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Abstract

The greater amberjack Seriola dumerili is a new aquaculture fish that may display reproductive
dysfunctions. During extensive follicular atresia, which is a common reproductive dysfunction in
females during vitellogenesis, part of the reabsorbed yolk returns to the liver to be metabolised and
recycled. Melanomacrophage centres (MMCs) are aggregates of macrophage-like cells that play a
role in the destruction, detoxification, and recycling of endogenous and exogenous materials, and
have been associated with systemic stress. Wild and captive-reared greater amberjack were sampled
in the Mediterranean Sea during two different phases of the reproductive cycle. The liver of
reproductively dysfunctional captive-reared females sampled during the spawning season, showed a
high density of both MMCs and apoptotic cells. A weak liver anti-cytochrome P450 monooxygenase
1A immunoreactivity was observed, suggesting that the examined fish were not exposed to
environmental pollutants. We propose that the observed increase of MMCs and apoptosis in captive-
reared fish was related to the hepatic overload associated to the metabolism of yolk proteins
reabsorbed during extensive follicular atresia. Since follicular atresia is a frequent physiological and
pathological event in teleosts, we suggest that the reproductive state should be always assessed when

MMCs are used as markers of exposure to stress or pollutants.

Keywords: fish liver; spawning omission; reproductive dysfunction; follicular atresia; apoptosis.

Running Head: Melanomacrophage centres in greater amberjack liver.
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List of abbreviations:

ACqy Density of apoptotic cells

AF¢ Fraction of atretic follicles

AFp Percentage of atretic follicles

GSI Gonado-somatic index

HSI Hepato-somatic index

MMCs Melanomacrophage centres

MMCq Density of melanomacrophage centres
MMC, Number of melanomacrophage centres
MMCs;, Size of melanomacrophage centres

1 INTRODUCTION

The greater amberjack Seriola dumerili (Risso 1810) is an epibenthic and pelagic teleost species
distributed in the Indo-West Pacific (Paxton, Hoese, Allen, & Hanley, 1989), western Atlantic
(Cervigon, 1993; Smith, 1997) and eastern Atlantic oceans as well as in the Mediterranean Sea
(Bauchot, 1987). Thanks to its rapid growth rate, high flesh quality and consumers’ appreciation, the
greater amberjack is a promising new aquaculture species (Fakriadis, Lisi, Sigelaki, Papadaki, &
Mylonas, 2019).

Recent studies conducted in the Mediterranean Sea showed that the greater amberjack, as many
other fishes, exhibits reproductive dysfunctions when caught from the wild and confined in captivity
(Zupa, Fauvel, Mylonas, Pousis, Santamaria, Papadaki, Fakriadis, Cicirelli, Mangano, Passantino,

Lacalandra, & Corriero, 2017a; Zupa, Rodriguez, Mylonas, Rosenfeld, Fakriadis, Papadaki, Pérez,
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Pousis, Basilone, & Corriero, 2017b; Pousis, Mylonas, De Virgilio, Gadaleta, Santamaria, Passantino,
Zupa, Papadaki, Fakriadis, Ferreri, & Corriero 2018; Pousis, Rodriguez, De Ruvo, De Virgilio, Pérez,
Mylonas, Zupa, Passantino, Santamaria, Valentini, & Corriero, 2019). Captive-reared greater
amberjack females sampled during the reproductive season displayed an extensive atresia of
advanced vitellogenic oocytes (Zupa et al., 2017b, Pousis et al., 2018), which was possibly caused by
stress during handling operations in the rearing cages (Zupa et al., 2017a, b; Pousis et al., 2018, 2019).
Atretic degeneration of ovarian follicles, as well as apoptosis of germ cells in males, are normal
physiological events of vertebrate gonadal morphogenesis that seem to be essential for the regulation
of the energetic homeostasis and for the selection of germ cells more suitable for the production of
viable embryos (Corriero, Desantis, Bridges, Kime, Megalofonou, Santamaria, Cirillo, Ventriglia, Di
Summa, Deflorio, Campobasso, & De Metrio, 2007; Krysko, Diez-Fraile, Criel, Svistunov,
Vandenabeele, & D’Herde, 2008). However, extensive follicular atresia during vitellogenesis may
occur after severe stress in reared fish (Corriero, Zupa, Bello, Mylonas, Deflorio, Genovese, Basilone,
Buscaino, Buffa, Pousis, De Metrio, & Santamaria, 2011), and leads to failure to undergo oocyte
maturation, and thus ovulation and spawning.

