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Adverse effects of bisphenol A on the testicular
parenchyma of zebrafish revealed using
histomorphological methods
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ABSTRACT: The purpose of this study was to evaluate the consequences of bisphenol A (BPA) exposure in
zebrafish (Damnio rerio). Short-term effects at a testes level were assessed by means of different biomarkers in
60 male zebrafish exposed for 14 days in aquariums to different concentrations of BPA (1, 10, 100 and 1000 pg/1)
in addition to a control batch. The LC-MS/MS method was used for the quantification of BPA. The BPA levels in
the zebrafish tissues increased together with increasing exposure of fish to BPA. Several alterations were observed
in the zebrafish testes. Particularly notable morphological changes included, a pronounced degeneration of all
cell components, an increase in the percentage of the sustentacular (Sertoli) cells, and a marked decrease in the
percentage of germ cells starting from concentrations of 100 ug/l of BPA. Our results indicate that histopathology
and testes morphometry are sensitive biomarkers for the analysis of early effects of an environmental concentra-
tion of BPA in zebrafish experimental models. Our observations reveal that the nature and intensity of the mor-
phological changes in the testes are concentration-dependent in the case of BPA, and manifest as adverse effects
on the fish’s reproductive health.
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The production of large amounts of synthetic
industrial, as well as unwanted, pollutants has
destructive consequences for our ecosystem and
triggers negative health effects. Exposure to envi-
ronmental pollutants is suggested to be one of the
causes of reproductive problems worldwide. Some
of the more damaging chemical contaminants are
defined as exogenous chemicals or chemical mix-
tures that impact the endocrine system structure
or function. These cause adverse effects (Flint et
al. 2012), and are classified as endocrine-disrupt-
ing chemicals since they can interfere with the
synthesis, metabolism and action of endogenous
hormones (Yeung et al. 2011). There is growing
evidence in support of the claim that contamination
of a wildlife population with oestrogenic chemicals

can disturb the reproductive function of vertebrates
(Hassanin et al. 2002). This has long been estab-
lished in wildlife and in laboratory animal studies,
and has been shown to affect testis development
and function although the mechanisms of action
are not clear (Lopez-Casas et al. 2012).
Chemicals implicated in endocrine disruption in-
clude biocides, industrial compounds, surfactants,
and plasticizers including bisphenol A (BPA) (Flint
etal. 2012). BPA is one of the most highly produced
chemicals worldwide. It is widely used in the manu-
facture of various polycarbonate plastics, which are
employed in lacquer coatings in food cans, food
and beverage containers and dental sealants. It is
also present as an environmental contaminant in
rivers and drinking water, probably due to the mi-
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gration of plastic containers from industrial rub-
bish heaps. BPA levels of 0.02—-21 pg/l (Crain et al.
2007) and of 0.01-8 pg/l (Kang et al. 2007) were
reported in river water. Higher concentrations were
also reported near wastewater treatment plants or
landfills (Kang et al. 2007). The importance of BPA
as an environmental contaminant and the risk it
entails, due to its low biodegradability rate and its
bio-accumulation in the trophic chain, have caused
the European Parliament to recently include it as a
substance whose toxicity should be evaluated. The
European Union has agreed to ban the presence of
BPA in plastic feeding bottles because of its pos-
sible harmful effects on child health (Comission
Directive 2011/8/EU). However, for the moment,
the European Commission has no plans to further
restrict the use of BPA and has agreed to maintain
the admissible daily intake of BPA for humans at
0.05 mg/kg/day. However, the considerable amount
of research on the action of BPA on health reflects
certain doubts (EFSA 2008).

Much research has been focused on fish, since,
as they are aquatic inhabitants, they receive sew-
age or industrial effluent and agricultural runoff
containing oestrogenic chemicals (Hassanin et al.
2002). Nevertheless, data about the effects of BPA
on fish reproduction are rare. Zebrafish are suit-
able for assessing the toxic effects of chemicals on
development and reproduction. This is because test
protocols, including OECD guidelines (OECD 204;
OECD 210; OECD 212) that recommend zebrafish
for chemical toxicity assessments, as well Annex 1
of Directive 2010/63/EU, relating to the protection
of animals used for scientific purposes, have already
been established.

