was
rawn by caudal puncture with a heparin-coated syringe, coupled
ith a 27 gauge × 1/2 in needle. Mucus was gently scraped from

he body surface with a metal spatula. All samples were collected
n plastic tubes and processed according to Genovese et al. (2011)
ntil SDS-PAGE and Western blot assays were performed. Protein
oncentrations were measured by Lowry‘s method using bovine
erum albumin (BSA) as a standard (Lowry et al., 1951).

Fish were sacrificed by decapitation and quickly dissected. The
istal section of each liver was divided in two pieces; one portion
as fixed in Bouin’s solution for 18 h for histological processing,

nd the other was immersed in cold RNAlater (Ambion, USA) for
4 h and frozen at −20 ◦C for gene expression analysis. Testes were
xed in Bouin’s solution for 18 h for histological processing.

.4. SDS-PAGE, Western blot

Samples with equal amounts of protein (40 �g for plasma; 50 �g
or mucus) were mixed with loading buffer, boiled for 5 min and
riefly spun down before loading them into polyacrylamide gel
ells. A molecular weight standard was loaded in a separate well

SeeBlue Plus2 Pre-Stained Standard, Invitrogen Corporation, USA).
 sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
AGE), as described by Laemmli (1970) and modified by Genovese
t al. (2011), was performed at a constant 100 V using 4% stacking
nd 8% separating gels (Mini-Protean III, Bio-Rad, USA). Transfer-
nce to nitrocellulose membranes (ECL Amersham Biosciences, UK)
as achieved at 100 V for 90 min.

VTG was immunodetected according to Genovese et al. (2011)
sing rabbit anti-perch VTG antiserum 1:5000 (Perca fluviatilis;
onated by Dr. B. Allner, Germany) for 90 min  at RT. The specificity
nd cross-reactivity of the primary antibody has been previously
ested in C. dimerus (Moncaut et al., 2003). After three 5-min washes
ith Tris buffered saline with Tween® 20 (TTBS), membranes were

ncubated with biotinylated anti-rabbit secondary antibody 1:1000
or 1 h at RT, streptavidin–HRP (Dako, USA) 1:3000 for 1 h, and 0.1%
,3′-diaminobenzidine in Tris–HCl buffer (Dako, USA) for 5 min, for
mplification and detection of the signal.

.5. Gene expression

Liver RNA was extracted and purified following the
henol–chloroform–isoamyl alcohol protocol (RNAgent total
NA isolation system, Promega Corporation, USA). Each RNA
xtract was analyzed for quantity and quality by microfluidic
lectrophoresis with RNA 6000 Nano Chip Kit and Agilent 2100
ioanalyzer (Waldbronn, Germany). High quality of RNA and
ormalization to total RNA are necessary to produce biologically
elevant and reliable data using real-time PCR (Bustin et al.,
005). A complete absence of degradation products or genomic
NA was found. Two micrograms of each total RNA sample were

everse transcribed to single-stranded cDNA with SuperScript III
irst-Strand Synthesis System for real time-PCR (Invitrogen, USA)
sing oligo(dT) as primers.

Specific primers for the VTG sequence previously described
or C. dimerus (Genovese et al., 2012) (forward primer
′-CGGCGTGGTCAGTAGAGTG-3′ and reverse primer 5′-
GCTACCAGGTGATTCATAGTG-3′) were used for real time
uantitative PCR. cDNA was amplified in the presence of SYBR-

reen dye using Qiagen Quantitect chemistry and the Stratagene
X4000 Multiplex Quantitative PCR System (Stratagene, USA). The

hermal profile for real-time PCR consisted of an activation step
t 95 ◦C for 10 min  and 40 cycles of denaturing at 95 ◦C for 30 s,
cology 156 (2014) 30–40

