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Abstract

:

Rhynchosia volubilis, a small black bean, has been used as a traditional remedy to treat diseases and maintain health in East Asia, but its cellular effects and molecular mechanisms are not fully understood. The purpose of this study was to investigate the effect of ethanol extract from Rhynchosia volubilis (EERV) on cell survival and to elucidate the biochemical signaling pathways. Our results showed that EERV stimulated the cyclic AMP (cAMP) signal revealed by a fluorescent protein (FP)-based intensiometric sensor. Using a Förster resonance energy transfer (FRET)-based sensor, we further revealed that EERV could activate PKA and ERK signals, which are downstream effectors of cAMP. In addition, we reported that EERV could induce the phosphorylation of CREB, a key signal for cell survival. Thus, our results suggested that EERV protects against apoptosis by activating the cell survival pathway through the cAMP-PKA/ERK-CREB pathway.
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1. Introduction


Natural products have long been of interest as treatments for various diseases because of their low cost, high bioavailability, and low cytotoxicity compared to synthetic chemicals [1]. In addition, accumulated evidence suggests that natural products have therapeutic effects on many diseases, such as diabetes, cardiovascular diseases, cancer, and inflammation [2,3,4,5,6]. Among these natural products, soybeans, a healthy nutritional food, have long played an important role as a source of protein and fat in the dietary culture of East Asian countries [7]. They contain various functional ingredients, such as isoflavones, saponins, anthocyanins, tocopherol, and phytic acid [8].



Rhynchosia volubilis Loureiro, a small black bean, is a perennial plant that grows in the mountains and fields of Korea, Japan, China, and Vietnam and has been used to treat kidney disease, neuralgia, postmenopausal osteoporosis, and senile dementia [9,10,11,12]. R. volubilis extract has exhibited potent antioxidant activity, proliferative effects on human osteoblasts, and anti-obesity efficacy [9,10,13,14,15,16,17]. Further studies revealed that R. volubilis contains abundant bioactive constituents, including glycitein, anthocyanin (cyanidin-3-glucoside and delphinidin), flavonoids (quercetin, epicatechin, and apigenin), peptides, and polysaccharides [13,14,18,19,20]. Other studies have also reported that it has nearly 20 times higher isoflavonoids (daidzein, calycosin, biochanin A, and genistein) than other soybeans; thus, it has a functionally positive effect on the human body [21,22]. Most of these compounds are strongly associated with cell survival; however, their molecular mechanisms are not fully understood.



The goals of this study were to investigate the effect of the ethanol extract of R. volubilis (EERV) on cell survival and the underlying molecular mechanism. To this end, we utilized a tool for real-time live-cell imaging using an intensiometric sensor and FRET-based biosensors. Intensiometric sensors have been useful in monitoring the dynamics of intracellular molecules by changing the fluorescence intensity of a single wavelength. Most of these sensors consist of a specific binding domain of a signaling target inserted between two partitions of a fluorescent protein. Conformational switching induced by binding to target molecules results in changes in fluorescence intensity [23,24]. Another type of biosensor used in this study is based on Förster resonance energy transfer (FRET), a nonradiative energy transfer process between donor and acceptor fluorophores [25]. This process depends on the proper spectral overlap of donor emission and acceptor excitation, distance, and relative orientation of the transition dipole moments of the fluorophore [26]. These FRET biosensors have contributed to our understanding of molecular dynamics and signaling pathways with high spatiotemporal resolution at the living single-cell level [27]. Thus, our findings provide important insights for future validation of the efficacy of natural product research and understanding the need for functional studies.




2. Results


2.1. Effects of EERV on Cell Viability


A previous study reported that EERV has a cytoprotective effect in a benzalkonium-chloride-induced dye mouse eye model by performing a TUNEL assay, a method for detecting cell death via apoptosis [28]. Moreover, another study showed that EERV affects cell proliferation [15]. Therefore, we performed a WST-8 assay to investigate cell viability according to various concentrations of EERV to verify that EERV has cell survival effects. EERV was used at concentrations of 0.1, 1, 10, 50, and 100 μg/mL for 24 h. The viability of HeLa cells was significantly increased (Figure 1). Although the degree of increase at 100 μg/mL was relatively small, it showed an overall 1.2-fold increase. These data demonstrate that EERV treatment is effective for cell survival (Supplementary Figure S1).




2.2. EERV Induces Intracellular cAMP Concentration Increase


Previous studies have reported that cellular cAMP concentration is increased by anthocyanins, isoflavonoids, and flavonoids [29,30,31]. Therefore, we hypothesized that EERV might improve cAMP activity because it contains the aforementioned bioactive compounds. To detect the cAMP concentration in the cells, we employed Flamindo2, a cAMP intensiometric biosensor [23]. Flamindo2 is a form of mEPAC1, a binding substrate of cAMP, between the citrine fluorescent protein with 516 nm excitation and 529 nm emission wavelengths. It usually emits light, but when cAMP binds to mEPAC1, it causes a conformational change in the citrine, which results in the loss of light and reduction in the overall intensity of the cells (Figure 2A). The degree of reduction in intensity is expressed as activation by inverse representation for ease of understanding. We performed fluorescence intensity detection to confirm whether cells that overexpressed the flamindo2 biosensor were reduced in intensity because of increased cAMP activation by the EERV treatment (Figure 2B). Treatment with EERV for 1 h at each concentration showed no significant cAMP activation when EERV was used at 0.1, 1, and 10 μg/mL, but showed a significant increase when EERV was used at 50 and 100 μg/mL concentrations. In addition, we performed real-time imaging for 30 min to accurately determine whether the concentration change in cAMP was detected at the single-cell level (Figure 2C). We investigated single-cell real-time imaging by treating EERV at a concentration of 50 g/mL with reference to previous results showing higher cell viability and cAMP activation. At first, imaging was carried out with only cells and media present without any treatment, and DMSO or EERV was treated from 5 min after. The time course graph obtained by this biosensor showed that EERV treatment distinctly induced cAMP activation compared to the control group at the single-cell level. The cAMP concentration increase after 20 min was significant (Figure 2D). These results suggest that EERV plays an essential role in cAMP activation.




2.3. EERV-Induced cAMP Regulates PKA and ERK Activation


Our previous results showed that EERV treatment induced a cellular survival effect and increased the cellular cAMP concentration. Therefore, the next question was which effector is activated by cAMP signaling. There are two cAMP downstream effectors, protein kinase A (PKA) and the exchange protein activated by cyclic AMP (EPAC). Many types of downstream effectors have diverse roles [32,33,34]. Therefore, we investigated whether EERV could activate PKA, a potential effector, inducing cell survival according to cellular circumstances. The PKA signaling pathway plays a critical role in regulating a wide range of cellular processes [35,36,37,38]. It regulates the cell cycle and proliferation [39], metabolism [40], transmission of nerve impulses [41], cytoskeleton remodeling [42,43], muscle contraction [44,45], cell survival [46], and other cell processes. One of the most critical targets of PKA is a cAMP-responsive element-binding protein (CREB) [47].



To perform PKA activity real-time imaging, we used the FRET-BRET hybrid PKA biosensor [48]. When the activated PKA phosphorylates the biosensor substrate, the phosphorylated substrate binds to the FHA1 domain, and the distance between ECFP and YPet becomes closer, revealing an increased FRET/ECFP ratio. After transfection with the PKA biosensor and starvation, the cells were treated with DMSO(Biosesang), Isoproterenol (ISO, MedChemExpress, 10 μM), and EERV (50 μg/mL) (Figure 3). At first, imaging was carried out with only cells and media present without any treatment, and each drug was treated from 5 min after. As expected, the time course graph obtained by this biosensor showed that DMSO treatment, used as a negative control, did not exhibit a FRET ratio change. ISO, known as a PKA activator [49,50,51], induces a conformational change in the biosensor and rapidly and dramatically increases the emission signal from YPet. In response to the addition of EERV, the biosensor exhibited a gradual time-dependent increase in the FRET/ECFP ratio (Figure 3A,B). The bar graph shows the normalized FRET/ECFP ratio of the biosensor at 0 and 30 min, indicating that PKA activation by EERV was significant. These results indicated that EERV plays a role in activating PKA and can activate cellular survival-related effectors downstream of PKA.



