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Abstract
The liver of fish is considered an ideal model for studying the collaboration between environmental agents and the health state of the fish, where it gives good indications about aquatic ecosystem status. Therefore, this study presented immune roles for the liver in molly fish (Poecilia sphenops), using immunohistochemistry and transmission electron microscopy (TEM). The hepatocytes’ sinusoidal structures of molly fish livers had taken two different forms; cord-like and tubular, while the biliary tract system showed two different types: isolated and biliary venous tract. The TEM showed that the hepatocytes possessed well-developed cytoplasmic organelles and numerous glycogen and lipid droplets of different sizes. Kupffer cells, Ito cells, aggregation of intrahepatic macrophages and melanomacrophages were also recognized. Melanomacrophages contained numerous phagosomes, many lysosomes, cytoplasmic vacuoles, and melanin pigments. Hepatocytes and Kupffer cells expressed immunoreactivity to APG5, indicating that these cells were involved in the process of autophagy. Telocytes (TCs) were also recognized in the liver of molly fish, and they shared the same morphological characteristics as those in mammals. However, TCs expressed strong immunoreactivity to APG5, TGF-β, and Nrf2, suggesting their possible role in cellular differentiation and regeneration, in addition to phagocytosis and autophagy. Both IL-1β and NF-KB showed immunoreactivity in the hepatocytes and in inflammatory cells (including intrahepatic macrophages and melanomacrophage center). Nrf2 and SOX9 showed immunoreactivity in hepatocytes, stem cells, and macrophages. The present study showed the spatial distribution of hepatic vascular-biliary tracts in molly fish. The liver of molly fish has unique functions in phagocytosis, autophagy, and cell regeneration. The expression of APG5 in hepatocytes, Kupffer cells, melanomacrophages, and telocytes supports the role of the liver in lymphocyte development and proliferation. The expression of TGF-β and NF-κB in hepatocytes, Kupffer cells, telocytes, and macrophages suggests the role of the liver in regulation of cell proliferation and immune response suppression. The expression of IL-1β and Sox9 in macrophages and melanomacrophages suggests the role of the liver in regulation of both innate and adaptive immunity, cell proliferation and apoptosis, in addition to stem cell maintenance.
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Background
Poecilia sphenops (Valenciennes, 1846) is a freshwater species of fish that is commonly named molly fish. They are natural inhabitants in the freshwater streams and the coastal brackish water of Mexico and Colombia. They mostly occur in swarms below the fluctuating vegetation as they feed principally on algae and other herbal resources. The mollies rank as one of the most popular feeder fish due to their high growth rate, birth size, reproduction, and brood number [1, 2].
The liver plays a crucial role in several vital processes in the living body, mainly those related to its metabolism (e.g., synthesis of plasma proteins, storage of metabolites [mainly glycogen and lipid], secretion of bile and detoxification process) that assume a dominant role in maintaining life, in addition to controlling some definite digestive processes [3, 4]. Moreover, the fish liver plays important roles in the vitellogenesis process and energy production during spawning [4, 5].
The liver is known as an immunologically complex organ that contains huge, various populations of immune cells. These cells are responsible for the production of acute phase proteins, cytokines, and chemokines [6, 7]. Moreover, the liver contains the biggest aggregations of phagocytic cells in the body, so that it can be considered as a key frontline immune tissue in the body [8].
In general, fish species present two liver forms: either associated with pancreatic tissue (hepatopancreas) or not [9, 10]. The fish hepatic structural elements, including hepatocytes, hepatic vasculature, and bile duct system, present some considerable variations in their morphological characteristics and organizations compared to mammals and between fish species too [3, 11]. These differences are not only interspecific, but they can also be recognized within the same species, varying with gender, age, water temperature, or hormonal changes correlated to the life cycle [3, 11].
Many studies have been carried out on the fish liver as it is considered an ideal model for studying the collaboration between environmental agents and the health state of the fish, where it gives good indications about aquatic ecosystem status [11, 12]. Although many liver studies have been performed on several fish species [4, 5, 9–13], there is a lack of studies concerning the cellular and stromal organization in the liver of molly fish. This study aims to identify the cellular compositions of the liver in molly fish and their role in immunity using light- and electron-microscopy and immunohistochemistry. Moreover, the study evaluates the spatial distribution of intrahepatic vascular-biliary tracts in molly fish.