At the fourth meeting of the OECD Task Force
on Endocrine Disrupter Testing and Assessment,
it was generally agreed that histopathology should
be adopted as a core endpoint in the assessment of
oestrogen-active compounds (Segner et al. 2003).

The purpose of this study was to evaluate the
reproductive effects of environmental BPA con-
centrations on zebrafish testes using histological
and histomorphometrical methods.

MATERIAL AND METHODS

Experimental exposure. Six-week-old male ze-
brafish (Danio rerio; n = 60; standard length; 4.22 +
0.211 c¢cm; 0.553 + 0.118 g wet weight) were used,
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these being distributed randomly n = 12/aquarium.
The experimental procedure was carried out in the
Experimental Animal Service of the University
of Cordoba. Treated groups were exposed for
14 days (OECD 204) to graded concentrations (1,
10, 100 and 1000 pg/1) of BPA (Sigma Aldrich®,
St Louis, MO, USA) under flow-through condi-
tions (10 water renewals/day) and a photoperiod
of 16-h light: 8-h dark. Water temperature was
26 + 1 °C and dissolved oxygen was maintained
above 60% of saturation level by continuously
aeration of the test solution. Zebrafish were fed
twice a day with a non-oestrogenic granulated diet
(Supervit® minigranulated, Tropical, Chorzow,
Poland). A control group (unchlorinated tap water)
completed the experimental design.

The research procedure was carried out after
approval by the animal care committee of the
University of Cordoba (Spain) and in concordance
with the European Regulations for the Protection
of Experimental Animals (Directive 2010/63/EU).

After two weeks of exposure, zebrafish were sac-
rificed with an overdose of anaesthetic solution of
tricaine methanesulfonate (MS-222® 500 mg/l;
Sigma Aldrich®, St Louis, MO, USA) buffered with
sodium bicarbonate (300 mg/l; Sigma—Aldrich®, St
Louis, MO, USA). Standard length and body weight
were then measured immediately.

Testes from animals assigned to the histological
study (n = 6) were dissected and fixed for quali-
tative and quantitative histological analysis. Each
fish was necropsied by placing it in right lateral
recumbency on the stage of a dissecting micro-
scope. The left body wall was removed to excise
the testes, dissecting the fish in a caudal-to-cranial
direction, while applying very gentle traction to
their testes (Wolf et al. 2004). Fish for toxicological
analysis (n = 6) were dried with a sterile gauze and
then frozen and stored at —80 °C for analytical BPA
determinations.

Analysis of BPA content in water and fish.
Three times a week, water from each tank was sam-
pled and frozen pending the analytical verification
of BPA exposure concentrations. Prior to analysis,
the samples were thawed and subsequently pro-
cessed by conditioning with ammonium hydroxide,
followed by filtration through 0.22 micra and injec-
tion of a 20 pl sample into the LC-MS/MS system,
with a detection limit of 0.2—-0.3 pg/l.

Whole body homogenates were obtained for BPA
quantification. Samples were processed for their
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extraction and purification, and finally transferred
into vials, using a modification of the technique
employed by Schmidt et al. (2008). For BPA deter-
mination, 20 pl were injected into the LC-MS/MS
system with a detection limit of 5 ug/g. The HPLC
system consisted of two Varian 210 series pumps, a
Varian 410 series autosampler and a Metahcem Tecn
degasificator with four channels in line. A Synergi
Hydro RP 80 A, 150 x 2 mm 4 p Phenomenex col-
umn was used for the chromatographic separation
with an AQ C18 4 x 2 mm Phenomenex precolumn.
For the HPLC-MS/MS experiments, a 1200 L Varian
triple quadruple mass spectrometer was employed.
The IS voltage was 1400 V, temperature of gas dry-
ing 350 °C, and pressure of gas drying 30 psi. Mass
spectrometry analyses were performed in the MRM
mode (multiple reaction monitoring). For the MRM
experiments, the collision gas was argon. The mobile
phases for negative ionisation were 0.05% TEA (tri-
ethylamine) in Milli Q water and acetonitrile with a
gradient from 100% Milli Q water to 100% acetoni-
trile in 21 min at 200 pl/min.

