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Abstract

:

Gamma-aminobutyric acid (GABA) is considered the primary inhibitory neurotransmitter in the human cortex. However, whether GABA regulates melanogenesis has not been comprehensively elucidated. In this study, we reveal that GABA (20 mM) significantly inhibited α-melanocyte-stimulating hormone (α-MSH)-induced extracellular (from 354.9% ± 28.4% to 126.5% ± 16.0%) and intracellular melanin contents (from 236.7% ± 11.1% to 102.7% ± 23.1%) in B16F10 melanoma cells, without inducing cytotoxicity. In addition, α-MSH-induced hyperpigmentation in zebrafish larvae was inhibited from 246.3% ± 5.4% to 116.3% ± 3.1% at 40 mM GABA, displaying no apparent cardiotoxicity. We also clarify that the GABA-mediated antimelanogenic properties were related to the direct inhibition of microphthalmia-associated transcription factor (MITF) and tyrosinase expression by inhibiting cyclic adenosine monophosphate (cAMP) and cAMP response element-binding protein (CREB). Furthermore, under α-MSH stimulation, GABA-related antimelanogenic effects were mediated through the GABAA and GABAB receptors, with subsequent inhibition of Ca2+ accumulation. In B16F10 melanoma cells and zebrafish larvae, pretreatment with bicuculline, a GABAA receptor antagonist, and CGP 46381, a GABAB receptor antagonist, reversed the antimelanogenic effect of GABA following α-MSH treatment by upregulating Ca2+ accumulation. In conclusion, our results indicate that GABA inhibits α-MSH-induced melanogenesis. Hence, in addition to the health benefits of GABA in the central nervous system, it could ameliorate hyperpigmentation disorders.
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1. Introduction


Melanin is a primary determinant of skin color that protects the skin from adverse external stimuli such as ultraviolet (UV) radiation [1]. In response to UV radiation, α-melanocyte-stimulating hormone (α-MSH) is produced from the skin and pituitary gland, which mediates the onset of melanin production in melanocytes [2]. Subsequently, α-MSH binds to the melanocortin 1 receptor (MC1R), stimulating the downstream signaling pathways through adenylyl cyclase (AC). In particular, AC catalyzes the conversion of adenosine triphosphate (ATP) to cyclic adenosine monophosphate (cAMP), and, subsequently, the protein kinase A (PKA)–cAMP response element-binding protein (CREB) axis, which is mainly considered to promote melanogenesis through the transactivation of microphthalmia-associated transcription factor (MITF) [3]. In addition, the binding of α-MSH to MC1R is responsible for initiating store-operated Ca2+ entry pathways via Ca2+ release from the endoplasmic reticulum (ER) lumen into the cytosol [4]. Changes in cytosolic Ca2+ levels are associated with melanin biosynthesis through modulation of AC [5]. Finally, MITF translocates to the nucleus and promotes the transcriptional upregulation of melanogenic enzymes such as tyrosinase and tyrosinase-related protein-1/2 [6]. Nevertheless, excessive melanin production can induce several diseases, including melasma, post-inflammatory hyperpigmentation, and cutaneous amyloidosis [7].



Gamma-aminobutyric acid (GABA) is widely distributed in the cortical neurons and reduces neuronal excitability in the cortex through a decrease in the neuronal action potential [8]. Hence, it is well known that reduced GABA levels are associated with various neuronal disorders, such as anxiety, depression, insomnia, and epilepsy, thus indicating that GABA regulates neuronal disorders [9]. In addition, GABA supplementation has been markedly effective against cardiovascular diseases [10,11], type 1 diabetes [12], and alcoholism [13] through specific GABA receptors. Several different GABA receptors are available for the orthosteric binding of GABA, namely, the GABAA, GABAB, and GABAC (a subtype of GABAA) receptors [14,15]. The GABAA and GABAC receptors are heteropentameric ligand-gated ion channels with three different subunits [16] and are known to facilitate the allosteric binding of benzodiazepines [17]. There are 16 genes responsible for the synthesis of GABAA receptors, including several subunits, such as α1-6, β1-3, γ1-3, δ, ε, θ, and π, while three genes are responsible for the synthesis of rho (ρ) subunits of GABAC (a subclass of the GABAA receptor) [18]. Allosteric and orthosteric activation of GABAA and GABAc stimulates chloride channels associated with the modulation of anxiety, vigilance, memory, and learning [19,20]. Unlike GABAA and GABAC, GABAB is a metabotropic guanine nucleotide-binding protein couple receptor (GPCR) comprising two subunits, GABAB1 and GABAB2. Activation of GABAB is considered to demonstrate an inhibitory action due to the coupling with inhibitory Gα (Gαi/o), inwardly rectifying the potassium channels and inactivating Ca2+ channels, which, in turn, inhibits AC activation [21]. Although the pharmacological benefits of GABA have been extensively identified, it remains unclear which GABA receptor is related to melanin biosynthesis.



In the present study, we evaluated the antimelanogenic properties of GABA in α-MSH-stimulated conditions. Herein, we observed that GABA effectively inhibited α-MSH-stimulated hyperpigmentation in B16F10 melanoma cells and zebrafish larvae by inhibiting intracellular Ca2+, which, in turn, inhibited the cAMP–CREB–MITF–tyrosinase axis. Furthermore, the GABAA and GABAB receptors were found to be responsible for the antimelanogenic properties of GABA.




2. Results


2.1. Low Concentrations of GABA Present No Cytotoxicity in B16F10 Melanoma Cells


To evaluate the cytotoxic effect of GABA (Figure 1A) in B16F10 melanoma cells, the cells were treated with the indicated concentrations of GABA (0–100 mM) for 96 h, and cell viability was examined. As shown in Figure 1B, at concentrations over 40 mM, GABA significantly decreased cell viability (85.6% ± 0.8%, 82.7% ± 0.9%, and 75.5% ± 1.1% at 40, 50, and 100 mM GABA, respectively). Nevertheless, the concentrations below 20 mM appeared to be slightly toxic to cells, and no significant cytotoxicity was observed. Based on microscopy, significant cell debris or floating cells were not observed at concentrations below 40 mM GABA; however, 50 mM GABA considerably decreased cell growth, and 100 mM GABA induced a few shrunken cells (Figure 1C). Then, to further evaluate the cytotoxicity of GABA, the population of viable and dead cells was measured using flow cytometry (Figure 1D). GABA induced a significant decrease in the viable cell population to 81.6% ± 1.8% and 80.4% ± 2.7% at 50 and 100 mM, respectively, and increased the population of dead cells to 18.4% ± 0.14% and 19.6% ± 0.1% at 50 and 100 mM, respectively (Figure 1D). Furthermore, slight changes in the viable and dead cell populations were observed at concentrations of 40 mM GABA; however, the effect was not significant when compared with that in untreated cells. Collectively, these results suggest that low concentrations of GABA (below 20 mM) possess neither cytotoxicity nor anti-proliferative effects in B16F10 melanoma cells.




