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Abstract

:

The liver circadian clock plays a pivotal role in driving metabolic rhythms, being primarily entrained by the feeding schedule, although the underlying mechanisms remain elusive. This study aimed to investigate the potential role of insulin as an intake signal mediating liver entrainment in fish. To achieve this, the expression of clock genes, which form the molecular basis of endogenous oscillators, was analyzed in goldfish liver explants treated with insulin. The presence of insulin directly increased the abundance of per1a and per2 transcripts in the liver. The dependency of protein translation for such insulin effects was evaluated using cycloheximide, which revealed that intermediate protein translation is seemingly unnecessary for the observed insulin actions. Furthermore, the putative interaction between insulin and glucocorticoid signaling in the liver was examined, with the results suggesting that both hormones exert their effects by independent mechanisms. Finally, to investigate the specific pathways involved in the insulin effects, inhibitors targeting PI3K/AKT and MEK/ERK were employed. Notably, inhibition of PI3K/AKT pathway prevented the induction of per genes by insulin, supporting its involvement in this process. Together, these findings suggest a role of insulin in fish as a key element of the multifactorial system that entrains the liver clock to the feeding schedule.
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1. Introduction


The circadian system integrates periodic environmental cues and anticipates them, maintaining a temporal organization of physiological, behavioral, and metabolic functions [1]. It is composed by a network of endogenous clocks that are based on cell-autonomous transcriptional–translational feedback loops (TTFLs) of clock gene expression with a period of about 24 h [2,3]. The positive limb of the core clock consists of the products of the genes bmal1 (arnt1) and clock, which form the BMAL1:CLOCK heterodimer and activate the transcription of genes containing E-box sites in their promoter. These induced genes include per and cry, which together constitute the negative limb of the core clock, forming PER:CRY complexes. In turn, PER:CRY interacts with BMAL1:CLOCK and inhibits its transcription-enhancing activity. Subsequently, PER and CRY levels drop, and the cycle is restarted [2,3,4]. There are other TTFLs that stabilize the core clock, known as auxiliary loops. One of them includes the nuclear receptors REV-ERBα and RORα, which are also induced by CLOCK:BMAL1 as they contain E-boxes. At the same time, they regulate bmal1 transcription by repressing or enhancing it, respectively [2,5]. These loops ultimately drive the rhythmic transcription of a great number of clock-controlled genes (CCGs), generating the outputs of the circadian system, i.e., physiological and behavioral rhythms [6]. The circadian system of teleost fish shares most of its architecture with that of mammals, with some differences [4,7,8]. In both taxa, clock gene oscillations occur in virtually all body tissues [9]. However, in mammals there is one main pacemaker in the suprachiasmatic nucleus (SCN) that coordinates the rest, whereas in teleosts the oscillators communicate with one another in a less hierarchical network [9,10]. In addition, teleosts have a higher number of copies of each clock gene, due to additional whole genome duplication events [8,11].



In order to sustain circadian rhythms, endogenous oscillators need to be periodically entrained by cyclic cues known as synchronizers or Zeitgebers [12]. Undoubtedly, the main synchronizer of the circadian system is the daily light/dark cycle [12,13], although the fasting/feeding cycle also seems to be important [14,15]. In teleost fish, which have a less-hierarchical circadian system than mammals, light is considered the main Zeitgeber [9,10]; it can even directly phase shift the clock, as demonstrated in several zebrafish cell types in culture [4,9]. This suggests that the different tissue clocks are independently entrained and can respond directly to different synchronizing cues [8,10]. Furthermore, in vivo, most oscillators in the fish central nervous system are dependent on the photocycle and are, therefore, classified as light-entrainable oscillators (LEOs) [16,17]. Meanwhile, in peripheral organs, and specifically in the digestive system, clock genes are preferentially entrained by food availability [8,10]. Therefore, such organs could be mainly considered food-entrainable oscillators (FEOs), although they can also respond to other signals [8,10].



In mammals, the liver clock seems to have high physiological relevance, since an estimated 16% of the liver transcriptome and 20% of its proteome is expressed in a circadian manner [6]. The liver is one of the tissues with more oscillating transcripts, including nutrient transporters, receptors, and enzymes [6]. Considering that this organ plays a central role in all metabolic processes in the organism, this indicates that the hepatic core TTFL drives many metabolic cycles [18]. It is, therefore, not surprising that the proper functioning of the liver circadian pacemaker is considered a prerequisite for metabolic health, ensuring an optimal temporal sequence of metabolic processes [18]. The liver oscillator is one of the pacemakers that most clearly functions as an FEO, as observed in both fish and mammals, since a regular feeding schedule can rapidly entrain hepatic clock gene expression [14,19,20,21]. When food is provided during the rest period, there is a phase shift in the liver oscillator, to the extent that it becomes uncoupled with the hypothalamic one [16,22,23,24]. In goldfish, the hepatic clock is so sensitive to feeding that even a single meal can reset the hepatic clock, at least in the absence of the LD cycle [21]. However, despite many efforts taken, the mechanisms underlying feeding entrainment of the liver are still unclear [8,25,26,27].