Light and electron microscopy. For the struc-
tural evaluation, the fixed testes were routinely
processed for paraffin sections by fixing in 10%
formaldehyde, dehydrating in graded series of etha-
nol, immersing in xylol and embedding in paraffin
wax. Every tenth section (4 um thick) of each block
was stained with haematoxylin and eosin and used
for the morphological study.

For the ultrastructural study, small randomly
selected samples of gonads were primarily fixed
in a 2% glutaldehyde solution in 0.1M phosphate
buffer (pH 7.4) overnight at 4 °C and then refixed
in 1% osmium tetroxide in 0.1M phosphate buffer
(pH 7.4) for 30 min. After dehydration in graded
ethanol series and embedding in araldite, semi-
thin and ultra-thin sections were cut on an ultra-
microtome (Leica ultracut R). Semi-thin sections
were stained with toluidine blue, whereas ultra-thin
sections were double-stained with uranyl acetate
and lead citrate. Ultra-thin sections were viewed
and photographed using a CM 10 transmission
electron microscope (Philips Export B.V.).

Morphometric study. For the morphological
study, the fixed gonads were cut into three sections.
Each portion was then processed and embedded
in paraffin as for routine histology. The first sec-
tion (4 pum thick) of each block was stained with
haematoxylin and eosin and used for the stereo-
logical study.

The quantitative study was performed using
an image analysis system consisting of a Leitz
Ortholux triocular microscope connected by means
of a SONY SSC-C370P® colour video camera to
an IBM-compatible personal computer equipped
with a frame grabber board. Each specimen was
sampled in a systematic manner for the selection
of microscopic images that were then digitised; a
40 x lens (N.A. 1.25) was used for this procedure.
An average of 20 microscopic fields per slab was
chosen in each specimen.

In each microscopic image the cellular compo-
sition of the testes parenchyma was estimated by
calculating the percentage of sustentacular cells
(Sertoli cells), spermatogonia, spermatocytes, sper-
matids and spermatozoa.

Statistics. Data were analysed using the statisti-
cal program Statgraphic (Centurion XVI®) to deter-
mine BPA effects on every exposed group. ANOVA
(F-test) was used to determine if significant dif-
ferences existed between the averages. The Fisher
LSD post hoc test was used to perform multiple
comparisons between groups. Results are expressed
as mean values + SD and P < 0.05 was considered
to be significant.

Data of the cell population of the seminiferous
tubule were analysed by applying bivariate com-
parisons considering non-parametric procedures
(Kruskal Wallis). P < 0.05 was regarded as signifi-
cant.

RESULTS

No fish mortality was observed during the experi-
ment. No gross pathologic changes were found, and
no significant differences in mean body weight and
standard length were detected between the control
and the BPA-exposed animals.

BPA levels

The concentrations of BPA in water coincided
with the nominal ones, in agreement with prior
studies reported by different authors (Dorn et al.
1987).

BPA concentrations in the zebrafish at Day 14
after 1, 10, 100 and 1000 pg/l of BPA exposure are
reported in Table 1. An increase in the BPA con-
centration was observed in the zebrafish exposed to
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Table 1. Zebrafish bisphenol A levels (pg/g) expressed as mean + SD

Bisphenol A concentration (pg/1)

Control

10 100 1000

Bisphenol A concentration (pug/g) nd

0.045 £ 0.03*

0.072 £ 0.014*  0.55 £ 0.009*  40.643 + 1.404*

*Significantly different from the control at P < 0.05
nd = non-detected

graded concentrations of BPA, whereas BPA levels
in the control group were non-detectable. In the
treated groups, the data showed significant differ-
ences (P < 0.05) from the control group. There were
significant differences between groups treated with
1 and 10 pg/l, and the groups exposed to higher
BPA concentrations (100 and 1000 pg/1), while no
differences were detected between groups at lower
concentrations (1 and 10 pg/l).

Light and electron microscopy

Under the light microscope, in the testes of the
fish belonging to the control group, a testicular pa-
renchyma organised by numerous highly developed
spermatocysts, exhibiting all the cell components
and with an apparently normal distribution and
abundant spermatozoa (Figures 1A and 1B), was
observed. The interstitium showed the presence of
abundant connective cells and blood vessels.