2.2. GABA Inhibits α-MSH-Induced Melanogenesis in B16F10 Melanoma Cells


Next, we attempted to evaluate the antimelanogenic effects of GABA. Accordingly, B16F10 melanoma cells were treated with the indicated concentrations of GABA (0–20 mM) in the presence or absence of α-MSH for 96 h, and intracellular and extracellular melanin contents were quantified. α-MSH treatment significantly upregulated the extracellular (Figure 2A) and intracellular melanin (Figure 2B) contents to 354.9% ± 28.4% and 236.7% ± 11.1%, respectively, when compared with those observed in untreated cells. Treatment with GABA reduced the α-MSH-induced melanin contents in a concentration-dependent manner (252.2% ± 23.6%, 178.0% ± 22.5%, and 126.5% ± 16.0% for extracellular melanin contents, and 170.1 ± 19.0%, 127.0 ± 17.2%, and 102.7 ± 23.1% for intracellular melanin contents, at 5, 10, and 20 mM, respectively). Furthermore, α-MSH increased intracellular tyrosinase enzyme activity to 169.4 ± 4.2% when compared with that in the untreated cells, which was significantly inhibited following treatment with GABA in a concentration-dependent manner (148.1 ± 4.4%, 135.5 ± 2.1%, and 117.4 ± 3.4% at 5, 10, and 20 mM, respectively, Figure 2C). Consistent with the findings on tyrosinase activity, intracellular melanin staining revealed that α-MSH-treated cells contained higher melanin intensities than untreated cells, whereas GABA (20 mM) potently inhibited the high melanin intensity (Figure 2D). We also confirmed that GABA inhibited α-MSH-induced MITF and tyrosinase expression in a concentration-dependent manner, at both the transcriptional (Figure 2E) and translational (Figure 2F) levels. These results indicate that GABA inhibits melanogenesis in B16F10 melanoma cells.




2.3. GABA Inhibits Melanogenesis in Zebrafish Larvae


We evaluated the antimelanogenic effect of GABA in vivo. Accordingly, zebrafish larvae (after 3 days post-fertilization (dpf)) were treated with the indicated concentrations of GABA (0–50 mM) in the presence or absence of α-MSH. We observed that α-MSH treatment significantly increased pigmentation in zebrafish larvae to 246.3% ± 5.4% when compared with untreated larvae (Figure 3A,B). However, treatment with GABA decreased the α-MSH-induced melanin content in a concentration-dependent manner (208.9% ± 2.7%, 170.6% ± 4.4%, 157.4% ± 5.8%, and 116.3% ± 3.1% at 5, 10, 20, and 40 mM, respectively; Figure 3B). On evaluating GABA-induced cardiotoxicity by employing the heart rate, we observed that GABA sustained heart rates similar to those observed in untreated larvae (182.3 ± 4.2 beats/min; Figure 3C), indicating that GABA concentrations below 40 mM did not induce any significant cardiotoxicity in zebrafish larvae. Our results suggest that GABA inhibits melanogenesis in zebrafish larvae without any cardiotoxicity.




2.4. GABA Inhibits α-MSH-Induced Melanogenesis by Downregulating the cAMP–CREB Axis and Ca2+ Levels


As the interaction of α-MSH with MC1R initiated the melanogenic signaling pathway through the cAMP–CREB–MITF axis [3], cAMP levels were measured in B16F10 melanoma cells. As shown in Figure 4A, quantification of cAMP revealed that α-MSH significantly increased cAMP levels from 13.1 ± 0.5 to 155.3 ± 2.8 pg/mL. However, GABA inhibited α-MSH-induced cAMP levels, determined as 125.3 ± 2.8 pg/mL, 80.8 ± 2.9 pg/mL, and 44.2 ± 3.7 pg/mL at 5, 10, and 20 mM, respectively. We then evaluated the inhibitory effect of GABA on α-MSH-induced CREB phosphorylation. Under α-MSH stimulation, GABA effectively inhibited CREB phosphorylation in a concentration-dependent manner (Figure 4B). Previous studies have also revealed that CREB phosphorylation results in Ca2+ release from intracellular stores, stimulating cAMP production [5,22]. In the present study, staining of cytosolic Ca2+ using a Ca2+-sensitive probe, Fluo-4 AM, revealed that α-MSH-induced intracellular Ca2+ levels were markedly inhibited by GABA treatment when compared with the levels observed in the presence of ethylene glycol-bis(2-aminoethylether)-N,N,Nʹ,Nʹ-tetraacetic acid (EGTA), a well-known Ca2+-chelating agent (Figure 3C). Next, to evaluate the significance of increased Ca2+ levels in α-MSH-induced melanogenesis, the melanin content was measured after EGTA pretreatment. We observed that EGTA significantly inhibited α-MSH-induced extracellular (from 324.2% ± 9.9% to 202.5% ± 9.1%; Figure 4D) and intracellular (from 207.7% ± 6.7% to 136.6 ± 8.3%; Figure 4F) melanin contents. These findings indicate that GABA inhibits α-MSH-induced melanogenesis by inhibiting the cAMP–CREB axis and Ca2+ signaling pathways.