In addition, we investigated the effects of EERV on ERK among various cAMP-Epac downstream effectors (Figure 4). It is generally accepted that cAMP-induced gene transcription is mediated through EPAC and ERK-CREB signaling transduction. It has been reported that anthocyanins and isoflavonoids are abundant in EERV and activate survival effects via the cAMP-ERK-CREB and cAMP-PKA-CREB pathway [52,53,54]. Therefore, we hypothesized that EERV induced ERK activation. The ERK pathway regulates various physiological processes, such as cell growth, proliferation, and survival [55]. It activates ERK by phosphorylation, activation of its kinase activity, and phosphorylation of many downstream targets involved in regulating cell proliferation [56].



When the WW domain detects ERK-specific substrate phosphorylation, the FRET-BRET hybrid ERK biosensor undergoes a conformational change, and the distance between ECFP and YPet is reduced, revealing an increased FRET/ECFP ratio. After transfection with the ERK biosensor and starvation, the cells were exposed to DMSO, epidermal growth factor (EGF, Sigma-Aldrich, 100 ng/mL), and EERV (50 μg/mL) (Figure 4). At first, imaging was carried out with only cells and media present without any treatment, and each drug was treated from 5 min after. As expected, time-lapse images and time course graphs showed that cells in the DMSO, used as a negative control group, did not show any FRET ratio change. Moreover, EGF, used as a positive control, induced the conformational change of the biosensor and rapidly and dramatically increased the emission signal from YPet. In response to EERV addition, the biosensor exhibited a gradual time-dependent increase in the FRET/ECFP ratio (Figure 4A,B). The bar graph, which describes the normalized FRET/ECFP ratio of the biosensor at 0 and 20 min, indicates that ERK activation by EERV is significant. These observations are in agreement with previous studies showing EERV activates the ERK-CREB pathway.




2.4. Increasing CREB Phosphorylation by EERV


We investigated how PKA and ERK activities are responsible for cell survival. Among the downstream candidates, CREB is considered to be a crucial transcriptional factor affected by PKA and ERK [47,57]. This transcription factor is essential to promote neuronal plasticity, memory formation, and neuronal survival [36]. CREB proteins are activated by phosphorylation of various kinases, including PKA, ERK, and Ca2+/calmodulin-dependent protein kinases on the serine 133 residue [58]. When activated, the CREB protein recruits other transcriptional coactivators to bind to specific DNA sequences called cAMP response elements (CRE), thereby increasing or decreasing the transcription of the genes [35]. We first scraped cells treated with EERV (50 μg/mL) for 24 h and used them in RT-PCR to verify that EERV increased mRNA expression of CREB itself (Figure 5A,B). After EERV treatment, the mRNA expression level of CREB remained unchanged, suggesting an increase in CREB phosphorylation through the PKA/ERK pathway. Then, we performed Western blotting using cells treated with EERV (50 μg/mL) for 24 h. As expected from the RT-PCR results, the total CREB protein expression level did not change compared to the control group, but the phosphorylated CREB protein level increased (Figure 5C). The bar graph, which describes normalized CREB and p-CREB protein expression levels, shows that p-CREB increases against total CREB expression (Figure 5D–F). These observations agree with previous results showing that the cAMP-PKA/ERK pathway activates p-CREB independent of total CREB expression.




2.5. EERV Does Not Activate Adrenoceptor Beta-2


We confirmed that EERV increased cell survival effect through cAMP-PKA/ERK-CREB pathway signaling, and we hypothesized that EERV-induced cell survival might be initiated by activating membrane receptors [59,60,61]. This is because many membrane receptors are activated by hormones, and many natural products are similar to the structure of these hormones and thus affect the human body through cell signaling activation through receptor stimulation. Among the many membrane receptors, we investigated whether EERV induces cell survival by binding to the adrenoceptor beta-2 because it is one of the most representative GPCRs and is highly correlated with cell survival [62,63,64]. Adrenoceptor beta-2 is a transmembrane protein that interacts with epinephrine (adrenaline), a hormone and neurotransmitter whose signaling, via adenylate cyclase stimulation through trimeric Gs protein, increased the cAMP production [65]. This activated adrenoceptor beta-2 undergoes internalization into the cytoplasm and internalization has been regarded as a major phenomenon that determines whether the receptor is activated or not [66,67,68]. We investigated whether the expression level of adrenoceptor beta-2 present in cells or internalization occurred when EERV was treated. After transfection with the GFP-adrenoceptor beta-2 and starvation, the cells were exposed to DMSO, ISO (10 μM), and EERV (50 μg/mL) (Figure 6A). At first, imaging was carried out with only cells and media present without any treatment, and each drug was treated from 5 min after. Live imaging was performed for 20 min but, contrary to our expectation, no internalization of the receptor predicting GPCR-ligand binding was observed compared with the positive control, ISO. Adrenoceptor beta-2 changes in cells were observed after 1, 3, 6, 9, 12, and 24 h, but no change was observed (Figure 6B and Figure 7A). In addition, the expression level of GFP-adrenoceptor beta-2 was compared by measuring the fluorescence intensity of GFP in one cell over time, but there was no significant change in the expression level of adrenoceptor beta-2 with EERV treatment compared with the control group (Figure 7B). These results suggest that EERV may affect downstream signaling rather than binding to the receptor.





3. Discussion


Natural substances have traditionally been used as health foods and therapeutics in East Asian cultures [69]. These substances have often been shown to improve the survival effects on cells in our body while producing anti-aging, anti-obesity, anti-inflammatory, antioxidant, and neuronal survival effects. For this reason, many studies on natural products and their ingredients are being conducted to determine those beneficial to health with minimal side effects [2,3,4,5,6]. R. volubilis is known to have antioxidant, anti-aging, and tissue repair activity [19], and several studies have reported its hormonal action as a substitute for estrogen deficiency [59,60,61].



The assay for cell viability and cAMP measurement showed that the survival effect of EERV could be related to cAMP activation. The activation of cAMP and its downstream effectors, PKA and ERK, by EERV treatment was monitored by intensiometric and FRET-based biosensors, respectively. Both methods are versatile and elaborate tools for qualitative and quantitative analysis of protein interactions. In particular, they have the advantage of providing accurate information through real-time spatiotemporal data in living cells, which is highly beneficial for verifying the efficacy and activity of drugs. Access to a wide range of fluorescent materials, in conjunction with improved, easy-to-use, and yet very sophisticated microscopes and spectrometers, has made FRET a prominent technique for biosensing [70]. The unique ability of FRET to probe nanoscale inter- and intramolecular separation distances has also led to a rapidly growing field of structural FRET studies of biomolecules and biological complexes [71].



Because the standardization of R. volubilis has been reported in previous studies [28,72] and it was revealed that the active compounds of R. volubilis were mostly anthocyanins and isoflavonoids, we determined whether EERV could induce cell survival through CREB-associated signaling and its upstream regulators. We found that EERV promoted cellular survival via the cAMP-PKA/ERK pathway (Figure 8). We further confirmed that CREB phosphorylation was involved in EERV-induced cellular survival. Anthocyanins, a component of R. volubilis, have extremely strong antioxidant activity [73,74]. Previous studies have reported various bioactivities related to human health, including anti-aging [75], anti-inflammatory [76], and antibacterial properties [77], mitigated visual fatigue, and enhanced blood lipid metabolism [78,79]. Additional studies of the survival effects of anthocyanins have reported that anthocyanin and its dominant component, cyanidin-3-O-glucoside, activate the PKA/ERK-CREB pathway [52,53,54]. CREB is a transcription factor with multiple functions and plays a critical role in cell survival [80,81,82,83]. CREB activation occurs via phosphorylation by various kinases, including PKA and MAPKs [58,84]. In addition, isoflavonoids and flavonoids, the other components of R. volubilis, have been previously shown to have survival effects via CREB activation [85,86].




