

[image: Nocturnal melatonin increases glucose uptake via insulin-independent action in the goldfish brain]
Nocturnal melatonin increases glucose uptake via insulin-independent action in the goldfish brain





ORIGINAL RESEARCH

published: 23 May 2023

doi: 10.3389/fendo.2023.1173113

[image: image2]


Nocturnal melatonin increases glucose uptake via insulin-independent action in the goldfish brain


Kazuki Watanabe 1,2†, Masaki Nakano 1†, Yusuke Maruyama 1,3, Jun Hirayama 2,4, Nobuo Suzuki 5 and Atsuhiko Hattori 1,3*


1 Department of Biology, College of Liberal Arts and Sciences, Tokyo Medical and Dental University, Ichikawa, Chiba, Japan, 2 Department of Clinical Engineering, Faculty of Health Sciences, Komatsu University, Komatsu, Ishikawa, Japan, 3 Department of Sport and Wellness, College of Sport and Wellness, Rikkyo University, Niiza, Saitama, Japan, 4 Division of Health Sciences, Graduate School of Sustainable Systems Science, Komatsu University, Komatsu, Ishikawa, Japan, 5 Noto Marine Laboratory, Institute of Nature and Environmental Technology, Kanazawa University, Noto-Cho, Ishikawa, Japan




Edited by: 

Maria Rodriguez-Fernandez, Pontificia Universidad Católica de Chile, Chile

Reviewed by: 

Daniel Granados-Fuentes, Washington University in St. Louis, United States

Jack Falcon, Muséum National d’Histoire Naturelle, France

James M. Olcese, Florida State University, United States

*Correspondence: 

Atsuhiko Hattori
 ahattori.las@tmd.ac.jp












†These authors have contributed equally to this work



Received: 24 February 2023

Accepted: 09 May 2023

Published: 23 May 2023

Citation:
Watanabe K, Nakano M, Maruyama Y, Hirayama J, Suzuki N and Hattori A (2023) Nocturnal melatonin increases glucose uptake via insulin-independent action in the goldfish brain. Front. Endocrinol. 14:1173113. doi: 10.3389/fendo.2023.1173113



Melatonin, a neurohormone nocturnally produced by the pineal gland, is known to regulate the circadian rhythm. It has been recently reported that variants of melatonin receptors are associated with an increased risk of hyperglycemia and type 2 diabetes, suggesting that melatonin may be involved in the regulation of glucose homeostasis. Insulin is a key hormone that regulates circulating glucose levels and cellular metabolism after food intake in many tissues, including the brain. Although cells actively uptake glucose even during sleep and without food, little is known regarding the physiological effects of nocturnal melatonin on glucose homeostasis. Therefore, we presume the involvement of melatonin in the diurnal rhythm of glucose metabolism, independent of insulin action after food intake. In the present study, goldfish (Carassius auratus) was used as an animal model, since this species has no insulin-dependent glucose transporter type 4 (GLUT4). We found that in fasted individuals, plasma melatonin levels were significantly higher and insulin levels were significantly lower during the night. Furthermore, glucose uptake in the brain, liver, and muscle tissues also significantly increased at night. After intraperitoneal administration of melatonin, glucose uptake by the brain and liver showed significantly greater increases than in the control group. The administration of melatonin also significantly decreased plasma glucose levels in hyperglycemic goldfish, but failed to alter insulin mRNA expression in Brockmann body and plasma insulin levels. Using an insulin-free medium, we demonstrated that melatonin treatment increased glucose uptake in a dose-dependent manner in primary cell cultures of goldfish brain and liver cells. Moreover, the addition of a melatonin receptor antagonist decreased glucose uptake in hepatocytes, but not in brain cells. Next, treatment with N1-acetyl-5-methoxykynuramine (AMK), a melatonin metabolite in the brain, directly increased glucose uptake in cultured brain cells. Taken together, these findings suggest that melatonin is a possible circadian regulator of glucose homeostasis, whereas insulin acquires its effect on glucose metabolism following food intake.
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Introduction

Blood glucose and insulin levels dramatically change after food intake, but basal insulin levels—as well as basal glucose concentrations— vary throughout the day (1–3). In humans, basal insulin levels at night are reportedly lower than those during the day (4, 5). Energy is required for cell survival even during sleep when the level of plasma insulin is lower. Notably, glucose uptake by the human brain during sleep is comparable to or even higher than when awake (6, 7). The factors responsible for this phenomenon have been hypothesized as acting independently of insulin, which is primarily regulated by food intake.

Melatonin (N-acetyl-5-methoxytryptamine) is known as the “hormone of darkness” since it is synthesized by the pineal grand at night based on the length of the period of darkness (8), and because it is involved with the circadian clock (9). Although primarily synthesized by the vertebrate pineal gland, melatonin is also synthesized by other tissues including the skin (10) and retina (11). It is also an ancestral hormone present in unicellular organisms (12) and cyanobacteria (12) as well as in plants (13), invertebrates (12), and vertebrates including fish (14, 15). In addition, melatonin metabolites including 3-hydroxymelatonin (3-OHM), 2-hydroxymelatonin (2-OHM), N1-acetyl-N2-formyl-5-methoxykynuramine (AFMK), or N1-acetyl-5-methoxykynuramine (AMK) have been detected in mammals (16, 17), invertebrates (18), and plants (19). Melatonin receptors belong to the G protein-coupled receptor family and are found in invertebrates (20), vertebrates and plants (20). Humans and other mammals have two melatonin receptor subtypes, MTNR1A (MT1) and MTNR1B (MT2). In mammals, melatonin receptors are present in the brain, suprachiasmatic nucleus, retina, spleen, spinal cord, intestine, kidney, prostate, ovary, skin, fat, muscle, and liver, implying the widespread physiological actions of melatonin via these receptors. Moreover, melatonin can inhibit the binding of calcium to calmodulin (21), and its functions as an endogenous free-radical scavenger and broad-spectrum antioxidant are well established (22). Taken together, these findings demonstrate that melatonin has diverse physiological functions, which are thought to be supported by evolutionary relationships.

Recent research findings have suggested the involvement of melatonin function in glucose metabolism in concert with insulin in mammals. The physiological action of insulin, which decreases plasma glucose levels and increases glucose uptake in adipocytes, myocytes, brain cells, and hepatocytes, is well understood in mammals. Glucose transporter type 4 (GLUT4) is an insulin-regulated glucose transporter that is primarily found in adipose tissue, skeletal muscle, brain, and liver in mammals. Despite extensive phylogenetic analysis and comprehensive database searches, no orthologs of mammalian glut4, which is responsive to insulin, have been found in lancelets, lampreys, hagfish, zebrafish, or goldfish. Moreover, to date, no reports including the terms of “goldfish” and “glut4” were found using the NIH PubMed search engine. These findings suggest that functional glut4 arose as a glucose transporter during late vertebrate evolution (23, 24). Therefore, the importance of insulin in energy metabolism has been questioned for the teleost (25, 26).

In the present study, we aimed to elucidate the physiological role of melatonin in diurnal variation of glucose metabolism. For this purpose, we used goldfish, which are genetically close to zebrafish with no identified Glut4 gene and are suitable for in vivo experiments. In addition, research using goldfish has been previously undertaken to investigate the relationship between the pineal grand and glucose metabolism by many researchers, beginning with Delahunty et al. (27–29). First, for in vivo experiments, we used individuals placed in a fasted state to examine diurnal changes in glucose uptake in the brain as well as liver and muscle, and whether melatonin administration altered these values. Next, in an in vitro experiment, goldfish brain and liver cells were cultured under insulin-free culture conditions to examine the direct effects of melatonin and its brain metabolite, AMK, on glucose incorporation.





Materials and methods




Animals

Adult goldfish (Carassius auratus, about 10–15 cm) were purchased from a commercial source (Higashikawa Fish Farm, Nara, Japan) and maintained under normal laboratory conditions (i.e., 24 ± 1°C, 12hrs light: 12hrs darkness, lights on 8:00 AM–8:00 PM). Prior to the start of the in vivo experiment, goldfish were subjected to a 24h period of fasting. For day and night experiments, one-third of goldfish (n = 6 per group) were subjected to light exposure (3500 lux) during the night for three days before the experiments. All experimental procedures were conducted in accordance with the Tokyo Medical and Dental University Guidelines for the Care and Use of Laboratory Animals.