2.5. GABAA Receptor Is Responsible for the Antimelanogenic Properties of GABA


The Cancer Genome Atlas (TCGA) revealed the presence of the GABAA and GABAB receptors in B16F10 melanoma cells [23,24]. Accordingly, we investigated the possible involvement of GABA receptors in GABA-mediated antimelanogenic properties. Treatment with a GABAA receptor antagonist, bicuculline, significantly increased extracellular and intracellular melanin contents in B16F10 melanoma cells to 174.4% ± 5.1% and 176.5% ± 14.7%, respectively, when compared with those in the untreated cells (Figure 5A,B). In addition, bicuculline reversed GABA-induced antimelanogenic effects by increasing extracellular (from 146.2% ± 2.2% to 327.5% ± 3.2%) and intracellular (from 137.5% ± 5.8% to 223.9% ± 7.9%) melanin contents. Bicuculline also increased intracellular tyrosinase activity to 120.5% ± 0.9% (Figure 5C); under α-MSH stimulation (168.4% ± 4.5%), the GABA-mediated reduction in tyrosinase activity was reversed (from 110.7% ± 1.3% to 150.5% ± 2.9%) with treatment of bicuculline. Furthermore, bicuculline significantly upregulated cAMP levels from 42.6 ± 5.6 to 282.6 ± 5.6 pg/mL in B16F10 melanoma cells and potently reversed the GABA-induced decrease in cAMP levels (from 144.74 ± 7.3 to 333.64 ± 11.47 pg/mL) in α-MSH-treated B16F10 cells (Figure 5D). Moreover, GABA induced lower intracellular Ca2+ levels than those in untreated B16F10 melanoma cells; however, bicuculline markedly increased Ca2+ levels (Figure 5E). In α-MSH-stimulated B16F10 melanoma cells, the GABA-induced decrease in intracellular Ca2+ levels was markedly elevated following bicuculline treatment, suggesting that the GABA–GABAA receptor axis downregulates intracellular Ca2+ levels. Bicuculline treatment also upregulated hyperpigmentation in α-MSH-stimulated zebrafish larvae, concomitant with the reversal of GABA-mediated antimelanogenic properties (Figure 5F); this indicates that GABA inhibits α-MSH-induced melanogenesis by downregulating the GABAA receptor-mediated reduction in intracellular cAMP and Ca2+ levels.




2.6. GABAB Receptor Regulates GABA-Mediated Antimelanogenic Properties


Treatment with a GABAB receptor antagonist, CGP 46381, demonstrated inhibitory activity similar to bicuculline during melanogenesis in α-MSH-treated B16F10 melanoma cells. CGP 46381 significantly reversed the antimelanogenic effect of GABA in α-MSH-treated B16F10 melanoma cells (from 121.2% ± 8.4% to 268.8% ± 5.1% of extracellular (Figure 6A) and from 119.9% ± 18.2% to 191.8% ± 7.9% of intracellular melanin content (Figure 6B)). Nevertheless, extracellular and intracellular melanin contents were not upregulated in the presence of CGP 46381 itself when compared with those observed in untreated cells. Additionally, CGP 46381 did not increase intracellular tyrosinase activity (Figure 6C) and cAMP levels (Figure 6D); however, during α-MSH stimulation, CGP 46381 significantly reversed GABA-induced inhibition of intracellular tyrosinase activity and cAMP levels (from 98.3% ± 2.5% to 125.4% ± 2.5% and from 28.1 ± 3.4 to 98.3 ± 8.0 pg/mL, respectively). We then evaluated the effect of CGP 46381 on intracellular Ca2+ accumulation and observed that CGP 46381 itself increased intracellular Ca2+ levels and reversed GABA-mediated inhibition of Ca2+ levels in α-MSH-stimulated B16F10 cells (Figure 6E). Finally, zebrafish larvae were pretreated with CGP 46381 before exposure to GABA and/or α-MSH. We observed that CGP 46381 markedly reversed GABA-mediated antimelanogenic effects (Figure 6F). These results indicate that the GABAB receptor regulates GABA-mediated antimelanogenic properties through Ca2+-dependent signaling pathways.





3. Discussion


GABA is a critical non-nutritive amino acid that functions as an inhibitory neurotransmitter in the central nervous system [8]. Recent clinical studies have revealed that dietary GABA supplementation is associated with health benefits, such as reduced heart rate variability and salivary chromogranin A [25], diminished physiological and physical stress induced by occupational fatigue [26], and alleviated mental task-induced stress [27]. However, whether GABA regulates melanogenesis has not been previously elucidated. In the present study, we determined that GABA negatively regulates α-MSH-induced melanin biosynthesis through the GABAA and GABAB receptors, mediated by subsequent downregulation of the cAMP–CREB–MITF–tyrosinase axis and intracellular Ca2+ levels.



Ca2+ is a fundamental secondary messenger that can dictate multiple cell signaling pathways through GPCRs such as MC1R [28]. The interaction between α-MSH and MC1R results in the release of ER luminal Ca2+ into the cytosol [29], which, in turn, enhances melanogenesis in melanocytes, concurrent with the AC–cAMP–CREB–MITF–tyrosinase axis, and promotes the release of melanosomes containing melanin into the extracellular space through melanocyte dendrites [30]; this induces melanosome phagocytosis by keratinocytes and melanin dispersion around the nucleus of keratinocytes [31]. Ca2+ also activates PKCβ-mediated phosphorylation and activation of tyrosinase, leading to melanogenesis [32,33]. Therefore, upregulation of intracellular Ca2+ stimulates melanogenesis in melanocytes and promotes melanosome transfer to keratinocytes, indicating that the Ca2+ signaling pathway plays an important role in modulating melanin production and dispersion. In the present study, we demonstrated that an increase in intracellular Ca2+ is pivotal for α-MSH-induced melanogenesis, and GABA inhibits α-MSH-induced melanogenesis by downregulating intracellular Ca2+ levels in B16F10 melanoma cells and zebrafish larvae. Additionally, Buffey et al. [34] suggested that Ca2+ is involved in distinct melanogenesis steps; Ca2+ induces an inhibitory effect on tyrosinase activity in unstimulated cells while activating tyrosinase activity in the presence of cAMP. Therefore, whether the GABA interaction with the GABAA and GABAB receptors regulates intracellular Ca2+ levels in melanogenesis needs to be determined.