4. Materials and Methods


4.1. Cell Culture and Reagents


HeLa cells from ATCC were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Gibco, Waltham, MA, USA) supplemented with 10% (vol/vol) fetal bovine serum (FBS, HyClone, Logan, UT, USA), 2 mM L-glutamine, 1 unit/mL penicillin, 100 µg/mL streptomycin (GenDEPOT, Katy, TX, USA), 1 mM sodium pyruvate, and 0.04 mM phenol red. The cells were maintained in a humidified incubator with 95% air and 5% CO2 at 37 °C. Cells were transfected at 60–80% confluence with Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA), according to the manufacturer’s instructions.




4.2. DNA Construction and Plasmids


Flamindo2 was previously developed and described by Haruki Odaka (Waseda Bioscience Research Institute in Singapore, Singapore) (#73938, Addgene). Fluorescence intensity analysis was performed as previously described [23]. AKAR-EV and EKAR-EV are FRET-BRET hybrid biosensors that were kindly provided by Naoki Komatsu (Laboratory of Bioimaging and Cell Signaling, Kyoto University, Kyoto, Japan) (AKAR-EV: #108655, https://www.addgene.org/108655/, Addgene, accessed on 27 December 2021), (EKAR-EV: #108652, https://www.addgene.org/108652/, Addgene, accessed on 27 December 2021). These sensors contain two fluorescent proteins that can induce FRET and also contain the bioluminescent protein Renilla luciferase (RLuc8). Therefore, these can be used as FRET biosensors or BRET biosensors depending on the purpose of the experiment. We used both sensors only for FRET imaging in this study. AKAR-EV comprises a FHA1 domain, flexible EV linker, and PKA-specific substrate localized between the FRET donor, ECFP, and acceptor, YPet. EKAR-EV comprises a WW domain, flexible EV linker, and ERK-specific substrate localized between the FRET donor, ECFP, and acceptor, YPet. Each sensor domain binds to a sensor substrate phosphorylated by PKA or ERK. Thus, YPet and ECFP, which are attached to both ends of the sensor, become close, and FRET occurs. That is, in the normal state, 434 nm light is excited and 477 nm light is emitted, but in the active state, 530 nm light is emitted. FRET analysis was performed as previously described [48]. A green fluorescent protein (GFP)-tagged version of Adrenoceptor beta-2 has been well-described in previous reports [87,88].




4.3. Plant Material and Chemicals


R. volubilis seeds were provided by the Highland Agriculture Research Center, National Institute of Crop Science, Pyeongchang, South Korea. R. volubilis was checked at http://www.theplantlist.org (Record 38957) (accessed on 14 October 2019). A voucher specimen (KISTGN-RN-2016-003) was deposited at the KIST Gangneung Institute. Dried R. volubilis seeds were ground into powder (1 kg) and extracted twice with 5 L of 70% ethanol at 25 °C for 3 h in an ultrasonic cleaning bath (Model RK 158s, Bandelin, Berlin, Germany) (Figure 1A). The extracts were filtered through Whatman No. 1 filter paper, and the combined filtrate was concentrated to dryness by rotary evaporation at 40 °C to obtain 50.4 g of EERV. Then, the EERV was stored at −20 °C and dissolved in dimethyl sulfoxide (DMSO; Biosesang, Seongnam, Republic of Korea) prior to cell treatment. Epidermal growth factor (EGF) was purchased from Sigma-Aldrich (St. Louis, MO, USA). Isoproterenol (ISO) was obtained from MedChemExpress (Monmouth Junction, NJ, USA).




4.4. Viability Assay


Cell viability was determined using WST-8 assays. HeLa cells were seeded at 2 × 104 cells/well in 96-well plates and incubated for 24 h at 37 °C before cells were treated with DMEM containing the control ((0.5%) DMSO) or EERV (0.1–100 µg/mL) with/without several drugs for 24 h. After washing, the cells were exposed to a 9.09% (v/v) Cellrix® Viability Assay Kit in DMEM without phenol red (31053028) (Gibco, Waltham, MA, USA) for 2 h at 37 °C. The optical density of the solubilized formazan product was measured using a Glomax Multi+Microplate Multi Reader (9301-010; Promega, USA) at 450 nm wavelength.




4.5. Fluorescence Intensity Detection


Intracellular cyclic adenosine 3′,5′-monophosphate (cAMP) concentration was detected using Flamindo2, an intensiometric sensor for cAMP. The intensity of YPet decreased when cAMP concentration was high. HeLa cells were seeded at 2 × 104 cells/well in 96-well plates and incubated for 24 h at 37 °C before Flamindo2 transfection. After being starved with DMEM containing 0.5% FBS for 18–24 h, DMEM containing the control (0.5% DMSO) or EERV (0.1–100 µg/mL) was used to treat cells for 24 h. Next, the cells were washed, and the medium was changed with DMEM without phenol red, and the fluorescence was analyzed. Fluorescence of YPet by Flamindo2 was measured using a Glomax Multi+Microplate Multi Reader (9301-010, Promega, Madison, WI, USA) at 490 nm excitation and 510–570 nm emission. The fluorescence intensity measurement of GFP-adrenoceptor beta-2 was also performed in the same method of Flamindo2.




4.6. Image Acquisition and Microscopy


Cells expressing several exogenous proteins were cultured in a Confocal Dish (100350, SPL, Yongin, Republic of Korea) and starved with DMEM containing 0.5% FBS for 18–24 h before the imaging experiment. Before the experiment, the cells were washed using phosphate-buffered saline (PBS, LB004-02, WELGENE, Gyeongsan, Republic of Korea), and the medium was replaced with a CO2-independent medium (18045-088, Gibco, Waltham, MA, USA) containing 0.5% FBS. Flamindo2 and GFP-adrenoceptor beta-2 images were obtained using a Leica DMi8 microscope equipped with a charge-coupled device (CCD) camera (DFC450C, Leica, Germany), a 436/20 excitation filter, a 455 dichroic mirror, and a 535/30 emission filter. Two FRET images were obtained with two emission filters controlled by a filter changer (480/40 for ECFP and 535/30 for YPet), unlike the intensity images. Las X software (Leica Germany) was used to acquire images and compute the emission intensity of YPet for Flamindo2 images and ECFP and FRET for FRET sensor images. A specific region of the target cells was selected as the region of interest (ROI) to observe signals and conduct the quantification. The fluorescence intensity in the background region was selected and quantified to remove the signal from the ROI of the YPet, ECFP, and FRET channels. Quantified values were analyzed using GraphPad Prism 7.0 (San Diego, CA, USA).




4.7. RT-PCR Experiment


After DMSO or EERV treatment, total RNA (100–300 ng) was isolated using TransZol Up Reagent (Transgene Biotech, Haidian District, Beijing, China) according to the manufacturer’s instructions. Subsequently, approximately 300 ng of total RNA from each sample was converted to cDNA using a SmartGene Compact cDNA Synthesis Kit (SmartGene, Lausanne, Switzerland). The resulting cDNA sample served as a template for RT-PCR using the Phusion High-Fidelity PCR Kit (Thermo Fisher Scientific, Rockford, IL, USA), following the manufacturer’s protocol. For RT-PCR amplification of CREB, an initial amplification using CREB primers (forward: 5ʹ-AACACCAACTGGAGAGAGTCA-3ʹ, reverse: 5ʹ-AGTAGACTCTTGCCACGACA-3ʹ) was performed with a denaturation step at 98 °C for 30 s, followed by 35 cycles of denaturation at 98 °C for 10 s, primer annealing at 54 °C for 20 s, and primer extension at 72 °C for 20 s. Upon completion of the cycling steps, a final extension at 72 °C for 7 min was performed, and then the product was stored at 4 °C. The expression levels of target gene transcripts were determined using gel electrophoresis and normalized to the control using ImageJ software.