Plasma collection

To collect plasma, goldfish were first anesthetized with MS-222 (Sigma-Aldrich, St Louis, MO, USA), and 100 µl of whole blood was collected from the vertebral vein using a 1 ml heparinized syringe with a 21-gauge needle (Terumo Corporation, Tokyo, Japan) at mid-day (2:00 PM, 3500 lux) or mid-night (2:00 AM, dark phase, 20 lux under dim red light or light exposure condition, 3500 lux) (n = 6). Plasma samples were prepared by centrifugation at 1000 × g for 10 min at 4°C and were then stored at −80°C for further analysis.





2DG uptake in the brain, liver, and muscle tissues

Incorporated 2-deoxyglucose (2DG; Sigma-Aldrich), a glucose molecule in which the 2-hydroxyl group is replaced by hydrogen, is converted to 2DG-6-phosphate (2DG6P) by intracellular metabolic processes. Because 2DG6P accumulates in cells due to the absence of downstream metabolizing systems, glucose uptake can be estimated by measuring 2DG6P level. After 24 h of fasting, goldfish were intraperitoneally injected with 2DG (330 µg/g bw) dissolved in 0.9% saline at mid-day (i.e., 2:00 PM) or mid-night (2:00 AM, dark phase or light exposure condition) (n = 6). Brain, liver, and muscle tissues were collected 30 min after 2DG injection and were then homogenized in ultrapure water. In primary experiments, we confirmed that incorporated 2DG reached its maximum levels 60 min after 2DG administration (Figure S1). Samples were then centrifuged at 20,000 × g for 10 min at 4°C and the supernatant was stored at −80°C until 2DG6P measurement.





Measurement of insulin, glucose, melatonin, and 2DG6P

Plasma insulin levels were determined by an enzyme-linked immunosorbent assay kit (ELISA) with a fish-specific antibody. All procedures were performed according to the manufacturer’s instructions (Fish Insulin ELISA Kit, Cusabio Biotech Co., Wuhan, China). Insulin content was determined using 50 μl plasma for each assay. Plasma glucose levels were measured by using the LabAssay Glucose Kit (Wako Pure Chemical Industries) based on the mutarotase GOD method; all procedures were performed as per the manufacturer’s instructions. Plasma glucose levels were determined using 2 μl plasma for each assay.

To measure melatonin and 2DG6P levels, we employed an LC-MS-8050 system, which is a triple quadrupole liquid chromatograph mass spectrometer (LC-MS/MS; Shimadzu, Kyoto, Japan) coupled with an LC-30AD high performance liquid chromatography system (Shimadzu) and a SIL-30AC autosampler (Shimadzu). For 2DG6P measurement, we used an amide-80 column (i.e., 2.0 mm × 150 mm, 3.0 µm particle size; Tosoh Bioscience LLC) with a column oven temperature of 25°C. The isocratic elution consisted of 10 mM ammonium acetate with 0.05% acetic acid and methanol (3:1, v/v). The flow rate was set to 0.4 ml/min. To detect the melatonin content, we used an ODS (OctaDecylSilyl) column (i.e., 2.0mm × 150 mm, 3.0 µm particle size; Tosoh Bioscience LLC, King of Prussia, PA, USA) with a column oven temperature of 25°C. The flow rate of the mobile phase was 0.3 ml/min. Once again, a gradient was used with a mobile phase of 10 mM ammonium acetate with 0.05% acetic acid and 100% methanol. The gradient began with 5% methanol and increased to 50% methanol within 20 min.

Quantification was performed using a mass spectrometer equipped with an electro spray ionization source in the multiple reaction monitoring mode. Melatonin and 2DG6P were monitored in the positive ionization mode using transitions of m/z 233.00 → m/z 130.00 and m/z 243.15 → m/z 96.75, respectively. The collision energies were −43 eV and −25 eV, the Q1 Pre Bias values were −25 V and −15 V, and the Q2 Pre Bias values were −23 V and −16 V, respectively. To confirm the identity of the compounds, melatonin and 2DG6P were monitored by other transitions of m/z 233.00 → m/z 159.10 (for melatonin) and m/z 243.15 → m/z 78.90 (for 2DG6P). LC solution software (Shimadzu) was used for instrument control and data acquisition.





In vivo 2DG uptake in the brain, liver, and muscle tissues, and plasma insulin levels following melatonin injection

Goldfish were subjected to a 24 h fasting period prior to 2DG injection. 2DG (330 µg/g bw) was dissolved in 0.9% saline and injected intraperitoneally along with melatonin (8 ng/g bw) or vehicle (n = 6). Brain, liver, and muscle tissues were removed 30 min after injection and homogenized in ultrapure water. Samples were then centrifuged at 20,000 × g for 10 min at 4°C and supernatant was collected. At the same time, whole blood was collected to obtain plasma. The supernatant and plasma samples were stored at −80°C for further measurement of 2DG6P and insulin content, respectively.





Measurement of plasma glucose and insulin levels following melatonin injection

To investigate the effect of melatonin on glucose homeostasis under induced hyperglycemic conditions, glucose (330 µg/g bw) and melatonin (8 ng/g bw) were simultaneously administered into the peritoneal cavity. Blood samples were then collected 0, 20, 60, and 120 min after administration during the daytime. Plasma glucose levels were measured in the control, glucose-, and glucose+melatonin treatment groups. The dose-dependent effect of melatonin on plasma glucose levels was examined following the intraperitoneal injection of glucose (330 µg/g bw) and melatonin (0.08, 0.8, and 8 ng/g bw), and both assessments were performed in the same way (n = 6–7). Plasma samples were collected from the three treatment groups (n = 5 per group) 20 and 60min following administration and were then stored at −80°C until insulin measurement. The Brockmann body (i.e., the principal sites of insulin production in fish (30)) were collected 120 min after injection and total RNA was isolated (n = 6–7).





RNA isolation and complementary DNA synthesis

First, samples of Brockmann body, brain, liver, and muscle tissues were collected from goldfish during the daytime. Total RNA was then isolated from these tissues using an ISOGEN kit (Nippon Gene, Tokyo, Japan); all procedures were performed as per the manufacturer’s instructions. Next, 1 µg of total RNA was reverse-transcribed to cDNA using PrimeScript Reverse Transcriptase and oligo dT primers (Takara Bio, Shiga, Japan).





Measurement of changes in insulin mRNA expression in the Brockmann body

To assess changes in the mRNA expression levels of insulin in the goldfish Brockmann body quantitative real-time PCR (qPCR) was performed using primers for insulin and β-actin as an internal standards (Table 1). qPCR amplification was then carried out using an Mx3000P qPCR System (Agilent Technologies, Santa Clara, CA, USA) and SYBR Ex Taq DNA Polymerase II (Takara Bio). The amplification conditions comprised 40 cycles of denaturation at 95°C for 10 s and annealing/extension at 65°C for 40 s followed by melt curve analysis. The mRNA expression level of insulin was normalized to that of β-actin.


Table 1 | Primers used in the present study.