Materials and methods
The current work was performed in accordance with the Egyptian laws and University guidelines for animal care. The National Ethical Committee of the Faculty of Veterinary Medicine, Assiut University, Egypt, has approved all the procedures in the present study. The Ethical No is aun/vet/4/0015.
Samples collection
The materials employed in this study consisted of 18 randomly obtained adult male specimens of molly fish (Poecilia sphenops) (10 specimens for immunohistochemistry and eight specimens for electron microscopy examination). The fish were purchased from an ornamental fish shop. The specimens were 4.20 ± 4.0 cm in standard length and 10.60 ± 1.70 gm in body weight. Healthy fish were acclimated in the laboratory for 2 weeks in aerated water tanks with a natural light/dark cycle. The swimming and feeding behavior for all studied fish were observed. Fish were randomly collected from the tanks and euthanized with an overdose of MS-222 before tissue sampling.
Immunohistochemical analysis
Small specimens for immunohistochemical analysis were dissected and were immediately fixed in neutral buffered formalin solution (10%) for 24 h. The fixed materials were dehydrated in an ascending series of ethanol, cleared in methyl benzoate, and then embedded in paraffin wax. Tissue specimens were transverse sectioned at 3–5 μm thickness. These sections were prepared for immunohistochemical analysis using a Pierce Peroxidase Detection Kit (36,000, Thermo Fisher Scientific, UK). The sections were deparaffinized with xylene, rehydrated in graded ethanol, and washed with distilled water. The sections were heated for 15 min in sodium citrate buffer (0.01 M, pH 6.0) in a microwave to increase epitope exposure. The sections were cooled at room temperature for 30 min, washed with wash buffer (Tris-buffered saline with 0.05% Tween-20 detergent), and then were incubated for 30 min in peroxidase suppressor to quench endogenous peroxidase activity. The tissues were washed two times for 3 min with wash buffer and were blocked with universal blocker™ blocking buffer in TBS for 30 min at room temperature. The sections were incubated overnight at 4 °C with the following diluted (1:100) primary antibodies that showed reactivity in fish species: a rabbit polyclonal anti-autophagy protein 5 (APG5 or ATG5) (LS-B1843, LSBio, USA), monoclonal anti-mouse TGF-β (1:100, MA5-16949, Thermo Fischer Scientific, UK), a rabbit polyclonal anti-nuclear factor kappa B (NF-κB) (10745-1-AP, Proteintech, USA), a rabbit polyclonal anti-nuclear factor erythroid 2-related factor 2 (Nrf2) (NBP1-32822, Novus Biologicals, USA), anti-Interleukin 1 beta (IL-1β) (sc-7884, Santa Cruz Biotechnology, Heidelberg Germany), and a goat polyclonal anti-SRY-Box transcription factor 9 (Sox9) (ab82578, Abcam, Cambridge, UK,). The slides were washed two times for 3 min with wash buffer and were incubated with diluted (1:1000) goat anti-rabbit IgG (65-6140, Invitrogen, USA) or diluted (1:100) goat anti-mouse IgG (31,800, Invitrogen, USA) secondary antibodies for 30 min at room temperature. Following that, the slides were washed three times for 3 min each with wash buffer, and the tissues were incubated with the diluted (1:500) Avidin-HRP (43-4423, Invitrogen, USA) in universal blocker blocking buffer for 30 min. The slides were then washed three times for 3 min each with wash buffer. The tissues were incubated with 1X metal enhanced DAB substrate working solution (by adding stable peroxide buffer to the 10X DAB/Metal Concentrate) for 5–15 min until the desired staining was achieved. Finally, the sections were washed two times for 3 min each with wash buffer, counterstained with Harris modified Hematoxylin, and mounted with mounting media.
Semithin sections and transmission electron microscopy (TEM)
Small specimens of the molly fish liver were fixed in a solution of 2.5% paraformaldehyde- glutaraldehyde and left overnight for fixation [14]. Then they were washed in 0.1 mol/L phosphate buffer and osmicated with 1% osmium tetroxide in 0.1 mol/L sodium-cacodylate buffer at pH 7.3. After that, the specimens were dehydrated by ethanol followed by propylene oxide and embedded in Araldite. One-µm-thick semithin sections were stained with Toluidine blue and examined under a light microscope. Ultrathin Sect. (70 nm) were obtained using an Ultrotom-VRV (LKB Bromma, Germany) and stained with lead citrate and uranyl acetate [15]. TEM images were captured with a JEOL-100CX II electron microscope.