Insulin is a well-known hypoglycemic and anabolic hormone secreted by the pancreatic β-cells in response to feeding, that binds to tyrosine-kinase insulin receptors in multiple target tissues [28]. In vertebrates including teleosts, the two main pathways of insulin signaling are the phosphatidylinositol 3-kinase (PI3K)/AKT (also known as PKB or protein kinase B) and the Raf/Ras/MEK/MAPK (mitogen-activated protein kinase, also known as ERK or extracellular signal regulated kinase) pathways, both of which have immediate effects over cell metabolism and gene expression [29]. The fact that the liver is highly sensitive to insulin signaling makes this hormone a good candidate as a mediator of feeding entrainment in this organ. This hypothesis gains support from research indicating that insulin resistance impairs the mammalian liver clock [30], and the deficiency of insulin or insulin receptors dampens feeding entrainment [31,32]. Accordingly, a handful of studies conducted in mammals have documented the effects of insulin on the liver oscillator, which immediately enhances the expression of per genes from the negative limb, and, thus, causes a phase-advance of the core clock rhythm [31,33,34,35,36]. To our knowledge, the effects of insulin over clock gene expression have not been reported yet in any fish species.



Hence, the aim of this study was to analyze whether insulin may be involved in the entrainment of the liver clock by feeding in fish. This was achieved by examining the direct effects of insulin on clock gene expression in this organ, exploring its potential interaction with glucocorticoid-mediated entrainment, and the signaling pathways that may be involved.




2. Results


2.1. Insulin Treatment Enhances mRNA Abundance of per1a and per2 in the Liver of Goldfish


Treatment of goldfish liver explants with insulin induced per1 mRNA abundance in a dose- and time-dependent manner, almost reaching a 6-fold mRNA increase with the higher dose (1 µM) after 8 h (h) of treatment (Figure 1A–C). However, mRNA abundance of per1b was not significantly modified by insulin, and only tended to increase after 8 h of treatment (Figure 1D–F). The clock gene per2 was also upregulated by insulin, showing a significant increase at 4 h post-treatment (Figure 1G–I).



The transcription of rev-erbα, clock1a, and bmal1a was not modified by insulin treatment (Figure 2).




2.2. Insulin Treatment Enhances mRNA Abundance of per Genes Independently of Protein Translation


Cycloheximide (a protein translation inhibitor) alone augmented mRNA abundance of per1a transcripts after 2 and 8 h of treatment (Figure 3A,B). Also, per1a and per2 mRNA levels were increased by insulin treatment, and this induction was not affected by the treatment with cycloheximide, as no statistical interaction was found between the two factors (Figure 3A–D). Thus, the higher abundance of per1a and per2 mRNA in the group treated with cycloheximide and insulin at 8 h post-treatment seem to result from the additive effects of both treatments in both cases (Figure 3B,D).




2.3. Insulin and Dexamethasone Have Independent Effects over per1a and per2 mRNA Abundance


Both insulin and dexamethasone alone caused an increase in per1a mRNA abundance after both 2 and 8 h (Figure 4A,B). The response to dexamethasone (6-fold increase) was similar at both treatment times, while the response to insulin increased with treatment duration (3-fold to 6-fold, Figure 4A,B). The two drugs exerted their effects independently after a 2 h treatment (Figure 4A). After 8 h, a statistical interaction occurred between DX and INS treatments, as the amount of per1a mRNA in the groups treated with both drugs was statistically lower than the sum of the separate effects (Figure 4B), which was probably the consequence of having reached a plateau in the transcription of the gene.



As in the previous experiments, insulin treatment induced per2 mRNA abundance after 2 and 8 h (Figure 4C,D). In contrast, dexamethasone treatment did not increase mRNA abundance of per2, and in fact caused a decrease in per2 levels after 8 h. No interaction occurred between the effects of insulin and dexamethasone on per2 mRNA abundance.




2.4. Insulin-Mediated Induction of per Genes Is Reversed by the Inactivation of the PI3K Pathway


The treatment with 1 µM insulin significantly increased AKT phosphorylation status, as shown by the enhanced p-AKT/AKT ratio, confirming the activation of the main insulin-signaling pathway (Figure 5A,B). Moreover, the insulin per1a and per2 induction was abolished in the liver explants pre-treated with PI3K inhibitor LY294002 (Figure 5C,D). Although in the case of per2 the interaction was slightly below significance, one-way ANOVA revealed that per2 mRNA abundance in the double treatment was similar to the control group, i.e., insulin treatment had no effect in the presence of the inhibitor.




