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The regulatory role of melatonin in pituitary thyroid-stimulating hormone synthesis through casein kinase 1α
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Abstract: Introduction: The regulation of thyroid-stimulating hormone (TSH) synthesis involves neurotransmitters, with melatonin being a subject of ongoing debate. TSH transcription, synthesis, and secretion from the pituitary pars distalis (PD) is primarily regulated in a photoperiodic manner by thyrotropin-releasing hormone (TRH). In contrast, in the pituitary pars tuberalis (PT), mRNA transcription and alpha/beta chain synthesis, but not secretion, of a TSH-like product is regulated by melatonin. Conversely, non-photoperiodic melatonin might also affect the secretion of a TSH-like product from the PT. Nevertheless, the impact of exogenous melatonin on the underlying PD-TSH synthesis remains unclear. Casein kinase 1α (CK1α) plays a negative regulatory role in TSH synthesis in the mouse pituitary. Objective: We investigated whether non-photoperiodic melatonin affects PD-TSH synthesis through its interaction with CK1α. Methods: Immunohistochemistry and immunofluorescence staining detected the colocalization of the melatonin receptor MT1 with CK1α and TSH-β in the PD. RT-qPCR, western blotting, and ELISA revealed the effect of melatonin on Tshb mRNA, MTNR1A mRNA, Csnk1a1 mRNA, CK1α protein, MT1 protein, and TSH levels. Results: Robust colocalization of the melatonin receptor MT1 with CK1α and TSH-β in the PD. Tshb mRNA and CK1α protein expression levels peaked at opposite phases of the 24-h light:dark cycle. Exogenous melatonin administration promoted pituitary TSH synthesis, while concurrently inhibiting CK1α activity. The upregulation of endogenous CK1α activity in primary pituitary cells significantly blunted the melatonin stimulatory impact on Tshb mRNA and TSH levels. Mechanistically, the CK1α agonist pyrvinium abrogated melatonin-induced activation of p-PKC and p-CREB expression in vitro. Conclusion: The CK1α/PKC signaling pathway mediates the regulation of melatonin in pituitary TSH synthesis. We demonstrate an important theoretical and experimental basis for understanding the mechanism of endocrine system diseases caused by abnormal TSH synthesis in the pituitary.
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Introduction

A study on tortoises identified two thyrotrope populations with distinct properties and morphology in the pars tuberalis (PT) and pars distalis (PD) of the pituitary [1]. The synthesis of PT- thyroid-stimulating hormone (TSH) has been found to mainly be regulated by melatonin (MLT) [2,3]. Meanwhile, a short photoperiod (i.e., long melatonin signal) was correlated with a decrease in PT Tshb mRNA [4] and protein levels [5]. The synthesis of PD-TSH is mainly regulated by hypothalamic input and thyroid feedback, and also by rhythm factors in the adenohypophysis [6]; however, the mechanisms underlying the regulatory effects of non-photoperiodic MLT on PD-TSH synthesis and secretion remains unclear.

Melatonin, N-acetyl-5-hydroxytryptamine, is a hormone that synchronizes the internal environment with the photoperiod. The regulation of MLT in the physiological process includes antioxidation, immunity and apoptosis [7]. MLT can regulate target cells in two ways. One is through a receptor-independent pathway, where MLT can be transported to the target cell only through blood without carrier proteins, because of its water solubility, allowing easily crossing of the cell membrane into the cytoplasm to perform its physiological function [8]. The other way is through a receptor-dependent pathway; most of the research on the mechanism of MLT depends on this pathway. There are mainly two kinds of G protein-coupled receptors that bind MLT in mammals, namely Mel1a (MT1) and Mel1b (MT2) [9]. Immunoreactivity to MT1 accues in the human hypothalamus and pituitary gland [10]. Stimulation of Gi-, Gs-, and Gq-protein-coupled receptors can modulate the MAPK cascade of mitogen-activated protein kinase (MAPK) [11]. It has also been reported that upon exposure to MLT in HEK293 cells, the phosphorylation of ERK1/2 mediated via PI3K/PDK1/PKC pathway which was activated by combination of MT1 receptors and Gi proteins and the dissociation of βγ subunits from Gαi [12].

