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Abstract

:

Visfatin (VIS), also known as nicotinamide phosphoribosyltransferase (NAMPT), is the rate-limiting enzyme in the biosynthesis of nicotinamide adenine dinucleotide (NAD+). Recently, VIS has been also recognized as an adipokine. Our previous study revealed that VIS is produced in the anterior and posterior lobes of the porcine pituitary. Moreover, the expression and secretion of VIS are dependent on the phase of the estrous cycle and/or the stage of early pregnancy. Based on this, we hypothesized that VIS may regulate porcine pituitary function. This study was conducted on anterior pituitary (AP) glands harvested from pigs during specific phases of the estrous cycle. We have shown the modulatory effect of VIS in vitro on LH and FSH secretion by porcine AP cells (determined by ELISA). VIS was also found to stimulate cell proliferation (determined by Alamar Blue) without affecting apoptosis in these cells (determined using flow cytometry technique). Moreover, it was indicated that VIS may act in porcine AP cells through the INSR, AKT/PI3K, MAPK/ERK1/2, and AMPK signaling pathways (determined by ELISA or Western Blot). This observation was further supported by the finding that simultaneous treatment of cells with VIS and inhibitors of these pathways abolished the observed VIS impact on LH and FSH secretion (determined by ELISA). In addition, our research indicated that VIS affected the mentioned processes in a manner that was dependent on the dose of VIS and/or the phase of the estrous cycle. Thus, these findings suggest that VIS may regulate the functioning of the porcine pituitary gland during the estrous cycle.
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1. Introduction


The pituitary gland plays a crucial role in controlling essential biological processes in humans and animals, including growth, metabolism, and reproduction [1]. As a result, disruptions in pituitary functioning can lead to various hormonal and metabolic disorders [2]. The activity of the pituitary gland is mainly regulated by feedback loop mechanisms, which involve numerous hormones [1]. However, it can also be influenced by other biological triggers that modulate the hormonal and metabolic states of organisms. An increasing number of studies suggest that adipokines, a group of factors primarily produced and secreted by the adipose tissue, may have a significant impact on the functioning of the pituitary gland [3]. One of these adipokines is visfatin (VIS), also known as nicotinamide phosphoribosyltransferase (NAMPT) [4].



VIS was initially identified as a pre-B cell colony-enhancing factor; however, subsequent research has shown that it may play an enzymatic role in the production of nicotinamide adenine dinucleotide (NAD+) [5]. VIS exists in two isoforms: intracellular (iNAMPT) and extracellular (eNAMPT) [6]. iNAMPT plays a regulatory role in NAD+ biosynthesis and can affect many NAD+-dependent proteins such as sirtuins, poly(ADP-ribose) polymerases, mono(ADP-ribosyl) transferases, and CD38/157. Conversely, eNAMPT is associated with hormone-like signaling pathways and activates intracellular signaling cascades, including protein kinase B/phosphatidylinositol 3-kinase (AKT/PI3K), mitogen-activated protein kinase/extracellular signal-regulated kinase (MAPK/ERK), and adenosine monophosphate-activated protein kinase (AMPK) [7,8]. It is important to note that although the actions of VIS were initially thought to be mediated by the insulin receptor (INSR) [9], C-C chemokine receptor type 5 [10], and toll-like receptor 4 [11], to date, no specific receptor for this adipokine has been officially recognized.



So far, VIS gene expression has been found in sheep in a part of the anterior pituitary (AP) lobe known as the pars tuberalis, which is thought to regulate seasonal physiology by decoding changes in nocturnal melatonin secretion [12]. A subsequent study has shown the gene and protein expression of VIS in a mouse gonadotroph cell line, capable of producing gonadotropins [13]. This study also demonstrated an inhibitory effect of VIS on LH secretion by these cells. Further, in our previous research, it has been found that VIS is also produced in both the anterior and posterior pituitary lobes of the domestic pig. Additionally, VIS expression and secretion were shown to be dependent on the phase of the estrous cycle and/or the stage of early pregnancy [14]. Furthermore, VIS secretion by porcine anterior pituitary cells (APc) was found to be influenced by gonadotropin-releasing hormone (GnRH), luteinizing hormone (LH), follicle-stimulating hormone (FSH), and insulin (INS), also in a phase-dependent manner [14]. However, the precise role of VIS in the regulation of pituitary function, especially in relation to female reproduction, remains unknown. This formed the basis of the research hypothesis that VIS may regulate the functioning of the porcine pituitary during the estrous cycle, which prompted us to conduct this study.



The primary role of the pituitary gland is the production and secretion of gonadotropins, including LH and FSH, that are essential for the development and function of the female gonads. Therefore, the primary objective of this study was to investigate the in vitro effect of VIS on the secretion of LH and FSH by porcine APc during the estrous cycle (Experiment number 1—Expt. No. 1). Furthermore, the functioning of the pituitary depends on proliferation and apoptosis, two dynamic and continuous processes that are essential for maintaining an optimal number and variety of cells. As these processes may influence the secretory functions of the pituitary, this study also aimed to evaluate the in vitro effect of VIS on the proliferation of cells within the porcine AP gland (Experiment number 2—Expt. No. 2), as well as on the apoptosis process in these cells (Experiment number 3—Expt. No. 3). Importantly, to comprehend the role of VIS in the processes of gonadotropins secretion, cell proliferation, and apoptosis, in all three experiments, porcine pituitary cells were cultured in the presence and absence of VIS or/and FK866—a specific and selective VIS inhibitor that also blocks its enzymatic activity. To elucidate the exact mechanism of VIS action in the porcine AP gland, we also investigated the in vitro effect of VIS on the activation of the INSR, AKT/PI3K, MAPK/ERK1/2, and AMPK signaling pathways during the mid-luteal phase of the estrous cycle—the phase in which the activity of the corpus luteum is the highest throughout the cycle: days 10–12 (Experiment number 4—Expt. No. 4). Finally, we investigated the in vitro effect of VIS on LH and FSH secretion by porcine APc in the presence of highly selective inhibitors of the INSR, AKT/PI3K, MAPK/ERK1/2, and AMPK signaling pathways (Experiment number 5—Expt. No. 5).




2. Materials and Methods


2.1. Experimental Animals and Tissue Collection


This study was conducted on AP glands harvested from pigs destined for commercial slaughter and meat processing. Collection of the material and its use for research were in accordance with the Act of the 15 January 2015 (Journal of Laws 2015, item No 266) on the Protection of Animals Used for Scientific or Education Purposes and Directive 2010/63/EU of the European Parliament and the Council of the 22 September 2010 on the Protection of Animals Used for Scientific Purposes. The experimental group consisted of mature cross-breed gilts (Large White × Polish Landrace) aged 7–8 months, and weighing 130–150 kg. The animals’ diet was balanced according to the current Polish nutritional standards for pig breeding. The AP glands were collected from gilts (n = 5 per group, 20 in total) during specific phases of the estrous cycle: early luteal phase (luteinization phase; days 2–3), mid-luteal phase (the phase in which the activity of the corpus luteum is the highest throughout the cycle; days 10–12), late luteal phase (luteolysis phase, days 14–16) and the follicular phase (days 17–19). The phase of the estrous cycle was determined by the morphology of the ovaries [15]. The pituitary glands were harvested immediately after slaughter, placed in ice-cold Dulbecco’s phosphate-buffered saline (D-PBS; pH = 7.4) with an antibiotic mixture (Antibiotic-Antimycotic Solution; Merck, Darmstadt, Germany), and then transported on ice to the laboratory within 1–1.5 h. The purity of the anterior lobe collection was confirmed by microscopic examination (as attached in Supplementary Figure S1).