4.8. Western Blot Experiment


After EERV treatment and incubation, cells were washed with cold PBS (LB004-02, WELGENE, Gyeongsan, Republic of Korea), lysed with the CETi Lysis Buffer with Inhibitors (TLP-121CETi, TransLab, Republic of Korea), and centrifuged at 15,000× g for 10 min at 4 °C. Total protein concentration was determined using a PierceTM BCA Protein Assay Kit (23227, Thermo Fisher Scientific, Rockford, IL, USA) following the manufacturer’s protocol. Each sample was added to a 5X SDS-PAGE sample buffer (TLP102.1, TransLab, Republic of Korea) and heated at 100 °C for 5 min. Proteins (20 µg/lane) were loaded onto a 10% SDS-polyacrylamide gel, subjected to electrophoresis, and transferred to an Immobilon-P PVDF Membrane (IPNH00010, Merck Millipore, Burlington, MA, USA). The membranes were blocked in 5%(w/v) FBS at pH 7.5 pBST with 0.05% Tween 20 (TransLab, Republic of Korea) for 1 h at room temperature. Membranes were incubated with the following primary antibodies in TBS (TransLab, Republic of Korea), each diluted 1: 1000 anti-phospho-CREB (44-297G, Thermo Fisher Scientific, Rockford, IL, USA), anti-CREB (sc-377154, Santa Cruz, Oregon, CA, USA), and anti-GAPDH (HC301, Transgene, Beijing, China) overnight at 4 °C. The membranes were washed three times with PBST and incubated with the appropriate horseradish peroxidase-conjugated IgG secondary antibodies (Santa Cruz Biotechnology, Oregon, CA, USA), diluted 1: 2000 at room temperature for 90 min. Immunoreactive protein bands were detected using a 1:1 mixture of ProNATM ECL Ottimo A and B (TransLab, Republic of Korea) and measured densitometrically using an iBrightTM FL 1500 Imaging System (A44241, Invitrogen, Carlsbad, CA, USA) and ImageJ software. GAPDG expression was detected as a loading control.




4.9. Statistical Analysis


Representative images and graphs were obtained from at least three independent experiments. All results are expressed as mean ± standard error of the mean (SEM). Statistical analyses were performed using the unpaired Student’s t-test to determine the statistical significance of the difference between the two mean values. Statistical significance was set at p < 0.05.





5. Conclusions


In conclusion, our results suggest that EERV has a protective effect against apoptosis by activating the cell survival pathway through cAMP-PKA/ERK-CREB. Therefore, our study provides a new experimental methodology for studying the biochemical signaling processes of natural products and provides essential information for understanding physiological activity and cellular function.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ph15010073/s1, Figure S1: Dose-response curve of HeLa cell viability according to the concentration of ethanol extract of Rhynchosia Volubilis (EERV). Viability of HeLa cells exposed to the control (0.5% (v/v) DMSO(Biosesang)) and EERV (0.1, 1, 10, and 100 μg/mL) for 24 h, as measured using viability assays. The data in Figure 1B was used; the cell viability data of each point was replaced with the response value (% max) and is shown by normalizing the maximum value to 100% and the control value to 0% (EC50 = 0.05) (n = 6). The absorbance values of solubilized formazan product were measured using the Glomax Multi+Microplate Multi Reader (9301-010, Promega, USA). The graph was generated with GraphPad Prism 7.0 (San Diego, CA, USA).





Author Contributions


Conceptualization: S.-H.A., J.-S.S. and T.-J.K.; investigation and methodology: S.-H.A., J.-S.S., H.-S.K. and Y.-K.J.; formal analysis and data curation: S.-H.A., J.-S.S., H.-S.K., G.-H.C., E.K. and T.-J.K.; resources: T.-J.K.; writing—original draft preparation: S.-H.A., J.-S.S. and T.-J.K.; writing—review and editing: S.-H.A. and T.-J.K.; supervision: T.-J.K. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by a National Research Foundation of Korea (NRF) grant funded by the Korean government (MSIT) (2020R1C1C1010107).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available in this article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Newman, D.J.; Cragg, G.M. Natural Products as Sources of New Drugs from 1981 to 2014. J. Nat. Prod. 2016, 79, 629–661. [Google Scholar] [CrossRef] [PubMed]

	



Laraia, L.; Robke, L.; Waldmann, H. Bioactive Compound Collections: From Design to Target Identification. Chem 2018, 4, 705–730. [Google Scholar] [CrossRef]

	



Koehn, F.E.; Carter, G.T. The Evolving Role of Natural Products in Drug Discovery. Nat. Rev. Drug Discov. 2005, 4, 206–220. [Google Scholar] [CrossRef]

	



Kingston, D.G.I. Modern Natural Products Drug Discovery and Its Relevance to Biodiversity Conservation. J. Nat. Prod. 2011, 74, 496–511. [Google Scholar] [CrossRef] [PubMed]

	



Harvey, A.L.; Edrada-ebel, R.; Quinn, R.J. The Re-emergence of Natural Products for Drug Discovery in the Genomics Era. Nat. Rev. Drug Discov. 2015, 14, 119–129. [Google Scholar] [CrossRef]

	



Nomura, D.K.; Maimone, T.J. Target Identi Fi Cation of Bioactive Covalently Acting Natural Products. Act.-Based Protein Profiling 2018, 420, 351–374. [Google Scholar] [CrossRef]

	



Kim, K.-S.; Kim, M.-J.; Lee, K.-A.; Kwon, D.-Y. Physico-Chemical Properties of Korean Traditional Soybeans. Korean J. Food Sci. Technol. 2003, 35, 335–341. [Google Scholar]

	



Myung, J.; Hwang, I. Functional Components and Antioxidative Activities of Soybean Extracts. Korea Soybean Dig. 2008, 25, 23–29. [Google Scholar]

	



Kim, S.J.; Shin, J.; Cho, M.; Oh, Y.; Park, N.; Lee, S.H.; Science, F.; Kim, S.J.; Shin, J.; Cho, M.; et al. Antioxidant Activity and Isoflavone Profile of Rhynchosia Nolubilis Seeds Pickled in Vinegar (Chokong). Food Sci. Biotechnol. 2007, 16, 444–450. [Google Scholar]

	



Kinjo, J.; Nagao, S.; Tanaka, T.; Nonaka, G.I.; Okabe, H. Antiproliferative Constituents in the Plant 8. Seeds of Rhynchosia volubilis. Biol. Pharm. Bull. 2001, 24, 1443–1445. [Google Scholar] [CrossRef]

	



Kim, H.R.; Kim, S.; Kim, S.J.; Jeong, S.I.; Kim, S.Y. Rhynchosia Volubilis and Beta Vulgaris Modulate UV-Induced Retinal Pigment Epithelial Cells Damage and Ocular Injury in Mouse. Korean J. Pharmacogn. 2020, 51, 131–138. [Google Scholar]

	



Yim, J.H.; Lee, O.; Choi, U.; Kim, Y. Antinociceptive and Anti-Inflammatory Effects of Ethanolic Extracts of Glycine Max (L.) Merr and Rhynchosia nulubilis Seeds. Int. J. Mol. Sci. 2009, 10, 4742–4753. [Google Scholar] [CrossRef]

	



Jeon, J.; Kang, S.W.; Um, B.; Kim, C.Y.; Jeon, J.; Kang, S.W.; Um, B.; Kim, C.Y. Preparative Isolation of Antioxidant Flavonoids from Small Black Soybeans by Centrifugal Partition Chromatography and Sequential Solid-Phase Extraction Preparative Isolation of Antioxidant Flavonoids from Small Black Soybeans by Centrifugal Partition Chro. Sep. Sci. Technol. 2014, 49, 2756–2764. [Google Scholar] [CrossRef]

	



Jeong, H.; Young, I.; Ahn, C.; Lee, S.; Gyu, H. Purification and Identification of Adipogenesis Inhibitory Peptide from Black Soybean Protein Hydrolysate. Peptides 2007, 28, 2098–2103. [Google Scholar] [CrossRef]