2.5. Insulin-Mediated Induction of per1a and per2 Is Independent of the MEK Pathway


Regarding the MEK pathway, there was no changes in MEK phosphorylation status after a 4 h treatment with 1 µM insulin based on the absence of changes in the p-MEK/MEK ratio (Figure 6A,B). In agreement, the inhibitor of the MEK pathway PD98059 did not interfere in the induction of per1a and per2 by insulin treatment (Figure 6C,D).





3. Discussion


The results of this study provide insight into a potential mechanism for the feeding-induced resetting of the liver clock in teleost fish. Previous research has demonstrated the remarkable reliance of the endogenous hepatic oscillator on feeding time in goldfish [21,22] and rodents [20], but the precise link between food intake and clock gene rhythms in the liver remains uncertain. Insulin could be a potential mediator between both processes, considering that its levels increase after meals [28], and recent reports indicating the necessity of the insulin receptor for liver resetting in mice [32]. In this line, the present results provide evidence supporting the idea that insulin enhances mRNA abundance of per1a and per2 genes in goldfish, suggesting that insulin plays a conserved role as an input for the liver clock in vertebrates. The induction of per1a in goldfish liver treated with insulin ex vivo is comparable with results obtained in mice, where insulin-mediated per1 induction was observed both in vivo and in vitro [33,35,36]. This, along with the finding that the feeding time determines the phase of the per1a rhythm in the liver of teleosts [22,37], reinforces that postprandial insulin may be involved in this entrainment. Additionally, per2 mRNA levels in goldfish liver increased significantly after 4 h of insulin treatment. In this line, a transient increase and phase advance of per2 in response to insulin is well-documented in the mammalian liver clock [31,33,34,35], and a similar response is observed in other peripheral tissues [38,39,40]. Mice lacking the insulin receptor in hepatocytes also show altered per2 entrainment by restricted feeding [32], further supporting that insulin-activated signaling pathways play an important role in this process. Notably, the induction of per2 by insulin seems to be weaker in goldfish than in rodents. This could be due to a divergent role of per2 between fish and mammals, as per2 in teleosts is primarily considered a light-sensitive gene, mediating photic entrainment, as demonstrated in zebrafish tissues [41] and suggested for other teleost species [10]. However, the hypothesis that per2 is light-induced does not exclude its regulation by feeding-related pathways, as the expression of this gene is also influenced by other feeding-related hormones linked to food intake, such as ghrelin [27]. Considering that the effect of insulin on per genes in mammals is not limited to induction, but also generates a phase advance that resets the hepatic clock [34], the presence of a similar mechanism seems likely in teleost fish, but further studies are required to assess this hypothesis.



In mammals, some reports suggest that insulin downregulates rev-erbα expression [31,36,40], whereas no effect was observed in goldfish. This could represent another potential difference in the circadian response to insulin between mammals and teleosts, which should be further investigated. The mRNA abundance of clock1a and bmal1a genes was not significantly affected by insulin treatment either. However, we cannot discard that insulin could act on other important clock genes in different models.



The upregulation of per genes by insulin is probably mediated by the insulin receptors in fish liver, as happens in mammals [32]. In support of this notion, we observed the activation of the PI3K/AKT pathway, a key transduction pathway triggered by the insulin receptor [29], in goldfish livers treated with insulin for 4 h. This was evidenced by the increased phosphorylation status of AKT [42]. Furthermore, pre-treating the goldfish liver with LY294002, a PI3K inhibitor, prevented per1a and per2 induction by insulin. Similar findings have been reported in mammals, where LY294002 inhibits insulin-mediated PER2 increase in mouse fibroblasts and liver [33,34,38].



In contrast to the PI3K/AKT pathway, we did not observe significant changes in MEK phosphorylation in livers incubated with insulin, indicating that the MEK/ERK MAPK pathway was not activated by this hormone in the liver. These results are in line with others in rainbow trout muscle cells, where insulin failed to induce the MAPK pathway despite activating PI3K, suggesting that MAPK activation by insulin might be attenuated in the peripheral tissues of some adult fish species. Consistent with this, the MEK inhibitor PD98059 did not interfere with the induction of per1a and per2 by insulin treatment in goldfish liver, suggesting that MEK activity is not required for this response. These results differ from a study in mice where PD98059 inhibited insulin-mediated per1 induction [33]. However, in other studies, MEK pathway inhibitor U0126 had no significant effect on insulin entrainment in the liver or in fibroblasts [34,38], although it did in adipose tissue [34]. Thus, while in mammals the MEK pathway may be involved in part of the insulin actions over the molecular clock, in teleost fish the PI3K/AKT pathway appears to play a more significant role, at least in the liver.



