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The Daily Pattern of Expression of Leptin and Ghrelin O-Acyl Transferase Under Various Lighting Schedules in the Whole Brain of Zebrafish (Danio rerio)
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The influence of Artificial Light at Night (ALAN) is a severe interference in the biological rhythm of organisms. Feeding dysregulation might be the main factor responsible for developing metabolic diseases. The molecular basis of these physiological dysregulations is yet to be elucidated. The effect of light on appetite-regulating signal in the brain of zebrafish is still unknown. Therefore, the present study aimed to find the daily mRNA expression profile of two significant appetite and energy-balancing peptide hormone (leptin) and enzyme (goat) in the brain in various illumination conditions, LD (12Light:12Dark), LL (24L), and DD (24D). Moreover, Ga-SI, the protein level of the two appetite-regulating peptides, and brain and serum melatonin are measured after 72 h of incubation under three different photic conditions. The immunohistochemical localization of the primary mediators of appetite regulators, leptin and goat, in the brain of zebrafish, under different photic conditions, is reported for the first time in zebrafish. The study revealed that in continuous light after 72 h of incubation, feeding (Ga-SI) is found the highest and the translational level of two appetite-related genes (leptin and goat) is the lowest compared to LD. In continuous dark, this relation becomes opposite. The daily variation of mRNA expression of leptin and goat in LD shows peak expression at the light and dark phase, respectively. This pattern was abolished in continuous conditions. Thus, our study suggests that the photoperiod (zeitgeber) may influence the expression pattern (daily variation) of appetite-regulating peptide hormone and enzyme in the brain of zebrafish.
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GRAPHICAL ABSTRACT. Light dark cycle influences the levels of Leptin and Ghrelin O-Acyl Transferase (GOAT).




INTRODUCTION

Energy balance is a critical process for the survival of organisms, maintained by a complex neuro-anatomical network between the central and peripheral nervous systems. Several hormones play an integral role in energy homeostasis to cope with varying external zeitgebers like food availability and environmental conditions. The energy-balancing hormone is produced by different tissues; among them, the brain plays a critical role to regulate energy homeostasis by secreting appetite-stimulating (orexigenic) and appetite-inhibiting (anorexigenic) endocrine signals according to the input of energy status from several central and peripheral neuroendocrine tissues in fish (Suzuki et al., 2010; Hoskins and Volkoff, 2012; Mondal et al., 2021a). Energy homeostasis depends on a proper balance between energy intake and expenditure involving the feeding behavior, which is regulated by various environmental conditions (light, temperature) (Volkoff et al., 2005; Valassi et al., 2008; Mondal et al., 2021a). Among different environmental signals, periodic changes in light and dark cycle are the major factors that can influence the energy-balancing system (Helwig et al., 2009). The relationship of leptin and ghrelin (major anorexigenic and orexigenic peptides, respectively) with different photic conditions is unknown.

Leptin, a peptide hormone, is mainly secreted by adipose tissue in mammals and first cloned in ob/ob mice (Zhang et al., 1994; Park and Ahima, 2015). In both mammals and fish, leptin regulates food intake and energy homeostasis (Copeland et al., 2011; Li, 2011). In fish, leptin is secreted from the liver, although it is known to express in the brain and other peripheral tissues (Huising et al., 2006; Frøiland et al., 2010; Denver et al., 2011; Tinoco et al., 2014). Leptin is reported to act as an anorectic signal or hormone; however, its regulation through overfeeding and fasting is dependent on the feeding regime, and it is species-specific (Rønnestad et al., 2010; Kobayashi et al., 2011; Tinoco et al., 2012). The daily expression pattern of leptin was described in rat and human adipose tissue (Xu et al., 1999; Gómez Abellán et al., 2011). In Atlantic salmon and goldfish, the daily changes of leptin mRNA expression were found in the brain, white muscle, belly flap, visceral adipose tissue, and liver (Moen and Finn, 2013; Tinoco et al., 2014). Daily variation in leptin expression was found under 12L:12D with scheduled feeding, but under 24L with a 12-h shift in feeding time; or fasting diminishes the rhythmic expression of leptin in goldfish (Tinoco et al., 2014). The expression of leptin in the brain and hepatic tissue is regulated differently in goldfish. The peak expression of hepatic leptin was found 9 h post-feeding (Tinoco et al., 2012). However, hypothalamic acrophase of leptin rhythm was noted before or around mealtime, and no postprandial changes were reported in goldfish (Tinoco et al., 2012).