2.2. Cell Isolation and In Vitro Cultures


The procedure of APc isolation was performed as described by Szymanska et al. [14]. In brief, the AP lobes were cut into small pieces. Then, isolation of the cells was performed through digestion of the pituitary lobes with 0.2% collagenase (Merck, Darmstadt, Germany) at 37 °C for 30 min. The dispersed APc were transferred into 15 mL tubes containing Dulbecco’s medium and centrifuged three times at 800× g, at room temperature for 10 min. From the second digestion cycle, the cells were treated with a solution containing collagenase 0.2% and pancreatin 0.25% (Merck, Darmstadt, Germany) for 10 min each, until the whole tissue was dispersed. After each digestion cycle, the dispersed cells were collected and washed as described above. After isolation, APc viability was assessed using a dye exclusion test with a 0.4% trypan blue solution (Merck, Darmstadt, Germany). The average viability of each cell isolation was greater than 90%. These cells were then used to establish in vitro cultures, suitably designed for each experiment. For the enzyme-linked immunosorbent assay (ELISA; Expt. Nos. 1 and 5) and flow cytometry technique (Expt. No. 3), APc were seeded on 24-well plates at a concentration of 2.5 × 105 cells/well in 1 mL of medium. For the Alamar Blue assay (Expt. No. 2), APc were seeded on 96-well plates at a concentration of 1 × 105 cells/well in 100 μL of the medium. In turn, for the Western Blot analysis (Expt. No. 4), APc were seeded on 6-well plates at a concentration of 1.5 × 106 cells/well in 2 mL of medium. The APc were preincubated in McCoy’s-5A medium (Merck, Darmstadt, Germany) supplemented with 10% horse serum (Merck, Darmstadt, Germany), 2.5% fetal calf serum (Merck, Darmstadt, Germany), and a mixture of antibiotics (Antibiotic-Antimycotic Solution; Merck, Darmstadt, Germany) for 48 h at 37 °C.



In a humidified atmosphere of 5% CO2 and 95% air, fresh serum-free medium (other. components unchanged) was then added and preincubation was continued for a further 24 h (37 °C, 5% CO2, and 95% air). After 72 h of preincubation, the medium was removed and replaced with fresh serum-free medium, and the cells were cultured for the specified time with or without treatments—the experimental setup is presented in Table 1. The entire experimental setup was performed in duplicate. The cells incubated with serum-free medium, without any treatment, served as controls. The doses of VIS—1, 10, and 100 ng/mL—represented subphysiological, physiological, and supraphysiological concentrations of VIS, respectively. These doses were chosen on the basis of our recent study [16] in which we determined the plasma concentration of VIS in pigs.



The dose of the inhibitor FK866 (10 nM; Merck, Darmstadt, Germany) was chosen on the basis of Reverchon et al. [17]. The doses of GnRH (100 ng/mL; Merck, Darmstadt, Germany) and INS (10 ng/mL; Merck, Darmstadt, Germany) were chosen according to the studies of Bogacka et al. [18] and Gavin et al. [19], respectively. In turn, the doses of S961 (1 μM; an inhibitor of the INSR signaling pathway; Merck, Darmstadt, Germany), LY294002 (20 μM, an inhibitor of the AKT/PI3K signaling pathway; Merck, Darmstadt, Germany), U0126 (10 μM, an inhibitor of the MAPK/ERK1/2 signaling pathway; Merck, Darmstadt, Germany), and Dorsomorphin/Compound C (10 μM, an inhibitor of the AMPK signaling pathway; Merck, Darmstadt, Germany) were selected according to the studies of Elliott et al. [20], Zhao et al. [21], and Reverchon et al. [17]. After incubation, the culture media for the ELISA were collected and centrifuged at 1000× g for 10 min at 4 °C. The supernatants (media samples) were stored at −20 °C for further analysis. For the Western Blot technique, the culture media were removed, and the cells were washed twice with PBS and lysed with T-PER Tissue Protein Extraction Reagent (Cat. No. 78510; Thermo Fisher Scientific, Waltham, MA, USA), according to manufacturer’s instructions. The protein lysates were centrifuged at 10,000× g for 5 min at 4 °C and then stored at −80 °C for further analysis. In turn, the Alamar Blue assay and flow cytometry technique were performed immediately after completion of the in vitro cell culture, and the details of these methods are described in the respective subsections.




2.3. Gonadotropins’ Secretion—ELISA (Expt. Nos. 1 and 5)


The concentrations of gonadotropins in the culture media were determined using commercially available ELISA kits for porcine proteins, according to the manufacturers’ protocols. Details of the used ELISA kits, including the catalog number, name of the supplier, type of ELISA, sensitivity of the assay, and detection range, are given in Table 2. According to the manufacturers, no significant cross-reactivity or interference between target proteins and their analogs was observed. A preliminary test was performed prior to the main analysis to determine the optimal dilution of the culture media to ensure the most effective detection range for the kit. As a result, media samples were two-fold diluted for the LH ELISA test and ten-fold for the FSH ELISA test. Absorbance values were measured at 450 nm using the Infinite M200 Pro reader with Tecan i-control™ 1.8 software (Tecan, Mannedorf, Switzerland). All media samples were run in duplicate. The intra- and inter-assay coefficients of variation for the assays are shown in Table 2. The concentrations of the target proteins in the samples were interpolated from the standard curves, and the fit of the standard curves was confirmed by the coefficient of determination (R2), shown in Table 2.




2.4. Cell Proliferation—Alamar Blue Assay (Expt. No. 2)


The proliferation of APc was assessed using an Alamar Blue® (AB; Thermo Fisher Scientific, Waltham, MA, USA) assay, according to the manufacturer’s instructions. Immediately after completion of the in vitro culture, the absorbance for each well on the plates was measured at two wavelengths, 570 nm (A570) and 600 nm (A600), using an Infinite M200 Pro spectrophotometer (Tecan, Mannedorf, Switzerland). To calculate the percentage difference in Alamar Blue® dye reduction by cells incubated in the presence of specific treatments, we compared the ratio (A570-A600)/(A600) of background corrected absorbance values for media samples from the treatment groups with the same ratio for media samples from the control group. The obtained results represented the metabolic activity of the cells and indicated the resulting tendency for cell proliferation. Values close to 100% were interpreted as indicating no change in cell proliferation, values above 100% were considered indicative of stimulated cell proliferation, and values below 100% were considered indicative of inhibited cell proliferation.




2.5. Cell Apoptosis—Flow Cytometry Technique (Expt. No. 3)


The process of apoptosis of APc was determined by dual-color analysis using the flow cytometry technique. The Swine Annexin V-Fluorescein Apoptosis Assay Kit (ImmunoChemistry Technologies, Davis, CA, USA) was used to examine this process, according to the manufacturer’s instructions. The green-fluorescent Annexin V was used to label cells in the early phase of apoptosis, while the red-fluorescent Propidium Iodide (PI) stain was used to detect cells in the late stage of apoptosis as well as dead cells. The positive control group for apoptosis consisted of cells treated with camptothecin (Merck, Darmstadt, Germany) at a dose of 4 µg/mL, as recommended in the protocol of the Apoptosis Assay Kit. For the analysis, the media were removed immediately after the end of the in vitro culture and the cells were dissociated with 0.05% trypsin-EDTA (Merck, Darmstadt, Germany). The cells were then washed twice with PBS and centrifuged at 1000× g for 5 min at room temperature (RT). APc were then suspended at a concentration of 1 × 106 in 0.4 mL of a calcium-based binding buffer. Flow cytometric measurements were performed using a FACSCelesta™ flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA). Data were acquired and analyzed using FACSDiva 9.0 software (BD Biosciences, Franklin Lakes, NJ, USA). Both data acquisition and result analysis were performed on 20,000 events.