2DG incorporation in cultured primary brain cells and hepatocytes

Cell cultures of goldfish brain cells were created as previously described (31, 32). Briefly, cells from whole brains (viability ≥90%) were prepared by trypsin digestion then cultured in 24-well poly-L-lysine coated plates at 6.0 × 105 cells/ml/well with Neurobasal medium (Gibco) supplemented with 200 mM L-glutamine and 2% B27 supplement (Gibco), which contains no insulin. Goldfish hepatocytes (viability ≥95%) were prepared using the collagenase digestion method with minor modifications (33) before being cultured in serum-free DMEM/F-12 (Gibco), which also contains no insulin, in 24-well plates at 1.0 × 106 cells/ml/well. Cells were maintained in 28°C (5% CO2 with saturated humidity) for three days for brain cells and 24 h for hepatocytes prior to use in downstream experiments. Brain cells underwent a starvation treatment with glucose-free Neurobasal medium (Gibco) for 6h prior to 2DG uptake experiment. We confirmed this starvation condition was not affected cell morphology and few adherent cells were floated. The medium was then replaced with 2DG medium, which contained 2DG (1 mM) in glucose-free Neurobasal medium, with or without added melatonin (i.e., 0.1 nM, 10 nM, and 1 µM; Wako Pure Chemical Industries, Osaka, Japan). Next, cells were collected at either 30 or 60 min after the 2DG and melatonin treatment (n = 6–10). For primary experiments, we confirmed that the incorporated 2DG6P was detectable in brain cells when using a medium that contained at least 1 mM 2DG, and the value of 2DG6P was increased up to this time point.

For the melatonin receptor antagonist experiment in hepatocytes, the medium was replaced with 2DG medium that also contained 10 nM melatonin and 1 µM Luzindole (Sigma-Aldrich) and was then cultured for 60 min (n = 6). Cultured hepatocytes were also subjected to 6 h of starvation in a glucose-free DMEM/F-12 mixed medium. This medium was then replaced with a 2DG medium that contained 2DG (10 mM) in glucose-free DMEM/F-12 mixed medium and was supplemented with different concentrations of melatonin (i.e., 1 nM, 100 nM, and 10 µM). Next, cells were collected at two time points—i.e., 30, or 60 min—following the 2DG and melatonin treatment (n = 6–10). As before, in primary experiments, we confirmed that incorporated 2DG6P was detectable in hepatocytes by using a medium containing at least 10 mM 2DG. For another melatonin receptor antagonist experiment in brain cells, the medium was replaced with 2DG medium that contained 100 nM melatonin and 10 µM Luzindole before the cells were cultured for 60 min (n = 6). As before, cultured brain cells were first starved, then the starvation medium was replaced with a medium 2DG (1 mM) and AMK (0.1 nM) followed by further culturing for 30 or 60 min. The salvaged cells from this experiment were lysed using a microtip-sonicator (Sonics Vibra Cell, Basingstoke, UK) and centrifuged at 20,000 × g for 10 min at 4°C. The supernatant obtained was then stored at −80°C until 2DG6P measurement.





mRNA expression of melatonin receptors and glucose transporters in the brain, liver, and muscle tissues

Four subtypes of melatonin receptors (i.e., Mel1a1.4, Mel1a1.7, Mel1b, and Mel1c) are expressed in goldfish (34). We examined the mRNA expression patterns of these melatonin receptors as well as glucose transporters (i.e., Glut1 and Glut2) in the goldfish brain, liver, and muscle tissues. Analyses were performed using reverse transcription polymerase chain reaction (RT-PCR). Samples were collected in the daytime. PCR amplification was conducted using Ex Taq DNA Polymerase (Takara Bio) and primers specific to each mRNA of interest (see Table 1). The amplification conditions were as follows: denaturation at 95°C for 50 s followed by 40 cycles of 95°C for 10 s, 65°C for 30 s, and 68°C for 1 min. Next, PCR products were separated by electrophoresis on 2.5% agarose gels that were then stained with ethidium bromide before being visualized under UV light illumination. β-actin was used as an internal amplification control; no amplified products were found when using the reverse-transcription-omitted samples as a negative control.





Statistical analyses

Data are presented as mean ± standard error. The means of more than two groups were compared using analysis of variance (ANOVA). Multiple comparisons were evaluated using Tukey’s honest significant difference tests (Tukey’s HSD) or Dunnett’s multiple comparison tests. Differences between the treatment and control groups were assessed using Student’s t-tests. A P values < 0.05 was considered statistically significant.






Results




Plasma melatonin, insulin, and glucose levels at mid-day, mid-night, and influence of nocturnal light exposure

In goldfish, the plasma melatonin levels at mid-night were significantly higher than that at mid-day (i.e., 3.17 ± 0.272 pg/ml at mid-day, and 58.1 ± 11.0 pg/ml at mid-night). Moreover, nocturnal light exposure was found to attenuate nocturnal melatonin secretion (11.6 ± 4.80 pg/ml) (Figure 1A). On the other hand, plasma insulin levels were significantly decreased from mid-day to mid-night (i.e., 177 ± 9.63 pg/ml at mid-day, 51.6 ± 9.77 pg/ml at mid-night), but this effect was significantly restored by nocturnal light exposure (85.1 ± 4.10 pg/ml) (Figure 1B). No significant change in plasma glucose levels were observed among the three groups (Figure 1C).




Figure 1 | Day-night changes in plasma melatonin, insulin, and glucose levels, and the influence of nocturnal light exposure. In goldfish, plasma concentrations of (A) melatonin, (B) insulin, and (C) glucose were measured by a LC-MS/MS system, ELISA, and commercial kit, respectively. Samples were collected at mid-day, mid-night, and mid-night under the nocturnal light (3500 lux) exposure condition (n = 6). *P < 0.05, **P < 0.01, and ***P < 0.001 indicate significant differences vs. mid-night levels.







In vivo 2DG uptake in the goldfish brain, liver, and muscle tissues at mid-day, mid-night, and influence of nocturnal light exposure

The mRNA expression profiles of melatonin receptors and glucose transporters mRNA in the goldfish brain, liver, and muscle tissues are shown in Figure S2. Most mRNAs melatonin receptors were expressed in all three tissues. In contrast, Glut1 mRNA expression was detected in the brain and muscle, whereas Glut2 mRNA was observed only in brain and liver tissues.

Given the time course of 2DG uptake (i.e., measuring 2DG6P levels) in the brain, liver, and muscle tissues, our results showed a liner increase in uptake values for the first 60 minutes (Figure S1). Then, in subsequent experiments, we evaluated 2DG uptake in the goldfish brain, liver, and muscle tissues at 30 min after 2DG administration. In all three tissues, 2DG uptake was significantly augmented at the mid-night time point (i.e., 5850 ± 951 pmol/mg brain tissue, 11.5 ± 2.93 pmol/mg liver tissue, and 110.7 ± 20.7 pmol/mg muscle tissue) compared to mid-day (> 177% vs. mid-day) (Figures 2A–C). Nocturnal light exposure was found to significantly decrease 2DG uptake by the goldfish brain (Figure 2D) and liver (Figure 2E) tissue (i.e., < 61.0% vs. mid-night), but this decrease was not observed in muscle tissue (Figure 2F).




Figure 2 | In vivo 2DG uptake in the goldfish brain, liver, and muscle tissues at mid-day, mid-night, and the influence of nocturnal light exposure. The incorporated amounts of 2DG6P in the (A) brain, (B) liver, and (C) muscle tissues were determined 30 min after intraperitoneal injection of 2DG (330 µg/g bw) at mid-day and mid-night using the LC-MS/MS system (n = 6). The influence of nocturnal light exposure (3500 lux) on 2DG6P incorporation into the (D) brain, (E) liver, and (F) muscle tissues was assessed in the same manner (n = 6). *P < 0.05 indicates significant differences.







In vivo effect of melatonin on 2DG uptake in goldfish brain and liver tissue, and plasma insulin levels

Thirty minutes after intraperitoneal co-administration of 2DG (330 µg/g bw) and melatonin (8 ng/g bw), 2DG uptake in the brain and liver showed a significantly greater increase than uptake (6.53 ± 1.26 nmol/mg brain tissue, 385.3 ± 73.1 pmol/mg liver tissue) in the group administered only 2DG (i.e., 204% and 218% vs. the 2DG-only group, respectively) (Figures 3A, B). In contrast, melatonin failed to alter 2DG uptake in the muscle tissue (Figure 3C). Plasma insulin levels 30 min after melatonin administration were also unchanged compared to the control group (Figure 3D).