Under the electron microscope we observed cell
components with an apparently normal morphol-
ogy. The sustentacular cells formed a continuous
lining of the spermatocysts, with no apparent al-
teration (Figure 1C). The spermatogonia were of
a non-specific morphology (Figure 1D), while the
spermatocytes exhibited chromatin condensation
and were defined by the presence of meiotic divi-
sions (Figure 1E). The spermatids were of different
shapes but, in the last phase, a nuclear invagina-
tion was observed where the centriole was localised
(Figure 1F).

Finally, the spermatozoa displayed fundamen-
tally spherical heads, although some could be
oval-shaped, in which a very dense nucleus stood
out with an invagination in which a centriole was
located in the basal body of an extremely long type
9 + 2 cilium (Figure 1G) was integrated. There was
hardly any cytoplasm and only a protuberance in
which some mitochondria related to the cilium and
a thin laminar projection starting from the ciliary
base were grouped (Figure 1H).
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The morphology of the testes of the fish group
treated with 1 pg/l of BPA was very similar to that
of the control group fish. All the cell components
forming the spermatogenesis could be observed,
as well as the sustentacular cells, with numerous
spermatozoa in the lumens of the collecting ducts
being noted. The interstitial tissue was slack and
no signs of oedema were detected.

In the fish group treated with 10 pug/1 of BPA, cer-
tain signs of degeneration of the germinal epithelium
and of the spermatozoa were observed (Figures 2A
and 2B) under the light microscope. Under the
electron microscope, clear signs of cell component
degeneration were seen. The sustentacular cells pre-
sented tumefaction processes (Figure 2C), and a par-
tial loss of spermatagonia cells was observed, with
the presence of degeneration in the nuclear envelope
(Figure 2D). The spermatocytes exhibited alterations
to their chromatin (Figure 2E) as well as spermatid
alterations in their invaginations (Figure 2F). The
spermatozoa not only diminished in number; we
also found vacuole alterations in their cilium and
the presence of immature shapes in the lumen of
their cysts and collecting ducts (Figures 2G and 2H).

The fish treated with 100 pg/l of BPA, showed
clear signs of degeneration in their testicular pa-
renchyma, with a clear decline in their germinal
epithelium cells and in their spermatozoa, and
an accentuated increase in sustentacular cells
(Figures 3A and 3B) observed under the light mi-
croscope. Under the electron microscope it was
seen that all the cell components were altered. The
degenerated sustentacular cells exhibited a vacuoli-
sation of the cytoplasm (Figure 3C). Degeneration
and tumefaction of the spermatogonia (Figure 3D),
degradation of the chromatin of the spermatocytes
(Figure 3E) and nuclei and implantation fossae of
the spermatids (Figure 3F) were also observed. The
spermatozoa exhibited immature and degenerated
shapes (Figures 3G and 3H).

The testicular morphology of the fish treated with
1000 pg/l of BPA showed a highly transformed pa-
renchyma under the light microscope. The cysts



Veterinarni Medicina, 61, 2016 (10): 577-589

Original Paper

doi: 10.17221/212/2015-VETMED

presented themselves as areas which had lost most
of their immature germ cells and spermatozoa, and,
in their place, very numerous deposits of sustentac-
ular cells remained (Figures 4A and 4B). Generally,
cell degeneration was observed under the electron
microscope. A highly significant increase in susten-
tacular cells was observed and morphological char-
acteristics of active cells were evident (Figure 4C).
The spermatogonia decreased in number and were

degenerated (Figure 4D). Although they were al-
tered, the spermatocytes maintained their meiotic
divisions (Figure 4E). Vacuolisation processes in
the spermatids were observed both in the cyto-
plasm and in the nuclear envelopes (Figure 4F).
The number of spermatozoa was highly reduced;
some showed a normal morphology, while others
exhibited degenerative processes and highly altered
shapes (Figures 4G and 4H).