Digitally colored TEM images
To increase the visual contrast between several structures in the same electron micrograph, we digitally colored specific elements as hepatocytes, Ito cells, macrophages, etc., to make them more visible for the readers. All the elements were carefully hand colored using Adobe Photoshop software version 6.
Results
Histological analysis
The liver of molly fish appeared as a compound organ in the form of hepatopancreas. The hepatic parenchyma was not organized into lobules and was composed of hepatocytes interrupted with connective tissue that enclosed the hepatic vascular and biliary components (Fig. 1A). The pancreatic tissue was recognized as clusters of pancreatic acini. Each hepatopancreatic acinus was composed of group of serous cells and encircled a vein that ramified up smaller branches, which then radiated into several hepatic sinusoids (Fig. 1B).
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Fig. 1Semithin sections of the hepatic parenchyma of molly fish stained with toluidine blue. A The hepatic parenchyma (HP) was interrupted with islands of connective tissue that enclosed the hepatic vascular and biliary components (arrowheads) and pancreatic tissue (P). B The pancreatic tissue appeared as clusters of hepatopancreatic acini that were composed of groups of serous cells (arrowheads) encircling a vein (V). C and D The hepatic parenchymal arrangement showed cord-like form; most hepatocytes (white arrowheads) were arranged in simple layers and the hepatic sinusoids (black arrowheads) were relatively straight and enlarged. E and F The tubular form: many hepatocytes (white arrowheads) were arranged in double layers and the hepatic sinusoids (black arrowheads) were relatively narrow and irregular in shape


Hepatocyte-sinusoidal structure (parenchymal arrangement)
The hepatocytes sinusoidal structures of molly fish livers showed two different forms: cord-like and tubular. In the cord-like form, many hepatocytes were arranged in simple layers and the hepatic sinusoids were relatively straight and enlarged (Fig. 1C, D). In the tubular form, most hepatocytes were arranged in double layers and the hepatic sinusoids were relatively narrow and irregular in shape (Fig. 1E, F).
Spatial distribution of vascular and biliary components
According to the spatial distribution of vascular and biliary components, the biliary tract system in molly fish showed two different types: isolated and biliary venous tract (BVT). In the isolated type, the bile ductules were found independently within the hepatic parenchyma and were enclosed by connective tissue sheath (Fig. 2A, B). In the BVT type, the bile ductules were supplemented with portal venules and were recognized in the hepatic lobule (Fig. 2C, D).
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Fig. 2Semithin sections of the stromal and cellular constituents of molly fish liver stained with toluidine blue. A and B The biliary tract system showed isolated type of distribution, the bile ductules (asterisks) were found independently within the hepatic parenchyma and were enclosed by connective tissue sheath (arrowheads). Hepatocytes (Hc) showed vacuolated cytoplasm containing abundant glycogen and lipid droplets. C and D The biliary tract system showed the biliary venous tract (BVT) type of distribution, the bile ductules (asterisks) were supplemented with portal venules (V) and were recognized within the hepatic parenchyma. Hepatocytes (Hc) showed deeply stained cytoplasm containing deeply stained inclusions. Telocytes (black arrowheads) and some immune cells (white arrowheads) were recorded within the connective tissue sheath surrounding the bile ductule. E Kupffer cells (arrowheads) showed cytoplasmic processes that protruded into hepatic sinusoid (asterisks). F Melanomacrophage center (arrowhead) was in close topographic association to bile ductule (BD).


The intrahepatic bile ductules were lined by a single layer of high cuboidal or columnar cells that was enclosed by a thin layer of connective tissue followed by a thin layer of circularly arranged smooth muscle fibers. The duct cells showed a clearly distinct brush border (Fig. 2B, D, F).
Hepatocytes appeared as large polygonal cells with a distinct cell membrane. They contained large spherical euchromatic nuclei with distinct nucleoli. The cytoplasm of hepatocytes showed a wide variation depending on the functional activity. Some hepatocytes showed vacuolated cytoplasm containing abundant glycogen and lipid droplets (Fig. 2A); meanwhile, other hepatocytes revealed deeply stained, less vacuolated cytoplasm containing deeply stained inclusions (Fig. 2D). Telocytes (TCs) with their characteristic long telopodes were observed, in addition to the presence of melanomacrophage center and several immune cells in a close topographic association to the bile ductules (Fig. 2C, F). Kupffer cells were also recorded and showed clear cytoplasmic processes that protruded into hepatic sinusoid (Fig. 2E).