Casein kinase 1α (CK1α) is important for the circadian system of multiple taxa, including mammals, flies, and fungi [13]. CK1α collaborates with double-time (Dbt) to regulate period (PER) function in the circadian rhythm of drosophila [14]. Other enzymes also influence the circadian system, including calcium/calmodulin-dependent kinase 1, protein phosphatases 1 and 2A, checkpoint kinase 2, and protein kinase C (PKC) [15]. CK1α is a component of the β-catenin degradation complex and plays a negative regulatory role in Wnt/β-catenin signaling pathway [16]. Photoperiod-induced changes in the expressions levels of some Wnt-related genes have been reported in photoperiod-sensitive F344 rats [17]. Studies have found that MLT can participate in the regulation of the classical Wnt/β-catenin pathway. For example, MLT can inhibit the phosphorylation level of Akt and activate GSK3β, and the activated GSK3β can induce the degradation of β-catenin [18].

Previously, we demonstrated that CK1α regulates PD-TSH synthesis by modulating the PKC/ERK/CREB signaling pathway in pituitary tissues [19]. In this study, we sought to clarify whether non-photoperiodic melatonin can regulate TSH output from the pars distalis and whether CK1α mediates the effects of melatonin. Our findings should extend current understanding of melatonin action and central thyrotropin synthesis regulation, and provides a theoretical and experimental basis for the pathogenesis of endocrine system diseases caused by abnormal pituitary TSH hormone synthesis.

Materials and Methods

Animals

Male ICR mice (age: 6–8 weeks, weight: 25–33 g) were bought from Yangzhou University Medical Center (Jiangsu, China) and subjected to a standard LD cycle (12L:12D) with lights on at 07:00 h and off at 19:00 h. Mice were offered a commercial mouse diet (Medicine, Jiangsu, China) and water ad libitum throughout the experiment. The protocol (from design to implementation) was in line with the methods put forward by the National Research Council’s Guide for the Care and Use of Laboratory Animals. Approval of the current work was provided by the Animal Protection and Utilization Committee of Yangzhou University (SYXK[Su] 2017-0044).

In vitro culture

For in vitro experiments, 0.1% collagenase II (Sigma, St. Louis, MO, USA) and 0.25% pancreatic enzyme (Sigma, St. Louis, MO, USA) were used for digestion of freshly dissected mouse pituitary PD [20]. The cells of anterior pituitary were harvested and resuspended with Dulbecco’s modified Eagle medium (DMEM/F-12, GIBCO-Invitrogen, Grand Island, NY, USA), and 10% fetal bovine serum and antibiotics (penicillin G 100 IU/mL, streptomycin 100 µg/mL) were added, followed by cultured in 24-well plates at a density of 105 cells/well. The cells were incubated at 37°C for 12 h in a mixture of 95% air and 5% CO2. Each experiment involved at least three to four independent replicates, and each trial contained three to five replicates per treatment condition.

The CK1α agonist pyrvinium (MCE, Shanghai, China) was used to determine whether CK1α mediates the effects of melatonin on TSH synthesis in PD cells.

In vivo analysis

To explore the role of melatonin in CK1α expression and TSH synthesis, five mice were subjected to subcutaneous injection in the neck with 100 µL of 0.9% NaCl and 6 µg melatonin (Macklin, Shanghai, China) daily 1 h before lights off for 3 weeks. A control group of five mice was simultaneously injected with NaCl only [4].

TSH enzyme-linked immunosorbent assay (TSH-ELISA)

Following in vivo and in vitro experiments, blood and cell culture supernatants were collected. The samples were centrifuged at 4,500 rpm, for 5 min at 4°C, then divided into equal aliquots, and stored at −20°C until use. TSH levels (pg/mL) in the stored samples were determined using an ELISA kit according to the manufacturer’s instructions (Adanti, Wuhan, China). The absorbance of each well was measured at 450 nm using a microplate reader. The detection range of the ELISA kit was 2–90 pg/mL (the final dilution of the sample was five times). The intra- and inter-determination coefficients of variation of the parameters were less than 9% and 11%, respectively.