Figure 1. Histological changes in zebrafish testes control group. (A, B) Light microscope, bars = 100 pm, (C, D, E, F,
G, H) ultrastructural observations, bars = 10 pm; (A) detail of the testicular parenchyma with spermatocysts (arrow)
with seminal epithelium (Se) and accumulations of spermatozoa (S) and a normal epididymis (Ep); (B) detail of the
testicular epithelium with spermatocysts (arrow) with seminal epithelium (Se) and spermatozoid accumulation (S);
(C) detail of the sustentacular (Sertoli) cell (SC) under electronic microscope with a pleomorphic nucleus (N) and
with highly signalled invaginations; (D) detail of spermatogonia (Gonya) with a mosaic arrangement; (E) spermato-
cytes (Cytos) which show meiotic divisions (Me); (F) detail of spermatid with implantation fossae (circle), (G) abun-
dant spermatozoa (S); (H) detail of spermatozoid with electron-dense head (H), the centriole (Ce), the cytoplasmic
lamella (L) with mitochondria (Mi) and a single cilium (Ci)
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Figure 2. Histological changes in zebrafish testes exposed to 10 pg/l of bisphenol A. (A, B) Light microscope, bars =
100 um; (C, D, E, F, G, H) ultrastructural observations, bars = 10 um; (A) detail of testicular parenchyma with sper-
matocysts (arrow), with a vacuolised seminal epithelium (Se); the same happens in areas containing the spermatozoa
(S); (B) Detail of the testicular epithelium with spermatocysts (arrow) with germinal epithelium (Se) and spermato-
zoid accumulation (S); (C) detail of Sertoli cell (SC) which is related to the spermatogonia (Gonyas), some of them in
mitosis (M); (D) spermatogonia (Gonyas) with dilated nuclear envelopes (NE) and tumefact mitochondria (Mi); (E)
spermatocytes (Cytos) in an initial meiosis phase (Me); (F) spermatids (Tydas) which develop the neck (N) and the
cilium (Ci); (G) detail of spermatozoid (S) with vacuolisation (V) of the lamellae and cilia (Ci); (H) detail of immature

shapes (IS) in the lumen of the spermatocysts
Morphometric study

Sustentacular and germ cell percentages in the
sperm ducts from each study group are reported
in Table 2. Significant differences were observed
between the different groups.

The data reported in the table indicate that there
were no significant differences between the per-
centage of sustentacular cells in the control group
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and the groups with the lower exposure doses
(1 and 10 pg/l), nor were there any significant dif-
ferences between the groups exposed to the higher
concentrations (100 and 1000 pg/l), although, as
indicated by the data, there was a marked increase
in the sustentacular cell percentage in those two
exposure groups, with significant differences (P <
0.05) between them, the control, and the 1 and
10 pg/1 groups.
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Table 2. Germ cell percentages in each group expressed as mean + SD

Sustentacular Germ cells
Study groups . - -

(Sertoli) cells spermatogonia spermatocytes spermatids spermatozoa
Control 7.05 £ 2.61 10.9 £ 4.05 14.2 + 4.49 14.75 + 5.96 53.1+9.61
1 pg/l 11.15 £ 4.25 10.9 + 3.82 12.15 + 4.49 14.35 + 3.69 51.45 + 6.42
10 pg/l 11.9 + 4.54 9.15 £ 2.96 11.15 £ 5.58 16.6 £ 6.87 51.2 £6.35
100 pg/l 36.95 + 3.38 7+2.70 10.75 £ 2.81 6.15 + 2.83 39.15 £ 6.06
1000 pg/1 41.5 + 2.84 6.85 +2.23 8.2+3.29 7.45 £ 2.67 36 + 3.87