	



Kim, J.; Um, S.J.; Woo, J.; Kim, J.Y.; Kim, H.A.; Jang, K.H.; Kang, S.A.; Lim, B.O.; Kang, I.; Choue, R.W.; et al. Comparative Effect of Seeds of Rhynchosia Volubilis and Soybean on MG-63 Human Osteoblastic Cell Proliferation and Estrogenicity. Life Sci. 2005, 78, 30–40. [Google Scholar] [CrossRef] [PubMed]

	



Shin, J.; Park, L.; Oh, Y.; Lee, S.H.; Youn, K.; Kim, S.J.; Science, F.; Shin, J.; Park, L.; Oh, Y.; et al. Inhibition of Lipid Accumulation in 3T3-L1 Adipocytes by Extract of Seeds Pickled in Vinegar. Food Sci. Biotechnol. 2008, 17, 425–429. [Google Scholar]

	



Vitro, A.I. N-Butanol Extract of Rhynchosia Volubilis Lour: A Potent Spermicidal. J. Huazhong Univ. Sci. Technol. 2014, 34, 398–402. [Google Scholar] [CrossRef]

	



Guo, Y.; Yin, W.; Liu, P.; Yan, M.; Sun, Q. Separation of Isoflavones in Deer Patchouli by Ionized Liquid Extraction. J. Agric. Food Chem. 2012, 60, 3432–3440. [Google Scholar] [CrossRef]

	



Hong, S.H.; Sim, M.J.; Kim, Y.C. Melanogenesis-Promoting Effects of Rhynchosia Nulubilis and Rhynchosia Volubilis Ethanol Extracts in Melan-a Cells. Toxicol. Res. 2016, 32, 141–147. [Google Scholar] [CrossRef]

	



Legumes, G.; Yoshida, K.; Sato, Y.; Okuno, R.; Kameda, K.; Isobe, M.; Kondo, T. Structural Analysis and Measurement of Anthocyanins from Colored Seed Coats of Isolation and Structural Analysis of Anthocyanins From. Biosci. Biotechnol. Biochem. 1996, 60, 589–593. [Google Scholar]

	



Bae, E.-A.; Moon, G.-S. A Study on the Antioxidative Activities of Korean Soybeans. J. Korean Soc. Food Sci. Nutr. 1997, 26, 203–208. [Google Scholar]

	



Kang, S.-A.; Jang, K.-H.; Cho, Y.; Hong, K.; Suh, J.-H.; Choue, R. Effects of Artificial Stomach Fluid and Digestive Enzymes on the Aglycone Isoflavone Contents of Soybean and Black Bean (Rhynchosia Molubilis: Yak-Kong). Korean J. Nutr. 2003, 36, 32–39. [Google Scholar]

	



Odaka, H.; Arai, S.; Inoue, T.; Kitaguchi, T. Genetically-Encoded Yellow Fluorescent CAMP Indicator with an Expanded Dynamic Range for Dual-Color Imaging. PLoS ONE 2014, 9, e100252. [Google Scholar] [CrossRef]

	



Mita, M.; Ito, M.; Harada, K.; Sugawara, I.; Ueda, H.; Tsuboi, T.; Kitaguchi, T. Green Fluorescent Protein-Based Glucose Indicators Report Glucose Dynamics in Living Cells. Anal. Chem. 2019, 91, 4821–4830. [Google Scholar] [CrossRef] [PubMed]

	



Jares-erijman, E.A.; Jovin, T.M. FRET Imaging. Nat. Biotechnol. 2003, 21, 1387–1395. [Google Scholar] [CrossRef]

	



Miyawaki, A. Visualization of the Spatial and Temporal Dynamics of Intracellular Signaling. Dev. Cell 2003, 4, 295–305. [Google Scholar] [CrossRef]

	



Komatsu, N.; Aoki, K.; Yamada, M.; Yukinaga, H.; Fujita, Y.; Kamioka, Y.; Matsuda, M. Development of an Optimized Backbone of FRET Biosensors for Kinases and GTPases. Mol. Biol. Cell 2011, 22, 4647–4656. [Google Scholar] [CrossRef]

	



Woo, S.; Kim, K.; Hyun, C.; Jae, S.; Kyeom, T. A Standardized Extract of Rhynchosia Volubilis Lour. Exerts a Protective e Ff Ect on Benzalkonium Chloride-Induced Mouse Dry Eye Model. J. Ethnopharmacol. 2018, 215, 91–100. [Google Scholar] [CrossRef]

	



Matsukawa, T.; Motojima, H.; Sato, Y.; Takahashi, S.; Villareal, M.O. Upregulation of Skeletal Muscle PGC-1 α through the Elevation of Cyclic AMP Levels by Cyanidin- 3-Glucoside Enhances Exercise Performance. Nat. Publ. Gr. 2017, 7, 44799. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Y.; Ha, T.; Du, Q.; Zhao, Z.; Liu, Y.; Zou, J.; Hua, W. International Immunopharmacology Genistein Protects against DSS-Induced Colitis by Inhibiting NLRP3 in Fl Ammasome via TGR5-CAMP Signaling. Int. Immunopharmacol. 2019, 71, 144–154. [Google Scholar] [CrossRef]

	



Bartsch, O.; Bartlick, B.; Ivell, R. Relaxin Signalling Links Tyrosine Phosphorylation to Phosphodiesterase and Adenylyl Cyclase Activity. Mol. Hum. Reprod. 2014, 7, 799–809. [Google Scholar] [CrossRef]

	



Cheng, X.; Ji, Z.; Tsalkova, T.; Mei, F. Epac and PKA: A Tale of Two Intracellular CAMP Receptors Overview of the CAMP Second Messenger System Epac, a New Intracellular CAMP Receptor. Acta Biochim. Biophys. Sin. 2008, 40, 651–662. [Google Scholar] [CrossRef]

	



Introduction, I.; Neurons, A.; Endocrine, B.; Phosphodiesterases, B.; Properties, T.; Neurons, A.; Neurons, B. PKA-Dependent and PKA-Independent Pathways for CAMP-Regulated Exocytosis. Physiol. Rev. 2021, 85, 1303–1342. [Google Scholar] [CrossRef]

	



Bos, J.L. Epac Proteins: Multi-Purpose CAMP Targets. Trends Biochem. Sci. 2006, 31, 680–686. [Google Scholar] [CrossRef] [PubMed]

	



Fourth, N.; Dale, E.; Augustine, G.J.; Fitzpatrick, D.; Hall, W.C.; Lamantia, A.; Mcnamara, J.O.; White, L.E. What Have I-Pods Gotta Do with It? J. Int. Neuropsychol. Soc. 2008, 14, 667–668. [Google Scholar]

	



Silva, A.J.; Kogan, J.H.; Frankland, P.W. Creb and Memory. Annu. Rev. Neurosci. 1998, 21, 127–148. [Google Scholar] [CrossRef] [PubMed]

	



Cooper, D.M.F. Regulation and Organization of Adenylyl Cyclases and CAMP. Biochem. J. 2003, 529, 517–529. [Google Scholar] [CrossRef]

	



In, P.; Science, B. Cyclic-3 J, 5 J -Nucleotide Phosphodiesterase Isozymes in Cell Biology and Pathophysiology of the Kidney. Kidney Int. 1999, 55, 29–62. [Google Scholar] [CrossRef]

	



Kotani, S.; Tanaka, H.; Yasuda, H.; Todokoro, K. Regulation of APC Activity by Phosphorylation and Regulatory Factors. J. Cell Biol. 1999, 146, 791–800. [Google Scholar] [CrossRef]

	



Brushia, R.J.; Walsh, D.A. Phosphorylase Kinase: The Complexity of Its Regulation Is Reflected in the Complexity of Its Structure. Front. Biosci. 1999, 4, 618–641. [Google Scholar] [CrossRef]

	