Quantitation of exogenous melatonin

Reagents (methanol, 0.1% (v/v) formic acid, ultrapure water, and ethyl acetate) were of chromatographic grade. After 3 weeks of melatonin administration, blood samples were collected for quantification. Fresh serum samples (300 µL) were treated with 1 mL of ethyl acetate, shaken for 3 min, then centrifuged at 13,400 × g and 4°C for 10 min. The supernatant was collected, dried under nitrogen for 15 min, then resuspended in 0.15 mL of a solution containing 65 parts of 0.1% (v/v) formic acid in ultrapure water and 35 parts of methanol. The mixture was swirled for 1 min and centrifuged for 10 min at 12,000 rpm and 4°C. 1 mL syringe was used to collect the supernatant. The supernatant was collected using a 1 mL syringe. Samples were separated and detected with high-performance liquid chromatography tandem mass spectrometry.

The mobile phase consisted of 0.1% (v/v) formic acid in ultrapure water (buffer A) and methanol (buffer B). Mass spectrometry procedures followed an established method, with peak injection and extraction times at approximately 3.75 min [21]. The melatonin standard was diluted two-fold, dissolved in methanol, and diluted in the mobile phase (A:B = 65:35) at 10, 5, 2.5, 1.25, 0.625, 0.3125, 0.156, 0.078, 0.04, 0.02, and 0.01 ng/mL.

Real-time quantitative PCR (RT-qPCR)

Total RNA was extracted from the pituitary PD or cultured pituitary PD cells using the TRIzol reagent (Takara, Dalian, China) according to the manufacturer’s instructions. Complementary DNAs were synthesized using M-MLV reverse transcription reagents (Vazyme, Nanjing, China). Gene expression levels were measured using SYBR Green master mix (Vazyme, Nanjing, China) in the ABI-PRISM 7500 Sequence Detection System (Applied Biosystems, Foster City, CA, USA). Endogenous Gapdh was used for standardization. Finally, according to the Ct value, the relative expression was calculated by the 2−ΔΔCt method. Suppl. Table S1 shows all primer sequences.

Immunohistochemistry and immunofluorescence

To conduct immunofluorescence and immunohistochemistry, the pituitary PDs were fixed in 4% paraformaldehyde, embedded in paraffin, and cut into 5 µm pieces. The whole pituitary was cut into 15 pieces, and every three slices were stained. Next, sections were then dewaxed using xylene for 10 min before being incubated with 100%, 95%, 85%, 75%, and 50% ethanol for 5 min each at 25°C. Antigen retrieval was performed in 0.01 mol/L Sodium Citrate Buffer (pH6.0). Then, the sections were treated with 10% normal donkey or goat serum in a phosphate buffer solution (PBS) for 1 h at 25°C to block non-specific binding sites, incubated at 4°C overnight with primary antibody and washed with PBS (for antibodies, see Suppl. Table S2). Sections were then incubated with fluorescent conjugated secondary antibodies for 1 h at 25°C, then incubated with 4’, 6’-diamino-2-phenylindole (DAPI, Beyotime, Shanghai, China) for 10 min, and incubated again at 25°C. Finally, sections were visualized under an Olympus IX71 fluorescence microscope (Olympus, Tokyo, Japan). The number of TSH-β+, CK1α+, MT1+, TSH-β+-MT1+ and CK1α+-MT1+ cells was counted in five slices of each pituitary.

Western blot (WB)

Proteins were extracted from the pituitary of the mice or the cultured primary pituitary cells by the radioimmunoprecipitation (Cell Signaling, Danvers, MA, USA) containing 1 mmol/L phenylmethylsulfonyl fluoride (PMSF; Cell Signaling, Danvers, MA, USA). Protein concentration was determined in accordance with the manufacturer’s instructions following a bicinchoninic acid assay (Vigorous Biotechnology, Beijing, China). The protein lysates were electrophoresed on 13% SDS-PAGE and then transferred to the polyvinylidene fluoride membranes (Bio-Rad Laboratories, Richmond, CA, USA), which were blocked for 1 h with 5% (w/v) non-fat dry milk, then incubated with antibodies for 12 h at 4°C. Then the membranes were washed thrice in Tris-buffered saline with Tween-20 and incubated with horseradish peroxidase (HRP)-conjugated donkey anti-goat IgG, HRP-conjugated goat anti-mouse IgG, or HRP-conjugated goat anti-rabbit IgG for 1–2 h at 25°C. After washing, the protein bands were visualized using a highly sensitive enhanced chemiluminescence detection kit (E412-01; Vazyme, Nanjing) at 2°C–8°C. Gray values were analyzed in ImageJ 1.53a. All antibodies are shown in Suppl. Table S2.