Immunohistochemical analysis
The hepatocytes showed a moderate to strong immunoreactivity to APG5 in the liver of molly fish (Fig. 3A–C), while melanomacrophages and Kupffer cells showed a strong immunoreactivity to APG5 (Fig. 3A–C). Telocytes also showed a strong immunoreactivity to APG5 and connected to each other by their long telopodes forming a network surrounding the blood vessels (Fig. 3D). TGF-β was expressed in hepatocytes, telocytes, and macrophages (Fig. 3E, F).
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Fig. 3The immunohistochemistry of APG5 and TGF-β in liver of molly fish
 A-C The hepatocytes (black arrowheads) showed moderate to strong reactivity to APG5, while Kupffer cells (white arrowheads) and melanomacrophages (asterisks) showed strong reactivity to APG5. D Telocytes (black arrowheads) showed strong immunoreactivity to APG5 and connected to each other by their long telopodes. E and F TGF-β showed strong immunoreactivity in hepatocytes (white arrowheads), telocytes (black arrowheads), and macrophages (asterisks)


Both IL-1 β and NF-κB showed immunoreactivity in the hepatocytes and in inflammatory cells (including intrahepatic macrophages and melanomacrophage center) (Fig. 4A–D). Furthermore, hepatocytes, stem cells, and telocytes expressed NR-F2 (Fig. 5A, B). Moreover, SOX9 was expressed in hepatocytes, stem cells, and macrophages (Fig. 5C, D).
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Fig. 4Expressions of IL-1β and NF-κB in liver of molly fish. A and B IL-1β showed strong immunoreactivity in hepatocytes (black arrowheads), macrophages (white arrowheads) and in melanomacrophage center (asterisks). C and D NF-κB was strongly expressed in hepatocytes (black arrowhead), Kupffer cells (white arrowheads), and macrophages (asterisks)
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Fig. 5Expressions of Nrf2 and SOX9 in liver of molly fish. A and B The hepatocytes expressed Nrf2 strongly (black arrowheads). Telocytes (white arrowheads) and stem cells (asterisks) expressed NR-F2 strongly too. C and D SOX9 showed immunoreactivity in hepatocytes (black arrowheads), in stem cells (asterisks), and in macrophages (white arrowheads)


Transmission electron microscopy (TEM)
Hepatocytes
Hepatocytes appeared as large polygonal cells with a single large spherical euchromatic nuclei. Their cytoplasm contained abundant filamentous mitochondria, well-developed smooth endoplasmic reticulum and rough endoplasmic reticulum, many lysosomes, well-prominent Golgi complex, and numerous glycogen and lipid droplets of different sizes (Fig. 6A, B). Typical space of Disse was recognized in the hepatic cell/capillary interface. The hepatocytes’ membranes showed numerous long, prominent microvilli that projected into the space of Disse (Fig. 6C, D).
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Fig. 6Digitally colored TEM images of the liver in molly fish. A and B The hepatocytes (blue) with large euchromatic nuclei (N), abundant mitochondria (M), many lysosomes (Ly), rough ER (rER), and lipid droplets (Ld). Ito cells (brown) intercalated between hepatocytes and showed cytoplasmic processes (arrowhead) and intracellular lipid droplets (asterisk). C and D Hepatic sinusoids (HS) surrounded with space of Disse (SD). Note Kupffer cells (pink) with their body and cytoplasmic processes. Note that the bile canaliculi (green) were made by the apposition of 2–3 hepatocytes (blue). Numerous long microvilli were projected into the lumen of bile canaliculi (yellow, boxed areas)


Intrahepatic melanomacrophages
These cells appeared as huge cells that were characterized by a large eccentric nucleus and numerous cytoplasmic processes. Their cytoplasm exhibited numerous phagocytic vacuoles, melanin-like granules, and large dense bodies containing heterogeneous material that represented phagosomes (Fig. 7A).