2.6. Activation of Signaling Pathways—ELISA and Western Blot Analysis (Expt. No. 4)


The activation of the INSR pathway was assessed by quantifying the concentrations of total INSR (total-INSR) and its phosphorylated form (phospho-INSR) in protein extracts using commercially available ELISA kits designed for porcine proteins (details of the used ELISA kits, including the supplier name, catalog number, and ELISA type, are given in Table 2). The assay was performed according to the manufacturer’s protocols. Prior to the main analysis, a preliminary test was performed to determine the appropriate amount of protein extracts required to ensure the optimal detection range of the kit. As a result, 160 µg of protein per well was used for each assay. Absorbance values were measured at 450 nm using the Infinite M200 Pro reader operated with Tecan i-control™ 1.8 software (Tecan, Mannedorf, Switzerland). All samples were assayed in duplicate. They were all evaluated on a single plate and the intra-assay coefficients of variation for these assays are shown in Table 2. The concentrations of the target proteins in the samples were interpolated from the standard curves, and the fit of the standard curves was confirmed by the coefficient of determination (R2), shown in Table 2. The ratio between the concentrations of phospho-INSR and total-INSR for each sample from the same extraction was interpreted as the level of activation of the pathway.



Activation of the AKT/PI3K, MAPK/ERK1/2, and AMPK signaling pathways was determined by quantifying the total amount of the pathway-specific proteins and their phosphorylated forms. Protein abundances were assessed in protein extracts using the Western Blot technique, as described by Kisielewska et al. [22]. For this analysis, equal amounts of protein extracts, 10 μg per well, were separated on 12.5% SDS-polyacrylamide gels. Proteins were then transferred onto 0.45 µm pore diameter polyvinylidene fluoride (PVDF) membranes (Merck, Darmstadt, Germany) by SEMI-DRY transfer (conditions for two gels: 12V, 5A, 12 min) using an Invitrogen Power Blotter Station (Thermo Fisher Scientific, Waltham, MA, USA). Following that, the membranes were blocked in 5% BSA in tris-buffered saline with 0.1% TWEEN® 20 (TBST; Merck, Darmstadt, Germany) for 1 h. The membranes were then incubated overnight at 4 °C with the appropriate primary antibodies: anti-total-Akt (1:1000; Cat. No. 9272, Cell Signaling Technology, Danvers, MA, USA), anti-phospho-Akt (1:1000; Cat. No. 9271, Cell Signaling Technology, Danvers, MA, USA), anti-total-MAPK (1:1000; Cat. No. 9102, Cell Signaling Technology, Danvers, MA, USA), anti-phospho-MAPK (1:1000; Cat. No. 9101, Cell Signaling Technology, Danvers, MA, USA), anti-total-AMPK (1:1000; Cat. No. 2532, Cell Signaling Technology, Danvers, MA, USA), anti-phospho-AMPK (1:1000; Cat. No. 2531, Cell Signaling Technology, Danvers, MA, USA). The next day, the membranes were incubated with horseradish peroxidase-conjugated goat anti-rabbit secondary antibodies (1:10,000; Cat. No. AP156P, Merck, Darmstadt, Germany) for 1.5 h at RT. Immuno-labeled bands were detected by chemiluminescence using Immobilon Western Chemiluminescent HRP Substrate (Merck, Darmstadt, Germany), according to the manufacturer’s instructions. Membranes were then analyzed and archived using the Azure 280 Imaging System (Azure Biosystems, Dublin, CA, USA). Appropriate-sized bands were identified and protein amounts were quantified by densitometric analysis using Image Studio™ Lite v. 5.2 software (LI-COR Biosciences, Lincoln, NE, USA). The ratio between the amount of phosphorylated pathway-specific protein and its non-phosphorylated (total) form for each sample from the same extraction was interpreted as the level of activation of the pathway.




2.7. Statistical Analysis


Statistical analyses were performed using Statistica 13.3 software (StatSoft Inc., Tulsa, OK, USA) and the Python programming language (Python 3.9 Software Foundation, Wilmington, NC, USA) with the Pandas, NumPy, and Statsmodels statistical modules. Prior to the main analyses, all data were tested for assumptions of normality (Shapiro–Wilk test) and homogeneity of variances (Levene’s test). Data were analyzed using one-way, two-way, or multifactorial analysis of variance (ANOVA). For Expt. No. 1, the results of LH and FSH secretion were analyzed using multifactorial ANOVA with four independent variables (main factors): phase, stimulation of cells, vis dose and FK866, and the interaction of these factors. A two-way ANOVA followed by Duncan’s post hoc test was then used to examine the differences in gonadotropins’ secretion levels for each experimental setup and phase of the estrous cycle. Similarly, for Expt. No. 2, the effects of the main factors, i.e., phase, vis dose and FK866, and the interaction of these factors on cell proliferation were determined using multifactorial ANOVA. Then, the differences between groups for each experimental setup and phase of the cycle were determined using two-way ANOVA followed by Duncan’s post hoc test. For Expt. No. 3, to investigate the in vitro effect of VIS (added alone or in combination with FK866) on the apoptosis process, two-way ANOVA followed by Duncan’s post hoc test was used. Subsequently, for Expt. No. 4, a one-way ANOVA was used to determine the time-dependent effect of VIS (at the physiological dose) on the activation of the INSR, AKT/PI3K, MAPK/ERK1/2, and AMPK pathways. Finally, for Expt. No. 5, a multifactorial ANOVA followed by Dunnett’s post hoc test was used to determine the in vitro effect of VIS on LH and FSH secretion levels in the presence of inhibitors of the signaling pathways. This analysis included five independent variables (main factors): VIS and inhibitors, S961, LY294002, U0126, DMPH, and the interactions of these factors. All experimental data are presented as mean ± standard error of the mean (S.E.M.) of experiments performed in five replicates (n = 5). Values at p < 0.05 were considered statistically significant.





3. Results


The F- and p-values for the main effects and the interactions of the examined factors are presented in Supplementary Tables S1–S9. In turn, the differences between the groups for each experimental setup and phase of the estrous cycle are presented in Figure 1, Figure 2, Figure 3, Figure 4, Figure 5, Figure 6, Figure 7, Figure 8, Figure 9, Figure 10, Figure 11 and Figure 12. The precise in vitro effect of VIS on gonadotropins’ secretion, cell proliferation, apoptosis, and activation of INSR, AKT/PI3K, MAPK/ERK1/2, and AMPK signaling pathways is described in the following subsections.



3.1. The In Vitro Effect of VIS on the Secretion of Gonadotropins (Expt. No. 1)


The multifactorial ANOVAs (Supplementary Tables S1 and S3) showed that LH and FSH secretion levels were influenced by the phase of the estrous cycle, the hormone stimulating the cells, and the dose of VIS (values for the phase, stimulation of cells, and VIS dose, respectively). Furthermore, for LH secretion, the effect of the interactions of almost all the mentioned factors was observed (except vis dose*FK866; Supplementary Table S1), while in the case of FSH secretion, the effect of the interactions phase*stimulation of cells, phase*vis dose, stimulation of cells*vis dose, and phase*stimulation of cells*vis dose was shown (Supplementary Table S3).



3.1.1. Secretion of LH by APc


Based on two-way ANOVA followed by Duncan’s post hoc test (Supplementary Table S2, Figure 1, Figure 2, Figure 3 and Figure 4), VIS, at all the studied doses, was found to enhance the basal secretion of LH during the early luteal and follicular phases (Figure 1A and Figure 1D, respectively). VIS at doses of 1 and 10 ng/mL, also enhanced the basal secretion of LH during the mid-luteal phase (Figure 1B). Conversely, during the late luteal phase, administration of VIS at the highest dose resulted in a decrease in the basal secretion of LH (Figure 1C).



GnRH-stimulated LH secretion was increased in response to VIS at doses of 10 and 100 ng/mL during the follicular phase (Figure 2D). In turn, GnRH-stimulated LH secretion was suppressed by VIS at all the studied doses during the early and late luteal phases (Figure 2A and Figure 2C, respectively). During the mid-luteal phase, VIS at doses of 1 and 100 ng/mL decreased GnRH-stimulated LH secretion (Figure 2B).