Figure 3. Histological changes in zebrafish testes exposed to 100 pg/l of bisphenol A. (A, B) Light microscope, bars =
100 um; (C, D, E, F, G, H) ultrastructural observations, bars = 10 um; (A) detail of the seminiferous epithelium (Se),
tumefact and apparently oedematous; the lumens of the cysts (arrow) are irregular with spermatozoa (S); (B) detail
of the testicular parenchyma in which the seminiferous epithelium (SE) cell concentration has diminished and there
is oedema (*) and irregular cysts (arrow) with spermatozoa (S); (C) detail of the sustentacular (Sertoli) cell (SC) with
vacuolisation (V) of the cytoplasm; (D) spermatogonia (Gonyas) with cytoplasmic tumefaction and mitochondria; (E)
spermatocytes (Cytos) with degradation of the chromatin (Ch); (F) detail of the spermatid (Tydas) with implantation
fossae (circle) and alterations in the chromatin (Ch); (G, H) detail of the light with normal spermatozoa (S) among
which immature and degenerated (Dg) spermatozoa are found
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Figure 4. Histological changes in zebrafish testes exposed to 1000 pg/1 of bisphenol A. (A, B) Light microscope, bars =
100 um; (C, D, E, F, G, H) ultrastructural observations, bars = 10 um; (A, B) detalil of the testicular parenchyma with
disintegration of the seminiferous cysts (arrow) with few cells in the seminiferous epithelium (Se) and a diminution

in the number of spermatozoa (S); (C) sustentacular cell (SC) with hyaline accumulations (H); (D) sustentacular cell
(SC) relating itself to very immature spermatogonia (Gonyas) together with other mature ones (GonyasM); (E) detail
of spermatocytes (Cytos) with meiosis processes (Me); (F) detail of implantation fossa (IF) with centrioles (Ce) of
spermatid (Tyda), degraded chromatin (Ch) and altered nuclear envelope (NE); (G) detail of tumefaction (*) in non-
organised spermatozoa (S), highly active sustentacular cells (SC); (H) presence of degenerated (Dg) spermatozoa

With regard to the germ cells, in the case of the
spermatogonia, there were significant differ-
ences (P < 0.05) between the control group and
the 1 pg/l group compared to the groups exposed
to higher concentrations of BPA. However, in the
case of the tubular population of the spermato-
cytes, the results showed significant differences
between the groups with the highest concentrations
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and the control and 1 pg/l groups. In the cases of
the populations of spermatids and spermatozoa,
there were no significant differences between the
control, and 1 and 10 pg/l groups, or between the
groups exposed to the higher concentrations, al-
though there were differences (P < 0.05) between
those groups (100 and 1000 pg/l), and the rest of
the study groups.
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DISCUSSION

The presence of BPA in consumer products has
raised concerns about its potentially adverse ef-
fects on reproductive health, its biological effects
at environmentally relevant exposure levels, and
its presence in consumer products, which has po-
tential implications for public health.

Due to cost effectiveness, ease of maintaining
broodstock for studies, and likelihood of exposure,
several fish species are currently utilised as model
systems for endocrine disruption assays (Flint et
al. 2012). Zebrafish are one of a group of small fish
species that can be kept in the laboratory as they
are easily exposed to endocrine-disrupting chemi-
cals in tank water at different stages in their life
cycle, and exhibit a measurable sensitivity to such
agents (Van den Belt et al. 2001; Orn et al. 2003;
McGonnell and Fowkes 2006; Molina et al. 2013).

This study was focused on the action of BPA on
zebrafish sperm ducts, and in particular, on the
alterations in their structure and the modifications
in the relative proportion of germ cells.

In the 2010 OECD Directive, there is a series of
diagnosis criteria for testes histopathology in re-
lation to the analysis of the action of potentially
oestrogenic compounds. Among the primary and
secondary diagnosis objectives, an increase in tes-
tes degeneration and gonadal staging was found to
be a marker of damage to gonadal histopathology
owing to the action of these compounds (OECD
2010).

Exposure to different concentrations of BPA, i.e.
1, 10, 100 and 1000 ug/l, was achieved by means of
a continuous flow system in the water of the aquari-
ums. These doses are very similar to those previously
employed by different authors in diverse fish species
(Ishibashi et al. 2005; Mandich et al. 2007; Villaneuve
et al. 2012; Molina et al. 2013). In agreement with
previously reported data, no mortalities occurred
during the BPA exposure period (Hatef et al. 2012;
Villaneuve et al. 2012), nor were there any differ-
ences with regard to the weight and length of the
animals after the study period. These data are in ac-
cordance with those previously reported by Mandich
etal. (2007) and with our own earlier study (Molina
etal. 2013). However, the macroscopic aspect of the
gonads remained apparently normal in our study,
whereas other authors, after a period of exposure to
17-B-oestradiol, noted an attenuated appearance in
sperm ducts (Wolf et al. 2004).