The fact that the upregulation of per1 and per2 by insulin was not prevented by a pre-treatment with cycloheximide (present results) suggests that this response does not require intermediate protein translation. This supports the idea that the increase in the mRNA abundance of these transcripts is mediated by a mechanism directly activated by insulin signaling, which ends in transcription-inducing elements. To date it has not been possible to provide specific details regarding the precise mechanisms involved on such insulin actions. The first idea would be the existence of insulin-response elements found in the promoter regions of classical insulin-gene targets, like PEPCK and IRS-2, which bind forkhead proteins to regulate transcription in response to insulin signaling [43,44]. To our knowledge, no insulin-response element sequences have been identified in clock genes (including per1); thus, although we cannot rule out the presence of these insulin response elements, it seems unlikely. Another well-known response element related with light entrainment are the CRE elements and E-box sites that exist in all studied per promoters, and have a main role in endogenous clocks resetting [9,41]. However, these sites have not been linked to insulin effects on clock resetting to date. In fact, both sites have been excluded, at least for insulin actions on clock gene expression in adipose tissue of mammals [40]. To our knowledge the only transcription factors associated with insulin actions on the clock are NFY and SP1, which are activated by the PI3K/Akt pathway [40]. Considering that present data show that this pathway is involved in insulin action on clock genes, it is also likely to be the case in goldfish. Binding sites for NFY and SP1 transcriptions factor are present in per promoters in mammals, and their absence decreased insulin action on per2 expression in adipose tissue of mammals [40]. In addition, other mechanisms of gene expression regulation have been revealed to also be important in mammals. Although the immediate increase in PER2 protein involves translation, a subsequent transcription-dependent mechanism appears to mediate it after the first 90 min [38]. Moreover, several potential signal transduction pathways have been proposed including the PI3K/AKT-mediated phosphorylation of BMAL1, resulting in its exclusion from the nucleus [36], as well as inhibition of per1 and per2 by regulatory microRNAs [38]. These putative mechanisms of insulin actions deserve to be explored in fish.



According to the present results, insulin seems to modulate hepatic clock genes, thereby reinforcing its role in the circadian system. There is substantial evidence supporting the relationship between insulin and the circadian system in vertebrates, including fish. For instance, insulin is a clock output synchronized to feeding schedule in teleosts [45]. Additionally, mistimed meals cause severe alterations in the circadian system and metabolism [22,46], consistent with the strong influence of insulin in the liver oscillator. In mammals, disruption of various clock genes causes hypoinsulinemia or hyperinsulinemia [47], and chronodisruption affects sensitivity to this hormone, supporting a strong link between clock gene expression and energy balance [47]. In this sense, insulin food entrainment may be required for coupling mealtimes with metabolic events maintaining optimal temporal homeostasis. However, under chronodisruptive conditions, this temporal homeostasis is lost, leading to a subsequently reduced welfare [17,22].



Nonetheless, in addition to insulin, other hormones and signaling molecules likely contribute to feeding entrainment in teleosts. Just like other crucial functions, such as feeding regulation, temporal homeostasis in the liver is probably regulated by multiple redundant signals. Specifically in goldfish, the orexigenic peptides orexin [26] and ghrelin [27,48], whose levels increase during fasting [49], can modulate the food anticipatory activity (FAA), which is the primary output of the food-entrainable oscillator (FEO) [26,27]. Unlike orexin and ghrelin, insulin levels increase directly in response to feeding [28,29]; thus, a stronger direct impact as a feeding input could be expected. Furthermore, several hormones apart from insulin directly affect clock gene expression in the fish liver, including ghrelin and also glucocorticoids, which will be further discussed [48,50]. Even more feeding-related signals have been implicated in liver clock entrainment in mammals, such as IGF-1 and oxyntomodulin (a hormone released by gastric filling), via induction of per1 and per2 [38,51]. Non-endocrine food entraining signals have also been described in mammals, such as redox state and sirtuins which seems to affect the circadian clock by modulating the activity of CLOCK and BMAL1 and/or deacetylating PER2 [52,53].