Statistical analysis

Data are presented as means ± S.E.M. of at least three independent experiments using GraphPad Prism 9.0 software. Student’s t-test was used for single comparison, and one-way analysis of variance was used for multiple comparisons; p < 0.05 was considered statistically significant, and p < 0.01 was considered extremely significant.

Results

Expression and distribution of MT1/MT2 in mouse pituitary tissue

The results of RT-qPCR indicated that MTNR1A mRNA expression (encoding the MT1 receptor) was higher than MTNR1B mRNA expression (encoding the MT2 receptor) in the pituitary gland (Fig. 1A). Their respective proteins exhibited similar differences according to WB results (Fig. 1B). Immunohistochemistry then detected MT1 receptor signals in the mouse PD, whereas MT2 receptors signals were found in the pars intermedia (PI) (Fig. 1C). These findings suggest that melatonin is important in mouse PD hormone synthesis.
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Figure 1: Expression and distribution of MT1/MT2 melatonin receptors in mouse pituitary tissue. (A) MTNR1A and MTNR1B mRNA expression in mouse tissues and the difference in pituitaries were analyzed by RT-qPCR; Gapdh was used as the internal parameters, *p < 0.05; n = 3. (B) MT1 and MT2 protein levels in mice tissues and the difference in pituitary were analyzed by western blot (WB), α-tubulin was used as internal parameters, *p < 0.05; n = 3. (C) Immunohistochemical detection of MT1 and MT2 receptor expression in pituitary tissue. NC: negative control; MT1: Mel1a; MT2: Mel1b; PD: pars distalis; PI: pars intermedia. Scale bar = 50, 100 μm.

Melatonin promotes PD-TSH synthesis in mice

Melatonin is the main circadian-rhythm-regulating hormone in animals. We investigated the effects of melatonin administration on melatonin levels and PD-TSH expression in vivo using liquid chromatography, RT-qPCR, and WB. Exogenous melatonin increased melatonin by 10-fold from control levels (Fig. 2A). Furthermore, Tshb mRNA expression and TSH level increased two-fold and 1.6-fold from control levels in melatonin-treated mice respectively, whereas Mtnr1A mRNA expression did not change significantly (Figs. 2B–2D). Melatonin treatment increased MT1 protein expression by 1.3-fold from control levels (Fig. 2E).
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Figure 2: Melatonin promotes PD-TSH synthesis in mice. (A) Serum melatonin content in mice measured using liquid chromatography after melatonin injection. **p < 0.01; n = 5. (B) After melatonin administration for 30 min, RT-qPCR was used to measure the mRNA of key pituitary hormones: Gh, Pomc, Prl, Fsh, Lh, and Tsh; n = 4. *p < 0.05, **p < 0.01, and ns = p > 0.05. (C) TSH levels in blood serum measured using ELISA kit after melatonin injection; n = 4. *p < 0.05. (D) Effect of melatonin treatment on Mtnr1A mRNA in mouse PD, determined using RT-qPCR. ns = p > 0.05; n = 5. (E) MT1 levels of WB in mouse PD. *p < 0.05; n = 5. (F, G) Tshb mRNA detected with RT-qPCR in primary pituitary cells treated with different melatonin concentrations (0, 0.1, 1 and 10 μM) for 5 min and 10 μM melatonin for different timepoints (0, 5, 10, and 20 min). Gapdh was used as an internal reference. *p < 0.05, ns = p > 0.05; n = 3. (H) TSH levels in cell culture supernatant measured using ELISA after 10 μM melatonin for different timepoints (0, 5, 10, and 20 min); *p < 0.05, ns = p > 0.05; n = 3.

These in vitro results are similar to the results described in in vivo. We treated primary pituitary cells with melatonin at different concentrations (0, 0.1, 1 and 10 μM) and at different timepoints (0, 5, 10 and 20 min). Treatment with 10 μM melatonin for 5 min increased Tshb mRNA and TSH level (Figs. 2F–2H).