annealing at 45 ◦C for 60 s and elongation at 72 ◦C for 30 s. After the
last amplification cycle, the temperature was  increased to 95 ◦C
for 1 min  and then decreased to 45 ◦C to run 82 cycles, increasing
by 0.5 ◦C per cycle, to obtain melting curves, which confirmed the
absence of non-specific PCR products or primer dimers. As done
previously (Jayasundara et al., 2007; Beale et al., 2008; Genovese
et al., 2011, 2012), mRNA expression levels were normalized to
total RNA content, a preferred method of normalization for gene
expression studies in systems lacking a validated housekeeping
gene (Bustin et al., 2005), by using triplicate 1 �l aliquots of
each 20 �l cDNA reaction mixture that was  produced with 2 �g
total RNA. cDNA in each qPCR incubation was  thus derived from
0.1 �g total RNA. Adult females were used as positive controls
after a single i.p injection of 10 �g/g 17�-estradiol according to
Genovese et al. (2011) (body weight 28 ± 8 g; GSI 2.9 ± 0.8; HSI
2.1 ± 0.3; N = 4). This protocol guarantees VTG production by the
liver in an efficiently manner as high levels of VTG transcripts
are measured after 3 days of the single dose. Reference liver
preparations from these estrogenized females served as the basis
for a standard dilution series, demonstrating a linear relationship
between threshold cycle (Ct) and log10 of template availability.
They were also used for calculating relative abundance values in
the remaining samples.

The same protocol but at an annealing temperature of 55 ◦C
was used for Na+/K+-ATPase (NAK) and estrogen receptors
(ER� and �2) gene expression. For ER�,  a partial sequence of
443 bp was  used to design specific primers (GenBank EU158258;
forward primer 5′-CACCACTGGCTGCTACTCGG-3′ and reverse
primer 5′-CCTTACGCATACCTCCTTTCATC-3′) and for ER�2 the
partial sequence of 434 bp (GenBank EU158259) was  used (for-
ward primer 5′-GTCTGCATCCCCTCTCCGTA-3′ and reverse primer
5′GCTTTTACGTCGGTTCTTGTCTAT3′). No ER�1  could be sequenced
in C. dimerus so far.

The quantitative expression of NAK as an estrogen-responsive
gene and a “non-gender specific gene” was also analyzed for com-
parison, using forward primer 5′-ACTCTGCAACCGTGCCGTCTTT-3′

and reverse primer 5′-AGCGTCCTTCATCTCATCATCC-3′.

2.6. Histological analysis

Liver and testes samples were dehydrated in alcohol and embed-
ded in Paraplast® (Oxford, USA). Seven micrometers thick sections
were stained with hematoxylin–eosin. Photomicrographs were
taken with a Microphot FX (Nikon) microscope coupled with a
Coolpix 5400 digital camera (Nikon, Japan).

2.7. Statistical analysis

For gene expression, data was  compared using 1 way  ANOVA
followed by Tukey’s multiple comparison test. When assumptions
where not met, data was log-transformed. Means were consid-
ered statistically different if p < 0.05. Nonlinear curve fitting to
expression levels of VTG, ERs and NAK at 28 days was per-
formed to define the model representing each relationship. A free
version of Graph Pad Prism software was used for all analyses
(http://www.graphpad.com).

3. Results

3.1. Immunodetection of vitellogenin in plasma and mucus
samples of control fish
In order to compare male VTG induction caused by OP, we
used vitellogenic and estrogenized C. dimerus adult females as
positive controls. SDS-PAGE followed by Western blot of female
plasma samples is depicted in Fig. 1A. Plasma of vitellogenic females

http://www.graphpad.com/
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Fig. 1. (A) Western blot of plasma samples from vitellogenic and E2-induced VTG of Cichlasoma dimerus. St: molecular weight standards; female: vitellogenic female; E2
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emale: E2-challenged female; male: unexposed male. (B–E) Plasma samples of C. di
D)  15 �g/L OP; (E) 150 �g/L OP. (F) VTG was  only detected in mucus samples of ma

howed a single immunoreactive (ir) band of 116 kDa (lane 2), while
emales i.p. injected with 17�-estradiol (E2) showed several VTG ir-
ands: 140, 116, 103, 75 and 64 kDa (lane 3). Unexposed males did
ot exhibit VTG bands (lane 4).