Recent studies have shown that GABAA receptor antagonists potently increase melanocyte production from melanocyte stem cells in zebrafish larvae, suggesting that the GABAA receptor maintains melanocyte stem cell quiescence [35,36]. In addition, Allen et al. [36] reported that pharmacological activation of the GABAA receptor inhibits melanocyte regeneration, which indicates that the GABAA receptor signaling pathway induces antimelanogenesis by maintaining melanocyte stem cell quiescence. In the present study, bicuculline, a GABAA receptor antagonist, significantly increased extracellular and intracellular melanin contents, along with a concomitant increase in tyrosinase activity and upregulation of intracellular Ca2+ levels. Additionally, GABA downregulated α-MSH-induced melanogenesis by decreasing intracellular Ca2+ in B16F10 melanoma cells and zebrafish larvae; however, in the presence of bicuculline, the antimelanogenic effect of GABA significantly decreased, accompanied by high intracellular Ca2+ levels. Therefore, our findings indicate that GABA activates the GABAA receptor and subsequently inhibits α-MSH-induced melanogenesis by inhibiting intracellular Ca2+ levels. However, a previous study revealed that GABA transiently upregulated intracellular Ca2+ levels in mouse dorsal root ganglion neurons through high voltage-activated channels, and a GABAA receptor antagonist, (+)-bicuculline, antagonized the GABA-induced increase in intracellular Ca2+ [37]. In contrast, Mestdagh and Wűlfert [38] determined that (+)-bicuculline increased Ca2+ transients in cerebellar granule cells through non-GABAA receptor-associated mechanisms [38]. Furthermore, Heidelberger and Matthews [39] reported that GABA did not cause an overall suppression of Ca2+ currents in single synaptic terminals, and, in particular, picrotoxin, a GABAA receptor antagonist, was found to induce sustained intracellular Ca2+ levels in the presence of GABA. Additionally, the GABAB receptor is a GABAergic GPCR, whose activation is directly linked with cAMP and intracellular Ca2+ in B16F10 melanoma cells [24]. In the present study, we observed that GABA inhibited α-MSH-induced melanogenesis, with a concurrent decrease in intracellular Ca2+ levels, and the effects were diminished in the presence of the GABAB receptor antagonist CGP 46381. In particular, CGP 46381 itself moderately increased intracellular Ca2+ levels when compared with the untreated cells and did not contribute to the α-MSH-induced Ca2+ increase. In contrast to our findings, CGP 46381 reportedly inhibited baclofen-induced intracellular Ca2+ signaling in non-neuronal cells [40]. Although we determined that GABA inhibited α-MSH-induced melanogenesis through the GABAA and GABAB receptors, it remains unclear whether, as it was previously shown, intracellular Ca2+ levels in the presence of GABA and GABA receptors can be attributed to differences between melanocytes and neuronal cells, or K+ and Cl- concentrations. In addition, whether Ca+ is indispensable for GABA-mediated melanogenesis needs to be comprehensively investigated. Reportedly, the GABAC receptor also increases intracellular Ca2+ levels in human retinal pigment epithelial cells [41] and promotes cAMP-dependent PKA activation in neuronal cells [42]. However, inhibition of the GABAC receptor using TPMPA, a selective GABAC receptor antagonist, had no effect on melanogenesis in the presence of α-MSH or GABA (data not shown), indicating that the GABAC receptor is not involved in melanogenesis.




4. Materials and Methods


4.1. Reagents and Antibodies


GABA, phenylthiourea (PTU), α-MSH, 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT), and EGTA were purchased from Sigma-Aldrich (St. Louis, MO, USA). Dulbecco’s Modified Eagle Medium (DMEM), fetal bovine serum (FBS), and antibiotic mixture were purchased from WELGENE (Gyeongsan, Gyeongsangbuk-do, Republic of Korea). Bicuculline and CGP 46381 were purchased from Tocris Bioscience (Bristol, United Kingdom). Antibodies against CREB-1 (sc-377154, 43 kDa), phospho (p)-CREB (sc-81486, 43 kDa), MITF (sc-71588, 60 kDa), tyrosinase (sc-20035, 84 kDa), β-actin (sc-69879, 43 kDa), and peroxidase-labeled anti-mouse immunoglobulins (sc-516102) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Peroxidase-labeled anti-rabbit immunoglobulins were obtained from KOMA Biotechnology (Seoul, Republic of Korea). Fluo-4 AM was obtained from Thermo Fisher Scientific (Waltham, MA, USA). All other chemicals were purchased from Sigma-Aldrich.




4.2. Cell Culture and Viability


B16F10 melanoma cells were obtained from the American Type Culture Collection (Manassas, VA, USA). The cells were cultured in DMEM supplemented with 10% heat-inactivated FBS and antibiotic mixture at 37°C in a 5% CO2 humidified incubator. To measure cell viability, B16F10 melanoma cells were seeded at a density of 5 × 104 cells/mL in 96-well plates and then treated with GABA (0–100 mM) for 96 h. The cells were treated with MTT (0.5 mg/mL) solution for 1 h at 37°C, and formazan was dissolved with dimethyl sulfoxide (DMSO). Absorbance was measured at 540 nm using a microplate spectrophotometer (BioTek Instruments Inc., Winooski, VT, USA). In a parallel experiment, the images of the cell were captured using phase-contrast microscopy (MACROTECH, Goyang, Gyeonggido, Republic of Korea).




4.3. Flow Cytometry Analysis


B16F10 melanoma cells (5 × 104 cells/mL) were cultured in 6-well plates and treated with the indicated concentrations of GABA (0–100 mM) for 96 h. The cells were washed with ice-cold phosphate-buffered saline (PBS) and incubated for 5 min using a Muse Cell Count and Viability Kit (Luminex, Austin, TX, USA). The population of viable (%) and dead cells (%) was analyzed by a Muse Cell Analyzer (Luminex).




4.4. Measurement of Extracellular and Intracellular Melanin Content


B16F10 melanoma cells (5 × 104 cells/mL) were cultured in 6-well plates and treated with the indicated concentrations of GABA (0–20 mM) in the presence or absence of 500 ng/mL α-MSH for 96 h. In a parallel experiment, bicuculline or CGP 46381 was pretreated for 2 h and subsequently treated with GABA and/or α-MSH. Cell-free culture media were used for the quantification of extracellular melanin content. The cell pellets were washed with ice-cold PBS and dissolved with 1 M NaOH containing 10% DMSO at 90°C for 60 min. Extracellular and intracellular melanin contents were measured at 405 nm using a microplate spectrophotometer (BioTek Instruments Inc.).