In teleost fishes, follicular atresia is involved in normal ovarian growth and postovulatory
regression, mostly in females that are not able to carry out maturation or ovulation after vitellogenesis
(Agulleiro, André, Morais, Cerda, & Babin, 2007). Therefore, follicular atresia, similar to male germ
cell apoptosis (Corriero et al., 2007), plays an important role in the control of gamete production.
Moreover, follicular atresia is one of the mechanisms leading variable fractions of wild fish
populations to skip reproduction (Jargensen, Ernande, Fiksen, & Dieckmann, 2006). Several factors
influence follicular atresia, including temperature, starvation and stress (Guraya, 1986; Krysko et al.,
2008), and can affect both vitellogenic and previtellogenic follicles (Hunter & Macewicz, 1985;
Guraya, 1986; Rizzo & Bazzoli, 1995; Miranda, Bazzoli, Rizzo, & Sato, 1999). The complex
mechanisms leading to ovarian follicle atresia are not fully elucidated and seem to involve autophagy,

heterophagy and apoptosis (Santos, Thome, Arantes, Sato, Bazzoli, & Rizzo, 2008). Little is known
5
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about the fate of the oocyte components reabsorbed during this process; however, there is evidence
that part of the yolk proteins is degraded into free amino acids (Wood &Van Der Kraak, 2003) and
part of the highly energetic moieties derived by phagocytosed yolk return to the liver through the
blood to be further metabolised and recycled (Babin, 1987a, b).

Melanomacrophage centres (MMCs) are aggregates of macrophage-like cells, which are fragments
derived from phagocytosed cells and pigments, such as melanin, haemosiderin, and lipofuscin
(Roberts, 1975; Fournie, Summers, Courtney, & Engle, 2001; Agius & Roberts, 2003), located in the
reticuloendothelial tissue of haemolymphopoietic organs (liver included) of various non-mammalian
vertebrates (Wolke, 1992; Christiansen, Grzybowski, & Kodama, 1996; Rund, Christiansen, &
Johnson, 1998; Fournie et al., 2001; Barni, Vaccarone, Bertone, Fraschini, Bernini, & Fenoglio, 2002;
Loumbourdis & Vogiatzis, 2002; Koppang, Haugarvoll, Hordvik, Aune, & Poppe, 2005; Fishelson,
2006). Melanomacrophage centres play a role in the destruction, detoxification, and recycling of
endogenous and exogenous materials, including dead cells and cell debris (Agius & Roberts, 1981;
van der Oost, Beyer, & Vermeulen, 2003; Mela, Randi, Ventura, Carvalho, Pelletier, & Oliveira
Ribeiro, 2007). An increase in liver MMC density has been also associated with cytochrome P450
monooxygenase 1A (CYP1A) expression (van der Weiden, Bleumink, Seinen, & van den Berg, 1994;
Passantino, Santamaria, Zupa, Pousis, Garofalo, Cianciotta, Jirillo, Acone, & Corriero, 2014;
Basilone, Gargano, Corriero, Zupa, Santamaria, Mangano, Ferreri, Pulizzi, Mazzola, Bonanno, &
Passantino, 2018) and apoptotic cell death (Gogal, Smith, Robertson, Smith, & Holladay, 1999;
Corriero, Zupa, Pousis, Santamaria, Bello, Jirillo, Carrassi, De Giorgi, & Passantino, 2013) after fish
exposure to toxic compounds. Hence, MMCs are useful response (effect) biomarkers of exposure to
environmental pollutants (Agius, 1979; Agius & Roberts, 1981, 2003; Fishelson, 2006; Passantino et
al., 2014). Moreover, changes in the MMC characteristics of several cultured fish species as a result
of dietary manipulations (Phromkunthong, Nuntapong, Wanlem, & Boonyaratpalin, 2015), exposure

to infectious agents (Zhang, Li, Mo, Luo, Sun, Liu, Li, Zhou, & Dan, 2014; Yunis-Aguinaga,



133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

Claudiani, Marcusso, Manrique, Engracia de Moraes, de Moraes, & Fernandes, 2015) and mere
captivity-induced stress (Evans & Norvak, 2016) have been documented.