.2. Immunodetection of vitellogenin in plasma and mucus
amples of fish after waterborne exposure to octylphenol

No VTG induction was detected in plasma of control male fish
r in plasma of males exposed to the lowest OP concentration
0.15 �g/L) on day 1. From day 3 onward, five VTG bands of 140,

16, 103, 75 and 64 kDa could be observed (Fig. 1B). Mucus revealed
o VTG bands at any given day post-exposure (data not shown).

In 1.5 �g/L OP exposure, plasma of male fish became VTG
mmunoreactive after 21 days of OP exposure; only one VTG
 males exposed to different concentrations of OP. (B) 0.15 �g/L OP; (C) 1.5 �g/L OP;
posed to 150 �g/L OP. Days of exposure are indicated below each lane.

band, similar to that of mature vitellogenic females, was detected
(116 kDa) (Fig. 1C). In mucus samples no VTG bands were seen (data
not shown).

Exposure to 15 �g/L OP had a slight effect on male plasma sam-
ples after day 7, with VTG ir-bands detected at 75 and 64 kDa. By day
28 of OP exposure additional bands were also detected (116, 103,
75 and 64 kDa) (Fig. 1D). Mucus samples showed no VTG ir-bands
(data not shown).

When males were exposed to 150 �g/L OP, plasma VTG could
be immunodetected after the third day of exposure. Between days
3 and 14, two VTG bands of 75 and 64 kDa were observed. At day

21 heavier VTG bands were apparent (140, 103, 75 and 64 kDa)
(Fig. 1E). In mucus samples, one VTG ir-band was  detected after
day 3 of exposure, and additional bands were evident from day 7
onward (116, 103, 75 and 64 kDa) (Fig. 1F).
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Fig. 2. Time course of liver vitellogenin (VTGAb) mRNA up-regulation of Cichlasoma dimerus males exposed to different concentrations of octylphenol (OP). Mean ± SE are
represented. Different letters denote significant differences with p < 0.05 after Tukey’s comparisons. After high (D) and low (A) OP exposition, a significant up-regulation of
VTG  was  detected on day 1 and 3, respectively. This up-regulation continued and increased until the end of the experiment. Note the two-segment scale only for 1.5 (B) and
1  not ex
d

3
N
O

m
d

5  �g/L OP (C) due to low mRNA expression. Males exposed to solvent (control) did
ose–response curve (nonlinear regression, second order polynomial) (R2: 0.68).

.3. Quantitative gene expression of VTG, ER˛, ERˇ2, and
a+/K+-ATPase in liver of C. dimerus after waterborne exposure to
P

Time course of VTG mRNA expression was measured in liver of
ale C. dimerus exposed to different concentrations of OP. Fig. 2A

epicts an up-regulation of VTG mRNA as early as day 3 of exposure
press VTG at any time point. (E) Best fit after 28 days of OP showing nonmonotonic

to the lowest OP concentration (0.15 �g/L), from a silent state typ-
ical of male fish to values significantly different from those at the
beginning of the experiment. This increase in VTG expression was

particularly noticeable after 28 days of OP exposure. Fig. 2B and C
shows a slight VTG mRNA up-regulation at a few time points (notice
the two-segment scale due to low signal of VTG expression when
males were exposed to 1.5 or 15 �g/L OP). On the contrary 150 �g/L
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Fig. 3. Liver estrogen receptor alpha (ER�) and beta (ER�2) mRNA expression
of  Cichlasoma dimerus males exposed for 28 days to different concentrations of
octylphenol (OP). Mean ± SE are represented. Different letters denote significant
differences with p < 0.05 after Tukey’s comparisons. Dashed-lines show the gene
e
d
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xpression measured in control fish. (A) Best fit of ER� showing nonmonotonic
ose–response curve (non linear regression, second order polynomial) (R2:0.63).
B) Best fit of ER�2 showing nonlinear regression dose response (R2: 0.71).