Ghrelin is a 28-amino acid acylated peptide hormone largely produced in the gastric mucosa. Like mammals, ghrelin is found in many fish species and also increases food intake and thereby body weight (Kojima et al., 1999; Wren et al., 2001; Unniappan et al., 2002; Kaiya et al., 2008; Amole and Unniappan, 2009; Hatef et al., 2015). Ghrelin is encoded from preproghrelin mRNA, and for the functional form, it needs to be acylated at the third serine residue. Ghrelin O-acyltransferase (Goat), also known as the membrane-bound O-acyltransferase 4 (Mboat4), is mainly responsible for this acylation (Yang et al., 2008; Amole and Unniappan, 2009). In mice, the goat mRNA expression was found in ghrelin immunopositive cells (Sakata et al., 2009). Moreover, the similar expression profile of acylated ghrelin and goat or mboat4 mRNA was also revealed in mammals (Stengel et al., 2010b). The goat expression is responsible for the availability of acylated ghrelin in teleost (Hatef et al., 2015). In mammals, the reduction in plasma goat follows a decrease in plasma acylated ghrelin, whereas the goat level in gut gives a minor increase in the same time (Stengel et al., 2010a). These findings support the idea that the tissue-specific synthesis of goat is responsible for the availability/indirect assessment of local acylated ghrelin. In mammals, goat expression is tissue-specific and mainly expressed in the stomach (Yang et al., 2008; Lim et al., 2011). Similarly, in zebrafish, the goat expression was observed in various tissues but primarily in the gut (Hatef et al., 2015; Mondal et al., 2021a). The presence of goat in the brain of mammals and zebrafish indicates a facilitative role in feeding regulation by local acylation of preproghrelin, coming from central and peripheral organs (Matsuda et al., 2006; Lim et al., 2011; Tinoco et al., 2014; Hatef et al., 2015). Besides that, it was reported that an increased level of plasma acylated ghrelin coincided with an elevation of hypothalamic and pituitary goat mRNA expression in fasted mice (Gahete et al., 2010). Alteration of goat mRNA expression in the brain of zebrafish was reported in various feeding conditions (Hatef et al., 2015).

These two factors, leptin and goat, are involved in central appetite regulation and show daily rhythm in fish and mammals (Tinoco et al., 2014; Blanco et al., 2016a, 2017). However, future studies are needed regarding the role of centrally synthesized leptin and goat, and the daily pattern of expression and effect of altered photic conditions on the expression in the brain of zebrafish with unaltered scheduled feeding.

The aim of this study was to investigate whether leptin and goat mRNA expression has any daily pattern in normal photic condition and if it can be affected by altered photoperiodic conditions with scheduled feeding. We examine the brain expression of leptin and goat mRNA up to 72 h in three different photoperiodic conditions. The localization and abundance of the leptin and goat protein in zebrafish brain were assessed by fluorescence immunohistochemistry and Western blot under different photic conditions. In addition, we also measured melatonin level and Gastrosomatic Index (Ga-SI) in various photic conditions. In this study, we tried to show that the altered photoperiod can change the pattern and level of expression of leptin and goat in the zebrafish brain.



MATERIALS AND METHODS


Animals and Housing

The second generation of wild-type zebrafish (Danio rerio) approximately 6–7 months old, with a body length of 4.0 ± 0.3 cm and a weight of 0.4 ± 0.15 g, was obtained from the zebrafish facility of IBSD, Imphal, Manipur, India. Fish were maintained in 50-L glass aquaria (30 fish/aquaria) under normal (12 h light:12 h dark) photic conditions (light intensity was fixed at 300 lux by a household fluorescent tube) (Khan et al., 2018). Everyday light was turned on in the morning (at 6:00 a.m.) and turned off in the evening (at 6:00 p.m.), maintained by a timer (Frontier Digital Timer, Taiwan) (Reed and Jennings, 2011). The adequate water temperature for zebrafish (28 ± 0.5°C) was maintained by using glass submersible aquarium immersion heaters (100 W, RS Electrical, India) placed in each aquarium. A biological filter (E-Jet, P.R.C) was used for aeration and recirculation of water. The pH, hardness, and other parameters of water were maintained under standard conditions (Westerfield, 2000) at our laboratory (Khan et al., 2016). Food was given thrice a day. At morning (9:00 am; ZT03) and midday (1:00 pm; ZT07) with commercial floating type small pellets (Perfect Companion Group Co. Ltd., Thailand). Live Artemia nauplii (cultured from Artemia cysts, Ocean Star International, United States) was given at the late afternoon (5:00 pm; ZT11). Fish care and study schedule were done by following international standards (Portaluppi et al., 2010). Ethical clearance was obtained from the Institutional Animals Ethical Committee as per the recommendations of the Committee for Control and Supervision of Experiments on Animals (CPCSEA), Government of India.



Experiment Designs and Sampling

The male zebrafish were randomly distributed into three experimental groups (27 fish/group): (i) standard photoperiod (12L:12D, LD), lights on at 6:00 a.m. and lights off at 6:00 p.m.; (ii) continuous light (24L, LL); and (iii) continuous dark (24D, DD). The temperature was set at 28 ± 0.5°C for all these groups. Food was given in the same composition three times in a day as earlier elaborated (9:00 am; ZT03, 1:00 pm; ZT07 and 5:00 pm; ZT11). Fish were kept for 24 h in each experimental condition before the start of sampling (Khan et al., 2016). The sampling process for all the photic conditions started from Clock Hour CH 24 [Day 2 (D2); ZT0/24, through Day 3 (D3) and continued up to CH 72 Day 4 (D4); ZT0/24], with an interval of 6 h (CH24/ZT0/24; CH30/ZT06; CH36/ZT12; CH42/ZT18; CH48/ZT0/24; CH54/ZT06; CH60/ZT12; CH66/ZT18 and CH72/ZT0/24) (Amaral and Johnston, 2012). At each time point, three zebrafish were taken in 0.1% Tricaine (Sigma-Aldrich, United States) solution and kept on ice for anesthesia. The brain was taken out by removing the cranium and quickly stored in TRIzol® (Ambion, Carlsbad, CA, United States) and frozen at −80°C before the total RNA extraction (Rajiv et al., 2016). Simultaneously, in an identical condition, three experimental groups (as mentioned above) were established, and after 72 h of incubation, 15 zebrafish were taken from each lighting condition (LD, LL, and DD; total 15 × 3 = 45 fish) in 0.1% Tricaine (Sigma-Aldrich, United States) solution and kept on ice for anesthesia. The body length and weight of each fish were measured before they were euthanized. Five fish (5 × 3 = 15 fish) were used for brain and serum melatonin enzyme-linked immunosorbent assay (ELISA), five fish (5 × 3 = 15 fish) were used for the Western blot analysis, and the remaining five fish (5 × 3 = 15 fish) were used for the immunohistochemistry and quantification of intestine content as a Ga-SI. Brains for Melatonin ELISA were collected in 0.1 M PBS (pH 7.4) (Yumnamcha et al., 2017) and those for Western blot were kept in radioimmunoprecipitation assay (RIPA) buffer (Sigma–Aldrich) with protease inhibitor (Sigma–Aldrich) at a 1:100 ratio at 4°C. For the immunohistochemical study and the quantification of intestine content as a Ga-SI, the whole brain and whole gut, respectively, of all five fish from each experimental group were kept in 4% PFA (mass/vol) diluted in 0.1 M phosphate buffer saline (PBS, pH 7.4) at 4°C (Amaral and Johnston, 2012; Hatef et al., 2015). The entire intestinal content of zebrafish is considered for the quantity of feeding as they do not have any stomach (Brugman, 2016). Samplings at dark were carried out in dim red light.