The present study examined the occurrence of MMCs in the liver of reproductively dysfunctional
captive-reared greater amberjack, in comparison to naturally maturing fish in the wild, in order to
increase our knowledge on the role of MMCs, as well as on their reliability as marker of stress and

exposure to environmental pollutants.

2 MATERIALS AND METHODS
2.1 Ethics statement

The present study was carried out using liver samples taken from captive and wild fish coming
from a registered aquaculture facility and commercial catches, respectively (see § 2.2). Ethical
approval was not required because this study did not involve any experiments on alive animals.

The greater amberjack is classified as “Least Concern” in the IUCN Red List of Threatened

Species (Smith-Vaniz, Pina Amargos, Brown, Curtis, & Williams, 2015).

2.2 Sample collection

For the present study 25 (11 males and 14 females) liver samples taken from wild greater
amberjack and 22 (10 males and 12 females) liver samples taken from captive-reared greater
amberjack were used. The samples were part of a larger sampling carried out during the reproductive
season 2014 and 2015 in the framework of a study on the effects of rearing in captivity on
gametogenesis and reproduction (Zupa et al., 2017a, b; Pousis et al. 2018, 2019).

Wild individuals were captured around the Pelagie Islands (Sicily, Italy) by the commercial purse
seine fishing vessel “Graziella” authorized to catch pelagic fish by the port authority of Porto
Empedocle (Agrigento, Italy). No specific permission was required because these fish were

commercially caught during routine fishing operations, placed on ice by the fishermen and left to die.
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Immediately after death, those fish considered suitable for the study were purchased and sampled on
board.

Captive-reared fish originally came from the fishery at 0+ year of age, and were then reared at a
registered aquaculture facility for 3 years, according to routine farming practices. These individuals
were captured from the wild in 2011 in the area of Astakos (lonian Sea, Greece) and, in September
2014, they were transferred to a sea cage of Argosaronikos Fishfarming S.A. (Salamina Island,
Greece), where they were reared for two years according to standard farming practices. The fish were
fed to apparent satiation every other day, during the first year fresh fish, while during the year of the
sampling the fish were switched to a commercial extruded broodstock diet (Vitalis-Cal, Skretting SA,
Norway) as it is customary for aquaculture breeders of many species. Before sampling, captive-reared
fish were confined in a small cage area using a PVC curtain and then were tranquilized with about
0.01 ml I-1 clove oil (Roumpoulakis E.P.E., Greece) dissolved in ethanol at a 1:10 ratio (Mylonas,
Cardinaletti, Sigelaki, & Polzonetti-Magni, 2005). Then, they were gently directed into a PVC
stretcher, brought on board of a service vessel, anesthetized deeply with 0.03 ml I-1 clove oil and
finally euthanized by decapitation (Metcalf & Craig, 2011).

From each fish, sampling date, fork length (FL, cm) and body mass (BM, kg) were recorded
(Tables 1 and 2; Supplementary File 1), and gonads and livers were dissected and weighted
(Supplementary file 1). Liver samples (about 0.5 x 0.5 x 0.5 cm) were taken in proximity of the hilum
(Figure 1) and fixed in 10% buffered formalin. From females, one-cm- thick gonad samples were
taken and fixed in Bouin’s solution for the calculation of the percentage of atretic follicles. Gonado-
somatic index was calculated as GSI = 100 Gonad Mass/Body Mass; hepato-somatic index was
calculated as HSI = 100 Liver Mass/Body Mass (Tables 1 and 2; Supplementary file 1).

The reproductive state of the sampled fish was described by Zupa et al. (2017a, b). Briefly, the
fish (both wild and captive-reared) sampled during late April-early June were in active
gametogenesis, since males showed all stages of spermatogenesis and females had oocytes in early

and/or late vitellogenesis. Wild fish sampled in late June-July were in active spawning, showing testes
8



184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

with seminiferous lobules filled with spermatozoa and ovaries containing oocytes in final maturation
and/or post-ovulatory follicles, whereas captive-reared fish sampled in the same period showed a
severe reproductive dysfunction, characterized by arrested spermatogenesis and extensive atresia of
vitellogenic follicles.