Figure 3 | In vivo effects of melatonin injection on 2DG uptake in the goldfish brain, liver and muscle  tissues, and plasma insulin levels. 2DG uptake into the (A) brain, (B) liver, and (C) muscle tissues was determined 30 min after intraperitoneal co-administration of 2DG (330 µg/g bw) and melatonin (8 ng/g bw; MEL) or vehicle (Cont) during the daytime (n = 6). (D) At the same time, plasma samples were collected and insulin levels were measured. *P < 0.05 indicates significant differences.







Melatonin Injection and plasma glucose and insulin levels, and insulin mRNA expression under induced hyperglycemic conditions

After intraperitoneal co-administration of glucose (330 µg/g bw) and melatonin (8 ng/g bw), significant decreases in plasma glucose levels were observed relative to the group that had received only glucose (Figure 4A). Furthermore, melatonin administration (0.08, 0.8, and 8 ng/g bw) lowered plasma glucose levels 120 min after injection in a dose-dependent manner (Figure 4B). However, both the glucose-only administration and its co-administration with melatonin failed to alter plasma insulin levels after 20 and 60 min (Figure 4C). Moreover, no significant changes in insulin mRNA expression levels in the Brockmann body were found 120 min after glucose-only injection or after co-administration with melatonin (Figure 4D). Relative to initial mRNA levels, significant changes in insulin mRNA expression were observed at 4, 6, and 12 h after glucose-only administration (Figure S3).




Figure 4 | Suppressive effect of melatonin under induced hyperglycemic conditions on plasma glucose levels without alteration of plasma insulin and insulin mRNA levels in the Brockmann body. (A) Time courses of plasma glucose levels in goldfish under induced hyperglycemic conditions. Glucose (330 µg/g bw) and melatonin (8 ng/g bw) were intraperitoneally administered during the daytime. Blood samples were collected before and 20, 60, and 120 min after administration and plasma glucose levels were measured (n = 5). Groups with different letters showed significant differences (P < 0.05). (B) The dose-dependent effect of melatonin on plasma glucose levels was assessed 120 min after injection of glucose and melatonin (n = 6–7). *P < 0.05 and **P < 0.01 indicate significant differences vs. the glucose-only treatment group. (C) Plasma insulin levels at 20 and 60 min (n = 5) and (D) insulin mRNA expression in the Brockmann body at 120 min (n = 6–7) after administration of glucose (330 µg/g bw) and melatonin (8 ng/g bw) were also determined. No significant changes were observed in plasma insulin levels or insulin mRNA expression.







Effects of melatonin and Luzindole on 2DG incorporation by cultured primary brain cells and hepatocytes, and the effect of AMK on 2DG incorporation using an insulin-free medium

The amount of 2DG6P incorporated into cultured brain cells was found to significantly increase following melatonin treatment at 60 min (i.e., 10 nM and 1 µM), whereas 30 min of treatment did not have a significant effect (Figures 5A, B). In cultured hepatocytes, both 30 and 60 min melatonin treatments (i.e., 1 nM, 100 nM, and 10 µM) significantly augmented 2DG incorporation into cells (Figures 5C, D). Luzindole, a melatonin membrane receptor antagonist, did not alter the action of melatonin on 2DG incorporation into cultured brain cells; however, in cultured hepatocytes, increased 2DG incorporation was abolished by co-treatment of melatonin with Luzindole (Figures 5E, F). Treatment with AMK (0.1 nM), a melatonin brain metabolite, in cultured brain cells significantly increased the incorporation of 2DG relative to the control group (p < 0.05). Moreover, there was a significant (p < 0.05) difference in 2DG incorporation between the two groups after 60 min (Figure 5G).




Figure 5 | Effects of melatonin and Luzindole treatment on 2DG incorporation by cultured primary goldfish brain and liver cells, and the effect of AMK on 2DG incorporation by cultured primary brain cells using an insulin-free medium. After co-treatment with 2DG and melatonin, 2DG6P levels in the cultured primary brain cells were determined (A) 30 min and (B) 60 min later and in hepatocytes (C) 30 min and (D) 60 min later (n = 6–10). *P < 0.05 indicates significant differences vs. the 2DG-only treatment group (Cont). The effects of melatonin (MEL) and Luzindole (LZN) on 2DG incorporation into (E) brain cells and (F) hepatocytes were assessed 60 min after treatment (n = 6–10). Groups with different letters showed significant differences (P < 0.05). (G) After co-treatment with 2DG and melatonin metabolite AMK, 2DG6P levels in the brain cells were determined at 30 and 60 min later. *P < 0.05 indicates significant differences between control group (Cont) and AMK treated group compared by ANOVA. #P < 0.05 indicates significant differences in 2DG incorporation between the two groups after 60 min.








Discussion

Interestingly, glucose intolerance, insulin resistance, and other alterations associated with metabolic disorders in humans can be seen in physiological and pathological states as related to reduced melatonin levels. These can be due to aging, shift work, and exposure to light during the night (35–37). In addition, associations of MT2 variants with hyperglycemia and/or increased risk of type 2 diabetes have been reported (38, 39). Thus, impaired melatonin signaling is postulated to play a role in diabetes risk, and melatonin treatment ameliorates glucose metabolism in pathological states such as diabetes and obesity.

As shown in Figure 1, melatonin levels are elevated at night and insulin levels rise during the day. Therefore, it is likely that both hormones regulate the basal level of blood glucose concentration. Intraperitoneal administration of melatonin was found to increase brain and liver 2DG uptake (Figures 3A, B), while nocturnal light exposure results in reduced 2DG uptake in the brain and liver (Figures 2D, E). Moreover, this treatment also reduced plasma melatonin levels and increased plasma insulin levels (Figures 1A, B). Our results suggest that glucose uptake in the brain and liver was upregulated by melatonin increases during the night, while in other tissues was upregulated by insulin secretion at day or by light exposure condition independently of food intake. To maintain vital activity, circulation glucose concentrations were managed strictly by many factors. Although we found that plasma glucose levels were unaffected by light conditions (Figure 1C), other hormones may be involved in the control of glucose levels. Several hormones are involved in glucose homeostasis including thyroxine, and the addition of artificial lights at night did not alter plasma thyroxine in the Eurasian perch (40). Although melatonin and insulin are altered by light exposure, it is conceivable that thyroxine and other hormones unaffected by light exposure may be somehow involved in glucose homeostasis.

Interestingly, plasma glucose concentrations show a circadian rhythm in diurnal rodents as well as in nocturnal mice and rats, However, this glucose rhythm is oppositely phased between nocturnal and diurnal animals (41). Plasma glucose in diurnal animals shows a daily rhythm, with a peak before the beginning of the wake period and the pattern for nocturnal animals is similar diurnal animals and shows a peak before the dark period. If samples were collected at only mid-day and mid-night, there may be no significant differences among mammals. On the other hand, the uptake of 2DG in muscle tissue was found to be unaffected during melatonin depletion by light exposure (Figure 2F) or by intraperitoneal melatonin administration (Figure 3C). In general, mammalian muscle is a main target of insulin action, so insulin-sensitive glucose transporters (mainly GLUT4). Reduction in the Glut4 content of plasma membrane in adipose tissue was observed in pinealectomized rats (42). Several reports have demonstrated that melatonin treatment improves insulin resistance in skeletal muscle (43, 44). Therefore, melatonin may be involved in glucose uptake in some tissues, including muscle, which related to Glut4 in mammals. The relationship between melatonin and insulin in the muscle is expected to be a complex mechanism, but further investigation of this relationship between them will clarify the role of melatonin in glucose metabolism.