P caused a significant up-regulation of VTG gene expression as
arly as day 1 of the experiment. Values continued to increase
ntil they reached similar levels to those of E2-females. Plotting
TG expression vs. OP concentration at day 28 revealed a U-shaped
ose–response curve and the best fit for these data was a quadratic
urve explaining 68% of variance (R-squared 0.68). Fig. 2E shows
igh values of mRNA expression both at low and high OP concen-
rations and very low expression at intermediate concentrations,
hich were not significantly different from those of control male
sh. The same type of response was found after measuring the
RNA expression of ER� in liver of males exposed to OP, with a

ignificant up-regulation only for 0.15 and 150 �g/L OP (best fit
as a quadratic curve with R-squared 0.63). Basal transcripts of

R� expression in control male fish were minimal and similar to
hose found for 1.5 and 15 �g/L OP (Fig. 3A). Fig. 3B shows an up-
egulation of the expression of ER�2 when fish were exposed to
.15 �g/L OP (best fit was a non linear regression dose response
ith R-squared 0.71). For the remaining OP concentrations, values
ere similar to those of control male fish, except for 15 �g/L OP,
here a down-regulation was detected.

Liver Na+/K+-ATPase (NAK) gene expression showed a down-

egulation after OP exposure as soon as day 1 and thereafter for
ll concentrations except 0.15 �g/L OP. The best fit after 28 days of
P showed a monotonic sigmoidal dose–response curve explaining
6% of variance (R-squared 0.76) (Fig. 4).
cology 156 (2014) 30–40 35

3.4. Effects on liver and gonad histology

The liver of males exposed to 0.15, 1.5 or 15 �g/L OP showed
no histological damage, and were similar in appearance to that of
control males (Fig. 5A). On the contrary, the liver of males exposed
to 150 �g/L OP during 28 days showed general tissue disarrange-
ment, eccentric and euchromatic nuclei with conspicuous nucleoli,
and intense perinucleolar basophilia (Fig. 5B and inset, arrows), as
reported by previous work in the same species (Genovese et al.,
2012). A reduction of vacuolization of the cytoplasm was  also evi-
dent. Several eosinophilic granule cells were seen mostly around
main blood vessels and pancreatic tissue. Within blood vessels, the
homogeneous content was intensely stained with eosin (Fig. 5B).
No testicular damage could be observed at any concentration/time
similar to control males (unrestricted lobular testis type) (Fig. 5C);
though sperm predominated over other germinal stages in fish
exposed to 150 �g/L OP (Fig. 5D).

4. Discussion

In oviparous vertebrates, vitellogenin (VTG) synthesis was tra-
ditionally coupled to estradiol-dependant up-regulation of the
estrogen receptor alpha (ER�) expression in female liver (Bowman
et al., 2002; Lange et al., 2003; Davis et al., 2008). However, recent
evidences support the participation of liver ER�2  isoform during
vitellogenesis (Nagler et al., 2012; Nelson and Habibi, 2013). To
date, four ER isoforms have been described which appeared after
an additional genome duplication event in fishes (Nagler et al.,
2007; Zhu et al., 2008). The expression of these receptors can be
induced by xenoestrogens such as nonylphenol (NP) and octylphe-
nol (OP) and this induction is followed by that of genes regulated by
ER, like zona pellucida proteins (ZP) and VTG (Yadetie et al., 1999;
Andreassen et al., 2005; Palermo et al., 2012). The estrogenic effect
of these chemicals is apparently only mediated by specific binding
to estrogen receptors (White et al., 1994) and not due to elevation
of endogenous estradiol since Yadetie et al. (1999) reported that
plasma levels of E2 remained constant in fish exposed to NP. In
fact, plasma E2 and testosterone levels in C. dimerus males exposed
to 150 �g/L OP for 1 month was  lower than those of control male
fish which could block spermatogenesis after failure of Sertoli cells
function (Rey Vázquez, 2012). Although, Rey Vázquez (2012) found
changes in Sertoli cell morphology after fish were exposed for two
months to 300 �g/L OP, no such alterations were observed in that
study using lower concentrations of OP.