In order to analyse the changes in the amount of MMCs according to the sex, sampling period and
condition (wild vs captive-reared), the sampled fish were subdivided in the following groups (Tables
1 and 2): i. wild males sampled during gametogenesis; ii. wild males sampled during spawning; iii.
captive-reared males sampled during gametogenesis; iv. captive-reared males sampled during
spawning; v. wild females sampled during gametogenesis; vi. wild females sampled during spawning;
vii. captive-reared females sampled during gametogenesis and viii. captive-reared females sampled

during spawning.

2.3 Histology, histochemistry and apoptosis

Gonad and liver samples were embedded in paraffin wax after dehydration in increasing ethanol
concentrations and clarification in xylene. For the description of the liver structure, five to ten liver
sections (5 um thick) were cut and stained with Mallory’s trichrome. Moreover, Mallory’s fuchsin
(Mazzi, 1977) and Perls-Van Gieson stainings were used to identify lipofuscin—ceroids and ferric ions
of hemosiderin, respectively.

The immunohistochemical detection of CYP1A was performed on liver sections of all the sampled
fish according to the procedure by Passantino et al. (2014) and Basilone et al. (2018). Briefly, liver
sections were deparaffinized in xylene, rehydrated through graded ethanol solutions, pre-treated for
10 min with 3% H2O> to inhibit endogenous peroxidase activity. Non-specific binding sites for
immunoglobulins were blocked by incubation for 30 min in normal horse serum (NHS), and sections
were then incubated for 60 min at 37 °C with polyclonal anti-fish CYP1A peptide (Biosense
Laboratories, Bergen, Norway). The antibody was diluted 1:50; 1:100 and 1:500 in PBS containing

0.1% bovine serum albumin (BSA). Liver sections of anchovies sampled in a marine area exposed to
9
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pollutants of industrial/agricultural origin (Basilone et al., 2018) were used as positive control. The
immuno-histochemical visualization was obtained using the Vectastain Universal Elite Kit (Vector,
Burlingame, CA).

The detection of liver apoptotic cells was performed on de-paraffinized sections of all the wild and
captive-reared fish sampled during the spawning period by the terminal deoxynucleotidyl transferase
mediated d’UTP nick end labelling (TUNEL) method, using an In Situ Cell Death Detection Kit, AP
(Roche Diagnostics, Mannheim, Germany) (Corriero et al., 2007). Prior to incubation with the
reaction mixture, the sections, after their re-hydration through graded ethanol solutions, were
incubated in a permeabilization solution of 0.1% Triton X-100 in 0.1% sodium citrate for 8 min at 37
°C. Terminal deoxynucleotidyl transferase was diluted 1:20 in TUNEL Dilution Buffer (Roche
Diagnostics, Mannheim, Germany). A ready to use solution of nitro blue tetrazolium chloride/5-
bromo-4chloro-3indolyl phosphate, toluidine salt (NBT/BCIP) (Roche Diagnostics, Mannheim,
Germany) was used as a substrate for the signal conversion.

The identification of atretic vitellogenic follicles was made on haematoxylin-eosin stained ovary
sections on the basis of the description reported by Hunter & Macewicz (1985) and Corriero, Acone,
Desantis, Zubani, Deflorio, Ventriglia, Bridges, Labate, Palmieri, McAllister, Kime, & De Metrio,
(2004). Briefly, vitellogenic follicles in a atresia are characterized by the disintegration of the oocyte
nucleus and cytoplasmic organelles, followed by zona radiata (chorion) fragmentation. The following

[ atresia Stage is characterized by complete reabsorption of zona radiata and yolk globules.

2.4 Relative quantification of MMCs, apoptotic cells and atretic vitellogenic follicles

The density of MMCs (MMCg; pm? MMCs/mm? hepatic parenchyma), their mean size (MMCs;;
um?) and their number per mm? hepatic parenchyma (MMC,) were measured on liver sections stained
by Mallory’s trichrome and photographed with a 40x objective with a digital camera (DFC 420,
Leica) connected to a light microscope (DIAPLAN, Leitz) (digital fields surface area = 95 600 um?).