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Fig. 7Digitally colored TEM images of the liver in molly fish. A Melanomacrophage center (purple) contained phagosomes (Ph), many lysosomes (Ly), cytoplasmic vacuoles (Cv), and melanin pigments (arrowheads). Note the bile canaliculi (green) located near the melanomacrophage center. B Ito cell (brown) intercalated between hepatocytes (blue). Note that Ito cell showed cytoplasmic processes (arrowhead) and lipid droplets (Ld). C Kupffer cells (pink) with their characteristic indented heterochromatic nucleus


Ito cells
These cells were recognized between hepatocytes and presented numerous cytoplasmic processes. They contained large euchromatic nuclei showing clumps of heterochromatin. Their cytoplasm possessed numerous lipid droplets (Figs. 6 A, 7B).
Kupffer cells
They appeared as large stellate cells. They showed large heterochromatic nuclei and many cytoplasmic processes that projected into the lumen of hepatic sinusoids (Figs. 6D and 7C).
Bile duct system
Bile canaliculi appeared as minute channels that were formed by the membranes of adjacent hepatocytes. Numerous microvilli were projected into the lumen of bile canaliculi (Fig. 8C). The wall of the bile ductule was lined by columnar epithelial cells which were connected to each other by tight junctions and desmosomes. The cytoplasm of biliary cells showed numerous cytoplasmic vacuoles and lysosomes, while their apical surfaces showed numerous microvilli, which were projected into the bile ductules’ lumen (Fig. 8A, B). Intrahepatic bile duct was lined by high cuboidal cells with prominent microvilli that were projected into the duct lumen (Fig. 8C).
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Fig. 8Digitally colored TEM images of the liver in molly fish. A The bile ductule lined with epithelial biliary cells (dark blue) that were connected to each other by desmosomes and tight junction (arrowheads). The biliary cells showed cytoplasmic vacuoles (Cv) and lysosomes (Ly). B The apical surface of the biliary cells showed numerous microvilli (arrowheads), which were projected into the bile ductules. C Bile duct (dark blue) lined by high cuboidal cells with prominent microvilli projected into the duct lumen (square boxed areas). Bile canaliculi (green) located between hepatocytes showed numerous microvilli (rectangle boxed areas)


Discussion
The current study revealed that the liver of molly fish appeared as a compound organ in the form of hepatopancreas. The hepatic parenchyma was not organized into lobules and was composed of continuous fields of hepatocytes interrupted by islands of connective tissue that enclosed the hepatic vascular and biliary components. These results agreed with those of Rocha et al. [9, 10] who stated that fish species present two liver phenotypes: either associated with pancreatic tissue (hepatopancreas) or not. Moreover, the hepatic lobules in most fish species are not well defined compared to those of higher vertebrates due to the shortening or complete absence of connective tissue septa [4].
The present study showed that the hepatocyte-sinusoidal structures of molly fish livers had taken two different forms: cord-like form and tubular form. Akiyoshi and Inoue [13] reported that the hepatocyte-sinusoidal structures of fish livers are categorized into three forms: a cord-like form, a tubular form, and a solid form. In the cord-like form, most hepatocytes are arranged in simple layers and the hepatic sinusoids are enlarged with straight capillaries. In the tubular form, most hepatocytes are arranged in double-layers and the sinusoidal capillaries are narrow and irregularly shaped. In the solid form, most hepatocytes are arranged in several layers and the hepatic sinusoids are narrow and short tortuous capillaries. Akiyoshi and Inoue [16] added that the morphology and spatial distribution of the intrahepatic vascular and biliary systems show great variation in the different fish species. These differences are not only interspecific, but they can also be recognized within the same species, varying with gender, age, water temperature, or hormonal changes correlated to the life cycle.
Bile is synthesized by hepatocytes and streams through the intrahepatic bile canaliculi, bile ductules, and bile ducts [12]. The biliary tract constructions were categorized into four types: (a) isolated type, (b) biliary-arteriolar tract (BAT) type, (c) biliary-venous tract (BVT) type, and (d) portal-tract type. The current study revealed that the biliary tract system in molly fish showed two different types: isolated type and BVT type. Akiyoshi and Inoue [16] mentioned that the BAT type was recorded in nearly all species, creating two passageways, which joined with either the isolated type or the portal-tract type. In addition, no correspondence between the bile duct morphological structures and phylogenic advancement has been reported. This indicated that fish livers have established a biliary system like that of other vertebrates.