A physiological dose of VIS (10 ng/mL) was found to elevate INS-stimulated LH secretion during the early luteal phase (Figure 3A). VIS at doses of 10 and 100 ng/mL also enhanced INS-stimulated LH secretion during the mid-luteal phase (Figure 3B). Likewise, VIS at all the studied doses increased INS-stimulated LH secretion during the follicular phase (Figure 3D). In contrast, during the late luteal phase, VIS at doses of 10 and 100 ng/mL decreased INS-stimulated LH secretion (Figure 3C).



VIS, at all studied doses, enhanced GnRH + INS-stimulated LH secretion during the follicular phase (Figure 4D). On the other hand, administration of VIS at all studied doses decreased GnRH + INS-stimulated LH secretion during the early, mid-, and late luteal phases (Figure 4A, Figure 4B, and Figure 4C, respectively).



It should also be noted that no statistically significant changes were observed in basal and GnRH- or/and INS-stimulated LH secretion in the presence of the VIS blocker—FK866 (Figure 1, Figure 2, Figure 3 and Figure 4). The LH secretion levels in the presence of FK866 alone were comparable to those observed in the respective control groups. Similarly, the simultaneous treatment of cells with VIS and FK866 resulted in LH secretion levels comparable to those observed in the respective control groups, effectively negating the modulatory effect of VIS administration alone.




3.1.2. Secretion of FSH by APc


The two-way ANOVA followed by Duncan’s post hoc test (Supplementary Table S4, Figure 5, Figure 6, Figure 7 and Figure 8) demonstrated that the basal secretion of FSH was enhanced by VIS at the highest dose during the follicular phase (Figure 5D). Contrarily, VIS at doses of 10 and 100 ng/mL decreased the basal secretion of FSH during the early luteal phase (Figure 5A). Similarly, VIS at the highest dose suppressed the basal secretion of FSH during the mid-luteal phase (Figure 5B).



GnRH-stimulated FSH secretion was elevated in the presence of VIS at doses of 10 and 100 ng/mL during the follicular phase (Figure 6D). Conversely, GnRH-stimulated FSH secretion was decreased by treatment with the highest VIS dose during the early and mid-luteal phases (Figure 6A and Figure 6B, respectively).



VIS at a dose of 100 ng/mL increased INS-stimulated FSH secretion during the follicular phase (Figure 7D). In turn, the INS-stimulated FSH secretion was decreased by VIS at the highest dose during the mid-luteal phase (Figure 7B).



In response to VIS at doses of 10 and 100 ng/mL, GnRH + INS-stimulated FSH secretion was enhanced during the follicular phase (Figure 8D). On the contrary, VIS at doses of 10 and 100 ng/mL reduced GnRH + INS-stimulated FSH secretion during the early luteal phase (Figure 8A). The highest dose of VIS also suppressed GnRH + INS-stimulated FSH secretion during the mid-luteal phase (Figure 8B).



It is noteworthy that during the late luteal phase, no statistically significant changes were found in basal and GnRH- or/and INS-stimulated FSH secretion (Figure 5C, Figure 6C, Figure 7C and Figure 8C). Similarly, no changes were observed in basal and GnRH- or/and INS-stimulated FSH secretion in the presence of the VIS blocker—FK866. FK866 had no influence on FSH secretion when added by itself, but significantly inhibited VIS effect on the gonadotropin release (Figure 5, Figure 6, Figure 7 and Figure 8).





3.2. The In Vitro Effect of VIS on the Proliferation of APc (Expt. No. 2)


Multifactorial ANOVA (Supplementary Table S5) showed that the proliferation of cells was influenced by the phase of the estrus cycle, the dose of VIS (values for the phase and vis dose, respectively), and the interaction of factors phase*vis dose. Further, based on two-way ANOVA followed by Duncan’s post hoc test (Supplementary Table S6, Figure 9), the proliferation of APc was found to be stimulated by VIS at doses of 10 and 100 ng/mL during the early and mid-luteal phases (Figure 9A,B). In addition, cell proliferation was enhanced by the highest dose of VIS during the late luteal and follicular phases (Figure 9C and Figure 9D, respectively). Importantly, no changes in the proliferation of APc were observed in the presence of the VIS inhibitor—FK866. Co-application of VIS and FK866 suppressed the inhibitory effect of VIS to the control level (Figure 9).




3.3. The In Vitro Effect of VIS on the Apoptosis Process in Anterior Pituitary Cells (Expt. No. 3)


Performed statistical analysis (two-way ANOVA followed by a Duncan’s post hoc test; Supplementary Table S7 and Figure 10) revealed no significant effect of VIS or/and its inhibitor (FK866) on either the early or late phase of apoptosis of APc (Figure 10A and Figure 10B, respectively), or on the total percentage of apoptotic cells (Figure 10C). Additionally, no significant effect of VIS or/and its inhibitor (FK866) on the number of dead cells was observed (Figure 10D).




3.4. The Mechanism of VIS’s Action in Anterior Pituitary Cells


3.4.1. The In Vitro Effect of VIS on the Activation of INSR, AKT/PI3K, MAPK/ERK1/2 and AMPK Signaling Pathway (Expt. No. 4)


One-way ANOVA followed by a Duncan’s post hoc test indicated that VIS affects the activity of the INSR, AKT/PI3K, MAPK/ERK1/2, and AMPK signaling pathways (Figure 11).



In the case of the INSR pathway, an increase in its activity was observed from 10 min onwards, reaching peak activation at 30 min of VIS treatment (Figure 11A).



For the AKT/PI3K pathway, an increase in activity was observed as early as 2 min, with the pathway reaching its highest level of activation at 5 min of VIS treatment. The activity of this pathway returned to its initial level at 10 min of incubation (Figure 11B).



Regarding the MAPK/ERK1/2 pathway, a significant surge in activity was found at 2 and 5 min of VIS treatment. Similar to the AKT/PI3K pathway, the activity of this pathway returned to baseline at 10 min of incubation (Figure 11C).



Concerning the AMPK pathway, a noticeable decrease in activity was observed at 5, 10, and 30 min of VIS treatment (Figure 11D).




3.4.2. The In Vitro Effect of VIS on the Secretion of Gonadotropins by APc after Treatment with Inhibitors of the INSR, AKT/PI3K, MAPK/ERK1/2, and AMPK Signaling Pathways (Expt. No. 5)


Based on multifactorial ANOVA followed by Dunnett’s post hoc test, the results obtained in Expt. No. 1 were confirmed—VIS was found to increase basal LH secretion (Figure 12A) and decrease basal FSH secretion (Figure 12B). Furthermore, post hoc testing revealed that the effect of VIS was blocked in the presence of inhibitors of INSR, AKT/PI3K, MAPK/ERK1/2, and AMPK pathways (Figure 12A and Figure 12B, respectively). These findings indicate that VIS may act in porcine APc through all the studied pathways.






4. Discussion


To the best of our knowledge, this is the first report that comprehensively demonstrates the role of VIS in the regulation of pituitary function related to female reproduction. To date, only one study has reported the impact of VIS on the secretory function of the pituitary. That study demonstrated that VIS decreased LH secretion in a mouse pituitary cell line in a dose-dependent manner [13]. Our research has further confirmed that VIS modulates gonadotropins’ secretion in a manner that depends not only on the dose of VIS, but also on the phase of the estrous cycle. VIS was found to modulate (enhance or suppress, depending on stimulatory treatment) basal and GnRH- or/and INS-stimulated LH and FSH secretion in porcine APc during the luteal phases. In turn, during the follicular phase, VIS was observed to increase basal and stimulated LH and FSH secretion by these cells. Thus, it is implied by these findings that the influence of VIS on pituitary cells might be attributed to the temporal physiological state/metabolic activity of these cells and/or the hormonal milieu resulting from, among other factors, the phase of the estrous cycle.