In our study, a bio-accumulation of BPA was ob-
served in the fish tissues, which increased together
with increasing exposure to BPA. This observation
is in agreement with our previous study (Molina
et al. 2013).

In the histological analysis, the fish group ex-
posed to 1 pg/l of BPA showed a very similar tes-
tes structure to that of the control group, with no
abnormalities observed, and it was possible to see
all the cell components involved in spermatogen-
esis. These observations are in contrast to those
made in the study of Mandich et al. (2007), who,
after exposure of carp to the same concentration
of BPA, described a reduction in the sperm ducts
and the lobule diameter. Similar observations were
made in a study on fathead minnows (Pimephales
promelas), in which a diminution was observed in
the proportion of the different types of cells (an
increase in the proportion of spermatocytes) af-
ter exposure to 1 pg/l of BPA (Sohoni et al. 2001).
In contrast, other authors observed cell debris in
efferent ducts, germ cells syncytia, granulomas,
mineralisation in efferent ducts and sperm necro-
sis in response to 17-p-oestradiol exposure at a
concentration of 2.7 pg/l over the course of 10 days
(Wolf et al. 2004). Our histological results do not
coincide with what was indicated by those authors.
Moreover, morphometrically, the data do not re-
flect significant differences in this exposed group
with respect to the control in any of the cell popu-
lations quantified. However, there are significant
differences (P < 0.05) with respect to the two groups
with the higher concentrations (100 and 1000 pg/1)
in all the percentages reported. We could therefore
suggest that BPA exerts a weak oestrogenic action
since, at those doses, lesions were observed after
exposure to other endocrine disruptors but not to
BPA. It could therefore be assumed that initially
BPA has a less powerful endocrine action than
17-B-oestradiol, possibly because its binding to
oestrogenic receptors is weaker (Weber et al. 2003).

When increasing the exposure dose to 10 pg/l of
BPA, we began to observe signs of degeneration in
the testes, with a tumefaction of the sustentacular
cells and a decrease in the number of spermatozoa.
This is in agreement with other studies in which,
at this same exposure dose, lesions were observed,
with the diameter of some lobules being seen to be
reduced and spermatogenesis inhibited (Mandich
et al. 2007). Also, at 16 pg/l of exposure in fat-
head minnows, a decrease in the number of mature
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spermatozoa was elicited (Sohoni et al. 2001). This
differs from our study since, when carrying out
the morphometric analysis of this group (10 pg/l),
the only case in which we did observe significant
differences (P < 0.05) was in the percentage of sper-
matids and spermatozoa compared to the groups
with the higher concentrations. Also, there were
no significant differences in the percentage of the
rest of the germ cells compared to the control.
In a study performed in rodents exposed to BPA
concentrations of 20 or 200 pg/kg, no differences
were noted between the results observed at the two
doses. After seven days of treatment and under a
light microscope, multinucleated cells in the semi-
niferous epithelium and deformed heads of mature
spermatids could be seen. Under the electron mi-
croscope, abnormal acrosomal caps and invagina-
tion and/or vacuole formation in the nuclei were
observed. A severe deformation of the acrosome
and nucleus in older spermatids (Toyama et al.
2004), much more accentuated lesions, therefore,
than those observed by us at the concentration of
10 pg/l, could indicate a differential sensitivity to
BPA exposure between rodents and zebrafish. The
OECD has identified the latter as one of the alter-
natives to mammals for use as a model organism
for the evaluation of neuroendocrine disruption
(OECD 2006).

At concentrations of 100 and 1000 pg/l of BPA,
we detected the greatest testicular modifications.
At these doses, the testis showed clear signs of
degeneration especially in the zebrafish exposed
to the highest concentration, with a totally trans-
formed parenchyma, degeneration of germ cells
and a large increase in sustentacular cells. This is
in agreement with what was observed in the tes-
tes of carp exposed to 100 and 1000 pg/l of BPA
(Mandich et al. 2007). Most of the samples exhibit-
ed an alteration in their testicular structure with an
extensive degeneration in the testes, a major reduc-
tion in the tubules of the spermatogenic lines, and
with a local atrophy of the germinal epithelium,
and remains of germinal cells and inflammatory
processes inside the tubules (Mandich et al. 2007;
Al-Sakran et al. 2016; Li et al. 2016). There are other
studies in which it was observed that the alteration
in the blood-testis barrier at 200uM perturbed the
tight junction of sustentacular cells (Cheng et al.
2011). This differs from what was observed in rats
after exposure to 20 and 100 mg/kg of BPA, where
there were no adverse effects on the testicular mor-
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phology compared to the control (Nakamura et
al. 2010).