Mcdonald, B.J.; Amato, A.; Connolly, C.N.; Benke, D.; Moss, S.J.; Smart, T.G. Adjacent Phosphorylation Sites on GABA A Receptor β Subunits Determine Regulation by CAMP-Dependent Protein Kinase. Nat. Neurosci. 1998, 1, 23–28. [Google Scholar] [CrossRef]

	



Zhou, R.; Cao, X.; Watson, C.; Miao, Y.; Guo, Z.; Forte, J.G.; Yao, X. Characterization of Protein Kinase A-Mediated Phosphorylation of Ezrin in Gastric Parietal Cell Activation. J. Biol. Chem. 2003, 278, 35651–35659. [Google Scholar] [CrossRef]

	



Gerits, N.; Mikalsen, T.; Kostenko, S.; Shiryaev, A.; Johannessen, M.; Moens, U. Modulation of F-Actin Rearrangement by the Cyclic AMP/CAMP-Dependent Protein Kinase (PKA ) Pathway Is Mediated by MAPK-Activated Protein Kinase 5 and Requires PKA-Induced Nuclear Export of MK5. J. Biol. Chem. 2007, 282, 37232–37243. [Google Scholar] [CrossRef]

	



Takimoto, E.; Soergel, D.G.; Janssen, P.M.L.; Stull, L.B.; Kass, D.A.; Murphy, A.M. Kinase A Phosphorylation Sites. Circ. Res. 2004, 496–504. [Google Scholar] [CrossRef] [PubMed]

	



Diviani, D. Modulation of Cardiac Function by A-Kinase Anchoring Proteins. Curr. Opin. Pharmacol. 2021, 8, 166–173. [Google Scholar] [CrossRef] [PubMed]

	



Phosphorylation, B.A.D.; Sastry, K.S.R.; Karpova, Y.; Prokopovich, S.; Smith, A.J.; Essau, B.; Gersappe, A.; Carson, J.P.; Weber, M.J.; Register, T.C.; et al. Epinephrine Protects Cancer Cells from Apoptosis via Activation of CAMP-Dependent Protein Kinase. J. Biol. Chem. 2007, 282, 14094–14100. [Google Scholar] [CrossRef]

	



Thomson, D.M.; Herway, S.T.; Fillmore, N.; Kim, H.; Brown, J.D.; Barrow, J.R.; Winder, W.W.; Barrow, J.R.; Winder, W.W. AMP-Activated Protein Kinase Phosphorylates Transcription Factors of the CREB Family. J. Appl. Physiol. 2021, 84602, 429–438. [Google Scholar] [CrossRef] [PubMed]

	



Komatsu, N.; Terai, K.; Imanishi, A.; Kamioka, Y.; Sumiyama, K. A Platform of BRET-FRET Hybrid Biosensors for Optogenetics, Chemical Screening, and in vivo Imaging. Sci. Rep. 2018, 8, 1–14. [Google Scholar] [CrossRef]

	



Lynch, M.J.; Baillie, G.S.; Mohamed, A.; Li, X.; Maisonneuve, C.; Klussmann, E.; Van Heeke, G.; Houslay, M.D. RNA Silencing Identifies PDE4D5 as the Functionally Relevant CAMP Phosphodiesterase Interacting with Βarrestin to Control the Protein Kinase A/AKAP79-Mediated Switching of the Β2-Adrenergic Receptor to Activation of ERK in HEK293B2 Cells. J. Biol. Chem. 2005, 280, 33178–33189. [Google Scholar] [CrossRef]

	



Lim, J.A.; Juhnn, Y.S. Isoproterenol Increases Histone Deacetylase 6 Expression and Cell Migration by Inhibiting ERK Signaling via PKA and Epac Pathways in Human Lung Cancer Cells. Exp. Mol. Med. 2016, 48, e204–e211. [Google Scholar] [CrossRef]

	



Di Benedetto, G.; Zoccarato, A.; Lissandron, V.; Terrin, A.; Li, X.; Houslay, M.D.; Baillie, G.S.; Zaccolo, M. Protein Kinase A Type i and Type II Define Distinct Intracellular Signaling Compartments. Circ. Res. 2008, 103, 836–844. [Google Scholar] [CrossRef]

	



Salehi, B.; Cappellini, F.; Zorzan, D.; Imran, M.; Sener, B.; Kilic, M.; El-shazly, M.; Fahmy, N.M.; Al-sayed, E.; Martorell, M.; et al. The Therapeutic Potential of Anthocyanins: Current Approaches Based on Their Molecular Mechanism of Action. Front. Pharmacol. 2020, 11, 1300. [Google Scholar] [CrossRef]

	



Zhu, W.; Jia, Q.; Wang, Y.; Zhang, Y.; Xia, M. Free Radical Biology & Medicine The Anthocyanin Cyanidin-3-O–β–Glucoside, a Fl Avonoid, Increases Hepatic Glutathione Synthesis and Protects Hepatocytes against Reactive Oxygen Species during Hyperglycemia: Involvement of a CAMP–PKA-Dependent Sig. Free Radic. Biol. Med. 2012, 52, 314–327. [Google Scholar] [CrossRef]

	



Fang, J.; Luo, Y.; Jin, S.; Yuan, K.; Guo, Y. Ameliorative e Ff Ect of Anthocyanin on Depression Mice by Increasing Monoamine Neurotransmitter and Up-Regulating BDNF Expression. J. Funct. Foods 2020, 66, 103757. [Google Scholar] [CrossRef]

	



Guo, Y.; Pan, W.; Liu, S.B.; Shen, Z.; Xu, Y.; Hu, L.L. ERK/MAPK Signalling Pathway and Tumorigenesis (Review). Exp. Ther. Med. 2020, 19, 1997–2007. [Google Scholar] [CrossRef] [PubMed]

	



Chambard, J.; Lefloch, R.; Pouysségur, J.; Lenormand, P. ERK Implication in Cell Cycle Regulation. Biochim. Biophys. Acta 2007, 1773, 1299–1310. [Google Scholar] [CrossRef]

	



Cosgaya, J.M.; Scsucova, S.; Aranda, A. Rapid Effects of Retinoic Acid on CREB and ERK Phosphorylation in Neuronal Cells. Mol. Biol. Cell 2004, 15, 5583–5592. [Google Scholar] [CrossRef]

	



Shaywitz, A.J.; Greenberg, M.E. Creb: A Stimulus -Induced Transcription Factor Activated by Adiverse Array of Extracellular. Annu. Rev. Biochem. 1999, 68, 821–861. [Google Scholar] [CrossRef] [PubMed]

	



Jung, H.L.; Cha, Y.Y.; Lee, E.S. Effect of Germinated Seed of Rhynchosia Volubilis on Cathepsin-K in Ovariectomized Rats. Korean J. Oreintal Physiol. Pathlogy 2005, 19, 184–190. [Google Scholar]

	



Memarzadeh, E.; Luther, T.; Heidari-soureshjani, S. Effect and Mechanisms of Medicinal Plants on Dry Eye Disease: A Systematic Review. J. Clin. Diagn. Res. 2018, 12, 10–13. [Google Scholar] [CrossRef]

	



Tareq, M.; Khan, H.; Ather, A. Molecules from Nature: Modulating the Expression of Estrogen Receptor Genes in Breast Cancer Cells. Brain Behav. Immun. 2006, 143–150. [Google Scholar]

	



Kolmus, K.; Tavernier, J.; Gerlo, S. Β2-Adrenergic Receptors in Immunity and Inflammation: Stressing NF-ΚB. Brain Behav. Immun. 2015, 45, 297–310. [Google Scholar] [CrossRef] [PubMed]

	



Spadari, R.C.; Cavadas, C.; de Carvalho, A.E.T.S.; Ortolani, D.; de Moura, A.L.; Vassalo, P.F. Role of Beta-Adrenergic Receptors and Sirtuin Signaling in the Heart during Aging, Heart Failure, and Adaptation to Stress. Cell. Mol. Neurobiol. 2018, 38, 109–120. [Google Scholar] [CrossRef] [PubMed]

	