4.5. cAMP Enzyme-Linked Immunosorbent Assay (ELISA)


B16F10 melanoma cells (5 × 104 cells/mL) were cultured in serum-free DMEM media for 24 h and pretreated with the indicated concentrations of GABA (0–20 mM) in the presence or absence of 500 ng/mL α-MSH for 15 min [43]. In a parallel experiment, bicuculline or CGP 46381 was pretreated 2 h before treatment with GABA and/or α-MSH. The total amount of proteins in the cell lysate was quantified using Bio-Rad Protein Assay Reagents (Bio-Rad, Hercules, CA, USA), and a colorimetric ELISA kit (Cell Biolabs Inc., San Diego, CA, USA) was performed to quantify the intracellular cAMP levels. Finally, the absorbance was measured at 450 nm, and the amount of cAMP was calculated based on the cAMP standard curve.




4.6. Reverse Transcription-Polymerase Chain Reaction (RT-PCR)


B16F10 melanoma cells (5 × 104 cells/mL) were treated with the indicated concentrations of GABA (0–20 mM) in the presence or absence of 500 ng/mL α-MSH for 48 h. Total RNA was extracted using an easy-BLUE RNA Extraction Kit (iNtRON Biotechnology, Sungnam, Korea), and cDNA was synthesized using MMLV reverse transcriptase (Bioneer, Daejeon, Korea). MITF, tyrosinase, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) expression was evaluated by amplifying the cDNA using EzWay PCR Ready Mix (KOMA Biotechnology) with specific primers (Table 1) [44].




4.7. Western Blotting


B16F10 melanoma cells (5 × 104 cells/mL) were treated with the indicated concentrations of GABA (0–20 mM) in the presence or absence of 500 ng/mL α-MSH for 72 h. Total protein was extracted using a PRO-PREP Protein Extraction Solution Kit (iNtRON Biotechnology), and total proteins were quantified using a Bio-Rad Protein Assay Kit (Bio-Rad). Western blotting was performed to detect the expression of MITF, tyrosinase, and pCREB according to our previous study [44]. β-Actin was used as an internal control.




4.8. Measurement of Intracellular Tyrosinase Activity


Intracellular tyrosinase activity was measured using a previously described method [45]. Briefly, B16F10 melanoma cells (5 × 104 cells/mL) were treated with 20 mM GABA in the presence or absence of 500 ng/mL α-MSH for 72 h. In a parallel experiment, bicuculline or CGP 46381 was pretreated for 2 h in the presence or absence of GABA and/or α-MSH. Then, the cells were lysed with PBS containing 1% Triton X-100 by freezing at −20 °C for 2 h and disrupted by thawing at room temperature. Total protein was quantified with Bio-Rad Protein Assay Reagents (Bio-Rad), and an equal amount of protein was mixed with 90 μL of 5 mM L-dihydroxyphenylalanine (DOPA) at 37 °C for 30 min and the absorbance at 405 nm was measured.




4.9. Staining of Intracellular Tyrosinase


B16F10 melanoma cells (5 × 104 cells/mL) were cultured in 3% gelatin-coated cover slips and treated with 20 mM GABA in the presence or absence of 500 ng/mL α-MSH for 72 h. The cells were fixed with 4% paraformaldehyde for 30 min and incubated with 0.1% L-DOPA in 1× PBS and 20 μM copper sulfate at 37 °C for 2 h. The images were captured using phase-contrast microscopy (MACROTECH).




4.10. Kinetics Scan of Intracellular Ca2+ Changes


Intracellular Ca2+ changes were measured according to a previously described method with a slight modification [22]. Briefly, B16F10 murine melanoma cells (5 × 104 cells/mL) were grown in a 12-well plate and pretreated with bicuculline or CGP 46381 for 2 h prior to treatment with 20 mM GABA and/or 500 ng/mL α-MSH. Then, the cells were trypsinized and probed with a Ca2+-sensitive probe, Fluo-4 AM (1 μM) in calcium buffer (135 mM NaCl, 4.5 mM KCl, 1.5 mM CaCl2, 0.5 mM MgCl2, 10 mM HEPES, and 5.6 mM glucose, pH 7.4), for 10 min. Kinetics scans were performed for 40 min to assess the time course of Ca2+ fluorescence changes at EX/EM 490/570 using a GloMax 96 Microplate Luminometer (Promega, Madison, WI, USA).




4.11. Imaging for Intracellular Ca2+


B16F10 melanoma cells were cultured in 8-well chamber slides and treated with 20 mM GABA or 2 mM EGTA in the presence and absence of 500 ng/mL α-MSH for 1 h. Then, the cells were washed with PBS and probed with 1 μM Fluo-4 AM in calcium buffer for 10 min. The images of the cells were captured using a CELENA S Digital Imaging System (Logos Biosystems, Anyang, Gyeonggi-do, Korea).




4.12. Evaluation of Antimelanogenic Properties of GABA in Zebrafish Larvae


The zebrafish was raised and handled according to standard guidelines of the Animal Care and Use Committee of Jeju National University (Jeju Special Self-Governing Province, Korea; approval No.: 2021-0008). All methods were carried out in accordance with the approved guidelines [46]. Eggs were collected after the natural spawning of an inbred AB strain of zebrafish and raised in E3 embryo media containing 2 mg/L methylene blue. Zebrafish embryos after 2 days post-fertilization (2 dpf) were treated with 200 nM PTU for 24 h and replaced the media containing the indicated concentrations of GABA (0–50 mM) and/or 1 μg/mL α-MSH for 3 days (6 dpf). In a parallel experiment, bicuculline and CGP 46381 were treated for 2 h prior to treatment with GABA and/or α-MSH. The images of the larvae were taken at 6 dpf using stereomicroscopy (Olympus, Tokyo, Japan). Heart rates were manually counted for 2 min and expressed as beats/min to evaluate the cardiotoxicity.




