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Abstract:



Tetragonia tetragonioides (Pall.) Kuntze (TTK) is a medicinal plant traditionally used to treat various diseases such as diabetic, inflammatory, and female-related disorders. Polycystic ovary syndrome (PCOS) is a common endocrinological disorder in women of reproductive age, and hyperandrogenism is a prominent feature of PCOS resulting in anovulation and infertility. In this study, we investigated the effects of a TTK extract on androgen generation and regulation of steroidogenic enzymes in vitro and in vivo. Human adrenocortical NCI-H295R cells were used to assess the effects of TTK extract on production of dehydroepiandrosterone and testosterone, as well as the protein expression of steroidogenic enzymes. Further, a letrozole-induced PCOS rat model was used in vivo to assess whether dietary administration of TTK extract restores normal hormones and reduces PCOS symptoms. TTK extract significantly inhibited forskolin (FOR)-induced androgen production in NCI-H295R cells and serum luteinizing hormone, testosterone, and follicular cysts, but not estradiol, were reduced in letrozole-induced PCOS rats orally administered the TTK extract. In addition, TTK extract inhibits androgen biosynthesis through the ERK-CREB signaling pathway, which regulates CYP17A1 or HSD3B2 expression. TTK extract could be utilized for the prevention and treatment of hyperandrogenism and other types of PCOS.
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1. Introduction


Polycystic ovary syndrome (PCOS) is a common and disturbing endocrine disorder that affects approximately 7% of reproductive-aged women and is characterized by hyperandrogenism, ovulatory dysfunction, insulin resistance, polycystic ovarian morphology on ultrasound, weight gain, hirsutism, and other virilizing signs; hyperandrogenism is the main feature of PCOS [1,2,3,4]. According to previous reports, conditions of hyperandrogenic ovaries as well as adrenal androgen secretion appear to be upregulated in PCOS [2,5]. In addition, excess adrenal androgen levels, especially elevated levels of adrenal androgen metabolites, including dehydroepiandrosterone (DHEA) and dehydroepiandrosterone sulfate (DHEAS), have been reported in ~50% of PCOS patients [5,6,7,8]. Generally, androgen production is necessary for estrogen synthesis, which occurs in all healthy women; hyperandrogenic conditions are characterized by dysfunctional production of androgens or improper conversion to estrogens [9]. The high levels of luteinizing hormone (LH) observed in common PCOS patients is related to the mechanisms of hyperandrogenism, including exposure of the ovarian theca and granulosa cells to LH and increased levels of cAMP. Further, stimulation of steroidogenic enzymes leads to the conversion of cholesterol to steroids hormones [1,10].



Previous studies suggest that the symptoms of PCOS are induced by letrozole, a nonsteroidal aromatase inhibitor that blocks the conversion of androgens to estrogen by inhibiting the aromatase enzyme [11,12]. Letrozole treatment in adult rats for at least 21 consecutive day results in failure of the ovarian cycle [11,12,13] or an irregular estrous cycle [13]; in addition, the number of follicular cysts is increased in the ovaries, with fewer or no corpus lutea [13]. Under polycystic conditions, follicular atresia, thin granulosa cell layers, and thickened theca cell layers are observed in the ovaries [13,14]. Endocrine imbalances include elevated levels of LH and testosterone, which reflects the accumulation of endogenous androgen secretion attributable to blockade of aromatase activity in the ovaries [13,15]. Many features of human PCOS are observed among various rodent models, including the letrozole-induced rat model [11,13,14,16,17].



Important proteins in the androgen biosynthetic pathway include 17α-hydroxylase/17,20-lyase (CY17A1), the 3β-hydroxysteroid dehydrogenase/Δ5-Δ4-isomerase type 2 (HSDB2) enzyme, and DHEA, which are steroidogenic regulatory proteins that regulate cholesterol transport and convert steroids to adrenal androgens [1,18]. Expression of these enzymes is increased in ovarian theca cells from PCOS patients, attributable to androgen excess [19,20,21]. To date, the pathomechanisms of PCOS in the regulation of adrenal androgen production have not been fully explored. Our study focused, in part, on the steroidogenic pathway to determine the effects of adrenal androgens in androgen biosynthesis and to facilitate close examination of steroidogenic enzymes using the NCI-H295R steroidogenic cell line under indirect androgen excess conditions of PCOS. According to several reports, insulin resistance is a major pathologic feature in women with hyperandrogenic PCOS. Metformin and pioglitazone are widely used to treat insulin resistance and to regulate steroidogenic enzymes such as HSD3B2 and CYP17A1 [22,23,24,25,26,27]; therefore, they were used here as positive controls in our PCOS-like model.