It is worth noting that many of the resetting signals of circadian clocks in vertebrates, including fish, act through modulation of the mRNA abundance of per genes. Now, insulin seems to be another of the numerous entraining cues that induce this family of genes in teleosts, along with light, glucocorticoids, orexin, and ghrelin [26,27,50]. In mammals, per genes have also been proposed as one of the food input sensors in the liver clock, as their expression responds acutely to nutrient intake and could initiate the adjustments in the oscillator machinery [54,55]. A similar situation seems to occur in fish, but it is not known how these different signals interact with each other in regulating per expression. Considering this, the present study sheds light on the combination of glucocorticoids as one of the stronger resetters of the clock of vertebrate peripheral tissues, including in fish [10,47,56,57], with the effects of insulin in the goldfish liver. The results provide further evidence of the role of glucocorticoids in regulating the hepatic circadian machinery of goldfish, and the fact that dexamethasone induced per1a ex vivo proves that the teleost liver oscillator is a direct target for glucocorticoid signaling [50]. This claim is supported by the abundance of glucocorticoid receptors on this organ and the known impact of glucocorticoids on the hepatic proteome [58]. However, even though glucocorticoid levels are modified by nutritional status [59] it does not seem likely that they serve as a primary feeding input of the liver clock, unlike insulin. This is evidenced by the persistence of hepatic circadian oscillations in mice lacking glucocorticoid receptors or adrenal glands [57,60]. Furthermore, when feeding time is inverted, the shifting of the liver core clock is not accompanied by a similar shift in the glucocorticoid rhythm in fish and mammals [22,35]. Along the same lines, other findings in mammals support the idea that hepatic synchronization by feeding and by endogenous glucocorticoids are independent, and that food intake is a stronger Zeitgeber for this organ [60].



Moreover, the present results suggest that the inductive effects of insulin over the per genes seem to be independent from the above-described glucocorticoid effects. This is indicated by the opposite effects of both hormones over per2, and the lack of statistically significant interaction between their actions. Thus, the effects of the combination of insulin and dexamethasone were equal to the effects of each of them separately, with the exception of the induction of per1a after 8 h of treatment, which could be attributed to having reached the limits of inductive capacity of this gene. These results allow us to suggest that glucocorticoids and insulin signal to the liver clock through different pathways, but further studies are required to assess this hypothesis. In this regard, the induction of per genes by glucocorticoids could be mediated by a putative glucocorticoid response element (GRE) sequence in the per gene promotor, as described in mice [61,62]. This mechanism is not expected to interfere with the PI3K/AKT pathway, which we proposed for insulin action on clock genes.



Interestingly, per1a rhythm in vivo shows a higher amplitude compared to in vitro conditions in the goldfish liver, even when this oscillator is reset with dexamethasone [63,64]. This observation, combined with the present results, supports the notion that a combination of multiple signals occurs in vivo, enhancing the robustness of oscillations [64]. Therefore, the present study reinforces the idea that the phase of the liver clock depends on the interplay among several input molecules.



Overall, the results show that insulin is a synchronizer for the liver clock, having direct effects over per1 and per2 clock genes in fish. This action does not require the translation of any intermediate proteins and might be mediated by the PI3K/AKT pathway. Therefore, the present work shows for the first time that insulin has the potential to regulate the positive limb of the circadian clock in the liver of teleosts, supporting its role as an important element of the probably multifactorial food entrainment mechanism of the fish hepatic oscillator.




4. Materials and Methods


4.1. Animals and Housing


Juvenile goldfish (Carassius auratus) of 15 ± 0.6 g body weight (bw), acquired from a local commercial supplier (ICA, Madrid, Spain), were kept in 60-liter tanks (n = 6–10 fish per tank) with environmental enrichment, and filtered and aerated fresh water (21 ± 1 °C) under a 12L:12D photoperiod (lights on at 8:00 h), for at least 15 days before the experiments. Food pellets (1% bw, Sera Pond Biogranulat, Heisenberg, Germany) were provided daily at 10:00 h (at ZT = 2, i.e., 2 h after lights on). All procedures complied with the Guidelines of the European Union Council (UE63/2010) and the Spanish Government (RD53/2013 and RD118/2021) for the use of animals in research and were approved by the Community of Madrid (PROEX 107/20).




4.2. Drugs


Insulin from bovine pancreas (Sigma-Aldrich, Madrid, Spain) was dissolved in pH 2–3 HCl-water, to a 1 mM concentration, on the same day of the experiment. Then, it was diluted in a control culture medium (Dulbecco’s Modified Eagle’s Medium, DMEM, Sigma-Aldrich) adapted to fish osmolarity as previously described [50], to reach 1 and 0.1 μM insulin concentrations (the final pH of these solutions was 7.4 as in controls). A stock solution of cycloheximide (Sigma-Aldrich), a protein translation inhibitor, was prepared in ethanol at 10 mM, and stored at 4 °C until the day of the experiment, in which it was diluted in DMEM to obtain the final concentration of 10 μM. A stock solution of 100 μM dexamethasone (Sigma-Aldrich) was first prepared in 3% ethanol distilled water and stored at 4 °C. The day it was used, dexamethasone stock solution was diluted sequentially in the culture medium until it reached 0.1 μM. LY294002 (PI3K inhibitor, TOCRIS, Bristol, UK) was dissolved into DMSO at 25 mM before the culture, and then diluted in culture medium to 50 µM, with DMSO reaching a final concentration of 0.2%. PD95059 (TOCRIS) was dissolved in 7.5 mM DMSO, and then diluted in 30 µM DMEM, with a DMSO final concentration of 0.4%.