He, J.J.; Zhang, W.H.; Liu, S.L.; Chen, Y.F.; Liao, C.X.; Shen, Q.Q.; Hu, P. Activation of β-Adrenergic Receptor Promotes Cellular Proliferation in Human Glioblastoma. Oncol. Lett. 2017, 14, 3846–3852. [Google Scholar] [CrossRef]

	



Johnson, M. Molecular Mechanisms of Β2-Adrenergic Receptor Function, Response, and Regulation. J. Allergy Clin. Immunol. 2006, 117, 18–24. [Google Scholar] [CrossRef]

	



Irannejad, R.; Tomshine, J.C.; Tomshine, J.R.; Chevalier, M.; Mahoney, J.P.; Steyaert, J.; Rasmussen, S.G.F.; Sunahara, R.K.; El-Samad, H.; Huang, B.; et al. Conformational Biosensors Reveal GPCR Signalling from Endosomes. Nature 2013, 495, 534–538. [Google Scholar] [CrossRef] [PubMed]

	



Di Certo, M.G.; Batassa, E.M.; Casella, I.; Serafino, A.; Floridi, A.; Passananti, C.; Molinari, P.; Mattei, E. Delayed Internalization and Lack of Recycling in a Beta2- Adrenergic Receptor Fused to the G Protein Alpha-Subunit. BMC Cell Biol. 2008, 9, 56. [Google Scholar] [CrossRef]

	



Lohse, M.J.; Calebiro, D. Cell Biology: Receptor Signals Come in Waves. Nature 2013, 495, 457–458. [Google Scholar] [CrossRef] [PubMed]

	



Ordo, R.M.; Ordo, A.A.L. Design and Quality Control of a Pharmaceutical Formulation Containing Natural Products with Antibacterial, Antifungal and Antioxidant Properties. Int. J. Pharm. 2009, 378, 51–58. [Google Scholar] [CrossRef]

	



Ivanova, E.V.; Figueroa, R.A.; Gatsinzi, T.; Hallberg, E.; Iverfeldt, K. Anchoring of FRET Sensors-A Requirement for Spatiotemporal Resolution. Sensors 2016, 16, 703. [Google Scholar] [CrossRef]

	



Hochreiter, B.; Garcia, A.P.; Schmid, J.A. Fluorescent Proteins as Genetically Encoded FRET Biosensors in Life Sciences. Sensors 2015, 15, 26281–26314. [Google Scholar] [CrossRef] [PubMed]

	



Hyun, K.; Kim, K.; Woo, S.; Tasnim, S.; Beom, J. Small Black Bean (Rhynchosia Volubilis) Extract Ameliorates Gut Microbial and Metabolic Perturbation in Ovariectomized Mice. J. Funct. Foods 2019, 60, 103415. [Google Scholar] [CrossRef]

	



Xie, L.; Su, H.; Sun, C.; Zheng, X.; Chen, W. Trends in Food Science & Technology Recent Advances in Understanding the Anti-Obesity Activity of Anthocyanins and Their Biosynthesis in Microorganisms. Trends Food Sci. Technol. 2018, 72, 13–24. [Google Scholar] [CrossRef]

	



Xie, W.; Meng, X.; Zhai, Y.; Zhou, P.; Ye, T.; Wang, Z.; Sun, G.; Sun, X. Panax Notoginseng Saponins: A Review of Its Mechanisms of Antidepressant or Anxiolytic Effects and Network Analysis on Phytochemistry. Molecules 2018, 23, 940. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Wu, J.; Liu, F.; Tong, L.; Chen, Z.; Chen, J.; He, H. Neuroprotective e Ff Ects of Anthocyanins and Its Major Component Cyanidin- 3-O-Glucoside ( C3G ) in the Central Nervous System: An Outlined Review. Eur. J. Pharmacol. 2019, 858, 172500. [Google Scholar] [CrossRef]

	



Edirisinghe, I.; Banaszewski, K.; Cappozzo, J.; Sandhya, K.; Ellis, C.L.; Tadapaneni, R.; Kappagoda, C.T.; Burton-freeman, B.M. Strawberry Anthocyanin and Its Association with Postprandial Inflammation and Insulin British Journal of Nutrition. Br. J. Nutr. 2011, 106, 913–922. [Google Scholar] [CrossRef] [PubMed]

	



Jamar, G.; Boveto, A.; Vales, L.; De Cássia, H.; Missae, L.; Vera, V.; Rosso, D.; Pellegrini, L. Bi Fi Dobacterium Spp. Reshaping in the Gut Microbiota by Low Dose of Juçara Supplementation and Hypothalamic Insulin Resistance in Wistar Rats. J. Funct. Foods 2018, 46, 212–219. [Google Scholar] [CrossRef]

	



Fabroni, S.; Ballistreri, G.; Amenta, M.; Romeo, F.V.; Rapisarda, P. Screening of the Anthocyanin Profile and in vitro Pancreatic Lipase Inhibition by Anthocyanin-Containing Extracts of Fruits, Vegetables, Legumes and Cereals. J. Sci. Food Agric. 2016, 96, 4713–4723. [Google Scholar] [CrossRef] [PubMed]

	



Watson, A.W.; Kennedy, D.O.; Haskell, C.F.; Scheepens, A. A Double Blind Placebo Controlled Study Measuring the Effect of Two Berry Fruit Extracts on Mood, Cognition and Monoamine Oxidase B Inhibition in Healthy Young Adults. Appetite 2012, 59, 2012. [Google Scholar] [CrossRef]

	



Walton, M.R.; Dragunow, M. Is CREB a Key to Neuronal Survival? Trends Neurosci. 2000, 23, 48–53. [Google Scholar] [CrossRef]

	



Yamada, M.; Tanabe, K.; Wada, K.; Shimoke, K.; Ishikawa, Y.; Ikeuchi, T.; Koizumi, S.; Hatanaka, H. Differences in Survival-Promoting Effects and Intracellular Signaling Properties of BDNF and IGF-1 in Cultured Cerebral Cortical Neurons. J. Neurochem. 2001, 78, 940–951. [Google Scholar] [CrossRef] [PubMed]

	



Bonni, A.; Brunet, A.; West, A.E.; Datta, S.R.; Takasu, M.A.; Greenberg, M.E. Cell Survival Promoted by the Ras-MAPK Signaling Pathway by Transcription-Dependent and -Independent Mechanisms. Science 1999, 286, 1358–1363. [Google Scholar] [CrossRef]

	



Du, K.; Montminy, M. Communication CREB Is a Regulatory Target for the Protein Kinase Akt/PKB. J. Biol. Chem. 1998, 273, 32377–32379. [Google Scholar] [CrossRef]

	



Mayr, B.; Montminy, M. Transcriptional Regulation by the Phosphorylation- Dependent Factor Creb. Nat. Rev. Mol. Cell Biol. 2001, 2, 599–609. [Google Scholar] [CrossRef] [PubMed]

	



Hillman, G.G.; Singh-gupta, V. Free Radical Biology & Medicine Soy Iso Fl Avones Sensitize Cancer Cells to Radiotherapy. Free Radic. Biol. Med. 2011, 51, 289–298. [Google Scholar] [CrossRef]

	



Liu, D.; Jiang, H.; Grange, R. Monophosphate Signaling Pathway in Vascular Endothelial Cells and Protects Endothelial. Endocrinology 2005, 146, 1312–1320. [Google Scholar] [CrossRef] [PubMed]

	



Allen, J.A.; Yu, J.Z.; Donati, R.J.; Rasenick, M.M. β-Adrenergic Receptor Stimulation Promotes Gαs Internalization through Lipid Rafts: A Study in Living Cells. Mol. Pharmacol. 2005, 67, 1493–1504. [Google Scholar] [CrossRef]

	



Tao, J.; Wang, H.Y.; Malbon, C.C. Protein Kinase A Regulates AKAP250 (Gravin) Scaffold Binding to the Β2-Adrenergic Receptor. EMBO J. 2003, 22, 6419–6429. [Google Scholar] [CrossRef]