While in this study VIS mainly stimulated gonadotropins’ secretion by APc during the follicular phase, our recent study [14] also showed the lowest protein expression of VIS in the AP lobe during the follicular phase and the highest secretion of VIS by APc during this phase throughout the cycle. Moreover, in this study, we also found that VIS secretion by APc during the follicular phase was significantly stimulated by GnRH, INS, LH, and FSH, without any effect of these factors on the protein abundance of VIS. Thus, the obtained results clearly indicated that the observed effect of the studied factors was more related to the extracellular form of VIS (eNAMPT) acting as a hormone, rather than its intracellular form (iNAMPT) acting as an enzyme. It is also noteworthy that the number of GnRH receptors in the pituitary increases during the follicular phase in several species, including pigs [23]. This is mainly due to the elevated plasma GnRH concentration and pulse frequency [24]. In addition, receptors for INS and insulin-like growth factor 1 (IGF-1) are expressed in the APc of various species, with the highest number observed at the end of the cycle, as demonstrated in rats [25,26,27,28]. Consequently, INS can directly enhance the gonadotropin response to GnRH stimulation during the follicular phase. It is also important to note that the follicular phase of the estrous cycle in pigs is characterized by a high concentration of estradiol (E2) and a low concentration of progesterone (P4) in the peripheral blood. Moreover, P4 is known to be a negative regulator of pituitary GnRH receptors [29,30,31,32], whereas E2 increases the expression of these receptors [30,33,34,35]. In turn, the number of gonadotrophs (responsible for the production of LH and FSH), which contain the estrogen receptor alpha (ERα) and are thus sensitive to estrogen action, increases in the AP during the follicular phase of the cycle [36]. Estrogens can also increase the abundance of IGF-1 receptors in the APc of several species, including pigs [37]. In addition, a feedback mechanism between IGF-1 and E2 has been suggested: estrogens may sensitize APc to IGF-1, and IGF-1 may upregulate E2 receptor expression [38]. Therefore, the observed stimulatory effect of VIS on GnRH- and/or INS-stimulated LH and FSH secretion by APc may also be attributed to the increased sensitivity of AP to the actions of GnRH and INS, springing directly from an increased number of their receptors, and indirectly, from a hormonal milieu of the animals resulting from the phase of the estrous cycle.



The literature data have indicated that VIS can stimulate cell proliferation. However, the preponderance of these studies has focused on the impact of VIS on the proliferation of cancer cell lines, with limited information available on its effect on normal primary cells. The stimulatory effect of VIS has been documented in studies concerning endometrial, breast, prostate, liver, colon, and skin cancers [39,40,41,42,43,44]. Moreover, in studies on endometrial and breast cancer cell lines, it has been shown that VIS activated the transition of cells from the G1 to S phase (a critical checkpoint in the cell cycle), and it enhances the rate of DNA synthesis, a crucial step for cell division [39,43]. VIS has also been observed to increase the proliferation of the mouse pancreatic cell line, commonly used in studies on INS synthesis, processing, and secretion [45]. Furthermore, VIS enhanced the proliferation of the mouse gonadotroph cell line [13]. In our study as well, the proliferation of porcine APc was found to be stimulated by VIS during all examined phases of the estrous cycle. Therefore, while VIS has been consistently linked with the stimulation of cell proliferation in a majority of studies, more research is needed to fully understand the exact mechanisms of VIS’s action in cells under physiological conditions.



Although numerous reports on the role of VIS in apoptosis have been published, these studies have provided conflicting results, and the role of VIS in this process remains inconclusive. The stimulatory effect of VIS was found in studies conducted on mouse cells and immune organs [46]. It has been demonstrated that VIS can promote the apoptosis process by decreasing the gene expression of anti-apoptotic Bcl-2 family proteins (BCL2A1A and BCL2L1) and increasing the gene expression of pro-apoptotic Bcl-2-associated X protein (BAX); all the aforementioned factors are associated with the intrinsic pathway of apoptosis. Additionally, it was also found that VIS enhanced the gene expression of the first apoptosis signal (Fas)—a receptor of the extrinsic pathway of apoptosis, and caspase 3, which plays a pivotal role in the execution of the apoptotic cell death program. Conversely, the inhibitory effect of VIS was documented in studies on mouse and rat pancreatic cell lines, rat hippocampal cells, and a colon cancer cell line [28,30,31,32]. Furthermore, VIS was observed to exhibit an anti-apoptotic effect by increasing the gene/protein expression of Bcl-2 and decreasing the gene/protein expression of cellular tumor antigen p53 (a key regulator of apoptosis that promotes cell death after extensive DNA damage), cytochrome c (a factor that mediates activation of the intrinsic pathway of apoptosis), and caspase 3 [43,45,47,48,49]. The results obtained in this study suggest that VIS does not trigger cell death. Thus, the findings indicate that the effects of VIS on the apoptosis process may vary based on cell type, cellular environment, and other largely undefined factors. Consequently, a pressing need exists for more comprehensive research to fully understand the molecular mechanisms underlying VIS’s dual role in the apoptotic process.



The AKT/PI3K and MAPK/ERK1/2 signaling pathways are critical kinase cascades that regulate various cellular processes, including cell growth, proliferation, differentiation, survival, and apoptosis [50,51]. It has been demonstrated that VIS increased cell viability and prevented apoptosis through the activation of these pathways in studies on mouse pancreatic, as well as human breast and liver cancer cell lines [45,47,52,53]. Moreover, it is noteworthy that the literature data suggest that VIS binds to INSR at a site different from INS [54]. In turn, the INSR signaling pathway is primarily responsible for regulating glucose metabolism at the cellular level, and upon binding to its ligand, INSR is known to phosphorylate and activate several downstream signaling cascades, including the AKT/PI3K and MAPK/ERK1/2 pathways [55]. In a study on endometrial cancer cell lines [43], it was found that VIS stimulated cell proliferation and inhibited apoptosis through the activation of the INSR, AKT/PI3K, and MAPK/ERK1/2 signaling pathways. In this study, it was confirmed that VIS enhanced the activation of the INSR, AKT/PI3K, and MAPK/ERK1/2 pathways in porcine APc. Furthermore, when these cells were simultaneously treated with VIS and inhibitors of these pathways, the modulatory effect of VIS on gonadotropin secretion was negated. Considering the aforementioned findings and the results we obtained, it is plausible that these signaling pathways may play a significant role in the regulation of VIS action in the porcine pituitary as well.



In this study, it was also demonstrated that VIS inhibited the AMPK phosphorylation in porcine APc. When these cells were simultaneously treated with VIS and an inhibitor of the AMPK pathway, an abolition of the observed impact of VIS on LH and FSH secretion was observed. The study on a rat pancreatic cell line has also shown that VIS increased cell viability and inhibited apoptosis, acting via MAPK/ERK1/2 and AMPK signaling pathways. Interestingly, recent findings suggest that the interplay between VIS and the AMPK signaling pathway might provide a link to processes involved in cell metabolism. Recognized as a cellular energy sensor, AMPK serves as a metabolic checkpoint that regulates various metabolic processes to maintain energy homeostasis and supports cell survival under conditions of energy stress. When cellular energy levels are low, the activation of AMPK is observed to inhibit cell growth and proliferation [56]. In turn, as was mentioned in the Introduction section, VIS has been found to be involved in the biosynthesis of NAD+, a coenzyme essential for energy metabolism, and VIS has been observed to influence the activity of sirtuins, a family of NAD+-dependent enzymes involved in various cellular processes, including metabolism, cell cycle progression, and DNA repair [57]. Consequently, an increased supply of NAD+ might enhance metabolism, potentially promoting cell growth and division. In a recent study, a novel post-translational modification-based signaling route for VIS was unveiled. It has been shown that under biological stress, cells can rapidly orchestrate NAD+ metabolism to support DNA repair through AMPK-mediated phosphorylation of VIS, which reinforces the enzymatic activity of the hormone [58]. Therefore, it is conceivable that VIS may regulate cellular processes, including cell metabolism, acting either directly or indirectly, by influencing NAD+ availability and sirtuin activity or by initiating specific signaling pathways.