Despite the expression of all melatonin membrane receptor mRNAs examined by this study in goldfish brains (Figure S2), the increase in 2DG incorporation following melatonin treatment was not suppressed by the melatonin antagonist Luzindole (Figure 5E). A positive correlation between melatonin and AMK levels was also observed in the brains of goldfish following melatonin treatment (Figure S4A). Moreover, we also found that a low dose (0.1 nM) of the melatonin metabolite AMK can directly increase 2DG incorporation in cultured brain cells (Figure 5G). Thus, the effect of melatonin on brain glucose uptake does not appear to be mediated by melatonin membrane receptors. However, to date we do not have any data regarding cell type because we could not obtain the suitable antibodies for neural markers of goldfish. However, using a poly-l-lysine-coated substrate, TB2 cells (isolated from adult tilapia brain tissue) showed increased in neuronal dopamine decarboxylase (DDC) and microtubule-associated protein 2 (MAP2) (45). Therefore, neuron may account for large percentages of all brain cells present. Furthermore, our results showed that in vivo injection of melatonin increased 2DG uptake in the brain after 30 min (Figure 3A). This indicated that, as in mice (46), the plasma concentrations of this melatonin metabolites following melatonin injection increased within 5 min compared to before melatonin administration (Figure S4B). Thus, we speculate that AMK, a metabolite of melatonin, plays an important role in brain glucose homeostasis via a melatonin receptor-independent pathway. In contrast, melatonin injection enhanced 2DG uptake in the liver (Figure 3B), and melatonin treatment enhanced 2DG incorporation in cultured goldfish hepatocytes in a dose-dependent manner (Figures 5C, D). Importantly, we also found that this effect was prevented by co-treatment with Luzindole (Figure 5F). Luzindole is supposed to be an antagonist of melatonin; however, some reports have showed that it can exert paradoxical effects (47). It may also act as a partial agonist of the melatonin receptor subtype found in human kidney cells (48) and have similar effects in rats (49, 50). Luzindole has also been found to act as a partial antagonist or a full agonist depending on the receptor subtype in medaka (51). In a previous in vivo experiment in goldfish, Luzindole administration before melatonin blocked the melatonin-induced events (52). Our results consistent with the hypothesis that Luzindole blocks glucose uptake in hepatocytes caused by melatonin treatment. Here, the expression profile of melatonin receptor mRNA, coupled with other results, suggest that melatonin regulates to regulate glucose uptake via membrane receptors in the liver.

The action of melatonin is mediated via melatonin receptors, which belong to the G protein-coupled receptor superfamily. Three melatonin receptors MTNR1a (MT1/Mel1a), MTNR1b (MT2/Mel1b), and MTNR1c (Mel1c), have been identified in vertebrates. MTNR1a and MTNR1b have been identified in many different vertebrate species investigated, whereas Mel1c is typically only found in non-mammalian species. In addition, MTNR1a (MTNR1a1/MTNR1a1.7) and MTNR1a-like (MTNR1a2/MTNR1a1.4) have been identified as two distinct MTNR1a subtypes that are found in teleostean species (34, 51, 53, 54). Fish-specific whole-genome duplication events are thought to have occurred in the teleostean lineage (55). The four paralogs MTNR1a, MTNR1b, MTNR1c and MTNR1d (MTNR1a-like) were thought to have been generated after the second genome duplication event. Our results showed that Mel1a1.7 (MTNR1a) was only expressed weakly in the liver. Because melatonin was found to have increased glucose uptake in cultured liver cells and that this phenomenon was blocked by the melatonin antagonist, the effect of melatonin may be exerted via MTNR1b, MTNR1c and MTNR1d.

We found that intraperitoneal injection of melatonin significantly lowered the blood glucose levels relative to administration of glucose alone (Figure 4A). However, this treatment did not change the insulin levels in the blood (Figure 4C) or the mRNA levels of insulin in the Brockmann body, which is the main insulin-producing organ in fish(Figure 4D). In a previous study, insulin mRNA levels in the Brockmann body were unchanged 2 h after glucose administration (Figure S3). This result supports previous reports carried out on teleosts (25, 26). Two hours after glucose administration, if insulin levels do not change, melatonin significantly reduces the blood glucose level. Melatonin was also found to have increased glucose uptake in the brain and liver during the night, when endogenous insulin levels are low (Figure 1E). This result indicates that melatonin may act as a hypoglycemic hormone like insulin. It is thus possible that melatonin—rather than insulin—may play a crucial role in glucose homeostasis in lower vertebrates. Future studies are needed to investigate the effects of melatonin on nocturnal glucose metabolism in many mammals, including humans.

The sugar transporter family is found in bacteria, archaea, and eukaryotes. Their metabolic function is to provide uniport or proton-coupled symport modes of transport (56). The cyanobacterium Synechocystis sp. PCC 6803 can utilize glucose as an externally supplied carbon source for growth. Synechocystis uptakes external glucose via a GlcP (glucose transporter) and then further metabolizes it via glycolysis and the oxidative pentose phosphate pathway (57, 58). The glucose transporter found in Staphylococcus epidermidis (GlcPSe), which is specific to glucose, shows high sequence homology to human GLUT and is inhibited by human GLUT inhibitors (58). Moreover, facilitative glucose transporter 1 (FGT-1) is the major—and maybe the only—GLUT-like protein present in Caenorhabditis elegans (C. elegans). Several reports have noted that FGT-1 is closely related to the mammalian GLUT2-like intestinal glucose transporter (59, 60). Thus, glucose can be thought of as the primary energy source of life on earth, with the glucose transport system being an essential part of living cells. On the other hand, melatonin and/or melatonin metabolites are also present in cyanobacterium (12), plants (13, 19), and invertebrates including C. elegans (61). Moreover, melatonin receptors exist in many invertebrates(e.g., crayfish (62), honeybees (63), C. elegans (61), among many others) and plants (19). Thus, it would be interesting to study whether glucose regulation is an ancestral function of melatonin and its metabolites in these taxa.

To the best of our knowledge, this study of goldfish is the first to demonstrate that nocturnal melatonin directly regulates glucose uptake in place of insulin in a vertebrate species. Further studies are required to investigate the direct effects of melatonin on glucose regulation (i.e., separate from diet) in vertebrates.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.





Ethics statement

The animal study was reviewed and approved by Animal Care Committee of the Experimental Animal Center at Tokyo Medical and Dental University (A2022-038A).





Author contributions

KW and MN performed most of the experiments. YM provided advice on measurement of 2DG uptake using the LC-MS/MS system. JH assisted in some studies and reviewed the manuscript. NS provided the cDNA database of goldfish. AH supervised all studies and drafting of the manuscript.





Funding

This work was supported by JSPS KAKENHI Grant Number JP22K11823, JP22J01508 and JP18K11016.




Acknowledgments

The authors would like to thank Dr. Yuriko Wada, Dr. Moe Yamashita and Prof. Yukihisa Matsumoto, Department of Biology, College of Liberal Arts and Sciences, Tokyo Medical and Dental University for their helpful discussions.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fendo.2023.1173113/full#supplementary-material




References

1. La Fleur, SE, Kalsbeek, A, Wortel, J, and Buijs, RM. A suprachiasmatic nucleus generated rhythm in basal glucose concentrations. J Neuroendocrinol (1999) 11(8):643–52. doi: 10.1046/j.1365-2826.1999.00373.x

2. Kalsbeek, A, and Strubbe, JH. Circadian control of insulin secretion is independent of the temporal distribution of feeding. Physiol Behav (1998) 63(4):553–8. doi: 10.1016/S0031-9384(97)00493-9

3. Mishra, I, Singh, D, and Kumar, V. Daily levels and rhythm in circulating corticosterone and insulin are altered with photostimulated seasonal states in night-migratory blackheaded buntings. Hormones Behav (2017) 94:114–23. doi: 10.1016/j.yhbeh.2017.07.004

4. Kruszynska, YT, Home, PD, Hanning, I, and Alberti, KG. Basal and 24-h c-peptide and insulin secretion rate in normal man. Diabetologia (1987) 30(1):16–21. doi: 10.1007/BF01788901

5. Boden, G, Ruiz, J, Urbain, JL, and Chen, X. Evidence for a circadian rhythm of insulin secretion. Am J Physiol (1996) 271(2 Pt 1):E246–52. doi: 10.1152/ajpendo.1996.271.2.E246

6. Kayaba, M, Park, I, Iwayama, K, Seya, Y, Ogata, H, Yajima, K, et al. Energy metabolism differs between sleep stages and begins to increase prior to awakening. Metabolism (2017) 69:14–23. doi: 10.1016/j.metabol.2016.12.016

7. Franzini, C. Brain metabolism and blood flow during sleep. J Sleep Res (1992) 1(1):3–16. doi: 10.1111/j.1365-2869.1992.tb00002.x