4.13. Statistical Analysis


All the Western blots and RT-PCR bands were quantified by ImageJ 1.50i (National Institute of Health, Manassas, VA, USA, www.imagej.net, accessed on 15 June 2021) and then statistically analyzed by Sigma plot 12.0 (Systat Software, San Jose, CA, USA, www.systatsoftware.com, accessed on 15 June 2021). All data represented the mean of at least three independent experiments. Significant differences were determined using a Student t-test and an unpaired one-way analysis of variance (ANOVA) test with Bonferroni correction. Statistical significance was set at *** and ### p < 0.001, ** and ## p < 0.01, and * and # p < 0.05.





5. Conclusions


In this study, we determined that, under α-MSH stimulation, the GABAA and GABAB receptors are associated with the antimelanogenic properties of GABA, accompanied by the inhibition of the canonical melanogenic signaling pathway and intracellular Ca2+ levels. Our findings may contribute to the potential use of GABA for the development of antimelanogenic agents. Nevertheless, whether the Ca2+ signaling pathway is strongly associated with the antimelanogenic properties of GABA should be evaluated, in detail, by targeting the GABAA and GABAB receptors.
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Figure 1. Low concentrations of GABA show no cytotoxicity in B16F10 melanoma cells. B16F10 melanoma cells (5 × 104 cells/mL) were treated with the indicated concentrations of GABA (0–100 mM) for 96 h. (A) Chemical structure of GABA. (B) Cell viability was measured using an MTT assay. (C) Cellular morphology was observed using phase-contrast microscopy (×20). Scale bars = 20 µm. (D) Cell viability and dead cell populations were measured using Muse Cell Viability kit. Viable and (E) dead cell (F) populations are shown. Significant differences among the groups were determined using one-way ANOVA followed by Bonferroni correction. All data are presented as the standard error of the median from three independent experiments (### p < 0.001, ## p < 0.01, and # p < 0.05 vs. the untreated cells). GABA, gamma-aminobutyric acid. 
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Figure 2. GABA inhibits α-MSH-induced melanogenesis in B16F10 melanoma cells. B16F10 melanoma cells (5 × 104 cells/mL) were treated with the indicated concentrations of GABA (0–20 mM) in the presence and absence of 500 ng/mL α-MSH. After treatment for 96 h, cell-free culture media were collected to measure the extracellular melanin content, and cell pellets were dissolved in 400 μL of 1 M NaOH containing 10% dimethyl sulfoxide (DMSO) at 90°C for 60 min. Absorbance was measured at 405 nm to quantify both (A) extracellular and (B) intracellular melanin contents. (C) The cells were stained for measuring the intracellular tyrosinase activity, and (D) the images of the cells were captured using phase-contrast microscopy (10×). Scale bars = 20 μm. In a parallel experiment, MITF and tyrosinase expression were evaluated by (E) RT-PCR at 48 h and (F) Western blotting at 72 h after chemical treatment. GAPDH and β-actin were used as internal controls for RT-PCR and Western blotting, respectively, and the relative expression values were determined (right). The results represent the average of data obtained from three independent experiments and are expressed as the mean ± standard error of the mean (SEM) (### p < 0.001 and # p < 0.05 vs. the untreated group; *** p < 0.001, ** p < 0.01, and * p < 0.05 vs. α-MSH-treated cells). GABA, gamma-aminobutyric acid; α-MSH, α-melanocyte-stimulating hormone; RT-PCR, reverse transcription-polymerase chain reaction; MITF, microphthalmia-associated transcription factor. 
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Figure 3. GABA inhibits melanogenesis in zebrafish larvae. Two days post-fertilization (dpf), zebrafish larvae were pretreated with 0.003% PTU for 24 h and then treated at 3 dpf with the indicated concentrations of GABA (0–50 mM) in the presence and absence of 1 µg/mL α-MSH for an additional 72 h. (A) Images of zebrafish larvae were captured using a stereomicroscope (4×). (B) Melanin densities were quantified using ImageJ software and are expressed as a percentage compared with the untreated larvae. (C) The heart rate was assessed to evaluate the cardiotoxicity and is represented as heartbeats/min. The results represent the average of data obtained from three independent experiments and are expressed as the mean ± standard error of the mean (SEM) (### p < 0.001 vs. untreated larvae; *** p < 0.001 and * p < 0.05 vs. α-MSH-treated larvae). GABA, gamma-aminobutyric acid; α-MSH, α-melanocyte-stimulating hormone. 
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Figure 4. GABA inhibits melanogenesis by downregulating cAMP–CREB-dependent intracellular Ca2+. B16F10 melanoma cells (5 × 104 cells/mL) were treated with the indicated concentrations of GABA (0–20 mM) in the presence and absence of 500 ng/mL α-MSH. (A) cAMP levels were measured using an ELISA kit 15 min after treatment with GABA (0–20 mM) in the presence and absence of 500 ng/mL α-MSH. (B) Total CREB and phosphorylated CREB (pCREB) were evaluated by Western blotting 30 min after GABA treatment. (C) The cells were grown in 8-well chamber slides and treated with GABA or 2 mM EGTA in the presence and absence of 500 ng/mL α-MSH for 1 h. The cells were probed with 1 μM Fluo-4 AM for 10 min. Cell images were captured by a CELENA S Digital Imaging System (20×). Scale bars = 100 μm. (D) Antimelanogenic effect of EGTA was evaluated by measuring extracellular (left) and intracellular (right) melanin contents. The results represent the average of data obtained from three independent experiments and are expressed as the mean ± standard error of the mean (SEM) (### p < 0.001 and # p < 0.05 vs. untreated cells; *** p < 0.001, ** p < 0.01, and * p < 0.05 vs. α-MSH-treated cells). GABA, gamma-aminobutyric acid; α-MSH, α-melanocyte-stimulating hormone; cAMP, cyclic adenosine monophosphate (cAMP), CREB, cAMP response element-binding protein; EGTA, ethylene glycol-bis(2-aminoethylether)-N,N,Nʹ,Nʹ-tetraacetic acid. 
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Figure 5. Bicuculline reverses the antimelanogenic properties of GABA in B16F10 melanoma cells and zebrafish larvae. B16F10 melanoma cells (5 × 104 cells/mL) were pretreated with 10 µM (+)-bicuculline for 2 h prior to treatment with 20 mM GABA and 500 ng/mL α-MSH. (A) Extracellular and (B) intracellular melanin contents were measured. (C) Intracellular tyrosinase activity was measured 72 h after treatment with GABA and α-MSH, and (D) cAMP level was determined at 15 min. (E) The cells were stained with 1 μM Fluo-4 AM for 10 min after treatment with GABA and/or α-MSH for 1 h, and fluorescence intensity was measured using a luminometer. (F) Three days post-fertilized zebrafish larvae were pretreated with 10 µM bicuculline for 2 h before treatment with 50 mM GABA and 1 µg/mL α-MSH for an additional 72 h. Images were captured using a stereomicroscope (4×). The results represent the average of data obtained from three independent experiments and are expressed as the mean ± standard error of the mean (SEM) (*** p < 0.001). GABA, gamma-aminobutyric acid; α-MSH, α-melanocyte-stimulating hormone; cAMP, cyclic adenosine monophosphate. 
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Figure 6. CGP 48381 reverses GABA-induced antimelanogenic effects in B16F10 melanoma cells and zebrafish larvae. B16F10 melanoma cells (5 × 104 cells/mL) were pretreated with 10 µM CGP 46381 for 2 h prior to treatment with 20 mM GABA and 500 ng/mL α-MSH. Extracellular (A) and intracellular (B) melanin contents were measured. (C) Intracellular tyrosinase activity was measured 72 h after treatment with GABA and α-MSH, and (D) cAMP level was determined at 15 min. (E) The cells were stained with 1 μM Fluo-4 AM for 10 min after treatment with GABA and/or α-MSH for 1 h, and fluorescence intensity was measured for 40 min using a luminometer. (F) Three days post-fertilized zebrafish larvae were pretreated with 10 µM CGP 46381 for 2 h before treatment with 50 mM GABA and/or 1 µg/mL α-MSH for an additional 72 h. Images were captured using a stereomicroscope (4×). The results represent the average of data obtained from three independent experiments and are expressed as the mean ± standard error of the mean (SEM) (*** p < 0.001 and * p < 0.01). GABA, gamma-aminobutyric acid; α-MSH, α-melanocyte-stimulating hormone; cAMP, cyclic adenosine monophosphate. 
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Table 1. Primers and PCR conditions.
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Gene *