This study was conducted using primary cell culture, which accurately represents all cell types found in the anterior lobe of the pituitary gland, including somatotropes, lactotropes, corticotropes, thyrotropes, and gonadotropes. This method is considered the most representative in vitro model of the in vivo state and provides a system that is more physiologically relevant than many immortalized cell lines. Unfortunately, the number of cells that can be procured from a pituitary is often limited. Also, it is not always feasible to provide the cells with all conditions present in the body, given the complex and not fully understood nature of locally acting factors. These can only be fully replicated under in vivo conditions. Nevertheless, this model remains the most effective for examining specific mechanisms or processes at the cellular level, an approach that was adopted in this study. Thus, this research contributes to the existing knowledge about VIS’s role in regulating the porcine pituitary’s function. However, the exact mechanism underlying the action of VIS in the porcine APc has not been fully elucidated and requires further research.




5. Conclusions


In summary, the results of this study validate the hypothesis that VIS regulates the functioning of the porcine pituitary, and it was evidenced by VIS’s effect on the secretion of gonadotropins, cell proliferation, and the activation of INSR, AKT/PI3K, MAPK/ERK1/2, and AMPK signaling pathways. In addition, our research showed that VIS affected the mentioned processes in a manner that was dependent on the dose of VIS and/or the phase of the estrous cycle.
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Figure 1. The in vitro effect of visfatin on basal LH secretion by porcine anterior pituitary cells during the estrous cycle. This study was conducted on anterior pituitary glands harvested from pigs (n = 5) during the early luteal phase (luteinization phase; days 2–3; (A)), mid-luteal phase (the phase of the highest corpus luteum activity throughout the cycle; days 10–12; (B)), late luteal phase (luteolysis phase, days 14–16; (C)), and the follicular phase (days 17–19; (D)). After isolation, anterior pituitary cells were preincubated for 72 h and then incubated for 24 h with visfatin (VIS) at doses of 1, 10, or 100 ng/mL (VIS 1, VIS 10, VIS 100, respectively) or/and FK866 (a selective VIS inhibitor, 10 nM) or serum-free medium alone—CONTROL. The concentration of luteinizing hormone (LH) in the culture media was determined using commercially available ELISA kits. Data were analyzed using a two-way analysis of variance (ANOVA) followed by Duncan’s post hoc test. The results are presented as graphs (mean ± S.E.M.). Bars with different superscripts are significantly different at p < 0.05. 
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Figure 2. The in vitro effect of visfatin on GnRH-simulated LH secretion by porcine anterior pituitary cells during the estrous cycle This study was conducted on anterior pituitary glands harvested from pigs (n = 5) during the early luteal phase (luteinization phase; days 2–3; (A)), mid-luteal phase (the phase of the highest corpus luteum activity throughout the cycle; days 10–12; (B)), late luteal phase (luteolysis phase, days 14–16; (C)), and the follicular phase (days 17–19; (D)). After isolation, anterior pituitary cells were preincubated for 72 h and then incubated for 24 h with visfatin (VIS) at doses of 1, 10, or 100 ng/mL (VIS 1, VIS 10, VIS 100, respectively) or/and FK866 (a selective VIS inhibitor, 10 nM) and gonadotropin-releasing hormone (GnRH, 100 ng/mL). The concentration of luteinizing hormone (LH) in the culture media was determined using commercially available ELISA kits. Data were analyzed using a two-way analysis of variance (ANOVA) followed by Duncan’s post hoc test. The results are presented as graphs (mean ± S.E.M.). Bars with different superscripts are significantly different at p < 0.05. 
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Figure 3. The in vitro effect of visfatin on INS-stimulated LH secretion by porcine anterior pituitary cells during the estrous cycle. This study was conducted on anterior pituitary glands harvested from pigs (n = 5) during the early luteal phase (luteinization phase; days 2–3; (A)), mid-luteal phase (the phase of the highest corpus luteum activity throughout the cycle; days 10–12; (B)), late luteal phase (luteolysis phase, days 14–16; (C)), and the follicular phase (days 17–19; (D)). After isolation, anterior pituitary cells were preincubated for 72 h and then incubated for 24 h with visfatin (VIS) at doses of 1, 10, or 100 ng/mL (VIS 1, VIS 10, VIS 100, respectively) or/and FK866 (a selective VIS inhibitor, 10 nM) and insulin (INS, 10 ng/mL). The concentration of luteinizing hormone (LH) in the culture media was determined using commercially available ELISA kits. Data were analyzed using a two-way analysis of variance (ANOVA) followed by Duncan’s post hoc test. The results are presented as graphs (mean ± S.E.M.). Bars with different superscripts are significantly different at p < 0.05. 
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Figure 4. The in vitro effect of visfatin on GnRH + INS-stimulated LH secretion by porcine anterior pituitary cells during the estrous cycle. This study was conducted on anterior pituitary glands harvested from pigs (n = 5) during the early luteal phase (luteinization phase; days 2–3; (A)), mid-luteal phase (the phase of the highest corpus luteum activity throughout the cycle; days 10–12; (B)), late luteal phase (luteolysis phase, days 14–16; (C)), and the follicular phase (days 17–19; (D)). After isolation, anterior pituitary cells were preincubated for 72 h and then incubated for 24 h with visfatin (VIS) at doses of 1, 10, or 100 ng/mL (VIS 1, VIS 10, VIS 100, respectively) or/and FK866 (a selective VIS inhibitor, 10 nM) and gonadotropin-releasing hormone (GnRH, 100 ng/mL) and insulin (INS, 10 ng/mL). The concentration of luteinizing hormone (LH) in the culture media was determined using commercially available ELISA kits. Data were analyzed using a two-way analysis of variance (ANOVA) followed by Duncan’s post hoc test. The results are presented as graphs (mean ± S.E.M.). Bars with different superscripts are significantly different at p < 0.05. 
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Figure 5. The in vitro effect of visfatin on basal FSH secretion by porcine anterior pituitary cells during the estrous cycle. This study was conducted on anterior pituitary glands harvested from pigs (n = 5) during the early luteal phase (luteinization phase; days 2–3; (A)), mid-luteal phase (the phase of the highest corpus luteum activity throughout the cycle; days 10–12; (B)), late luteal phase (luteolysis phase, days 14–16; (C)), and the follicular phase (days 17–19; (D)). After isolation, anterior pituitary cells were preincubated for 72 h and then incubated for 24 h with visfatin (VIS) at doses of 1, 10, or 100 ng/mL (VIS 1, VIS 10, VIS 100, respectively) or/and FK866 (a selective VIS inhibitor, 10 nM) or serum-free medium alone—CONTROL. The concentration of follicle-stimulating hormone (FSH) in the culture media was determined using commercially available ELISA kits. Data were analyzed using a two-way analysis of variance (ANOVA) followed by Duncan’s post hoc test. The results are presented as graphs (mean ± S.E.M.). Bars with different superscripts are significantly different at p < 0.05. 