4.3. Primary Hepatic Cultures


Liver cultures were performed as previously described [48,50]. In short, on the day of the experiments, non-fed goldfish were sacrificed by anesthetic overdose with MS-222 (tricaine methanesulfonate, 0.3 g/L, Sigma-Aldrich) at 10:00 h. Then, the liver was quickly sampled, homogenized using a scalpel, and distributed in different wells (≈20 mg liver/well) of sterile culture 24-well multi-dish plates. Each explant was pre-incubated in 1 mL DMEM, with penicillin–streptomycin (10 mL/L, Sigma-Aldrich,) and gentamycin (500 mg/L Sigma-Aldrich) for 2 h (21 °C, 3% CO2). After pre-incubation, the old medium was removed, fresh medium with the different treatments was added, and plates were introduced again into the incubator. In each experiment, the corresponding vehicle (i.e., DMSO or ethanol at final concentrations) was added to the control group. When the time of incubation was over, the whole content of the wells was recovered, the tissue was retrieved by soft centrifuging, and then frozen and stored at −80 °C until use.




4.4. Experimental Designs


4.4.1. Insulin Effects on Hepatic Clock Gene Expression


The modulatory effect of insulin treatment on the mRNA abundance of different clock genes was studied. After pre-incubation in the control medium, liver aliquots from 8 goldfish were divided into 3 experimental groups (n = 8 explants/group): a control group, a group treated with 0.1 μM insulin (INS), and a group treated with 1 μM INS. Explants were retrieved after either 2, 4, or 8 h of treatment, and tissues were recovered, frozen, and stored for the analysis of mRNA abundance of clock genes (per1a, per2, per1b, clock1a, rev-erbα, bmal1a) by qPCR.




4.4.2. Transcription Dependence of Insulin Action on Clock Genes


To know if the effects of insulin on the liver mRNA abundance of per genes were direct or mediated by intermediate transcription regulators, livers were extracted (n = 8) and divided into 4 experimental groups (n = 8 explants/group): vehicle (control), 1 µM insulin (INS), 10 µM cycloheximide (CHX), and 10 µM cycloheximide plus 1 µM insulin (INS/CHX). In the group combining CHX and INS, CHX was added 30 min before insulin to block transcription. The treatments were maintained for either 2 or 8 h of incubation. Then, tissues were recovered, frozen, and stored until qPCR analysis (per1a and per2).




4.4.3. Possible Interaction between Dexamethasone and Insulin Treatments on per1 and per2 Induction


To evaluate a possible interaction between insulin and dexamethasone clock gene induction in the liver oscillator, 8 goldfish livers were cultured as indicated in Section 4.3. After the preincubation, 6 different treatments were employed (n = 8 explants/group): vehicle (control), 0.1 μM insulin (INS+), 1 μM insulin (INS++), 0.1 μM dexamethasone (DX), 0.1 μM insulin and 0.1 μM dexamethasone (INS+/DX), and 1 μM insulin and 0.1 μM dexamethasone (INS++/DX). Both drugs (insulin and dexamethasone) were added to the explants at the same time. After either 2 or 8 h of treatment, tissues were recovered, frozen, and stored for qPCR gene expression analysis (per1a and per2).




4.4.4. Second Messenger Pathways Activated by Insulin in Goldfish Cultured Liver


To determine if insulin activates its canonical signaling pathways in goldfish liver, the activation of PI3K/AKT and MEK/ERK pathways was analyzed by Western blotting through assessment of the phosphorylation status of AKT and MEK. Liver cultures were performed as described in Section 2.3, but with a higher amount of tissue (≈40 mg). Liver explants were extracted from 8 goldfish and divided into the control group and 1 µM insulin group (INS), n = 8 explants/group. After 4 h, explants were cryogenized and stored for Western blot analysis of the p-AKT/AKT and p-MEK/MEK ratios.




4.4.5. Involvement of PI3K and MEK/ERK Pathways on Insulin-Mediated per1 and per2 Induction


To study whether insulin’s action on per1 and per2 was mediated by the activation of PI3K/AKT or MEK/ERK pathways, inhibitors of both routes were employed. Eight livers were used to perform the following experimental groups (n = 8 explants/group): vehicle, 1 μM insulin (INS), 50 µM LY294002 (LY), 50 µM LY294002 plus 1 μM insulin (INS/LY), 30 µM PD95809 (PD), and 30 µM PD95809 plus 1 μM insulin (INS/PD). After 4 h of treatment, the tissue was recovered, frozen, and stored for qPCR gene expression analysis (per1a and per2).