	
Primer Sequence (5′-3′)

	
Size

	
Tm

	
Cycle No.






	
MITF

	
F: 5′-CCCGTCTCTGGAAACTTGATCG-3′

	
767 bp

	
60 °C

	
27




	
R: 5′-CTGTACTCTGAGCAGCAGGTC-3′




	
Tyrosinase

	
F: 5′-GTCGTCACCCTGAAAATCCTAACT-3′

	
110 bp

	
60 °C

	
27




	
R: 5′-CATCGCATAAAACCTGATGGC-3′




	
GAPDH

	
F: 5′-ACCACAGTCCATGCCATCAC-3′

	
480 bp

	
60 °C

	
25




	
R: 5′-CACCACCCTGTTGCTGTAGC-3′








F, forward primer; R, reverse primer; bp; base pair; Tm, melting temperature. * MITF, microphthalmia-associated transcription factor; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
>

Relative meanin content

Relative melanin content

Extracellular
500
?400 4 HE
;g: 300 4 *
% Jek
%S 200 1 e
< 100 ;
0
GABAO 20 0 5 10 20
(mM) + a-MSH
- i + + a-MSH
o Intracellular 0 20 0 20 GABA (mM)
S 250 E N
o 14
w 150 0 20 0 5 10 20 GABA(mM) 12 o > #
2100 23210 T
et c < Sl
r = R - i
o i > 0.6 - * %
GABAO 20 0 5 10 20 TYR 2K 04 il § 0.4 |
(mM) + <MSH ) - - 2202 @ =02

0.0 0.0 -
+ a-MSH

>
> +a-MSH
8 180 #a . + a-MSH
=160 * 1.2, #Hith 14,
£ 2140 i g B 0 20 0 5 10 20 GABA(mM) > o
5 2 =1.0 & 12
2 £120 - 210
S S100 $ © 0.8 ] R e
83"-580 o e e | MITF 3o *k T § 0.8
— % s w ’ S ﬁ'o.s
2 ~— = = 0.4 1 ek g 04
E 28 o= o o= o | TYR EEO.Z' EEo'z
§ GABAO 20 0 5 10 20 0.0 0.0
£ (mMm) T w-MSH T p——— ) 1 GABA(MM)O 20 0 5 10 20 GABA(MM)O 20 0 5 10 20
T &MSH + a-MSH






nav.xhtml


  ijms-22-08257


  
    		
      ijms-22-08257
    


  




  





media/file2.png
NH,»
HO
B
2>
S _ 100
S8 80
E § 60
q>o S 40
€8 2
Y
& 0
GABA (mM)@ ARG N PP RS

GABA (mM)

Cell numbers

GABA (mM)
3
Live Dead Dead |{ Live
90.7% 9.3% 9.2% |188.9%
7 /
Dead || Live
{82.9%
e
i ,,
1
Viability i
F
100 25
g‘j 80 3?20 g 2
m S—
§ 60 % 15
2 40 < 10
s H
S a 3
0 0
%Q;.Q\%f’ N O ODPHS Q.QQ;.Q\&\Q?; N 09D PSS

GABA (mM) ° GABA (mM)





media/file5.jpg
A

GABA (mM) — - 5 10 20 40
aMSH — + + + + +

B 300 S 200
—
gz g %2150
§ £ 200 Ky 3£
S5 150 £E0
£8 e E3
e o
A
0 0
WMSH - + 4+ o+ o+ WMSH - + + 4+ 4 4

GABA(MM) 0 0 5 10 20 40 GABA(MM) 0 0 5 10 20 40





media/file3.jpg
e +amsn
0 2 5 s 10 2 casa(m

B

. s
o 3 T3 1 % cAsAm

——— =]