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Figure 6. The in vitro effect of visfatin on GnRH-simulated FSH secretion by porcine anterior pituitary cells during the estrous cycle. This study was conducted on anterior pituitary glands harvested from pigs (n = 5) during the early luteal phase (luteinization phase; days 2–3; (A)), mid-luteal phase (the phase of the highest corpus luteum activity throughout the cycle; days 10–12; (B)), late luteal phase (luteolysis phase, days 14–16; (C)), and the follicular phase (days 17–19; (D)). After isolation, anterior pituitary cells were preincubated for 72 h and then incubated for 24 h with visfatin (VIS) at doses of 1, 10, or 100 ng/mL (VIS 1, VIS 10, VIS 100, respectively) or/and FK866 (a selective VIS inhibitor, 10 nM) and gonadotropin-releasing hormone (GnRH, 100 ng/mL). The concentration of follicle-stimulating hormone (FSH) in the culture media was determined using commercially available ELISA kits. Data were analyzed using a two-way analysis of variance (ANOVA) followed by Duncan’s post hoc test. The results are presented as graphs (mean ± S.E.M.). Bars with different superscripts are significantly different at p < 0.05. 
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Figure 7. The in vitro effect of visfatin on INS-simulated FSH secretion by porcine anterior pituitary cells during the estrous cycle. This study was conducted on anterior pituitary glands harvested from pigs (n = 5) during the early luteal phase (luteinization phase; days 2–3; (A)), mid-luteal phase (the phase of the highest corpus luteum activity throughout the cycle; days 10–12; (B)), late luteal phase (luteolysis phase, days 14–16; (C)), and the follicular phase (days 17–19; (D)). After isolation, anterior pituitary cells were preincubated for 72 h and then incubated for 24 h with visfatin (VIS) at doses of 1, 10, or 100 ng/mL (VIS 1, VIS 10, VIS 100, respectively) or/and FK866 (a selective VIS inhibitor, 10 nM) and insulin (INS, 10 ng/mL). The concentration of follicle-stimulating hormone (FSH) in the culture media was determined using commercially available ELISA kits. Data were analyzed using a two-way analysis of variance (ANOVA) followed by Duncan’s post hoc test. The results are presented as graphs (mean ± S.E.M.). Bars with different superscripts are significantly different at p < 0.05. 
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Figure 8. The in vitro effect of visfatin on GnRH + INS-simulated FSH secretion by porcine anterior pituitary cells during the estrous cycle. This study was conducted on anterior pituitary glands harvested from pigs (n = 5) during the early luteal phase (luteinization phase; days 2–3; (A)), mid-luteal phase (the phase of the highest corpus luteum activity throughout the cycle; days 10–12; (B)), late luteal phase (luteolysis phase, days 14–16; (C)), and the follicular phase (days 17–19; (D)). After isolation, anterior pituitary cells were preincubated for 72 h and then incubated for 24 h with visfatin (VIS) at doses of 1, 10, or 100 ng/mL (VIS 1, VIS 10, VIS 100, respectively) or/and FK866 (a selective VIS inhibitor, 10 nM) and gonadotropin-releasing hormone (GnRH, 100 ng/mL) and insulin (INS, 10 ng/mL). The concentration of follicle-stimulating hormone (FSH) in the culture media was determined using commercially available ELISA kits. Data were analyzed using a two-way analysis of variance (ANOVA) followed by Duncan’s post hoc test. The results are presented as graphs (mean ± S.E.M.). Bars with different superscripts are significantly different at p < 0.05. 
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Figure 9. The in vitro effect of visfatin on the proliferation of porcine anterior pituitary cells during the estrus cycle. This study was conducted on anterior pituitary glands harvested from pigs (n = 5 per group, 20 in total) during specific phases of the estrus cycle: early luteal phase (luteinization phase; days 2–3; (A)), mid-luteal phase (the phase of the highest corpus luteum activity throughout the cycle; days 10–12; (B)), late luteal phase (luteolysis phase, days 14–16; (C)), and the follicular phase (days 17–19; (D)). After isolation, anterior pituitary cells were preincubated for 72 h and then incubated for 24 h with visfatin (VIS) at doses of 1, 10, or 100 ng/mL (VIS 1, VIS 10, VIS 100, respectively) or/and FK866 (a selective VIS inhibitor, 10 nM) or serum-free medium alone—CONTROL. Cell proliferation was assessed immediately after completion of the in vitro culture using an Alamar Blue® assay, according to the manufacturer’s instructions. The obtained results represented the metabolic activity of the cells and indicated the resulting tendency for cell proliferation. Data were analyzed using a two-way analysis of variance (ANOVA) followed by Duncan’s post hoc test. The results are presented as graphs (mean ± S.E.M.). Bars with different superscripts are significantly different at p < 0.05. 
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Figure 10. The in vitro effect of visfatin on the apoptosis process in anterior pituitary cells. This study was conducted on anterior pituitary glands harvested from pigs (n = 5) during the mid-luteal phase (the phase of the highest corpus luteum activity throughout the cycle; days 10–12). After isolation, anterior pituitary cells were preincubated for 72 h and then incubated for 24 h with visfatin (VIS) at doses of 1, 10, or 100 ng/mL (VIS 1, VIS 10, VIS 100, respectively) or/and FK866 (a selective VIS inhibitor, 10 nM) or serum-free medium alone—CONTROL. Cell apoptosis was assessed immediately after completion of the in vitro culture by dual-color analysis (Annexin V and Propidium Iodide, PI) using a commercially available kit and flow cytometry technique. Both data acquisition and result analysis were performed on 20,000 events. Data were analyzed using a two-way analysis of variance (ANOVA) followed by Duncan’s post hoc test. The results are presented as graphs (mean ± S.E.M.; (A–D) and scatter plots (E–L). Bars on graphs with the same superscript are not significantly different at p > 0.05. The quadrants of the scatter plot (with the respective numerical values) represent as follows: upper left (Q1)—dead cells (Annexin V negative, PI positive), upper right (Q2)—late apoptotic cells (Annexin V and PI positive), lower left (Q3)—live cells (Annexin V and PI negative), lower right (Q4)—early apoptotic cells (Annexin V positive, PI negative). 
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Figure 11. The in vitro effect of visfatin on the activation of the INSR, AKT/PI3K, MAPK/ERK1/2, and AMPK signaling pathways in porcine anterior pituitary cells. This study was conducted on anterior pituitary glands harvested from pigs (n = 5) during the mid-luteal phase (the phase of the highest corpus luteum activity throughout the cycle; days 10–12). After isolation, anterior pituitary cells were preincubated for 72 h and then incubated with visfatin (VIS) at a physiological dose (10 ng/mL) for 0, 2, 5, 10, and 30 min. The activation of the insulin receptor (INSR) pathway (A) was assessed by quantifying the concentrations of total insulin receptor (total-INSR) and its phosphorylated form (phospho-INSR) in protein extracts using commercially available ELISA kits. In turn, the activation of the protein kinase B/phosphatidylinositol 3-kinase (AKT/PI3K), mitogen-activated protein kinase/extracellular signal-regulated kinase (MAPK/ERK), and adenosine monophosphate-activated protein kinase (AMPK) signaling pathways ((B), (C), and (D), respectively) was determined by quantifying the total amount of the pathway-specific proteins and their phosphorylated forms in protein extracts using the Western Blot technique. Data were analyzed using a one-way analysis of variance (ANOVA) followed by Duncan’s post hoc test. The results are presented as graphs (mean ± S.E.M., for all the signaling pathways) and representative immunoblots (for the AKT/PI3K, MAPK/ERK1/2, and AMPK signaling pathways; uncropped immunoblot images are attached as Supplementary Figures S2–S4). Bars with different superscripts are significantly different at p < 0.05. 