Melatonin downregulates CK1α to promote PD-TSH synthesis

Notably, immunofluorescence staining showed that 45% MT1 and TSH-β signals colocalized. Additionally, 90% of the MT1 and CK1α signals colocalized in the PD (Figs. 3A and 3B). Next, we used RT-qPCR and WB to measure the effects of melatonin administration on CK1α expression in vivo. Although melatonin did not significantly affect Csnk1a1 mRNA expression (Fig. 3C), it decreased the ratio of phosphorylated to total CK1α protein (p-CK1α/CK1α) by 1.6-fold from control levels (Fig. 3D).
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Figure 3: Melatonin promotes PD-TSH synthesis by downregulating CK1α activity. (A, B) Immunofluorescent staining for MT1 (green), CK1α (red) and TSH-β (red) in the adult mouse PD. Nuclei are stained blue using DAPI. Yellow staining in the merged channel indicates colocalization. Scale bar: 10 µm. (C) Effect of melatonin treatment on Csnk1a1 mRNA levels in mouse PD according to RT-qPCR. ns = p > 0.05; n = 5. (D) Effect of melatonin on phospho-CK1α and total CK1α levels in the pituitary according to WB. *p < 0.05; n = 5. (E, F) Csnk1a1 mRNA levels in primary pituitary cells treated with different melatonin concentrations (0, 0.1, 1 and 10 μM) for 5 min and 10 μM melatonin for different timepoints (0, 5, 10, and 20 min) were detected by RT-qPCR. Gapdh was the internal reference. *p < 0.05, ns = p > 0.05; n = 3. CK1α protein levels were detected by WB; α-tubulin was the internal loading control. **p < 0.01, ns = p > 0.05; n = 3. (G) Tshb mRNA expression measured with RT-qPCR after primary cultured murine pituitary cells were treated with pyrvinium for 6 h, followed by 10 µM melatonin for 5 min. *p < 0.05, ns = p > 0.05; n = 3. (H) TSH levels in cell culture supernatant measured with ELISA kit after primary cultured murine pituitary cells were treated with pyrvinium for 6 h, followed by 10 µM melatonin for 5 min. *p < 0.05, ns = p > 0.05; n = 3.

These in vitro results are similar to the results described in vivo. We treated primary pituitary cells with melatonin at different concentrations (0, 0.1, 1, and 10 μM) and timepoints (0, 5, 10, and 20 min). In response to treatment with 10 μM melatonin for 5 min, Csnk1a1 mRNA and protein levels significantly decreased (Figs. 3E and 3F). We then determined whether melatonin regulated PD-TSH by acting on CK1α. The primary pituitary cells were pre-treated with CK1α activator pyrvinium for 6 h, followed by 5 min of melatonin treatment. These results suggest that pyrvinium blunted the upregulation of PD-TSH synthesis induced by melatonin (Figs. 3G and 3H).

CK1α/PKC/ERK/CREB and CK1α/β-catenin signaling pathways are associated with mouse PD-TSH rhythms

We previously found that CK1α is highly expressed in pituitary TSH cells [19], and TSH is known to be rhythmic [22]. To explore possible variation in the relationship between CK1α and TSH, we first measured Tshb mRNA and CK1α protein expression under 12:12 light-dark conditions (LD; zeitgeber time ZT7-lights on and ZT19-lights off). Tshb mRNA expression in the PD varied during the day, peaking at ZT7 and dropping at ZT22 (Fig. 4A). CK1α protein levels also fluctuated during the daytime, with higher levels at ZT22 than at ZT7 (Fig. 4B). These results show that Tshb mRNA and CK1α protein expressions levels peaked at opposite phases of the 24-h light:dark cycle.
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Figure 4: CK1α-PKC/ERK/CREB and CK1α-Wnt/β-catenin signaling pathways are associated with the rhythm of mice PD-TSH synthesis in mice. (A) Tshb mRNA fluctuations analyzed using RT-qPCR at ZT7, ZT18, and ZT22, with Gapdh used for normalization; n = 3. (B) Relationship between the circadian fluctuation of pituitary CK1α and TSH levels in mice, detected with WB. The internal loading control was α-tubulin; n = 3. *p < 0.05, ns = p > 0.05; n = 3. (C, D) Mouse pituitary tissues were collected at different time points (ZT7, ZT18, and ZT22), and the proteins involved in regulating TSH synthesis were detected by WB; p-PKC, p-ERK1/2, p-CREB, p-GSK3β, active-β-catenin, and p-β-catenin levels were normalized to total PKC, ERK1/2, CREB, GSK3β, and β-catenin levels, respectively. *p < 0.05, **p < 0.01, ns = p > 0.05; n = 3.