===c|m

[ pp——— P






media/file1.jpg
<

et WTT sty
Beartamion
I.zssse

G oeroa

Cgmviiessar  ° gussessar

W p





media/file7.jpg
A 180 B +aMSH
160 0 20 7 5 10 % casAm

120 = == = — |pomes

%0 [p—— P

H
3 a0 rr————

GABA 0 20 0 5 10 20
(i) TamsH

+ GABA @0 m)
EGTA
s

Exracallar






media/file10.png
A B
;!:: Extracellular e Intracellular
g 500 ; o * ok ke
g * kK t 300 | P
o 3 400 ; *% % — 8 = 250 | 123
£ £ 300 £ £ 200 { #xx
- O *kk 8 9 450
Q | == (3]
E'§ 200 g 5 100 |
2 32100 0
- B 50 |
3 0 ) 0 -
& — — — — 4+ + + +0-MSH o - — — — 4+ + + +0-MsH
- = + + - — + + GABA - = + + —- —~ + + GABA
C — 4+ — 4+ — + — + Bicuculline — + — 4+ — + — +Bicuculline
g D
> * koK
L ]
o "—o" 160 | - fax.23 —El 400 1 -
£ 5140 { %% £ ke
2 € 120 1 S 300 -
=~ o 100 | ~
2w 80 - o 200 ;
=9 60 =
ST 40 < 100 -
® 9]
0 : 0
< - = = = + + + 4 o-MSH - — — — + + + + o-MSH
£ - — + 4+ —- — 4+ + GABA - = 4+ 4+ —- —~ + + GABA
— + — + — + — +Bicuculline - + - + - + -+ Bicuculline
essossssssesss Bicucu"ine(B)
6_0! L _x R XK X N _J J GABA(C). )
- mmesmmee GABA + Bicuculline (D)
o s o o o -MSH + Bicuculline (F)
. 554 —— = -MSH + GABA (G)
— \. — -MSH+ GABA + Bicuculline (H)
x b
3 \\'-""."."m""':'..?::;:’ F
E v. %‘._.-O-Q-Q-E
S 5.0 4 == YT PYY Y
> s D
=
E ..‘...ooao..oao...aaa.-..aa-....c"..
.. ..‘....Q.....O....B
W 45, \\ e
\ o A
\’------------ﬂ \
\---------oc
4'0 L J L J L J L J LJ L] LJ LJ LJ L L J L J L J L J L J L] L] . .
2 4 6 8 10121416 18 20 22 24 26 28 30 32 34 36 38 4
Time (min)
F
- + — + - + + Bicuculline
- — - + - + + GABA

++ |

+ o-MSH






media/file12.png
(% of control)

Intracellular tyrosinse activity ® Relative melanin content }>
(% of control)

m

EX/EM (490/570) x 10°

Extracellular E Intracellular
c Je ek
s S 300 -
500 i g v5o * %k %
400 Lk ©3
.EEZOO
300 - % 8 150 |
200 £0 100 -
o e
100 ;'..>"9"' 50 -
1+
0 i o O = = = % + %
— — + + — — + + GABA - — + + = - +
— + — + — + — + CGP 46381 - F = F -t -
D
*% %
200 *k Kk 200 -
“}gg' — k%%
2 4
150 §_ }gg )
(o]
100 - £ 100 |
% 80
50 < o
(8]
0 20 1
.~ 2 _ + + + + a-MSH A
- = 4+ + - - + + GABA —
- + — + — + -~ + CGP 46381 - +
cecccscescence CGP 46381 (B)
6.5 w=esmmesmmss  GABA + CGP 46381 (D)
s s e e -MSH (E)
e = = wm o mmommes g MSH + CGP 46381 (F)
6.0 : - = -MSH + GABA (G)
' ___n-\ — o MSH+ GABA + CGP 46381 (H)
A\
5.5 L \\9/.-.’-:,:o—a-0::—_.---?-.-/~’é|:
5-0 i E— " ..'o..c ....... sssewmp

4.5

--ﬂ\k
\

\—————G

e G T e e ' > W P D

N\ o

-y GRF D 4ED AED SER aEn &

. Ad v v v v v L

Ld L] L L L L] L] A .

2 4 6 8 1012 14 16 18 20 22 24 26 28 30 32 34 36 38 40

Time (min)

+ CGP 46381
+ GABA
+ o-MSH

.
-

+ o-MSH
+ GABA
+ CGP 46381






media/file9.jpg
.
¥

:u: :Djl‘: :
N






media/file0.png





media/file8.png
A 180 - B + ¢-MSH
Hitt
~ 160 - 0 20 0 5 10 20 GABA(mM)
£ 140 * %%k ,
6120' S ———— pCREB
£ 100 ; Kk
o 80 - — s e e e = | CREB-1
= 60 ok ke
s 40 ; e S D R s c— B-actin
20 1
0 1.2
GABA 0 20 0 5 10 20 %,‘-.g 1.0
§ 708
(mM) + (I'MSH g 0:_10-6
ggo.a
S 802
C “ 00
GABA(mM)0O 20 0 5 10 20
+ a-MSH
- * —  GABA (20 mM)
— — + EGTA
- - - a-MSH
= t: — GABA (20 mM)
- - + EGTA
+ + + «-MSH o 120
2 100
2 80
S 60
Q
2 40
< 20
® 9
GABA - + - - + _
EGTA - - + — — +
D a-MSH _ - 4+ +
Extracellular Intracellular
5 5
£ 400, o £ 250 o
8 8 = 200
© = 300 ; 0
c 0 c s
= *kk € 5 150 k%
S 5 200 20
2o £ % 100 ;
e S
g= 0 £ 50
;:: 0 ! ﬁ 0
a-MSH - - + + a-MSH - - + +

EGTA - + - + EGTA - + - +





media/file11.jpg





media/file6.png
A

GABA(mM) — - 5 10 20 40
a-MSH -— + + + + +
T

>
“
"
.
-
.

L

'
e
sl
-y
A
-
»

B 300 ” C 200
> ]
29 Zf;g . 5150
SE XX ek 8°E
i Y -
53 100 - 22 |
e < 50
0 0
a-MSH - + + + + + a-MSH - + + + : -

GABA(mMM) 0 0 S5 10 20 40 GABA(mMM) 0 0 5 10 20 40