Measurements were taken using an image analysis software (Leica Application Suite, version 3.3.0).
10
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The density of apoptotic cells (ACq; number of TUNEL-positive cells/mm? hepatic parenchyma)
was measured on liver sections using the same procedure and equipment above reported for MMCs.
The fraction and the percentage of atretic follicles were calculated in females whose ovaries
showed oocytes in late vitellogenesis stage. For each ovary, digital fields were photographed
randomly with a 10x objective using a digital camera (DFC 420, Leica) connected to a light
microscope (DIAPLAN, Leitz). For each digital field, all the ovarian follicles in late vitellogenesis,
including a and B atretic follicles were identified and counted. The fraction (AFy) of atretic follicles
was calculated as the number of atretic follicles/total number of late vitellogenic follicles; the

percentage of atretic follicles (AFp) was calculated as 100 AF+.

2.5 Statistical analyses

Normal distribution of GSI, HIS, MMCq4, MMCs;, MMC;, and ACq was confirmed through the
Shapiro-Wilk W test.

Statistical analyses were performed using MS Office Excel 365, and statistical significance was
accepted for P < 0.05. Results were expressed as mean £ SD.

Differences in GSI and HSI were assessed by a two tailed Student’s t-test for the following groups:
wild vs captive-reared individuals of the same sex sampled during the same phase of the reproductive
cycle. Differences in MMCq were assessed by a two tailed Student’s t-test between the following pair
of groups: individuals of the same sex and condition (wild or captive-reared) sampled in the two
different phases of the reproductive cycle; wild vs captive-reared individuals of the same sex sampled
during the same phase of the reproductive cycle. Differences in the MMCs; and MMC, were analysed
by a two tailed Student’s t-test between the following groups of females: individuals of the same
condition (wild or captive-reared) sampled in the two different phases of the reproductive cycle; wild
vs captive-reared individuals sampled during the same phase of the reproductive cycle. Differences
in ACq between wild and captive-reared fish sampled during the spawning period were compared by

Student’s t-test.
11
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The percentage ratio of atretic vitellogenic follicles was compared by ¥ test in wild vs captive-
reared fish sampled during the same reproductive phase. The predictive correlation of AFs with

MMCq as well as the predictive correlations of ACq with both MMCq4 and AFf were analyzed.

3 RESULTS

Both male and female captive-reared greater amberjack showed significantly lower GSI than wild
fish during the spawning phase of the reproductive cycle (Student’s t test; P < 0.05). No differences
in HSI were observed between the two groups (Tables 1 and 2).

The greater amberjack liver (Figure 2a, b) showed polygonal hepatocytes with a moderately
basophilic cytoplasm containing lipid droplets of variable size and a spherical euchromatic nucleus
with a large central nucleolus, arranged as branched and anastomosed double-cell cords, surrounded
by a network of sinusoids. The presence of scattered aggregates of cells and pigments, constituting
MMCs (Figure 2b) were visible in most of the examined liver sections. These aggregates contained
lipofuscin—ceroids and ferric ions, as demonstrated by Mallory’s fuchsin and Perls-Van Gieson
stainings (Figure 2c, d).

A diffuse background staining and no immunostaining were observed in liver sections when anti-
CYP1A antibodies were diluted 1:50 and 1:500, respectively. A weak anti-CYP1A hepatocyte
immunoreactivity was observed in the liver of all the examined specimens using the antibody dilution
1:100. (Figure 3).

Scattered apoptotic cells (Figure 4) were observed in the liver sections of all the examined greater
amberjack. No difference in ACq4 was found between captive-reared and wild males (0.55 + 0.28 vs
0.40 + 0.07; Student’s t test, P = 0.29); whereas captive-reared females showed a six-fold higher ACq4
compared with wild females (2.07 £ 1.47 vs 0.31 = 0.19; Student’s t test, P < 0.05).