Quantitative RT-PCR Analysis

Gene expression analysis was performed in a StepOnePlusTM Real-Time PCR System (Applied Biosystems®, Inc., ABI, United States) as previously described (Khan et al., 2018). Total RNA was extracted from the homogenized brain of zebrafish using the TRIzol® Reagent (Life Technologies, United States) method, and 5 μg of total RNA was treated with the DNA-freeTM Kit (Ambion®RNA by Life TechnologiesTM, United States). Then, for cDNA synthesis, 1 μg of DNase-treated total RNA was reverse transcribed, using the High-Capacity cDNA Reverse Transcription Kit (Applied BiosystemsTM, United States) in the ProFlexTM Base PCR System (Applied Biosystems®, Inc., ABI, United States) by following the manufacturer’s protocol. Quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR) was performed using Jumpstart SYBR Green/ROX qPCR Master Mix (Sigma-Aldrich, United States). Amplification was performed in technical triplicates for each sample, each of which contains 10 μl reaction volume of forward and reverse primers, JUMPstart qPCR Master Mix (Sigma-Aldrich, United States), and cDNA. Primers for this study were taken from the published data (Falcinelli et al., 2016; Table 1). The reaction condition for PCR was an initial denaturation step at 95°C for 10 min, followed by 40 cycles of 95°C for 15 s, annealing at 60°C for the 30 s, and extension at 72°C for 30 s. Melting curve analysis (Tm) confirmed single gene amplification by designated primers, and the 2% agarose gel shows a single band of the endpoint PCR product. The relative expression of the gene was calculated by the 2–ΔΔCT method (Livak and Schmittgen, 2001) using rpl13a gene as a reference (Tang et al., 2007).


TABLE 1. List of Primer sequences used in Quantitative Realtime PCR (RT-PCR) analysis.
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Brain Melatonin ELISA

Thirty milligrams of the brain (pooled from five fish) was used to measure the melatonin level in the whole brain from each experimental condition. The brain tissue was homogenized by sonication in PBS, and then sequential centrifugations were performed at 3,000 × g at 4°C for 20 min in a microcentrifuge to obtain a clear supernatant. Melatonin level was assayed in this clear supernatant by using a Fish Melatonin (MT) ELISA Kit (Gen Asia, China) (Yumnamcha et al., 2017; Dharmajyoti Devi et al., 2021a) according to the manufacturer’s instruction. Absorbance was measured at 450 nm using a Multiskan spectrum reader (Thermo Fisher). The concentration of melatonin in the tissue was presented as pg per 100 mg (pg/100 mg) of tissue.



Serum Melatonin ELISA

Blood was collected according to the published protocol (Babaei et al., 2013; Khan et al., 2018) and was centrifuged at 13,700 × g at 4°C for 15 min. The supernatant (Serum) was collected and melatonin level was assayed using a Fish Melatonin (MT) ELISA Kit (Gen Asia, China) (Khan et al., 2018), following the manufacturer’s protocol. Absorbance was taken at 450 nm in a Multiskan spectrum reader (Thermo Fisher). The concentration of melatonin in serum was presented as pg per ml of serum (pg/ml).