Figure 11. The in vitro effect of visfatin on the activation of the INSR, AKT/PI3K, MAPK/ERK1/2, and AMPK signaling pathways in porcine anterior pituitary cells. This study was conducted on anterior pituitary glands harvested from pigs (n = 5) during the mid-luteal phase (the phase of the highest corpus luteum activity throughout the cycle; days 10–12). After isolation, anterior pituitary cells were preincubated for 72 h and then incubated with visfatin (VIS) at a physiological dose (10 ng/mL) for 0, 2, 5, 10, and 30 min. The activation of the insulin receptor (INSR) pathway (A) was assessed by quantifying the concentrations of total insulin receptor (total-INSR) and its phosphorylated form (phospho-INSR) in protein extracts using commercially available ELISA kits. In turn, the activation of the protein kinase B/phosphatidylinositol 3-kinase (AKT/PI3K), mitogen-activated protein kinase/extracellular signal-regulated kinase (MAPK/ERK), and adenosine monophosphate-activated protein kinase (AMPK) signaling pathways ((B), (C), and (D), respectively) was determined by quantifying the total amount of the pathway-specific proteins and their phosphorylated forms in protein extracts using the Western Blot technique. Data were analyzed using a one-way analysis of variance (ANOVA) followed by Duncan’s post hoc test. The results are presented as graphs (mean ± S.E.M., for all the signaling pathways) and representative immunoblots (for the AKT/PI3K, MAPK/ERK1/2, and AMPK signaling pathways; uncropped immunoblot images are attached as Supplementary Figures S2–S4). Bars with different superscripts are significantly different at p < 0.05.
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Figure 12. The in vitro effect of visfatin on the secretion of gonadotropins: LH (A) and FSH (B) by porcine anterior pituitary cells after treatment with inhibitors of the INSR, AKT/PI3K, MAPK/ERK1/2, and AMPK signaling pathways. This study was conducted on anterior pituitary glands harvested from pigs (n = 5) during the mid-luteal phase (the phase of the highest corpus luteum activity throughout the cycle; days 10–12). After isolation, anterior pituitary cells were preincubated for 72 h and then incubated for 24 h with visfatin (VIS) at the physiological dose (10 ng/mL, VIS 10), or/and S961—an inhibitor of the insulin receptor pathway (INSR, 1 μM), or/and LY294002—an inhibitor of the protein kinase B/phosphatidylinositol 3-kinase pathway (AKT/PI3K, 20 μM), or/and U0126—an inhibitor of the mitogen-activated protein kinase/extracellular signal-regulated kinase pathway (MAPK/ERK1/2, 10 μM), or/and Dorsomorphin/Compound C (DMPH)—inhibitor of the adenosine monophosphate-activated protein kinase pathway (AMPK, 10 μM) or serum-free medium alone—CONTROL. The concentrations of luteinizing hormone (LH) and follicle-stimulating hormone (FSH) in the culture media were determined using commercially available ELISA kits. Data were analyzed using a multifactorial analysis of variance (ANOVA) followed by Dunnett’s post hoc test. The results are presented as graphs (mean ± S.E.M.). Bars with different superscripts are significantly different at p < 0.05. 
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Table 1. The experimental setup.






Table 1. The experimental setup.





	
Expt. No.

	
1

	
2

	
3

	
4

	
5






	
Phase

of the

Estrous

Cycle *

	

	
the early luteal phase (luteinization phase; days 2–3)



	
the mid-luteal phase (the phase in which the activity of the corpus luteum is the highest throughout the cycle; days 10–12)



	
the late luteal phase (luteolysis phase, days 14–16)



	
the follicular phase (days 17–19)






	

	
the mid-luteal phase









	
Treatments

	

	
CONTROL



	
VIS 1 or VIS 10 or VIS 100



	
FK866



	
VIS 1 or VIS 10 or VIS 100 + FK866



	
GnRH



	
VIS 1 or VIS 10 or VIS 100 + GnRH



	
GnRH + FK866



	
VIS 1 or VIS 10 or VIS 100 + GnRH + FK866



	
INS



	
VIS 1 or VIS 10 or VIS 100 + INS



	
INS + FK866



	
VIS 1 or VIS 10 or VIS 100 + INS + FK866



	
GnRH + INS



	
VIS 1 or VIS 10 or VIS 100 + GnRH + INS



	
GnRH + INS + FK866



	
VIS 1 or VIS 10 or VIS 100 + GnRH + INS + FK866






	

	
CONTROL + AB®



	
FK866 + AB®



	
VIS 1 or VIS 10 or VIS 100 + AB®



	
VIS 1 or VIS 10 or VIS 100 + FK86 + AB®






	

	
CONTROL



	
FK866



	
VIS 1 or VIS 10 or VIS 100



	
VIS 1 or VIS 10 or VIS 100 + FK866






	

	
VIS 10






	

	
CONTROL



	
VIS 10



	
S961



	
VIS 10 + S961



	
LY294002



	
VIS 10 + LY294002



	
U0126



	
VIS 10 + U0126



	
DORSOMORPHIN/



	
COMPOUND C



	
VIS 10 + DORSOMORPHIN/



	
COMPOUND C









	
Incub.

Time

	
24 h

	
24 h

	
24 h

	
0 min

2 min

5 min

10 min

30 min

	
24 h




	
Objective of the Expt.

	
the in vitro effect

of VIS on the secretion

of LH and FSH

by APc in pigs

	
the in vitro

effect of VIS

on the proliferation

of APc in pigs

	
the in vitro

effect of VIS

on the apoptosis

of APc in pigs

	
the in vitro

effect of VIS

on the activation

of INSR, AKT/PI3K, MAPK/ERK1/2,

and AMPK

signaling pathways

in APc in pigs

	
the in vitro

effect of VIS

on the secretion

of LH and FSH

by APc in pigs








EXPT., experiment; *, the phase during which pituitary glands were harvested from pigs; INCUB. TIME, incubation time; APc, anterior pituitary cells; VIS 1, visfatin at a dose of 1 ng/mL; VIS 10, visfatin at a dose of 10 ng/mL; VIS 100, visfatin at a dose of 100 ng/mL; FK866, the specific and selective visfatin inhibitor; GnRH, gonadotropin-releasing hormone; INS, insulin; LH, luteinizing hormone; FSH, follicle-stimulating hormone; AB®, Alamar Blue®; INSR, insulin receptor; AKT/PI3K, protein kinase B/phosphatidylinositol 3-kinase; MAPK/ERK, mitogen-activated protein kinase/extracellular signal-regulated kinase; AMPK, adenosine monophosphate-activated protein kinase; S961, the inhibitor of INSR signaling pathway; LY294002, the inhibitor of AKT/PI3K signaling pathway; U0126, the inhibitor of MAPK/ERK1/2 signaling pathway; Dorsomorphin/Compound C, the inhibitor of AMPK signaling pathway.













 





Table 2. Specifications of the enzyme-linked immunosorbent assays.






Table 2. Specifications of the enzyme-linked immunosorbent assays.





	
Expt. No.

	
1 and 5

	
4






	
Target Protein

	
LH

	
FSH

	
phospho-INSR

	
total-INSR




	
Catalog Number and Supplier’s Name

	
Cat. No. EP0105;

FineTest Biotech Inc., Nanjing, China

	
Cat. No. EP0060;

FineTest Biotech Inc., Nanjing, China

	
Cat. No. EIA09483p;

Enlibio Biotech Co.,

Wuhan, China

	
Cat. No. EIA05929p;

Enlibio Biotech Co.,

Wuhan, China




	
Elisa Type

	
competitive ELISA

	
competitive ELISA

	
double-antibody

sandwich ELISA

	
double-antibody

sandwich ELISA




	
Detection

Range

	
0.781–50 ng/mL

	
6.25–400 ng/mL

	
0.156–10 ng/mL

	
0.312–20 ng/mL




	
Sensitivity

of the Assay

	
0.469 ng/mL

	
<3.75 ng/mL

	
0.05 ng/mL

	
0.06 ng/mL




	
Mean Intra-Assay Coefficient

of Variation

	
2.69 ± 1.60%

	
3.16 ± 1.76%

	
1.57 ± 0.81%

	
1.63 ± 0.83%




	
Mean Inter-Assay Coefficient

of Variation

	
6.58 ± 1.67%

	
7.34 ± 1.84%

	
does not apply

	
does not apply




	
R2

	
0.9638

	
0.9525

	
0.9998

	
0.9994








EXPT., experiment; LH, luteinizing hormone; FSH, follicle-stimulating hormone; phospho-INSR, phosphorylated insulin receptor; total-INSR, total insulin receptor; R2, the coefficient of determination of the standard curve fitting.
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