The greatest testicular degeneration occurred
at the higher concentrations of exposure (100 and
1000 pg/l), and the most important modifications
in the cell percentages of the sperm ducts were also
evident at these concentrations, in agreement with
other authors (Al-Sakran et al. 2016). Germ cell
percentages dropped as the BPA dose increased.
In the control group, the total percentage of germ
cells exceeded 90%, whereas at the dose of 1000 pg/1
this percentage did not reach 60%. The lower doses
of BPA (1 and 10 pg/l) did not significantly affect
the cell population percentages, and only when
increasing the exposure dose did the numbers of
mature shapes drastically decrease. The decline in
the proportion of germinal cells was more gradual
in the case of the spermatocytes and spermatogo-
nia, with greater differences existing in the more
mature shapes (spermatids and spermatozoa). This
suggests that BPA causes modulations in sperm
maturation, and these alterations in the final sperm
maturation in the sperm ducts could result in ad-
verse effects on sperm quality (Al-Sakran et al.
2016). Hatef et al. (2012) reported that BPA ex-
posure leads to lower production of sex steroids
as well as causing a diminution in sperm quality.

The exposure of male fish to oestrogenically ac-
tive compounds has given rise in various studies to
a hypertrophy of sustentacular cells, with or without
an increase in their number (Miles-Richardson et al.
1999; Kinnberg et al. 2000; Kinnberg and Toft 2003;
Van der Ven et al. 2003). This differs from what was
observed in rodents when, at seven days after expo-
sure to 20—200 pg/kg, the sustentacular cells were
not affected except for the ectoplasmia specialisa-
tion around the spermatids (Toyama et al. 2004). In
contrast, in our study, the tumefaction of these cells
was not observed below the concentration of 10 pg/L.
In another study, when exposing fish to other oestro-
genic compounds, hypertrophy of the sustentacular
cells was observed in guppy fish (Poecilia reticulata)
exposed to concentrations of 1 pg/l of 17--oestradiol
(Kinnberg and Toft 2003). In another study, hyper-
trophy of the sustentacular cells was observed in
the testes of male adult zebrafish after exposure to
the action of the synthetic oestrogen methyldihy-
drotesterone (Van der Ven et al. 2003). This differs
from our histological data, where at 1 pg/l there were
no differences with respect to the control, with the
oestrogenic action of BPA again being manifested
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but much more intensely than that elicited by other
oestrogenic compounds at the testes level.

Morphometrically, our results reflect how in-
creasing concentrations of BPA led to incremen-
tal increases in the percentages of sustentacular
cells. There were no significant differences be-
tween the control group and those exposed to the
lower concentrations (1 and 10 pg/l), or between
the two groups exposed to the higher concentra-
tions. However, there were significant differences
(P < 0.05) between those groups (100 and 1000 pg/1)
and the rest of the study groups. The sustentacu-
lar cells in the control group reached 7% of the
cell population of the sperm ducts, whereas in the
groups exposed to the higher doses these values
reached 36.95% and 41.5%, respectively. The action
of BPA was therefore very pronounced at this level,
with a radical increase observed in the two highest
exposure concentrations. This implied that when
the percentage of sustentacular cells increased, a
diminution in the germ cells occurred.

Taken together, our results show that the nature
and intensity of the morphological changes in the
testes are dependent on the concentration of BPA
that the zebrafish are exposed to, and that BPA
elicits adverse effects on fish reproductive health.
These data underline the fact that histopathology
and the morphometry of spermatic ducts are sensi-
tive biomarkers for the analysis of the early effects
of exposure to environmental concentrations of
BPA on the testes of zebrafish.
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