8. Reiter, RJ. Melatonin: the chemical expression of darkness. Mol Cell Endocrinol (1991) 79(1-3):C153–8. doi: 10.1016/0303-7207(91)90087-9

9. Falcón, J. Cellular circadian clocks in the pineal. Prog Neurobiol (1999) 58(2):121–62. doi: 10.1016/s0301-0082(98)00078-1

10. Slominski, A, Tobin, DJ, Zmijewski, MA, Wortsman, J, and Paus, R. Melatonin in the skin: synthesis, metabolism and functions. Trends Endocrinol Metab (2008) 19(1):17–24. doi: 10.1016/j.tem.2007.10.007

11. Falcón, J, Migaud, H, Muñoz-Cueto, JA, and Carrillo, M. Current knowledge on the melatonin system in teleost fish. Gen Comp Endocrinol (2010) 165(3):469–82. doi: 10.1016/j.ygcen.2009.04.026

12. Manchester, LC, Coto-Montes, A, Boga, JA, Andersen, LP, Zhou, Z, Galano, A, et al. Melatonin: an ancient molecule that makes oxygen metabolically tolerable. J Pineal Res (2015) 59(4):403–19. doi: 10.1111/jpi.12267

13. Hattori, A, Migitaka, H, Iigo, M, Itoh, M, Yamamoto, K, Ohtani-Kaneko, R, et al. Identification of melatonin in plants and its effects on plasma melatonin levels and binding to melatonin receptors in vertebrates. Biochem Mol Biol Int (1995) 35(3):627–34.

14. Ekstrzm, P, and Meissl, H. The pineal organ of teleost fishes. Rev Fish Biol Fisheries (1997) 7(2):199–284. doi: 10.1023/A:1018483627058

15. Falcón, J, Besseau, L, Sauzet, S, and Boeuf, G. Melatonin effects on the hypothalamo-pituitary axis in fish. Trends Endocrinol Metab (2007) 18(2):81–8. doi: 10.1016/j.tem.2007.01.002

16. Rozov, SV, Filatova, EV, Orlov, AA, Volkova, AV, Zhloba, AR, Blashko, EL, et al. N1-acetyl-N2-formyl-5-methoxykynuramine is a product of melatonin oxidation in rats. J Pineal Res (2003) 35(4):245–50. doi: 10.1034/j.1600-079x.2003.00081.x

17. Kim, TK, Lin, Z, Li, W, Reiter, RJ, and Slominski, AT. N1-Acetyl-5-Methoxykynuramine (AMK) is produced in the human epidermis and shows antiproliferative effects. Endocrinology (2015) 156(5):1630–6. doi: 10.1210/en.2014-1980

18. Kim, TK, Atigadda, VR, Brzeminski, P, Fabisiak, A, Tang, EKY, Tuckey, RC, et al. Detection of serotonin, melatonin, and their metabolites in honey. ACS Food Sci Technol (2021) 1(7):1228–35. doi: 10.1021/acsfoodscitech.1c00119

19. Back, K. Melatonin metabolism, signaling and possible roles in plants. Plant J (2021) 105(2):376–91. doi: 10.1111/tpj.14915

20. Zhao, D, Yu, Y, Shen, Y, Liu, Q, Zhao, Z, Sharma, R, et al. Melatonin synthesis and function: evolutionary history in animals and plants. Front Endocrinol (Lausanne) (2019) 10:249. doi: 10.3389/fendo.2019.00249

21. Pandi-Perumal, SR, Trakht, I, Srinivasan, V, Spence, DW, Maestroni, GJ, Zisapel, N, et al. Physiological effects of melatonin: role of melatonin receptors and signal transduction pathways. Prog Neurobiol (2008) 85(3):335–53. doi: 10.1016/j.pneurobio.2008.04.001

22. Reiter, RJ, Tan, DX, Osuna, C, and Gitto, E. Actions of melatonin in the reduction of oxidative stress. a review. J BioMed Sci (2000) 7(6):444–58 doi: 10.1007/BF02253360

23. Tseng, YC, Chen, RD, Lee, JR, Liu, ST, Lee, SJ, and Hwang, PP. Specific expression and regulation of glucose transporters in zebrafish ionocytes. Am J Physiol Regul Integr Comp Physiol (2009) 297(2):R275–90. doi: 10.1152/ajpregu.00180.2009

24. Maddison, LA, Joest, KE, Kammeyer, RM, and Chen, W. Skeletal muscle insulin resistance in zebrafish induces alterations in β-cell number and glucose tolerance in an age- and diet-dependent manner. Am J Physiol Endocrinol Metab (2015) 308(8):E662–9. doi: 10.1152/ajpendo.00441.2014

25. Moon, TW. Glucose intolerance in teleost fish: fact or fiction? Comp Biochem Physiol B Biochem Mol Biol (2001) 129(2-3):243–9. doi: 10.1016/S1096-4959(01)00316-5

26. Polakof, S, Panserat, S, Soengas, JL, and Moon, TW. Glucose metabolism in fish: a review. J Comp Physiol B (2012) 182(8):1015–45. doi: 10.1007/s00360-012-0658-7

27. Delahunty, G, Olcese, J, Prack, M, Jo Vodicnik, M, Schreck, CB, and de Vlaming, V. Diurnal variations in the physiology of the goldfish, carassius auratus. J Interdiscip Cycle Res (1978) 9(2):73–88. doi: 10.1080/09291017809359626

28. Delahunty, G, Olcese, J, and de Vlaming, V. Photoperiod effects on carbohydrate metabolites in the goldfish, carassius auratus: role of the pineal and retinal pathways. Rev Can Biol (1980) 39(3):173–80.

29. Delahunty, G, Bauer, G, Prack, M, and de Vlaming, V. Effects of pinealectomy and melatonin treatment on liver and plasma metabolites in the goldfish, carassius auratus. Gen Comp Endocrinol (1978) 35(2):99–109. doi: 10.1016/0016-6480(78)90151-x

30. Kitamura, KI, Andoh, T, Okesaku, W, Tazaki, Y, Ogai, K, Sugitani, K, et al. Effects of hyperglycemia on bone metabolism and bone matrix in goldfish scales. Comp Biochem Physiol A Mol Integr Physiol (2017) 203:152–8. doi: 10.1016/j.cbpa.2016.09.010

31. Wong, MK, Sze, KH, Chen, T, Cho, CK, Law, HC, Chu, IK, et al. Goldfish spexin: solution structure and novel function as a satiety factor in feeding control. Am J Physiol Endocrinol Metab (2013) 305(3):E348–66. doi: 10.1152/ajpendo.00141.2013

32. Lee, YH, Du, JL, Shih, YS, Jeng, SR, Sun, LT, and Chang, CF. In vivo and in vitro sex steroids stimulate seabream gonadotropin-releasing hormone content and release in the protandrous black porgy, acanthopagrus schlegeli. Gen Comp Endocrinol (2004) 139(1):12–9. doi: 10.1016/j.ygcen.2004.07.010

33. Yan, AF, Chen, T, Chen, S, Tang, DS, Liu, F, Jiang, X, et al. Signal transduction mechanism for glucagon-induced. Int J Biol Sci (2016) 12(12):1544–54. doi: 10.7150/ijbs.16612

34. Ikegami, T, Azuma, K, Nakamura, M, Suzuki, N, Hattori, A, and Ando, H. Diurnal expressions of four subtypes of melatonin receptor genes in the optic tectum and retina of goldfish. Comp Biochem Physiol A Mol Integr Physiol (2009) 152(2):219–24. doi: 10.1016/j.cbpa.2008.09.030

35. Karlsson, B, Knutsson, A, and Lindahl, B. Is there an association between shift work and having a metabolic syndrome? results from a population based study of 27,485 people. Occup Environ Med (2001) 58(11):747–52. doi: 10.1136/oem.58.11.747