In the present study we  demonstrated that adult male C. dimerus,
which normally do not synthesize female-specific proteins, possess
the ability to synthesize VTG after only 1 day of exposure to a nom-
inal concentration of 150 �g/L OP. VTG transcription is followed
by mRNA translation into protein which explains VTG detection
in Western blots on day 3. Further induction was seen as the
exposure continued. Nuclear hypertrophy, conspicuous nucleoli
and prevalence of euchromatin in hepatocytes are distinctive of
active gene transcription. The consequence of protein synthesis and
accumulation in liver tissue is evidenced by the intense cytoplas-
mic  basophilia within hepatocytes due to proliferation of rough
endoplasmic reticulum for mRNA translation of estrogen-inducible
proteins such as ZP and VTG (Yadetie et al., 1999; Arukwe et al.,
2002; Bowman et al., 2002; Tollefsen et al., 2002; Woods et al.,
2009). Without a target organ for egg proteins in males (lack of
ovaries), VTG accumulates within the liver and in the bloodstream
(Moncaut et al., 2003). Consequently, VTG can be easily detected
in plasma. At the end of the experiment (28 days) numerous VTG

immunoreactive bands were observed as previously reported for
OP-exposed males of the same species (Genovese et al., 2012).
This five VTG bands pattern was identical to the one found in E2-
females, indicating the similarities of both chemicals on inducing
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Fig. 4. Time course of mRNA down-regulation of liver Na+/K+-ATPase (NAK) of Cichlasoma dimerus males exposed to different concentrations of octylphenol (OP). Different
letters  denote significant differences with p < 0.05 after Tukey’s comparisons. Low OP concentration did not affect NAK expression (A), while increasing the concentration of
O ent w
c

e
p
a
o
e
e
e

P  (B–D) caused a reduction on the expression of NAK. Control males exposed to solv
urve  (non linear regression, sigmoidal model) (R2: 0.76).

strogen-responsive genes. Simultaneously, in male mucus sam-
les, detection of only one VTG ir-band was found on day 3, and
dditional bands were detected from day 7 onward. The presence

f VTG in skin of estrogenized fish might be due to elimination of
xcess plasma proteins and/or in situ synthesis of VTG (Moncaut
t al., 2003; Meucci and Arukwe, 2005; Arukwe and Røe, 2008; Jin
t al., 2008; Genovese et al., 2011, 2012). Although control males of
ere not affected. (E) Best fit after 28 days of OP showing a monotonic dose–response

this species exhibit no VTG in mucus samples, it is well known that
fry of some cichlids get nutritional components (vitellogenin) by
biting mucus from both parents during the first weeks of parental

care (Buckley et al., 2010). C. dimerus does not exhibit this nipping
behavior but the presence of VTG in mucus could be evolutionarily
significant for nutritional purposes. In this context, the immuno-
detection of VTG in body surface mucus is a sensitive, easy, and
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ig. 5. Liver and testis sections from control males of Cichlasoma dimerus (A and C
00×).  H: hepatocyte, L: Testis lobule containing spermatocysts with different stag
inusoid, white arrows: intense perinucleolar basophilia, Se: Sertoli cell, Spg: sperm

oninvasive technique to address endocrine disruption and thus it
an be used after short exposures to xenoestrogens (Jin et al., 2008;
enovese et al., 2011, 2012).