Hepatocytes are the chief parenchymal cells in the liver, and they perform very essential roles in metabolism, detoxification, and protein synthesis [5, 17]. Hepatocytes also stimulate innate immunity against invading pathogens by synthesizing and releasing innate immunity proteins [18]. The current study revealed that the morphological characteristics of hepatocytes in the liver of molly fish are typical of those in mammalian liver. Their cytoplasm showed abundant filamentous mitochondria, well-developed smooth endoplasmic reticulum and rough endoplasmic reticulum, many lysosomes, well-prominent Golgi complex, and numerous glycogen and lipid droplets of different sizes. Similar findings were reported by many authors for many fish species, such as Teleostei, Salmonidae, grass carp or Ctenopharyngodon idella and Atlantic salmon [4, 9, 11].
An interesting finding in this study is the expression of APG5 in hepatocytes, Kupffer cells, melanomacrophages, and telocytes, indicating the involvement of these cells in the process of autophagy in the liver of molly fish. Autophagy is a highly synchronized biological process that is associated with stress adaptation induced by nutritional or trophic deficiencies to preserve cellular hemostasis by reprocessing the damaged organelles. APG5 is one of the essential players of the autophagy process [19], and it is critical for multiple processes including autophagic vesicle formation, lymphocyte development and proliferation, mitochondrial quality control, and apoptosis [20]. Autophagy is considered to be a protective system for the cells as it inhibits the accumulation of toxic proteins; it plays a vital role in innate and adaptive immunity, and fortification against some diseases, and aging [21]. In addition, autophagy activates apoptosis through different apoptotic mechanisms [22].
Another interesting finding in this study is the expression of TGF-β in hepatocytes, telocytes, and macrophages. Transforming growth factor-β (TGF-β) is a well-recognized, multifunctional cytokine transforming growth factor. TGF-β mediates hepatic stellate cell and fibroblast activation resulting in generation of myofibroblasts and deposition of extracellular matrix [23]. It is a pleiotropic cytokine produced by a wide variety of cells including immune cells and non-hematopoietic cells. It has significant impacts on cell proliferation, oncogenesis, and immune response suppression, in addition to suppression of intestinal inflammatory responses to bacterial antigens [24]. TGF-β plays a critical immunoregulatory role in mammals both in the innate and adaptive immune pathways [25], and it has been reported to regulate the active and inactive states of macrophages and monocytes under specific conditions [26]. Higher expression of TGF-β1 was detected in immune-associated tissues of fish, including the spleen, thymus, and head kidney [27].
One of the most striking findings in this study is the recognition of Kupffer cells, which were typical to those of mammalian liver in their morphological features, Kupffer cells have not been recognized in many teleosts. These polymorphous cells are rare and hardly recognized in fish liver. When present, they show a strong phagocytic activity [28]. Kupffer cells were recognized in spotted pimelodus [29] and in Juvenile crocodile [30]. However, they were not observed in the liver of Kareius bicoloratus [31] or Salmo trutta fario [10].
Intrahepatic macrophages, Kupffer cells, and melanomacrophage centers are all present in the liver of molly fish. They can be distinguished by their topographical location and their morphology. The intrahepatic macrophages were located between the hepatocytes and characterized by many cytoplasmic processes. Their cytoplasm characteristically displayed many small dense vesicles (lysosomes), phagocytic vacuoles, and huge dense bodies with a heterogeneous content that represented phagososomes. Kupffer cells were pleomorphic cells, situated in the hepatic sinusoids. They projected slightly to the sinusoidal lumen and established close contact with endothelial cells. They possessed irregular cell surfaces and contained lysosomes, phagosomes in the form of vacuoles, as well as a few fat droplets. The nuclei of the Kupffer cells were indented and frequently eccentrically located. Clumps of heterochromatin were distributed throughout the nuclei and formed a distinct rim along the nuclear envelope. Melanomacrophage centers (MCs) were heterogeneous in composition, and widely distributed in the liver of molly fish: between hepatocytes, around bile ducts, in the adventitia of blood vessels, and associated with pancreatic–venous complexes, like those found in other fish species [32–34]. Moreover, melanomacrophages were characterized by pseudopodia-like processes and eccentric nucleus, and their cytoplasm contained numerous melanin-like granules.