The PKC/ERK/CREB signaling pathway regulates pituitary TSH synthesis, and previously, we showed that CK1α modulates this signaling cascade to regulate TSH synthesis [19]. CK1α is a component of the β-catenin degradation complex and plays a negative regulatory role in Wnt/β-catenin signaling [23,24]. Therefore, we used WB to investigate circadian-related phosphorylation of key proteins in the PKC/ERK/CREB and Wnt/β-catenin signaling pathways. Phosphorylated PKC, ERK, and CREB levels in the mouse pituitary were significantly higher during the day (7:00) than at night (22:00) (Fig. 4C). Phosphorylated GSK3β in the Wnt pathway did not exhibit significant circadian variation, but ratios of active β-catenin and phosphorylated β-catenin to total β-catenin downstream of CK1α were significantly higher at night than during the day (Fig. 4D). Therefore, the activation of the CK1α-PKC/ERK/CREB and CK1α/Wnt/β-catenin signaling pathways is associated with the circadian rhythm of murine pituitary TSH synthesis.

Melatonin promotes PD-TSH synthesis via the CK1α/PKC/ERK/CREB pathway

We then examined the effect of melatonin on the PKC/ERK/CREB and Wnt/β-catenin signaling pathways. Results from WB indicated that exogenous melatonin enhanced p-PKC, p-ERK1/2, and p-CREB protein expression in PD (Fig. 5A) but had no effect on the mediators of Wnt/β-catenin signaling (Fig. 5B).
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Figure 5: Melatonin promotes PD-TSH synthesis by CK1α/PKC/ERK/CREB (A, B) Effect of melatonin (6 μg/100 μL) on protein expression in PKC/ERK/CREB and Wnt signaling pathways. Relative p-ERK1/2, p-CREB, p-GSK3β, active-β-catenin, and p-β-catenin levels were normalized to total PKC, ERK1/2, CREB, GSK3β, and β-catenin levels, respectively. *p < 0.05, ***p < 0.001, ns = p > 0.05; n = 5. (C) Protein components of the PKC/ERK/CREB pathway were analyzed after pre-incubation with 10 μM pyrvinium or pyrvinium followed by 10 µM melatonin treatment for 10 min in primary cultured murine pituitary cells. PKC, ERK, and CREB were internal loading controls. *p < 0.05, **p < 0.01, ns = p > 0.05; n = 5.

CK1α regulates the production of TSH by modulating the PKC/ERK/CREB pathway in pituitary tissues [19]. We verified whether melatonin affected PD-TSH synthesis in a CK1α-dependent fashion by acting on the PKC/ERK/CREB signaling pathway. After pre-treating primary pituitary cells with pyrvinium for 6 h, followed by 10 min of melatonin treatment, we observed that pyrvinium blunted melatonin-induced upregulation of phosphorylated PKC and CREB levels (Fig. 5C).

Discussion

Here, we successfully demonstrated that melatonin regulates TSH synthesis in the PD by downregulating cytoplasmic CK1α activity and upregulating the PKC/ERK/CREB signaling pathway (Fig. 6).
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Figure 6: Melatonin regulates PD-TSH transcription via CK1α. Melatonin activates PKC through the inhibition of CK1α, increasing ERK1/2 phosphorylation, activating CREB, and promoting TSH transcription. The arrows indicate stimulation, and the thicker bar indicates inhibition; the lightest bar indicates nullification of inhibition.