[image: Pharmaceuticals 15 00073 g001 550] 





Figure 1. Ethanol extract of Rhynchosia volubilis (EERV) and effects of EERV on HeLa cell survival. (A) Appearance of Rhynchosia volubilis Lour. and production process of ethanol extract of R. volubilis. (B) Viability of HeLa cells exposed to the control (0.5% (v/v) DMSO (Biosesang)) and EERV (0.1, 1, 10, 50, and 100 μg/mL) for 24 h, as measured using viability assays. The bar graphs describe mean values of cell viability with error bars indicating the standard error of the mean (S.E.M.) (n = 6, * p < 0.05, ** p < 0.01, and *** p < 0.001, Student’s t-test). The absorbance values of solubilized formazan product were measured using the Glomax Multi+Microplate Multi Reader (9301-010, Promega, Madison, WI, USA). 
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Figure 2. Effect of EERV on cellular cAMP production. (A) Domain structure and schematic representation of the intensiometric cAMP sensor, Flamindo2. Three-dimensional representation of unbound (left) and bound (right) Flamindo2 response to cAMP. Images were created using structural graphics for Citrine (PDB 1HUY) and exchange protein activated by cyclic AMP 1 (EPAC1) (cAMP-unbound: PDB 2BYV, cAMP-bound: PDB 4MGK). (B–D) The effects of EERV on cAMP activity. (B) cAMP activation images of the inverse of intensity in HeLa cells exposed to the control (0.5% (v/v) DMSO), EERV (0.1, 1, 10, 50, and 100 μg/mL) for 1 h. All drugs were treated 5 min after starting live imaging. During the first 5 min, only cells and cell media exist and do not cause changes in the biosensor. Fluorescence values of Flamindo2 detected using the Glomax Multi+Microplate Multi Reader (9301-010, Promega, Madison, WI, USA). The bar graph describes the mean values of normalized activation value, with error bars indicating the S.E.M. (n = 9, *** p < 0.001, Student’s t-test) (C) Time-lapse cAMP activation images of the inverse intensity in HeLa cells exposed to the control (0.5%(v/v) DMSO) and EERV (50 μg/mL). The color scale bars represent the range of the normalized activation value. Hot and cold colors indicate high and low cAMP activity, respectively. Scale bar = 10 μm. (D) The time courses represent the average of the change in normalized activation value. The lines are the mean value of the normalized activation value of flamindo2 in HeLa cells treated with 50 μg/mL EERV and DMSO (0.5% (v/v)) (red and blue; n = 9 each). All error bars indicate the S.E.M. (E) The bar graph describes the mean values of normalized activation value of flamindo2 at 0 and 30 min. Error bars indicate the S.E.M. (red and blue; n = 9, *** p < 0.001, Student’s t-test). 
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Figure 3. Effects of EERV on PKA activation. (A) Time-lapse FRET images of AKAR-EV in HeLa cells exposed to the control (0.5% (v/v) DMSO), Isoproterenol (ISO, MedChemExpress, 10 μM), and EERV (50 μg/mL). All drugs were treated 5 min after starting live imaging. During the first 5 min, only cells and cell media exist and do not cause changes in the biosensor. ISO was used as a positive control. The color scale bars represent the range of FRET/ECFP emission ratios of the biosensors. Hot and cold colors indicate high and low PKA activity, respectively. Scale bar = 10 μm. (B) The time courses represent the average of normalized FRET/ECFP emission ratio changes of EKAR-EV in HeLa cells treated with 10 μM ISO, 50 μg/mL EERV, and DMSO. The lines are the mean values of normalized emission ratios, and error bars indicate the S.E.M. (green, red, and blue; n = 5 each). (C) The bar graph describes the mean values of normalized FRET/ECFP emission ratios of the biosensor at 0 and 30 min. The bar graph also contains error bars indicating the S.E.M. (green, red, and blue; n = 5, *** p < 0.001, Student’s t-test). 
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Figure 4. Effects of EERV on ERK activation. (A) Time-lapse FRET images of EKAR-EV in HeLa cells exposed to the control (0.5% (v/v) DMSO), epidermal growth factor (EGF, Sigma-Aldrich, St. Louis, MO, USA, 100 ng/mL), and EERV (50 μg/mL). All drugs were treated 5 min after starting live imaging. During the first 5 min, only cells and cell media exist and do not cause changes in the biosensor. EGF was used as a positive control. The color scale bars represent the range of FRET/ECFP emission ratios of the biosensors. Hot and cold colors indicate high and low ERK activity, respectively. Scale bar = 10 μm. (B) The time courses represent the average of normalized FRET/ECFP emission ratio changes of EKAR-EV in HeLa cells treated with 100 ng/mL EGF, 50 μg/mL EERV, and DMSO. The lines are the mean values of normalized emission ratios, and error bars indicate the S.E.M. (green, red, and blue; n = 7 each). (C) The bar graph describes the mean values of normalized FRET/ECFP emission ratios of the biosensor at 0 and 30 min. The bar graph error bars indicate the S.E.M. (green, red, and blue; n = 7, * p < 0.05, **** p < 0.0001, Student’s t-test). 
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Figure 5. Effects of EERV on phosphorylated CREB activation. (A) RT-PCR assay shows mRNA expression levels of CREB in HeLa cells exposed to the control (0.5% (v/v) DMSO) and EERV (50 μg/mL) for 24 h. (B) The bar graphs represent mean values of relative CREB mRNA expression, and error bars indicate the S.E.M. (white and black; n = 3 each). (C) Phosphorylation of CREB was analyzed by Western blot with phospho-CREB antibodies and relative to total CREB protein after normalization to β-tubulin levels. Protein expression levels of p-CREB, CREB, and β-tubulin in HeLa cells exposed to control (0.5% (v/v) DMSO) and EERV (50 μg/mL) for 24 h. (D–F) The bar graph represents the mean values of relative p-CREB, CREB protein expression, and p-CREB/CREB expression ratios with error bars indicating the S.E.M. (white and black; n = 3 each, * p < 0.05, Student’s t-test). Immunoreactive protein bands were detected using a 1:1 mixture of ProNATM ECL Ottimo A and B (TransLab, Daejeon, Republic of Korea) and measured densitometrically using an iBrightTM FL 1500 Imaging System (A44241, Invitrogen, Carlsbad, CA, USA). 
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Figure 6. No effect of EERV on adrenoceptor beta-2 activation and internalization in short term. (A) Time-lapse fluorescence images of GFP-adrenoceptor beta-2 in HeLa cells exposed to control (0.5% (v/v) DMSO), Isoproterenol (ISO, 10μM), and ethanol extract of R. volubilis (EERV, 50μg/mL). ISO was used as a positive control. (B) Fluorescence images of GFP-adrenoceptor beta-2 at 1 h before and after in HeLa cells exposed to control (0.5% (v/v) DMSO), Isoproterenol (ISO, 10μM), and EERV (50μg/mL). EERV-treated HeLa cells showed no change in the dynamics of adrenoceptor beta-2 compared to ISO group for 20 min and for 1 h. 
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Figure 7. No significant change in the expression level and internalization of the adrenoceptor beta-2 with extended EERV treatment. (A) Time-lapse fluorescence images of GFP-adrenoceptor beta-2 at 3, 6, 9, 12, and 24 h in HeLa cells exposed to ethanol extract of R. volubilis (EERV, 50 μg/mL). EERV-treated HeLa cells showed no change in the dynamics of adrenoceptor beta-2. (B) The bar graph represents the mean values of fluorescence intensity of GFP-adrenoceptor beta-2 at 3 to 24 h. The bar graph also contains error bars indicating the S.E.M. (blue and green; n = 8). There were no additional changes in fluorescence intensity of the EERV group for 24 h compared to the control. 
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Figure 8. A proposed model of the EERV-induced cell survival pathway. EERV could activate the cAMP-PKA/ERK-CREB signaling axis. This figure was created using BioRender (Available online: http://biorender.com (accessed on 4 February 2021)). 
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