By TEM, Kupffer cells showed large vesicular nuclei and many cytoplasmic processes that projected into the lumen of hepatic sinusoids in the liver of molly fish. In addition, they expressed strong immunoreactivity to APG5, TGF-β, and NF-kB. NF-kB responds to inflammatory and immune stimuli and regulates cell proliferation, adhesion, invasion, apoptosis, and angiogenesis in multiple cell types [35]. Moreover, its signaling within epithelial cells plays fundamental roles for maintaining immune homeostasis in barrier tissues [36]. In the innate immune response, NF-κB is a critical transcription factor that mediates production of many pro-inflammatory cytokines and plays a fundamental role in various signaling pathways [37]. The findings of this study support the notion that that Kupffer cells play a vital role in autophagy and phagocytosis. These suggestions are in agreement with van Wilpe and Groenewald [30], who stated that Kupffer cells play a critical role in elimination of degenerated blood cells, degradation of hemoglobin, and removal of toxic materials.
Aggregations of intrahepatic macrophages and melanomacrophages were extensively distributed in the liver of molly fish. TEM revealed that the cytoplasm of these cells exhibited numerous phagocytic vacuoles, melanin-like granules and large, dense bodies containing heterogeneous materials that represented phagosomes. In addition, they expressed APG5, TGF-β, IL-1β, NF-κB, and SOX9. IL-1β is a critical early response proinflammatory cytokine that mediates immune regulation in both innate and adaptive immunity. It could be secreted by activated endothelial cells, tissue macrophages, blood monocytes, activated T lymphocytes, granulocytes, and other cell types [38]. It affects almost every cell type, where it plays an essential role in the initiation of systemic and local responses to infection or injury by activating macrophages, T and B lymphocytes, and natural killer cells [39, 40]. The Sox family plays essential roles in stem cell maintenance, embryonic development, and lineage commitment [41], where sox9 regulates stem and progenitor cells in adult tissues [42].
Aghaallaei et al. and Agius and Roberts [17, 43] added that these melano-macrophage aggregations resemble the morphology of Kupffer cells and show a clear phagocytic activity. Mokhtar [4] found that macrophage aggregations in the liver of grass carp are heterogeneous in composition and their cytoplasm contains iron, melanin, lipofuscin, lipid, and glycogen. Moreover, Agius and Roberts [43] suggested that these aggregates could be a site of melanin synthesis rather than storage. Recently, melano-macrophages have been reported as a histological indicator of immune function in fish and other poikilotherms [44]. They are considered one of the potential biomonitoring tools for determining the impacts of minute concentrations of pesticide contaminants [45–48], where an increase of melano-macrophage aggregates can serve as a biomarker of toxic effect [49].
Telocytes (TCs) are identified as a peculiar cell type of interstitial cells that is characterized by extremely long and thin cellular processes that are called telopodes (Tp) [50]. These cells were identified in many different tissues and organs in humans, animals, birds, and fish. It was proved that they perform a wide range of very important biological functions [51–55]. Telocytes’ distribution was first recognized in the fish liver by Mokhtar [4], who recorded them around the bile ductules and hepatic blood vessels of grass carp. In agreement with [4], the current study revealed that telocytes in fish shared the same morphological characteristics those in mammals. However, one of the most interesting observations in this study is that telocytes expressed a strong immunoreactivity to APG5, TGF-β, and Nrf2. Nrf2 has been shown to be involved in osmoregulation, antioxidation, and immunopotentiation in fish under salinity stress [56, 57]. These data suggest that telocytes can play a role in cellular differentiation and regeneration in addition to phagocytosis and autophagy.
Conclusion
The present study showed the spatial distribution of hepatic vascular-biliary tracts in molly fish. The liver of molly fish is well organized with many types of active cellular elements. It has unique functions in phagocytosis, autophagy, and cell regeneration. The expression of APG5 in hepatocytes, Kupffer cells, melanomacrophages, and telocytes indicates the involvement of these cells in the process of autophagy and supports the possibility of a role of the liver in lymphocyte development and proliferation. The expression of TGF-β and NF-κB in hepatocytes, Kupffer cells, telocytes, and macrophages suggests the role of liver in regulation of cell proliferation, and immune response suppression. The expression of IL-1β and Sox9 in macrophages and melanomacrophages suggests a role of the liver in regulation of both innate and adaptive immunity, and in cell proliferation and apoptosis, in addition to stem cell maintenance. The expression of Nrf2 in the telocytes suggests a role of the liver in immunopotentiation and oxidative stress.
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