In spite of the valuable results cited above, high concentrations
f OP are far from being found in nature but were necessary to
btain a maximum induction of the aforementioned biomarkers.
or this reason, we additionally exposed male C. dimerus to lower
P concentrations (0.15, 1.5, and 15 �g/L) much more likely to be
resent in water bodies since reported environmental concentra-
ions in surface water of OP and NP are usually below 1 �g/L, with
ccasional values as high as 22 �g/L (Céspedes et al., 2005; Wang
t al., 2012; Wu et al., 2013; Babay et al., 2014). The experimen-
al design was done in an ecologically relevant pulse-exposure
ashion, since fish are not usually exposed to constant levels of pol-
utants in the environment. We  aimed to analyze the time course
ffect as well as to find the lowest observed effect concentration

LOEC). The lowest concentration of OP did not affect the normal
xpression of NAK in liver. The lack of effect of 0.15 �g/L OP on
AK expression in contrast to the up-regulation of VTG confirms

 different behavior of these two estrogen-responsive genes
from males exposed during 28 days to 150 �g/L OP (B and D) (hematoxilin–eosin;
spermatogensis and surrounded by interstitial tissue (It), N: nuclei, P: pancreas, S:
nia, Spz: sperm, *: mitotic germ cells.

probably due to recruitment of different coactivator/corepressor
proteins (Martyniuk et al., 2007; Nelson and Habibi, 2013).

In contrast, a down-regulation of NAK expression was found for
concentrations ≥1.5 �g/L very early during the exposure period.
In fish it was reported that estrogens can disrupt the sodium
pump in different tissues through estrogen receptors. Particularly
in zebrafish, the liver NAK mRNA was  down-regulated after expo-
sure to ethinylestradiol, a widely used contraceptive (Martyniuk
et al., 2007). NAK is a key enzyme that provides the driving forces
for the control of the ionic environment in the cytosol, cell vol-
ume, intracellular pH, and transport of nutrients, and metabolites
(Suzuki-Yagawa et al., 1992). In the present study, fish continued
to feed normally and no mortality was  registered. It seems that the
levels of NAK transcripts in C. dimerus liver after OP insult were
sufficient to maintain the homeostasis in hepatocytes. However,
it would be interesting to analyze the effects in liver metabolic

functions through the study of hepatic enzymes and or energy
stores.

Surprisingly, the dose–response for VTG or ER� expression was
non-linear lacking a threshold (no LOEC could be found), as it was
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reviously reported by Yadetie et al. (1999) for estrogen respon-
ive genes in juvenile salmon. These models of dose–response are
he twin pillars of toxicology from which researchers and regula-
ors have derived the majority of guidelines for risk assessment, but
hey do not necessarily reflect one of the most fundamental toxico-
ogical models, which is the nonmonotonic dose–response model.
his later model is defined as a non-linear relationship between
ose and effect, where the slope of the curve changes sign some-
here within the range of doses studied (Kohn and Melnick, 2002).

hey usually have U- or inverted U-shapes, often referred to as
iphasic dose–response curves because responses show ascend-

ng and descending phases in relation to dose. Southam and
hrlich (1943) first described this at the time unusual biphasic
ose–response curve while studying the effects of red cedar
xtracts on fungi. The nonmonotonic curve of environmental tox-
cants should be distinguished from “hormesis”, a specific type of
onmonotonic dose–response in which “the various points along
he dose–response curve can be interpreted as beneficial or detri-

ental, depending on the biological or ecological context in which
hey occur” (Cook and Calabrese, 2006). Calabrese (2008) explained
hat hormesis represents overcompensation to a disruption in
omeostasis. However, the view that hormesis is an adaptive mech-
nism where overcompensation takes place as a repairing process
as no relevance for estrogenic stimulatory responses initiated by

ow doses of manmade xenoestrogens within a physiological range
f estrogenic activity (Weltje et al., 2005; Azzam, 2011).