Immunohistochemical Study

The expression level of leptin and goat in zebrafish brain was studied by immunohistochemical staining. The brain tissue was washed twice in 0.1 M PBS and immersed in PBS, containing 30% sucrose at 4°C overnight and then embedded in Jung TISSUE FREEZING MEDIUM (Leica Microsystems; Nussloch, Germany) as described previously (Cruz et al., 2010; Dharmajyoti Devi et al., 2021b). A frozen section (12 μm) from the telencephalon region of the brain for goat and leptin immunoreaction was prepared with a Leica CM3050S cryostat microtome (Leica Biosystems; Nussloch, Germany). An earlier report on fish confirms that the goat immunoreactive cells are present in different encephalic areas including the telencephalon (Blanco et al., 2016a, b). Immunohistochemistry was conducted with some modification as described previously (Hanna et al., 2010). After blocking with 3% BSA (dissolved in 0.1 M PBS), the tissue section was incubated with primary rabbit polyclonal anti-leptin antibody (1:100 dilution; ab16227, Abcam, United Kingdom) and primary rabbit polyclonal anti-Ghrelin O-acyltransferase antibody (1:100 dilution; ab170690, Abcam, United Kingdom) at 4°C overnight. Subsequently, sections were incubated with Donkey Anti-Rabbit IgG (H+L) secondary antibody, Alexa Fluor® 488 (1:200, Invitrogen; United States) for leptin and Goat Anti-Rabbit IgG (H+L) secondary antibody, Alexa FluorTM 594 for goat (1:200, Invitrogen; United States) for 1 h at room temperature. Then, the slides were counterstained with 4′,6-diamidino-2-phenylindole (DAPI) (Invitrogen, United States) for nuclei staining. For negative control, a separate set of tissue sections were treated with secondary antibody only. The slides were cover slipped with Vectashield (H-1000; Vector Laboratories, Inc., Burlingame, California, United States) and observed under a Nikon A1 R HD25 confocal microscope (NIKON CORPORATION, Konan, Minato-ku, Tokyo, Japan). Fifteen slides (from five fish) in each experimental condition for each antibody (each slide containing six sections) were stained using the above protocol and analyzed. Only representative images of brain staining for leptin and goat are shown here. For the quantification of immunopositive cells in each experimental condition, first, the total number of cells immunoreactive for leptin and goat in LD, LL, and DD was separately counted in all sections that were prepared. To calculate the percentage in each experiment, the total number of cells under each category (LD/LL/DD) of staining was divided by the total number of immunoreactive cells for each antibody (leptin/goat) of all three experimental conditions (LD, LL, and DD). Then, the result was multiplied by 100 to obtain the percentage of cells in every experimental condition (Hatef et al., 2015).



Western Blot Analysis

The pooled brain tissue was homogenized by sonication using SONICS unit (Vibra cellTM) and centrifuged at 30,000 rpm at 4°C for 20 min in a microcentrifuge. After collecting the supernatant, protein was estimated with the RC DC protein assay (Bio-Rad Laboratories) (Yumnamcha et al., 2017). Total protein was separated on 4–20% Mini-PROTEAN TGXTM Precast Protein Gels (Cat. 4561094, BIO-RAD) and then transferred into polyvinylidene fluoride (Immobilon-PSQ Transfer Membrane, Merck Millipore, United States) (Chattoraj et al., 2008; Wang et al., 2018). For blocking the membranes, 5% non-fat milk in TBST buffer (50 mM Tris, 100 mM NaCl, and 0.1% Tween 20, pH 7.4) was used (Chattoraj et al., 2005). The membranes were incubated overnight with the primary antibodies, rabbit polyclonal anti-leptin antibody (1:1,000; ab16227, Abcam, United States), rabbit polyclonal anti-Ghrelin O-acyltransferase antibody (1:500 dilution; ab170690, Abcam, United States), and mouse monoclonal anti-β-actin (1:5,000 dilution; AM4302, Invitrogen, United States) at 4°C. Then, the membranes were incubated for 1 h at room temperature with alkaline phosphatase conjugated secondary antibody (1:10,000 dilution; Goat anti-rabbit and Goat anti-mouse for goat and actb, respectively, and 1:5,000 dilution; Goat anti-rabbit for leptin) (Sigma-Aldrich, United States). Finally, the membranes were developed with BCIP/NBT (Merck Millipore, United States). The intensity of the individual band of immunoblot was quantified by densitometry using ImageJ software (National Institutes of Health, Bethesda, MD; https://imagej.nih.gov/ij/), and values were normalized to β-actin abundance (Chattoraj et al., 2009).



Ga-SI Measurement

The collected gastrointestinal tract (in 4% PFA) was weighed (uniBloc analytical balance, Shimadzu) (Amaral and Johnston, 2012) and Ga-SI was calculated using the formula Ga-SI (%) = [Weight of gut (g)/Weight of fish (g)] × 100 (Biswas and Takeuchi, 2003).



Statistical Analysis

Statistical changes in the expression of genes, quantity of brain and serum melatonin, and Ga-SI at different time points in every group were determined by one-way ANOVA (SPSS 16.0 software; Macrovision Corporation Santa Carlo, California, United States) followed by Tukey’s post-hoc test to compare the difference between the time points. p < 0.05 was considered as statistically significant.




RESULTS


Ga-SI Under Different Photic Conditions (LD/LL/DD)

After 72 h of incubation in three different photoperiodic conditions, the gut food content in terms of Ga-SI was significantly higher in continuous light, twice in LL, and lower by half in DD as compared to LD (Figure 1). Recently, higher activity and excitation rates after feeding in zebrafish larva were demonstrated due to exposure to continuous light (Kopp et al., 2018).
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FIGURE 1. Ga-SI (Gastrointestinal Somatic Index) in different photic conditions (LD, LL, and DD). Food intake as a Ga-SI (intestine food content relative to body mass) at different photoperiodic conditions (LD, LL, and DD) after 72 h of incubation. Results are expressed as mean ± SEM (n = 5). Different letters indicate significant differences evaluated by one-way ANOVA [F(2,6) = 43.743, p = 0.000] with the Tukey post-hoc test (p < 0.05).