The mRNA transcription and alpha chain synthesis, but not secretion, of a TSH-like product can be regulated by melatonin [2]. Reference [2] also reported that there may be two methods by which MLT regulates the function of PD. First, melatonin may affect the PT-hypothalamic axis; second, it may have anterograde action involving the PT and PD. Melatonin regulates the synthesis and secretion of PRL in the PD by inhibiting the release of one or more PRL-releasing factors (i.e., “tubulin”) from the PT [25]. Conversely, there is evidence that melatonin can also affect the secretion of a TSH-like product from the PT in a non-photoperiodic manner [3]. Melatonin administration inhibits Tshb mRNA expression in the PT of photoperiod-sensitive mice [4]. Other research on rodent has shown that high melatonin levels inhibit the mitotic activity of thyroid follicular cells. Melatonin also inhibits T4 levels, reducing the feedback effect of thyroid hormones on TSH levels [26,27]. While these findings suggest the importance of melatonin, they provide little insight regarding the mechanisms underlying the regulation of PD-TSH synthesis by non-photoperiodic melatonin in the pituitary gland. It is reported that melatonin can increase the expression of GH and PRL in primary pituitary cells of adult female baboons and release them in a dose-dependent manner, but does not affect the expression or release of ACTH or TSH [28]. The evidence in our study showed that non-photoperiodic melatonin can also affect the synthesis of PD-TSH in mouse pituitary and primary pituitary cells.

Our previous study found that CK1α affects TSH synthesis in the PD [19]. In this study, circadian variations in CK1α and Tshb mRNA levels peaked at opposite phases of the 24-h light:dark cycle. CK1α is a component of the β-catenin degradation complex and plays a negative regulatory role in Wnt/β-catenin signaling [23,24]. It has been reported that several genes involved in the Wnt/β-catenin signaling pathway are also photoperiodically regulated [17] In addition, the expression of genes encoding TSH subunits is regulated by CREB [29]. Our results regarding the expression patterns of key proteins (p-PKC, p-ERK, p-CREB, active β-catenin, and phosphorylated β-catenin) in TSH rhythm clearly show that the Wnt and PKC signaling pathways are involved in photoperiodic pituitary PD-TSH synthesis.

MLT is highly lipophilic and passes rapidly through the cell membrane [30]. Additionally, receptor-dependent pathway mainly involves melatonin binding to intracellular proteins, nuclear receptors, and membrane receptors; it appears to be the main mechanism of melatonin action on in mammals [31]. Notably, in this study, immunofluorescence staining showed that 45% of MT1 and TSH-β signals co-localized. Therefore, we speculated that MLT could act on pituitary PD-TSH cells via MT1. MLT lowers STOC and Ca2+ spark amplitude through the melatonin MT1/MT2 receptors PLC/PKC signaling pathway. Large-conductance Ca2+-activated K+ (BKCa) channels are abundantly expressed in vascular smooth muscle cells and play an important role in vascular tone regulation [32]. We further studied the effects of daily subcutaneous injection of melatonin for 3 weeks on the expression of key proteins in PKC/ERK/CREB and Wnt signaling pathways. Surprisingly, exogenous melatonin activated the pituitary PKC/ERK/CREB signaling pathway, but had no significant effects on the Wnt pathway, but had no significant effects on the Wnt pathway. It is suggested that PKC signaling is involved in mouse pituitary PD-TSH synthesis in a non-photoperiodic manner.

Besides being activated by melatonin, both MT1 and MT2 are G-coupled transmembrane receptors involved in most signaling cascades [33,34]. In particular, MT1 activation promotes MAPK1/2 and ERK1/2 phosphorylation [34], critical to the regulation of TSH synthesis. In this study, we observed CK1α and MT1 colocalization in the PD. MLT has a short half-life [35]. In vitro cell experiments showed that melatonin could induce the response of the kinase CK1α and the cascade of the PKC/ERK/CREB pathway in a short time. Further, treatment of primary pituitary cells with the CK1α agonist pyrvinium could blunt the effect of melatonin on the expression of key proteins in the PKC/ERK/CREB signal pathway, thus affecting the synthesis of pituitary PD-TSH.

Conclusion

We have fully confirmed the effect of MLT on pituitary PD-TSH through PKC/ERK/CREB signaling pathway mediated by CK1α.