Quantitative analysis in wild greater amberjack males indicated that MMCq decreased significantly
(Student’s t test, P < 0.05) from the gametogenesis to the spawning period (Figure 5a). Differences

in MMC4 between wild and captive-reared males were not found, either during the gametogenesis
12
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(Student’s t test, p = 0.69) or during the spawning period (Student’s t test, p = 0.43). In wild greater
amberjack females, no difference was found in MMCy between the two periods of the reproductive
cycle (Student’s t test, p = 0.99) (Figure 5b). Conversely, this parameter significantly increased from
the gametogenesis to the spawning period in captive-reared individuals (Student’s t test, P < 0.05).
The increase of MMCq occurring in captive-reared females during the spawning period was due to
the increase of both MMCs; and MMC, (Student’s t test, P < 0.05) (Figure 6a, b).

Atretic vitellogenic follicles were observed in most of the ovaries containing late vitellogenic
follicles. Captive-reared females displayed a significantly higher percentage of atretic vitellogenic
follicles compare to wild fish in both examined phases of the reproductive cycle (Table 1; Figure 7).

Significant correlations were found between: AFs and MMCq (MMCq = 243.71 + 78.44 AFs, 1 =
0.884; P <0.01); ACq and MMCy (MMCq4 = 1029.60 + 1109 ACq; r = 0.677; P < 0.05); AFsand ACq

(ACq=0.28 + 0.75 AF; r = 0.898; P < 0.01).

4 DISCUSSION

The fish liver is a key organ that controls many vital functions and plays a prominent role, both in
anabolism and catabolism, as well as in the metabolism of xenobiotics, and it is considered a good
indicator of the health status of a fish (Bruslé & Anadon, 1996; Ghosh, Ghosh, & Ray, 2001; Desantis,
Corriero, Cirillo, Deflorio, Brill, Griffiths, Lopata, de la Serna, Bridges, Kime, & De Metrio, 2005;
Cionna, Maradonna, Olivotto, Pizzonia, & Carnevali, 2006; Kirchhoff, Leef, Ellis, Purser, & Nowak,
2011; Corriero et al., 2013; Passantino et al., 2014). The greater amberjack liver showed the classical
architecture with parenchyma arrangement corresponding to the tubular form described by Akiyoshi
& Inoue (2004), with hepatocytes arranged in a double layer among sinusoids. The liver parenchyma
was characterized by the presence of scattered MMCs containing a) lipofuscin/ceroid pigments that
are outputs of the same oxidative polymerization of polyunsaturated fatty acids and may accumulate
in fish displaying a wide variety of pathological conditions, including nutritional deficiencies,

bacterial and viral diseases, and disturbances caused by toxins (Agius, 1979); and b) ferric iron of
13
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haemosiderin that is considered a residue of the catabolism of several compounds (Leknes, 2004;
Ribeiro, Procopio, Gomes, Vieria, Russo, Balzuweit, Chiarini-Garcia, Santana Castro, Rizzo, & Dias
Corréa, 2011) and can be indicative of toxic haemolysis (Pacheco & Santos, 2002).
Melanomacrophage centres are involved in the destruction of endogenous and exogenous material
(including dead cells and cell debris) and are associated with apoptosis (Gogal et al., 1999). In the
rainbow trout Oncorhynchus mykiss (Walbaum, 1792), the association of MMCs with the exposure
to different kinds of stress was proposed (Passantino, Altamura, Cianciotta, Patruno, Tafaro, Jirillo,
& Passantino, 2002a; Passantino, Tafaro, Altamura, Arena, Passantino, & Jirillo, 2002b; Passantino,
Altamura, Cianciotta, Jirillo, Ribaud, Jirillo, & Passantino, 2004). An increased amount of MMCs in
the liver (Passantino et al., 2014), as well as hepatocyte apoptosis and tumour necrosis factor
expression (Corriero et al., 2013), were observed in juvenile Atlantic bluefin tuna Thunnus thynnus
(Linnaeus, 1758) reared in captivity in the North Adriatic Sea, and these conditions were possibly
associated with the exposure to persistent organic pollutants and heavy metals. Anchovies Engraulis
encrasicolus (Linnaeus,1758) sampled from areas exposed to pollutants of industrial/agricultural
origin showed liver areas occupied by MMCs and numbers of MMCs significantly higher than those
sampled in a marine area not subjected to any known source of pollution (Basilone et al., 2018). Both
in Atlantic bluefin tuna (Passantino et al., 2014) and in anchovies potentially exposed to
environmental pollution (Basilone et al., 2018), the increased density of liver MMCs was associated
with an abnormal liver cytochrome P450 monooxygenase 1A (CYP1A) expression, thus, suggesting
an exposure to a variety of organic environmental pollutants (Stegeman, 1978; Husgy, Myers, &
Goksgyr, 1996; Jeong & Kim, 2002). Thus, fish exposure to environmental pollutants may result in
an increase of both CYP1A expression and MMC density. In particular, after exposure to toxic
compounds, increased CYP1A expression may occur for detoxification activity. On the other hand,
the evidence of an augmented MMC density may result from tissue damage with involvement of
macrophages, which, in turn, aggregate within MMCs following ingestion of damaged cells, dead