The Expression Pattern of Leptin and Goat mRNA in the Brain Under Different Photic Conditions (LD/LL/DD)

In this experiment, the mRNA expression patterns of two genes leptin and goat were studied in zebrafish brain under different illuminations.

The expression of leptin mRNA was in a particular pattern with a peak at ZT12 or the end of the light phase in LD in the brain (Figure 2A). A rhythmic pattern of leptin expression with a high level during the end of the light phase or daytime and a low level during night-time was also observed in goldfish brain and liver in normal photic conditions (Tinoco et al., 2014). In LL, the expression pattern of leptin was abolished after 2 days of exposure under continuous light as compared to LD (Figure 2B); nevertheless, in DD, the pattern was in-phase with LD (Figure 2C). Moreover, the mRNA expression was decreased up to 2.5-fold under constant conditions as compared to LD (Figure 2). The goat mRNA expression in zebrafish brain displays a night-time surge and remains constant, whereas a daytime decline was observed in normal photic condition (LD) with scheduled feeding (Figure 3A). In this regard, the daily pattern of preproghrelin expression in goldfish forebrain, hypothalamus, hindbrain, pituitary, and gastrointestinal tract during a 12L:12D photocycle shows significant rhythm with night-time acrophase (Sanchez-Bretano et al., 2015). In the continuous light condition (LL), the goat expression started to decrease from the second day (Figure 3B), whereas in the continuous dark condition (DD), the highest level of expression was observed at ZT06 D2 and then became lower, and finally a surge was detected at ZT18 D3 (Figure 3C). Moreover, under continuous photic conditions, the expression level was increased up to twofold from normal photic conditions (Figure 3).
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FIGURE 2. Daily expression profile of leptin gene under different photic conditions (LD, LL, and DD) in the brain of zebrafish. The daily expression profile of leptin mRNA at (A) LD, (B) LL, and (C) DD. The relative quantification values in the graph are shown as the mean ± SEM (n = 3). Different letters indicate significant differences evaluated by one-way ANOVA [(A) F(8,18) = 109.908, p = 0.000, (B) F(8,18) = 5.926, p = 0.001, and (C) F(8,18) = 8.012, p = 0.000] followed by post-hoc Tukey’s test (p < 0.05). The gray background resembles the dark phase and the white background is for the light phase. CH and ZT in the x-axis stand for Clock Hour and Zeitgeber Time, respectively.
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FIGURE 3. Daily expression profile of goat gene under different photic conditions (LD, LL, and DD) in the brain of zebrafish. The daily expression profile of goat mRNA at (A) LD, (B) LL, and (C) DD. The relative quantification values in the graph are shown as the mean ± SEM (n = 3). Different letters indicate significant differences evaluated by one-way ANOVA [(A) F(8,18) = 5.743, p = 0.001, (B) F(8,18) = 13.813, p = 0.000, and (C) F(8,18) = 8.109, p = 0.000] followed by post-hoc Tukey’s test (p < 0.05). The gray background resembles the dark phase and the white background is for the light phase. CH and ZT in the x-axis stand for Clock Hour and Zeitgeber Time, respectively.




Leptin and Goat Immunoreactivity in the Brain Under LD and Continuous Photic Conditions, LL and DD

A cross-section of the zebrafish brain through the telencephalon region identified leptin and goat immunoreactive cells. These were scattered in the lateral, medial, and lower parts of the telencephalon. No staining was found in negative controls stained with only secondary antibodies (Supplementary Figures 1A,B). Quantification of immunoreactivity cells reveals that leptin immunopositive cells were higher in DD (∼51%) and lower under LL conditions (∼15%) as compared to LD (∼34%) (Figure 4). In the case of the goat, the number of immunopositive cells was high in LD (∼41%) and DD (∼45%). On the contrary, immunoreactivity of goat decreased in LL (∼14%) (Figure 5).
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FIGURE 4. Localization and characterization of Leptin in zebrafish brain under different photic conditions (LD, LL, and DD). The figure shows Leptin immunoreactivity cells in LD (B), LL (E), and DD (H) in the telencephalon region of the brain in zebrafish. Immunohistochemical localization shows Leptin immunoreactive cells (green arrow) in the dorsomedial, dorsolateral, and ventromedial zone of the telencephalon in the brain. The whole section of brain through telencephalic region (A,D,G), Leptin-positive cells (green) (B,E,H), and merge imaged with nuclear stain DAPI (C,F,I). Relative abundance of Leptin immunopositive cells in the brain under different photic conditions. The relative quantification values in the graph are shown as the mean ± SEM (n = 5). Different letters indicate significant differences evaluated by one-way ANOVA [F(2,6) = 26.536, p = 0.001] followed by post-hoc Tukey’s test (p < 0.05) (J). For the percentage calculation method, please consult the section “Materials and Methods.” Representative images were taken from multiple sections of five separate zebrafish brain in each experimental condition (Vs, supracommissural nucleus; Vd, dorsal nucleus; Vv, ventral nucleus of ventromedial telencephalon).
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FIGURE 5. Localization and characterization of Goat in zebrafish brain under different photic conditions (LD, LL, and DD). The figure shows Goat immunoreactivity cells in LD (B), LL (E), and DD (H) in the telencephalon region of the brain in zebrafish. Immunohistochemical localization shows Goat immunoreactive cells (red arrow) in the dorsomedial, dorsolateral, and ventromedial zone of the telencephalon in the brain. The whole section of the brain through the telencephalic region (A,D,G), Goat-positive cells (red) (B,E,H), and merge imaged with nuclear stain DAPI (C,F,I). Relative abundance of Goat immunopositive cells in the brain under different photic conditions. The relative quantification values in the graph are shown as the mean ± SEM (n = 5). Different letters indicate significant differences evaluated by one-way ANOVA [F(2,6) = 18.816, p = 0.003] followed by post-hoc Tukey’s test (p < 0.05) (J). For the percentage calculation method, please consult the section “Materials and Methods.” Representative images were taken from multiple sections of five separate zebrafish brain in each experimental condition (Vs, supracommissural nucleus; Vd, dorsal nucleus; Vv, ventral nucleus of ventromedial telencephalon).