36. Fonken, LK, Workman, JL, Walton, JC, Weil, ZM, Morris, JS, Haim, A, et al. Light at night increases body mass by shifting the time of food intake. Proc Natl Acad Sci USA (2010) 107(43):18664–9. doi: 10.1073/pnas.1008734107

37. Fonken, LK, Weil, ZM, and Nelson, RJ. Dark nights reverse metabolic disruption caused by dim light at night. Obes (Silver Spring) (2013) 21(6):1159–64. doi: 10.1002/oby.20108

38. Lyssenko, V, Nagorny, CL, Erdos, MR, Wierup, N, Jonsson, A, Spégel, P, et al. Common variant in MTNR1B associated with increased risk of type 2 diabetes and impaired early insulin secretion. Nat Genet (2009) 41(1):82–8. doi: 10.1038/ng.288

39. Bonnefond, A, Clément, N, Fawcett, K, Yengo, L, Vaillant, E, Guillaume, JL, et al. Rare MTNR1B variants impairing melatonin receptor 1B function contribute to type 2 diabetes. Nat Genet (2012) 44(3):297–301. doi: 10.1038/ng.1053

40. Kupprat, F, Kloas, W, Krüger, A, Schmalsch, C, and Hölker, F. Misbalance of thyroid hormones after two weeks of exposure to artificial light at night in Eurasian perch. Conserv Physiol (2021) 9(1):coaa124. doi: 10.1093/conphys/coaa124

41. Kumar Jha, P, Challet, E, and Kalsbeek, A. Circadian rhythms in glucose and lipid metabolism in nocturnal and diurnal mammals. Mol Cell Endocrinol (2015) 418 Pt 1:74–88. doi: 10.1016/j.mce.2015.01.024

42. Lima, FB, Machado, UF, Bartol, I, Seraphim, PM, Sumida, DH, Moraes, SM, et al. Pinealectomy causes glucose intolerance and decreases adipose cell responsiveness to insulin in rats. Am J Physiol (1998) 275(6):E934–41. doi: 10.1152/ajpendo.1998.275.6.E934

43. Quan, X, Wang, J, Liang, C, Zheng, H, and Zhang, L. Melatonin inhibits tunicamycin-induced endoplasmic reticulum stress and insulin resistance in skeletal muscle cells. Biochem Biophys Res Commun (2015) 463(4):1102–7. doi: 10.1016/j.bbrc.2015.06.065

44. Teodoro, BG, Baraldi, FG, Sampaio, IH, Bomfim, LH, Queiroz, AL, Passos, MA, et al. Melatonin prevents mitochondrial dysfunction and insulin resistance in rat skeletal muscle. J Pineal Res (2014) 57(2):155–67. doi: 10.1111/jpi.12157

45. Wen, CM, Cheng, YH, Huang, YF, and Wang, CS. Isolation and characterization of a neural progenitor cell line from tilapia brain. Comp Biochem Physiol A Mol Integr Physiol (2008) 149(2):167–80. doi: 10.1016/j.cbpa.2007.11.005

46. Iwashita, H, Matsumoto, Y, Maruyama, Y, Watanabe, K, Chiba, A, and Hattori, A. The melatonin metabolite N1-acetyl-5-methoxykynuramine facilitates long-term object memory in young and aging mice. J Pineal Res (2020) 70:e12703. doi: 10.1111/jpi.12703

47. Falcón, J, Herrero, MJ, Nisembaum, LG, Isorna, E, Peyric, E, Beauchaud, M, et al. Pituitary hormones mRNA abundance in the Mediterranean Sea bass. Front Physiol (2021) 12:774975. doi: 10.3389/fphys.2021.774975

48. Legros, C, Dupré, C, Brasseur, C, Bonnaud, A, Bruno, O, Valour, D, et al. Characterization of the various functional pathways elicited by synthetic agonists or antagonists at the melatonin MT. Pharmacol Res Perspect (2020) 8(1):e00539. doi: 10.1002/prp2.539

49. Zhou, MO, Jiao, S, Liu, Z, Zhang, ZH, and Mei, YA. Luzindole, a melatonin receptor antagonist, inhibits the transient outward k+ current in rat cerebellar granule cells. Brain Res (2003) 970(1-2):169–77. doi: 10.1016/s0006-8993(03)02332-1

50. Estaras, M, Marchena, AM, Fernandez-Bermejo, M, Mateos, JM, Vara, D, Roncero, V, et al. The melatonin receptor antagonist luzindole induces the activation of cellular stress responses and decreases viability of rat pancreatic stellate cells. J Appl Toxicol (2020) 40(11):1554–65. doi: 10.1002/jat.4018

51. Sakai, K, Yamamoto, Y, and Ikeuchi, T. Vertebrates originally possess four functional subtypes of G protein-coupled melatonin receptor. Sci Rep (2019) 9(1):9465. doi: 10.1038/s41598-019-45925-2

52. Pinillos, ML, De Pedro, N, Alonso-Gómez, AL, Alonso-Bedate, M, and Delgado, MJ. Food intake inhibition by melatonin in goldfish (Carassius auratus). Physiol Behav (2001) 72(5):629–34. doi: 10.1016/s0031-9384(00)00399-1

53. Denker, E, Ebbesson, LOE, Hazlerigg, DG, and Macqueen, DJ. Phylogenetic reclassification of vertebrate melatonin receptors to include Mel1d. G3 (Bethesda) (2019) 9(10):3225–38. doi: 10.1534/g3.119.400170

54. Maugars, G, Nourizadeh-Lillabadi, R, and Weltzien, FA. New insights into the evolutionary history of melatonin receptors in vertebrates, with particular focus on teleosts. Front Endocrinol (Lausanne) (2020) 11:538196. doi: 10.3389/fendo.2020.538196

55. Meyer, A, and Schartl, M. Gene and genome duplications in vertebrates: the one-to-four (-to-eight in fish) rule and the evolution of novel gene functions. Curr Opin Cell Biol (1999) 11(6):699–704. doi: 10.1016/s0955-0674(99)00039-3

56. Pao, SS, Paulsen, IT, and Saier, MH. Major facilitator superfamily. Microbiol Mol Biol Rev (1998) 62(1):1–34. doi: 10.1128/MMBR.62.1.1-34.1998

57. Ryu, JY, Song, JY, Lee, JM, Jeong, SW, Chow, WS, Choi, SB, et al. Glucose-induced expression of carotenoid biosynthesis genes in the dark is mediated by cytosolic ph in the cyanobacterium synechocystis sp. PCC 6803. J Biol Chem (2004) 279(24):25320–5. doi: 10.1074/jbc.M402541200

58. Iancu, CV, Zamoon, J, Woo, SB, Aleshin, A, and Choe, JY. Crystal structure of a glucose/H+ symporter and its mechanism of action. Proc Natl Acad Sci U.S.A. (2013) 110(44):17862–7. doi: 10.1073/pnas.1311485110

59. Feng, Y, Williams, BG, Koumanov, F, Wolstenholme, AJ, and Holman, GD. FGT-1 is the major glucose transporter in c. elegans and is central to aging pathways. Biochem J (2013) 456(2):219–29. doi: 10.1042/BJ20131101

60. Kitaoka, S, Morielli, AD, and Zhao, FQ. FGT-1 is a mammalian GLUT2-like facilitative glucose transporter in caenorhabditis elegans whose malfunction induces fat accumulation in intestinal cells. PloS One (2013) 8(6):e68475. doi: 10.1371/journal.pone.0068475

61. Tanaka, D, Furusawa, K, Kameyama, K, Okamoto, H, and Doi, M. Melatonin signaling regulates locomotion behavior and homeostatic states through distinct receptor pathways in caenorhabditis elegans. Neuropharmacology (2007) 53(1):157–68. doi: 10.1016/j.neuropharm.2007.04.017

62. Mendoza-Vargas, L, Solís-Chagoyán, H, Benítez-King, G, and Fuentes-Pardo, B. MT2-like melatonin receptor modulates amplitude receptor potential in visual cells of crayfish during a 24-hour cycle. Comp Biochem Physiol A Mol Integr Physiol (2009) 154(4):486–92. doi: 10.1016/j.cbpa.2009.07.025