4.5. Western Blotting


Western blotting was used to assess the phosphorylation status of AKT and MEK through quantification of p-AKT/AKT and p-MEK/MEK ratios, as detailed in previous studies [65]. In short, frozen samples (around 20 mg) were homogenized in 1 mL of buffer containing 150 mM NaCl, 10 mM tris-HCl, 1 mM EGTA, 1 mM EDTA (pH 7.4), 100 mM sodium fluoride, 4 mM sodium pyrophosphate, 2 mM sodium orthovanadate, 1% Triton X-100, 0.5% NP40-IGEPAL, and 1.02 mg/mL protease inhibitor cocktail (Sigma-Aldrich) via sonication, keeping the tubes on ice to prevent denaturation. Homogenates were centrifuged twice (1000× g, 15 min; 1000× g, 30 min), retrieving the supernatant each time. The concentration of protein in each sample was determined by the Bradford method, using a standard curve with bovine serum albumin. Then, protein lysates were denaturized at 95 °C for 5 min with β-mercaptoethanol and loading dye, and 20 µg of each sample was loaded in a 10% acrylamide gel and Western blotted. The primary antibodies employed were 1:1000 Anti-phospho-AKT (Ser 473) (cs #4060, Cell Signaling, Danvers, MA, USA), 1:1000 anti-AKT (cs #9272, Cell Signaling), 1:500 anti-phospho-MEK1/2 (Ser217/221) (cs #9154, Cell Signaling), and 1:500 anti-MEK1/2 (cs#9122, Cell Signaling). The secondary antibody used was anti-rabbit (1:10,000, ab205718, Abcam, Cambridge, UK). Bands were clean and matched the expected size of the protein detected. Band density was quantified by Image Lab software 6.0. (Bio-Rad Laboratories, Hercules, CA, USA) in a Chemidoc Touch Imaging System (Bio-Rad Laboratories).




4.6. Assessment of mRNA Abundance by RT-qPCR


Total RNA from the liver explants was isolated by the TRIzol/chloroform method, using TRI Reagent (Sigma-Aldrich), and treated with RQ1 RNAse-free DNAse (Promega, Madison, WI, USA). Then, 0.3 µg of total RNA was reverse-transcribed into cDNA in a 25 µL reaction volume, using random primers (Invitrogen, Waltham, MA, USA), RNAse inhibitors (RNAsin, Promega), and SuperScript II Reverse Transcriptase (Invitrogen). RT-qPCR was carried out in each sample in duplicate using iTaq Universal SYBR Green Supermix (Bio-Rad Laboratories) into a 96-well plastic plates loaded with a CFX96TM Real-Time System (Bio-Rad Laboratories), with 1 µL of cDNA and a final concentration of 0.5 µM of each forward and reverse primers, to a final volume of 10 µL. The GeneBank reference number and primer (Sigma-Aldrich) sequences are shown in Table 1. The cycling protocol included a first step of denaturation (95 °C, 30 s), and 40 cycles of amplification (95 °C for 5 s, and 60 °C for 30 s). At the end of every amplification protocol, a temperature gradient (from 70 to 90 °C, at a rate of 0.5 °C/5 s) was applied in order to obtain melting curves that helped confirm the specificity of the reaction. Non-retrotranscribed RNA and water were run as controls. cDNA standard curves were analyzed to ensure optimal amplification conditions (efficiency = 90–105%). Relative mRNA abundance was determined by the 2−ΔΔCt method [66]. Data obtained were normalized to the control group.