cells and cell debris (Basilone et al., 2018).
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Contrary to females, in male greater amberjack we found no difference in the liver area occupied
by MMCs between wild and captive-reared individuals. This indicates that fish confinement and
handling in captivity per se did not cause an increase of MMCs. Moreover, captive-reared fish were
not exposed to environmental pollutants as suggested by the weak liver anti-CYP1A immunostaining.
Therefore, the present study confirms that fish MMCs represent a sexual dimorphic character
(Schwindt, Truelove, Schreck, Fournie, Landers, & Kent, 2006) prompting some speculation for the
observed differences between sexes. Captive-reared greater amberjack females showed a significant
increase in the amount of liver MMCs from the gametogenesis to the spawning period. Moreover, the
liver surface occupied by MMCs in reproductively dysfunctional females during the spawning season
was much higher than in wild specimens of the same reproductive stage. Since this was due to an
increase in both MMC size and number, the results suggest the rapid formation of new aggregates
during the reproductive dysfunction event in addition to the previous ones, ultimately leading to an
increased MCCs volume.

In female greater amberjack, the observed reproductive dysfunction consisted in the incapacity of
the majority of oocytes to finalise vitellogenesis and undergo maturation due to reduced sex hormone
secretion (Zupa et al., 2017b, Pousis et al., 2018). During vitellogenesis, oocytes of oviparous
vertebrates accumulate large amounts of yolk derived from vitellogenin, a phospholipoprotein
synthesized in the liver and released from hepatocytes in the bloodstream to be eventually internalized
through receptor-mediated endocytosis (Patifio & Sullivan, 2002; Corriero et al., 2004; Pousis,
Santamaria, Zupa, De Giorgi, Mylonas, Bridges, de la Gandara, Vassallo-Agius, Bello, & Corriero,
2012; Hara, Hiramatsu, & Fujita, 2016; Pousis et al., 2019). Once internalized in developing oocytes,
vitellogenin undergoes proteolytic cleavage to give rise to lipovitellin, phosvitin and f’-component
that become part of yolk granules or platelets (Patifio & Sullivan, 2002; Corriero et al., 2004; Hara et
al., 2016). In pelagophil species during oocyte maturation, vitellogenin-derived yolk proteins are
further hydrolysed to free amino acids, leading to an osmotic flow of water from the maternal plasma

to the oocyte (oocyte hydration) (Finn, 2007; Williams, Reading, Hiramatsu, Amano, Glassbrook,
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Hara, & Sullivan, 2014). Failure of post-vitellogenic oocytes to undergo maturation, either as a
physiological event or as a consequence of the pathological impairment of the reproductive function,
results in follicular atresia that involves phagocytosis of oocyte components by hypertrophic
granulosa cells that act as -and become morphologically similar to- macrophages (Linares-Casenave,
Van Eenennaam, & Doroshov, 2002; Corriero et al., 2004; Santos et al., 2008). It has been proposed
that yolk-derived proteins are hydrolysed in situ to free amino acids (Wood & van der Kraak, 2003);
however, there is also clear evidence of a massive transfer of yolk proteins in the bloodstream in the
course of follicular atresia (Babin, 1987a, b). The presence of egg yolk proteins in the plasma
probably results in their rapid catabolism in organs other than the ovary, such as liver and kidney,
which are the two main organs involved in the degradation of high-density lipoproteins in rats
(Pittman & Steinherg, 1984). The two mechanisms assure that the energy originally invested in
gamete production is not lost. A role of immune cells, granulocytes and macrophages in the resorption
of oocytes components during atresia has also been suggested (Besseau & Faliex, 1994).