63. Li, G, Zhang, Y, Ni, Y, Wang, Y, Xu, B, and Guo, X. Identification of a melatonin receptor type 1A gene (AccMTNR1A) in apis cerana cerana and its possible involvement in the response to low temperature stress. Naturwissenschaften (2018) 105(3-4):24. doi: 10.1007/s00114-018-1546-0




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2023 Watanabe, Nakano, Maruyama, Hirayama, Suzuki and Hattori. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fendo.2023.1173113_cover.jpg
& frontiers | Frontiers in Endocrinology

Nocturnal melatonin increases glucose
uptake via insulin-independent action in the
goldfish brain





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Nocturnal melatonin increases glucose uptake via insulin-independent action in the goldfish brain

      

        		

          Introduction

        



        		

          Materials and methods

        

          		

            Animals

          



          		

            Plasma collection

          



          		

            2DG uptake in the brain, liver, and muscle tissues

          



          		

            Measurement of insulin, glucose, melatonin, and 2DG6P

          



          		

            In vivo 2DG uptake in the brain, liver, and muscle tissues, and plasma insulin levels following melatonin injection

          



          		

            Measurement of plasma glucose and insulin levels following melatonin injection

          



          		

            RNA isolation and complementary DNA synthesis

          



          		

            Measurement of changes in insulin mRNA expression in the Brockmann body

          



          		

            2DG incorporation in cultured primary brain cells and hepatocytes

          



          		

            mRNA expression of melatonin receptors and glucose transporters in the brain, liver, and muscle tissues

          



          		

            Statistical analyses

          



        



        



        		

          Results

        

          		

            Plasma melatonin, insulin, and glucose levels at mid-day, mid-night, and influence of nocturnal light exposure

          



          		

            In vivo 2DG uptake in the goldfish brain, liver, and muscle tissues at mid-day, mid-night, and influence of nocturnal light exposure

          



          		

            In vivo effect of melatonin on 2DG uptake in goldfish brain and liver tissue, and plasma insulin levels

          



          		

            Melatonin Injection and plasma glucose and insulin levels, and insulin mRNA expression under induced hyperglycemic conditions

          



          		

            Effects of melatonin and Luzindole on 2DG incorporation by cultured primary brain cells and hepatocytes, and the effect of AMK on 2DG incorporation using an insulin-free medium

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fendo-14-1173113-g004.jpg
Plasma glucose levels

Plasma insulin levels

300

20 min

B 200 ]
e Control BGlucose

=Q = Glucose BGlutMelatonin

Plasma glucose levels

80 100 120 0.08 0.8 8
Time (min) D Melatonin (ng/g bw)
aControl a Control
@ Glucose M Glucose

BGlu + Melatonin B Glu+ Melatonin

N
o

Relative expression
(INS/B-actin)
L
=

60 min





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fendo-14-1173113-g002.jpg
Muscle

Liver

Brain

<
oS

(=4 (=] - =)
(3 =] =)

3] [ —
(%) AeppIAl 03 pasedwod
S[9A9] 49O AT pAretodaodug

[ — B — S —
000

gl N —
(%) AeppiAl 01 paaedwod
S[9A3] 49T pArelodroduf

<
*
(=3 > =)

Lt

N v—
(%) AeppiAl 03 paredwod
S[PAd] 49T pAretodioduy

Mid-night

Mid-day

Mid-day Mid-night

Mid-day Mid-night

Muscle

Brain

[a]

<
&N

=3 < =
3 =)

N v
(%) 3 SuprAl 03 paaedwod
S[9A3] 499 T pasetodioduy

(=3 [ =) =)
w) =] Y2}

- -
(%) WySupi 03 paaedwod
S[PAd] d9O AT pAeaodioduy

<
<

(=3 > =) =)
w (=) wn

= —
(%) 1yBrupy 0) paaedwod
S[2AJ J9OYAZ pAerodaoduy

Mid-night Light exposure

Light exposure

Mid-night

Mid-night Light exposure





OEBPS/Images/fendo-14-1173113-g001.jpg
= O\

% %

= =3 S =3 =
=3 w, = )
(o\} - —

(quy/3d) urnsur vwseq

< 4 = =
=) o [Se]

(qu/3d) uruojew vwse[J

Mid-night Light exposure

Mid-day

Mid-night Light exposure

Mid-day

=
o

(Tp/3w) 9s0dn|3 vwise|g

40

=

Mid-night Light exposure

Mid-day





OEBPS/Images/logo.jpg
, frontiers ’ Frontiers in Endocrinology





OEBPS/Images/fendo-14-1173113-g003.jpg
Liver

Brain

<

= =
=] =]
= (]

(anssn swyjourd)
S[[99 ojut pajerod.aodur J9OHAT

600
0

2 2 2 ©
=N ] o
(onssn swyjouru)
s[R? oyur payeaodiodur J9HAT

MEL

Cont

MEL

Cont

Muscle

NS

(quy3d) wymsur ewsejq

NS

=3 =3
=3 =)
o -

1200

(anssp sujourd)
S[P2 ojur pajerodaodur JoOYAT

MEL

Cont

MFET,

Cont





OEBPS/Images/fendo-14-1173113-g005.jpg
1pM

Brain
Liver

60 min
0.1nM 10nM

Cont

2 = °
*® <

(urayoad 3ri/joud)

s[> ojul payerodiodur JoO(IT

12.0

[a]

1 pM

Brain
30 min
0.1nM 10 nM
Liver

Cont

=] < =]

N 8 5
(urdyoad 3ri/jowd)

S[[92 ojul pajetodiodur J9OH(IL

*
3 o+ 4+
o
—
* z
s + o+
£ -
E - .
S 2 =
—
-
g 6
o Z
RY¢E
e o e )
2 2 = @ & 6 =
o o6 -+ [T £ M. W
[— TR —]
(urajoad 3rijjowd) (udpoad Srijpowd) — — I
S[P9 oyur pojeaodiodws J9AT SR 03T prIodI0dur JOHAT
* = + o+ o+
o
—
* 2 P
g =
E -
E o» = =
& + o+
& CRal
N
m + '
© -
QO 7
& N g
=) =) o < < < < o g M
d q g} < W
o 2] - - M M M
F- T
(urayoad 3rijjowd) w - =g
(mayoxd 3vijowd)

S99 oyur pajerodiodur JoOH(IZ

S22 oyur pajerodiodur JOOYAT

G

Cont

AMK (0.1 nM)

S W N T N O

(uryoxd 3ri/owrd)
S[[92 ojur pajerodaodur J9OHL

60 min

30 min





OEBPS/Images/table1.jpg
Insulin-F 5-CGTCTCCGGTGTAAATGCTAACG-3
Insulin-R 5-TGGAGGAAGGAAACCCAGAAGAG-3"
B-actin-F 5-CGAGCGTGGCTACAGCTTCA-3
B-actin-R 5-GCCCGTCAGGGAGCTCATAG-3
Mella 1.4-F 5-CCATCGGCATCGTCACGTACT-3"
Mella 1.4-R 5-CACCGCCAGGCCTATGAAGTT-3
Mella 1.7-F 5-TGGGCTTTGACGGTGCTTG-3
Mella 1.7-R 5-ACCAGAACCCAGATTCGCAAGT-3
Mellb-F 5-CTCCTGCACCTTCACGCAGA-3’
Mellb-R 5-CGCAGGTCGCTGGGTCTTAC-3
Melle-F 5-GGTGGTGGCGCTGTACCC-3’
Mellc-R 5-GCGTCCAGGTGAGCAGCA-3
GLUT1-F 5-TCTTCCGCTCATCGCTCTACC-3’
GLUT1-R 5-GGCTCAGACACTCCTGCTTTCTC-3"
GLUT2-F 5-CATCGCATTAGCTGGGTGTTG-3’
GLUT2-R 5-AAAGGGTGAAACCGAACAGGAG-3’
B-actin-F 5-CGAGCTGCGTGTTGCCCCTGAG-3"

B-actin-R 5-CGGCCGTGGTGGTGAAGCTGTAG-3’