Some limitations of the study remain. The studies conducted on this topic have mainly use animal models. While animals provide valuable insights into biological processes, they may not fully apply to humans due to differences in physiology and regulation. Another limitation is the complexity of the regulatory mechanisms involved in the synthesis of TSH. While CK1α has been identified as a key in melatonin-mediated regulation, there may be other probable factors and pathways that have not been fully elucidated; focusing solely on CK1α overlooks other important contributors to TSH synthesis. Additionally, the studies conducted on this topic have mainly focused on the effects of melatonin in normal conditions. However, changes in metabolism and the environment, and the phenomenon of neuroendocrine biological clock are related to the activity of the suprachiasmatic nucleus of the hypothalamus and are closely related to the circadian rhythm of melatonin secretion. Melatonin synthesis and TSH regulation may be altered in various pathological conditions, such as thyroid and sleep disorders, which could potentially affect the regulatory role of melatonin and CK1α. Finally, we attempted to use the CRE luciferase reporter gene experiment to check the regulation of Tshb transcription in primary cells after melatonin treatment, but the transfection efficiency of primary cells was low, which hindered the related molecular experiments.
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TABLE S§1

Primer sequences for RT-qPCR

Primer names

Sequence

Gapdh forward
Gapdh reverse
Tshb forward
Tshb reverse
Csnklal forward
Csnklal reverse
MTNRIA forward
MTNRIA reverse
MTNRIB forward
MTNRIB reverse

5-AGCAATGCCTCCTGCACCACCA-3'
3-TGAGTCCCTCCACGATGCCGAA-5’
5-GTGCTGGGTATTGTATGACACG-3'
3-CTGGTATTTCCACCGTTCTGTAG-5’
5-GACCCAGCCTTGAAGACCTC-3’
3-CAGTGACGCCCAATACCCAT-5’
5-TCACCACGACTTCAACGTCC-3
3-CAGTTGGGGTCCATTCCGAG-5'
5-AAGGCCAGTGCCTTTGTGAT-%
3’-GCCAGACCAGGCAGATGTAG-5
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TABLE S2

Antibodies used in the study

Antibody Dilution Description CAT# Company Country

CKla 1:2000 WB Rabbit-polyclonal ab64939 Abcam UK

o-Tubulin 1:10000 WB Rabbit-polyclonal AF0001 Beyotime China

CKla 1:250 IF Chicken-polyclonal NBP2-50030 Novus China
Biologicals

p-CKla 1:2000 WB Rabbit-polyclonal bs-12428R Bioss China
ANTIBODIES

MT1 1:2000 WB Rabbit-polyclonal NBP3-03633 Novus China

1:200 THC Biologicals
MT1 1:200 IF Mouse-polyclonal SC-390328 Santa CRUZ USA
MT?2 1:2000 WB Rabbit-polyclonal NLS932 Novus China
1:200 THC Biologicals

p-GSK3p 1:2000 WB Rabbit-polyclonal TA2016 Abmart China

GSK3p 1:2000 WB Rabbit-polyclonal TA5016 Abmart China

Active-p-catenin 1:2000 WB Rabbit-polyclonal 8814 Cell Signaling USA
Technology

Phospho-p-Catenin 1:2000 WB Rabbit-polyclonal 9561 Cell Signaling USA

(Ser33/37/Thr41) Technology

B-Catenin 1:2000 WB Rabbit-polyclonal 8480 Cell Signaling USA
Technology

p-PKC 1:1000 WB Rabbit-polyclonal AB5467 Millipore USA

PKC 1:1000 WB Rabbit-polyclonal WL02234 Wanleibio China

p-ERK1/2 1:300 WB Rabbit-polyclonal WLP1512 Wanleibio China

ERK1/2 1:500 WB Rabbit-polyclonal WL01864 Wanleibio China

p-CREB 1:1000 WB Rabbit-polyclonal T55043 Abmart China

CREB 1:1000 WB Rabbit-polyclonal T55426 Abmart China

Cy3 donkey 1:200 IF Donkey-polyclonal 703-165-155 Jackson Immuno. Research USA

Anti-chicken

Goat-anti-rabbit 1:5000 WB Goat-polyclonal 111-005-003 Jackson Immuno. Research USA

Cy2 donkey 1:200 IF Donkey polyclonal 711-225-152 Jackson Immuno. Research USA

Anti-rabbit
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