Since the observed increase in liver MMCs and apoptosis did not occur in males (although males
did undergo the same handling and captivity-related stress) and fish exposure to toxicants was
excluded, here we hypothesize that the hepatic overload related to the metabolism of large amounts
of yolk-derived moieties which have been reabsorbed during the process of oocyte atresia may
explain our findings. The present study suggests that MMCs may play a role in the metabolism of
yolk-derived material reabsorbed during extensive and abnormal follicular atresia in fish, and that
changes in MMCs number and size may occur in fish liver as a consequence of massive yolk
resorption. Since follicular atresia is a frequent physiological and pathological event in iteroparous
teleosts, the present findings suggest that the reproductive state should be always assessed when

MMCs are used as markers of exposure to stress or pollutants in wild or farmed fish populations.
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Figure legends

FIGURE 1 (a) Ventral view of greater amberjack viscera. Asterisk, spleen; H, hearth; L, liver; PC,
pyloric ceca; S, stomach. (b) Dorsal view of greater amberjack liver. The arrow points to the hilum;

the circle indicates the area from which liver samples were taken.

FIGURE 2 Micrographs of greater amberjack liver sections. (a) General structure of the liver
showing hepatocytes containing lipid droplets of variable size, blood vessels and sinusoids. Mallory’s
trichrome staining. (b) Melanomacrophage centre in close proximity to a vein. Mallory’s trichrome
staining. ¢) Melanomacrophage centre stained with Mallory’s fuchsin method, showing a surrounding
connective capsule and some monocyte-macrophages. (d) Melanomacrophage centre stained with
Perls-Van Gieson staining for ferric iron of hemosiderin. Scale bars = 100 pum in (a), 50 um in (b)
and (d), 20 um in (c). Arrowhead, monocyte-macrophage; c, connective capsule; mmc,

melanomacrophage centre, s, sinusoid.

FIGURE 3 Micrographs of liver sections immunostained with anti-cytochrome P450
monooxygenase 1A (CYP1A) antibodies. (a) No immunostaining was observed in greater amberjack
liver sections when the primary antibody was omitted (negative control). (b) Weak immunoreaction
observed in hepatocytes of both wild and captive-reared greater amberjack. (c) Intense
immunoreaction in hepatocytes from European anchovy Engraulis encrasicolus sampled in an area
exposed to pollutants of industrial/agricultural origin (positive control) (Basilone et al., 2018). Scale

bars = 50 pum.

FIGURE 4 Apoptotic hepatocytes (arrowheads) in a liver section stained with the terminal
deoxynucleotidyl transferase-mediated 2’-deoxyuridine 5’-triphosphate nick end labeling (TUNEL).
Scale bars = 50 pm.

FIGURE 5 Mean (£ SD) liver surface occupied by melanomacrophages centres (MMCg) in wild and
captive-reared greater amberjack. Asterisks indicate statistically significant differences versus the
preceding phase of the reproductive cycle. Different letters indicate significant differences between
wild and captive-reared females in the same phase of the reproductive cycle (Student’s t-test; P <
0.05).
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FIGURE 6 Mean (x SD) size (MMCs;) (a) and number (MMC,) (b) of melanomacrophages centres
in wild and captive-reared greater amberjack females. Asterisk indicates statistically significant
differences versus the preceding reproductive phase. Different letters indicate significant differences
between wild and captive-reared females in the same phase of the reproductive cycle (Student’s t-
test; P < 0.05).

FIGURE 7 Micrographs of greater amberjack ovary sections stained with haematoxylin-eosin. (a)
Ovary section from a wild fish sampled during the gametogenesis phase; no atretic vitellogenic
follicles are visible. (b) Ovary section from a captive-reared fish sampled during the gametogenesis
phase displaying about 50% of atretic vitellogenesis follicles. (c) Ovary section of a captive-reared
females sampled during the spawning phase of the reproductive cycle showing extensive (100%)
atresia of vitellogenesis follicles. Scale bars = 400 um. af, atretic vitellogenic follicles; lv, late

vitellogenic oocytes.
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