Western Blot Analysis of Leptin and Goat in the Brain Under LD and Continuous Photic Conditions, LL and DD

We have found that the mRNA expression pattern of leptin and goat was changed in continuous photoperiodic conditions. From the immunohistochemical localization study, after 72 h of incubation in different photoperiodic conditions (LD, LL, and DD), it was found that the immunoreactive cells against leptin and goat were decreased in LL and increased in DD compared to LD in the brain of zebrafish. Similarly, Western blot analysis of leptin and goat with a corresponding band of 16 and 50 kd, respectively, showed an increase in DD, whereas no significant variation was found in LL compared to LD (Figure 6). There is no such report available in fish regarding expression at the translational level of leptin and goat in the brain, although it was demonstrated that zebrafish expression was increased under unfed conditions at the transcriptional level of goat in the brain and at the transcriptional and translational level of goat in the gut (Hatef et al., 2015).
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FIGURE 6. Leptin and Goat proteins are expressed in zebrafish brain and are affected by different photic conditions. Representative immunoblot shows bands representing Actb corresponding to 42 kDa (A), Goat corresponding to 50 kDa (B) and Leptin corresponding to 16 kDa (C). Average relative protein expression levels from five zebrafish brain from each experimental condition were analyzed by densitometry analysis. One-way ANOVA [(B) F(2,6) = 32.327, p = 0.001, (C) F(2,6) = 60.216, p = 0.000] followed by post-hoc Tukey’s test has been done for statistically significant relative quantification. Groups sharing a common letter show no significant difference (p < 0.05; n = 5 zebrafish).




Melatonin Profile in the Brain and Serum Under Different Photic Conditions (LD/LL/DD)

Melatonin, a chronobiotic molecule, is mainly synthesized in the pineal organ and retinal. This neuroendocrine hormone is the key signal of the vertebrate circadian clock, and it is related to many processes that have a common rhythmic expression such as food intake, metabolism, and glucose uptake (Reiter, 1991; Falcon et al., 2007; Cipolla-Neto et al., 2014; Mondal et al., 2021b). In this study, we have found a significantly higher level of melatonin in continuous dark. The level of melatonin in the brain was approximately 350 pg/100 mg of tissue and 410 pg/ml in serum in constant dark (24D; DD). However, the melatonin level was reduced under LL, and it was approximately 190 pg/100 mg of tissue in the brain and 250 pg/ml in serum in comparison to LD, which was about 280 pg/100 mg and 345 pg/ml of tissue in the brain and serum, respectively (Supplementary Figure 2). A similar type of elevation in the brain and serum melatonin in continuous dark and decline in continuous light was reported in zebrafish and common dentex (Pavlidis et al., 1999).




DISCUSSION

In few fish, the different photoperiod and feeding schedules demonstrated the daily expression pattern of leptin, preproghrelin, and ghrelin in the brain, liver, and gut (Tinoco et al., 2014; Mondal et al., 2021a). However, the localization of ghrelin and goat was detected only in the gut under similar conditions (Hatef et al., 2015; Sanchez-Bretano et al., 2015; Blanco et al., 2017). However, information on the expression pattern and cellular localization of leptin and goat (third peptide involved in ghrelinergic system) in the brain of zebrafish under different photoperiods with scheduled feeding is missing. These two peptide hormones and enzymes are mainly responsible for central appetite regulation and energy balance (Shlimun and Unniappan, 2011). The present study, for the first time, demonstrates the daily expression pattern of leptin and goat under different photoperiodic conditions in the brain of zebrafish along with the level of melatonin (in both brain and serum) and Ga-SI after 72 h of incubation under different photoperiods. According to the transcriptional expression profile under different photic conditions, the immunohistochemical localization and immunoblotting of leptin and goat after 72 h of incubation conclusively demonstrate the presence and level of leptin and the ghrelinergic system in the zebrafish brain. The brain goat mRNA increased following 3 days of fasting and remained the same up to 7 days in zebrafish (Hatef et al., 2015).