4.7. Statistics


For all statistical analyses and representations, Sigmaplot 12.0 software was used. First, the normality and homoscedasticity of the data sets were tested using the Shapiro–Wilk test and Levene tests, respectively. When necessary, the data were transformed to logarithmic or square root scale in order to meet these requirements. For experiments with only one factor (e.g., different insulin doses), differences among groups were determined by one-way ANOVA followed by a Student–Newman–Keuls (SNK) post hoc test. When two treatments were combined, a two-way ANOVA was used to determine the effects of the two factors separately or a possible interaction between them. If a significant interaction was found, the groups were compared by one-way ANOVA followed by a Student–Newman–Keuls (SNK) post hoc test.
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Figure 1. Dose–response effects of insulin treatment on per gene mRNA abundance. Relative mRNA abundance of the clock genes per1a, per1b, and per2 in cultured goldfish livers treated with different concentrations of insulin for 2 h (A,D,G), 4 h (B,E,H), or 8 h (C,F,I). Data are shown as mean ± SEM; n = 8. Data were analyzed by one-way ANOVA (* p < 0.05; ** p < 0.005; *** p < 0.001). Significant differences among groups according to SNK test are represented by different letters. 
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Figure 2. Dose–response effects of insulin treatment on clock gene mRNA abundance. Relative mRNA abundance of the clock genes clock1a, bmal1a, and rev-erbα in cultured goldfish liver treated with different concentrations of insulin for 2 h (A,D,G), 4 h (B,E,H), or 8 h (C,F,I). Data are shown as mean ± SEM; n = 8. Data were analyzed by one-way ANOVA. 
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Figure 3. Effects of cycloheximide on insulin action over per mRNA abundance. Relative mRNA abundance of clock genes per1a and per2 in cultured goldfish liver treated with 1 µM insulin or 10 µM cycloheximide alone or both drugs together for 2 h (A,C) or 8 h (B,D). Data are shown as mean ± SEM; n = 8. Data were analyzed by two-way ANOVA. INS = insulin. CHX = cycloheximide; ** p < 0.005 INS; *** p < 0.001 INS. # p < 0.05 CHX; ## p < 0.005 CHX. 
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Figure 4. Effects of dexamethasone on insulin action over per mRNA abundance. Relative mRNA abundance of clock genes per1a and per2 in cultured goldfish liver, treated with 0.1 µM insulin (+), 1 µM insulin (++), and 0.1 µM dexamethasone alone or both drugs together for 2 h (A,C) or 8 h (B,D). Data are shown as mean ± SEM; n = 8. Data were analyzed by two-way ANOVA. When an interaction between factors occurred, a one-way ANOVA followed by a SNK test was performed, and differences among groups were represented by different letters (B). INS = insulin. DX = dexamethasone. * p < 0.05 INS; *** p < 0.001 INS. ## p < 0.005 DX; ### p < 0.001 DX. $ interaction between drugs (p < 0.05). 
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Figure 5. Involvement of PI3K/AKT pathway in insulin action on clock gene mRNA abundance. Western blot analysis of the phosphorylation status of AKT protein in cultured liver of goldfish after 4 h of treatment with control medium (C) or 1 µM insulin (INS). The graph (A) represents the p-AKT/AKT ratio from Western blots performed on 8 individual samples per treatment (mean ± SEM); and (B) shows representative blots. ** indicates significant differences (p < 0.005) between the groups according to Student’s t-test. (C,D) Effect of the PI3K/Akt pathway inhibitor LY294002 on insulin action over per1a and per2 mRNA abundance (mean ± SEM; n = 8). Data were analyzed by two-way ANOVA. When an interaction between factors occurred, a one-way ANOVA followed by a SNK test was performed, and differences among groups were represented by different letters. INS = insulin. LY = LY294002. $ interaction between factors (p < 0.05). 
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Figure 6. Involvement of the MEK pathway in insulin action on clock gene expression: (A,B) Western blot analysis of the phosphorylation status of MEK protein in cultured liver of goldfish after 4 h of treatment with control medium or 1 µM insulin (INS). The graph (A) represents the p-MEK/MEK ratio of Western blots performed on 7 individual samples per treatment (mean ± SEM); (B) shows representative blots. (C,D) Effect of the MEK pathway inhibitor PD98059 on insulin action over per1a and per2 mRNA abundance (mean ± SEM; n = 8). Data were analyzed by two-way ANOVA (* p < 0.05 for insulin factor). INS = insulin. PD = PD95059. 
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Table 1. Primers used for RT-qPCR analysis.






Table 1. Primers used for RT-qPCR analysis.





	
Gene Transcript

	
Access Number (GenBank)

	
Sequence (5′→3′)

	
Product (bp)






	
β-actin

	
AB039726.2

	
Forward

	
CAGGGAGTGATGGTTGGCA

	
168




	
Reverse

	
AACACGCAGCTCGTTGTAGA




	
bmal1a

	
KF840401.1

	
Forward

	
AGATTCTGTTCGTCTCGGAG

	
161




	
Reverse

	
ATCGATGAGTCGTTCCCGTG




	
clock1a

	
KJ574204.1

	
Forward

	
CGATGGCAGCATCTCTTGTGT

	
187




	
Reverse

	
TCCTGGATCTGCCGCAGTTCAT




	
per1a

	
EF690698.1

	
Forward

	
CAGTGGCTCGAATGAGCACCA

	
155




	
Reverse

	
TGAAGACCTGCTGTCCGTTGG




	
per1b

	
KP663726.1

	
Forward

	
CTCGCAGCTCCACAAACCTA

	
235




	
Reverse

	
TGATCGTGCAGAAGGAGCCG




	
per2

	
EF690697.1

	
Forward

	
TTTGTCAATCCCTGGAGCCGC

	
105




	
Reverse

	
AAGGATTTGCCCTCAGCCACG




	
rev-erbα

	
KU242427

	
Forward

	
CGTTCATCTCAGGCACCACT

	
166




	
Reverse

	
AACTGACCTGCAGACACCAG
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