Low-dose effects and non-monotonicity are remarkably com-
on  in studies of natural hormones and EDCs (Vandenberg et al.,

012; Beausoleil et al., 2013). Biphasic effects of xenoestrogens
ave been reported by vom Saal et al. (1997), Murono et al. (1999)
nd Calabrese and Baldwin (2001). Biphasic dose–response rela-
ionships acting via receptor-based mechanisms can be explained
y the presence of two receptor subtypes with different ligand
ffinities (Calabrese, 2004). Studies performed in human trans-
ected cells and teleost ER constructs expressed into competent
ells, demonstrated a higher binding affinity of OP for ER� than for
R� (Routledge et al., 2000; Hawkins and Thomas, 2004). More-
ver, in fish ER�2 has a 1.8 fold higher affinity for E2 than other
R forms and the percentages of identity between these recep-
ors suggest the existence of distinct genes (Menuet et al., 2002).
n overlapping distribution of ER forms within the brain, pitu-

tary, liver, and gonads in zebrafish suggests that each ER subtype
ould regulate different genes implicated in different physiologi-
al processes (Menuet et al., 2002). In oviparous vertebrates ER�
nduces its own expression (Teitsma et al., 1998; Yadetie et al.,
999; Menuet et al., 2004); in fish ER�2 was also shown to induce
R� promoter activity, suggesting that ER�2 could be involved in
he maintenance of ER� gene expression when E2 levels are low
uring the reproductive cycle (Menuet et al., 2004; Nagler et al.,
012; Nelson and Habibi, 2013). In C. dimerus, two estrogen recep-
or subtypes (ER� and ER�2, GenBank accession number EU158258
nd EU158259, respectively) have been partially sequenced. Liver
f unexposed cichlid male fish such as C. dimerus and Oreochromis
ossambicus have very low levels of ER� transcripts, similar to

hose found in muscle of the same species (Davis et al., 2008;
enovese et al., 2008). However, in C. dimerus males the expression
f liver ER� can be strongly up-regulated by very low or very high
P concentrations (0.15 or 150 �g/L), in a U shaped dose–response
urve similar to VTG (Fig. 2E). On the contrary, baseline levels of
R�2 in male C. dimerus livers are high and can only be induced
y very low concentrations of OP. Therefore, we speculate that at
ery low concentrations of OP (0.15 �g/L) C. dimerus ER�2 would

irectly influence (up-regulate) ER� gene expression and the latter
ould induce VTG expression. For concentrations between 1.5 and

5 �g/L ER�2 would be silent and no significant ER�  up-regulation
ould occur. On the contrary, high concentrations of OP (150 �g/L)
cology 156 (2014) 30–40

would up-regulate ER� gene expression directly. The differential
induction of ER by xenoestrogens both in vitro and in vivo suggests
that ER� and ER� play a differential modulation of gene regulation
(Paech et al., 1997; Pennie et al., 1998; Menuet et al., 2004). The
physiological significance of liver ERs in teleosts has been addressed
by Nelson and Habibi (2013). As it is known that teleost ER� forms
have higher affinity for E2 than ER� (Hawkins and Thomas, 2004),
Nelson and Habibi (2013) hypothesized that the ER� forms would
act as a sensor for E2 at the beginning of ovary recrudescence. Thus,
as E2 levels rise, they act via the ER� forms to increase both vitel-
logeneisis and importantly ER� expression (Menuet et al., 2004).
As ER� levels rise, E2 can increase its signal through ER� to induce
vitellogenesis.

5. Conclusions

We  conclude that the two liver ER isoforms involved in C.
dimerus vitellogenesis are differentially regulated by ligand con-
centration, ER� expression is augmented both at high and very
low OP concentrations following a nonmonotonic dose–response
curve, but ER�2 is only up-regulated at very low OP concentration,
VTG expression pattern is similar to that of ER�.  Nonmonotonic
responses demand toxicologists to focus on low doses of pollutants
that generally reflect a more realistic scenario since the effects of
low doses of OP on estrogen-responsive genes cannot be predicted
by those observed at high doses. Toxicity data cannot be inter-
preted in a qualitative, binary mode to inform risk assessment, but
a chemical specific mode of action should be highlighted in order
to identify key events, responsible for responses and thresholds.
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