In goldfish, a rhythmic pattern of expression of leptin and ghrelin in the brain has been reported in normal photoperiod and scheduled feeding (Tinoco et al., 2014; Sanchez-Bretano et al., 2015). Although feeding timing can affect the leptin and ghrelin expression in the brain, feeding itself cannot synchronize the rhythm. Moreover, the clock gene cannot control the rhythmic expression alone (Tinoco et al., 2014; Sanchez-Bretano et al., 2015; Blanco et al., 2017). So, environmental factors like light–dark cycle, feeding time, and endogenous oscillators such as clock genes, hormones, and food-derived metabolites are all involved in the daily rhythmic expression of these two important appetite-regulatory peptide hormones (Simon et al., 1998; Kalsbeek et al., 2001; Cuesta et al., 2009; Falcon et al., 2010; Tsang et al., 2014). The central appetite-controlling device is well conserved among vertebrates, which include many orexigenic (appetite-stimulating) and anorexigenic (appetite-inhibiting) neuropeptides and hormones in mammals, which are also evident in fish (Ronnestad et al., 2017). These neuropeptides and hormones are mainly controlled by leptin, insulin, and ghrelin (Page et al., 2020). The phenomenon of disruption of circadian rhythms and the development of obesity are established by many researchers proposing the possibilities of leptin-ghrelin resistance (Hernández Morante et al., 2020). The molecular mechanisms of leptin and ghrelin resistance are still under investigation. In this regard, the daily expression pattern of leptin and ghrelin was demonstrated in goldfish, but the effect of photic conditions on daily expression patterns in other fish, mammals, and other vertebrates is totally unknown. In this study, the daily mRNA expression pattern of these two-appetite regulators leptin and goat (indirect estimation for active form of ghrelin) in the brain of zebrafish (indirect estimation for active form of ghrelin) was demonstrated in different photic conditions (LD, LL, and DD) with scheduled feeding to avoid the masking effect of feeding. Leptin mRNA expression in the brain shows the highest peak at ZT12 or at the end of the light phase and lowest at the end of the dark phase (Figure 2A). Hypothalamic acrophase in leptin expression is known before or during mealtime in goldfish (Tinoco et al., 2014). Our study indicates that leptin expression peak coincides with the highest Ga-SI or at the time of the full meal. This supports the notion that an increase in leptin is not the postprandial response of the brain (Tinoco et al., 2014). As a result, an increase in circulating leptin is expected during night-time and can lower nocturnal activity. The lowest levels of circulating leptin is anticipated before the food-anticipatory activity during daytime in these animals (Vivas et al., 2011). In goldfish, the 24-h rhythm of leptin expression in hypothalamus is regained with scheduled feeding under 24 L and 24-h fasting conditions. However, in the peripheral organ, leptin does not perform similarly, establishing the different functions for central and peripheral leptin. On the other hand, under 24 L and 24-h fasting conditions with shifting feeding, leptin rhythm is abolished in both brain and peripheral organ (Tinoco et al., 2014). Unlikely, our data reveal the total depletion of leptin expression after 2 days of incubation in LL (Figure 2B), whereas in DD (Figure 2C), it was in the same phase as LD with scheduled feeding. In both continuous photic conditions, a 2.5-fold decrease in amplitude of expression of leptin in the brain was observed. Such type of results indicates the pleotropic nature of central leptin and further study is needed to determine the role of centrally synthesized leptin. The goat mRNA expression in the brain also displayed a daily variation with night-time surge in LD with the earlier said scheduled feeding (Figure 3A), and the same type of night-time peak of preproghrelin was found in the central and peripheral organ of goldfish (Sanchez-Bretano et al., 2015; Blanco et al., 2017). The amplitude in the expression level of goat in the brain was lower than that of leptin at LD, which is the same as earlier reported in zebrafish (Montalbano et al., 2018). Moreover, a twofold increase in expression level was detected under continuous photic conditions compared to normal photic conditions (Figure 3). Some studies on goldfish and mammals reported that the daily variation in expression of leptin and goat is driven by endogenous oscillations or circadian systems, which may involve clock genes, photoperiod, hormones, and different metabolites (Cuesta et al., 2009; Froy, 2010). In this regard, melatonin is a key component of the circadian system in vertebrates (Falcon et al., 2010). It was also reported that the 24-h ghrelinergic expression profile overlaps with melatonin, a key component of the circadian system in vertebrates, and melatonin and leptin act in similar intracellular signaling pathways (Falcon et al., 2010; Montalbano et al., 2018). The SCN controls melatonin synthesis in the pineal gland based on environmental photic information, the main clue for the melatonin level in both blood and cerebrospinal fluid in mammals (Simonneaux and Ribelayga, 2003). Melatonin is the hormonal mediator of photoperiodic information to the central nervous system in vertebrates, allowing the regulation of energy homeostasis through the establishment of a proper balance between energy intake and energy expenditure (Lopez-Olmeda et al., 2006; Falcon et al., 2007). This energy balance and food intake control by melatonin happens directly or indirectly due to modification of secretions of hormones involved in food intake control mainly by stimulating the anorexigenic and inhibiting the orexigenic signals (Lima-Cabello et al., 2014). In this communication, we have found an increase and a decrease in Ga-SI of zebrafish in continuous light, LL and continuous dark, DD, respectively (Figure 1), whereas brain and serum melatonin levels were observed as an indicator and show significantly low and high levels in continuous light and dark, respectively, compared to normal photoperiod (Supplementary Figure 2). Similar to mammals, melatonin is the primary neurohumoral output of the circadian system in zebrafish (Zhdanova, 2011). The involvement of melatonin in the regulation of appetite and food intake is reported by many authors (Pandi-Perumal et al., 2006; Piccinetti et al., 2010). In teleost fish, melatonin can reduce food intake and control energy balance by activating anorexigenic and inhibiting orexigenic peptides (Piccinetti et al., 2010). This finding again supports the involvement of melatonin in food intake. Melatonin may play a role as an intermediate between circadian disruption to the alteration in the transcript expression profile of appetite regulation-related genes in the brain such as leptin and goat. As a change is observed in leptin expression under altered photic conditions (Figures 2B,C) and in LL, a decline in expression of goat was observed from the second day (Figure 3B), but in DD, a high level of expression was observed throughout the experiment (Figure 3C). The present study and two previous studies from our laboratory (Yumnamcha et al., 2017; Khan et al., 2018) have indicated a significant change in melatonin level either in the central/peripheral organ or in serum under different photic conditions. From our immunohistochemistry study (Figures 4, 5), it was found that the number of leptin immunoreactive cells is lower in LL and higher in DD in comparison to LD. This finding again supports the stimulating effect of melatonin on leptin (Piccinetti et al., 2010). The goat immunoreactivity was low in LL and high in DD, which further supports the finding that the goat mRNA increases after 3 days of fasting (Hatef et al., 2015) in zebrafish. To our knowledge, immunohistochemical localization of leptin in the brain of fish was not there, although in Wistar rats, leptin receptors were localized with anorexigenic peptides (Romanova et al., 2018), whereas preproghrelin was detected in goldfish hypothalamus (Kerbel and Unniappan, 2012) and co-localization of the ghrelinergic system with the orexigenic hormone was shown in hypothalamus of goldfish (Willesen et al., 1999). So, localization of leptin and goat in the zebrafish brain for the first time confirms the role of leptin and goat in feeding. Our immunoblot study also shows a similar type of expression with an immunohistochemical study for leptin and goat in zebrafish brain (Figure 6). The measurement of orexigenic and anorexigenic molecules/peptides in the serum will clarify the issue further in the future.

The balance in energy metabolism through food intake is the primary property of life. Feeding ensures daily activities, somatic growth, immune system development, reproductive investments, and so on. It has been elaborated that environmental factors (mainly photoperiod) and signals from the brain and peripheral organs give impetus to the central feeding center (in the brain) to regulate feeding and energy homeostasis (Volkoff, 2016). It is evident that molecules like leptin, ghrelin, and melatonin, responsible for feeding and energy homeostasis, are cyclically regulated by the circadian system (Bass and Takahashi, 2010; Gimble et al., 2011).

In zebrafish, the rhythmic secretion of melatonin depends on the pineal, although the brain may take part in this mechanism in the daily light–dark cycle (Falcon et al., 2010; Moore and Whitmore, 2014; Khan et al., 2016). This synchronization is also correct for tropical carp (Sanjita Devi et al., 2016). However, to date, it is evidenced that the pineal organ is mainly responsible for the serum melatonin in fish, like other vertebrates (Reiter, 1980; Khan et al., 2016; Rajiv et al., 2016, 2017; Sanjita Devi et al., 2016).



CONCLUSION

In conclusion, the expression of leptin and goat transcript shows a daily variation with a pattern that is disrupted by continuous illumination and change in Ga-SI. Melatonin may have a role in this feeding regulation (in LD) as well as feeding alteration due to constant photic conditions (LL and DD) through the circadian system. The expression at the protein level of leptin after 72 h of incubation in different photic conditions shows that leptin is higher in DD compared to LD and LL. It may be the result of an inducing effect of melatonin on leptin as melatonin was higher in DD. Ga-SI was highest in LL and lowest in DD compared to LD, which indicates leptin-induced feeding inhibition in DD. Leptin is mainly regulated through photic cues through melatonin as its expression changed under different photoperiodic conditions.

Similarly, the level of goat was lower in LL and higher in DD as Ga-SI was highest in LL and lowest in DD, indicating feeding regulation of goat expression in zebrafish brain. The further question whether continuous photic conditions can disrupt the circadian system remains, which further changed the melatonin level results in changes in Ga-SI. These changes in Ga-SI may cause alteration of expression of leptin and goat. Desynchronization of the abovementioned unit may lead to different lifestyle diseases like diabetes and obesity, which is a grave concern in the present-day life, where the anthropogenic sources of light (mainly LED) is increasing day by day (Ouyang et al., 2018; Berge et al., 2020; Gomes, 2020; Schroer et al., 2020). The use of artificial light at night desynchronizes the circadian or endogenous rhythm, which may affect this peptide expression through melatonin and other factors. This phenomenon of change of “proper signal at the proper time” can also influence shift workers. In this scenario, zebrafish can be an excellent tool for biomedical research in this changing environment. Modulating the expression and activity of leptin and goat (affecting the biological action of ghrelin) in the brain could be an excellent target to develop chronotherapeutic approaches to regulate energy intake and body weight in higher mammals in these changing modern societies.
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Gene Name of Gene Primer Sequence 5'-3' Amplicon Size Accession Number*

lepa Leptina F: AGCTCTCCGCTCAACCTGTA 194 NM_001128576.1
R: CAGCGGGAATCTCTGGATAA
mboat4 Membrane bound O-acyltransferase F: CACCCTCAGCTGTTTTACCA 120 NM_001122944 .1
domain containing 4 R: GAATCCTCCCATCGCCAAAT
rpl13a Ribosomal protein L13a F: TCTGGAGGACTGTTAGAGGTATGC 148 NM_212784.1

R: AGACGGACAATCTTGAGAGCAG

F, forward; R, reverse.
*Accession Number is provided by the National Centre for Biotechnology Information, Bethesda, MD, United States.
The primers were taken from the published data, references have been given in the text.
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