Tetragonia tetragonioides (Pall.) Kuntze (TTK) is an edible halophyte belonging to the Aizoaceae family that is also known as New Zealand spinach, sea spinach, and Botany Bay spinach. This plant is widespread from Korea, China, Japan, Argentina, Chile, New Zealand and throughout Australia [28,29,30]. It also can be consumed as a salad or herb in the West and is well known as a beneficial traditional herbal medicine for treating stomach diseases such as stomach ulcers and gastritis [29,31,32]. Previous studies of the antioxidant, antidiabetic, anti-inflammatory, and life prolongation effects of TTK crude extracts and fractions have been published [33,34,35]. Furthermore, the major constituents of TTK have been isolated and include soluble polysaccharides, sphingosine, diterpenoids, flavonol glycosides, and lignan amides such as cerebrosides, methyl linoleate, methyl coumarate, methyl ferulate, (2S)-1-O-stearoyl-3-O-β-d-galactopyranosyl-sn-glycerol, 1-O-caffeoyl-β-d-glucopyranoside, N-trans caffeoyltyramine, cannabisin B, and cannabisin A [31,32,36,37,38]. As we reported previously, TTK extract decreases proinflammatory cytokines and protects estrogen-deficient rats against disturbances in energy and glucose metabolism [39]. Additionally, TTK extract has been used to treat inflammatory diseases and to improve health in women.



In the present study, we demonstrate that TTK extract inhibits serum testosterone and LH, as well as follicular cyst development in a letrozole-induced PCOS-like rat model. Furthermore, we show that TTK extract protects against hyperandrogenism. The underlying mechanisms are related to regulation of androgen biosynthesis through the extracellular signal-related kinase and cAMP response element-binding protein (ERK-CREB) pathway, which is involved in forskolin (FOR)-induced androgen production in human adrenal NCI-H295R cells.




2. Results


2.1. Quantitative Analysis of Marker Compounds in TTK Extract


Using a stock solution of compound 1, regression equations were measured for six concentrations. Linearity was tested from the correlation coefficient (R2) of the calibration curves. The calibration curve for compound 1 (y = 167.07x + 45.007 and 0.999[R2]) was within the tested range. The contents of compound 1 in the 70% ethanol TTK extract were 0.53 ± 0.003 mg/g in triplicate at the retention time of 41.1 min (Figure 1).


Figure 1. Fingerprinting analysis of (A) Tetragonia tetragonioides Kuntze (TTK) extracts and (B) the marker compound. For fingerprinting analysis, TTK extracts and the marker reference compound were subjected to high-performance liquid chromatography (HPLC).
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2.2. Cytotoxicity on NCI-H295R Cells of FOR and TTK Extract


MTT assays were performed to investigate the cytotoxicity of FOR in our system. NCI-H295R cells were treated with various concentrations (1–10 μM) FOR for 24 h. As shown in Figure 2A, cell viability was higher in FOR-treated cells than that in the control cells. Next, to determine non-toxic concentrations of the TTK ethanol extract, we examined cell proliferation. As shown in Figure 2B, the average cell viability in TTK-extract treated cells was more than 90% for the various concentrations (10–1000 μg/mL).


Figure 2. Effects of forskolin (FOR) and Tetragonia tetragonioides Kuntze (TTK) extract on viability in serum-deprived NCI-H295R cells. (A,B) NCI-H295R cells were incubated in the presence of the indicated concentrations of FOR or TTK extract for 24 h. Cell viability was determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, and absorbance was measured at 540 nm. Data are representative of three independent experiments and expressed as the means ± SD ** p < 0.01 vs. control.
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2.3. TTK Extract Inhibits FOR-Induced DHEA and Testosterone Production in NCI-H295R Cells


We examined the effects of TTK extract on DHEA or testosterone production in the NCI-H295R cell line, which is an indirectly established in vitro model of the androgen overproduction such as observed in PCOS. Similar to the conditions observed for PCOS, elevated androgen levels are present in these cells. Therefore, we performed experiments in the presence of FOR, which regulates the effects of higher levels of DHEA or testosterone. Androgens, DHEA, and testosterone were analyzed in conditioned culture medium. Under FOR-stimulated conditions in NCI-H295R cells, TTK extract reduced DHEA or testosterone concentrations in a dose-dependent manner (Figure 3A,B). Similar effects were observed for metformin and pioglitazone.


Figure 3. Effects of Tetragonia tetragonioides Kuntze (TTK) extract on forskolin (FOR)-induced dehydroepiandrosterone (DHEA) and testosterone production in serum-deprived NCI-H295R cells. (A,B) Cells were pretreated with TTK extract (10, 20, 50, and 100 μg/mL) for 30 min prior to exposure to 10 μM FOR for 24 h. DHEA or testosterone was measured in cell culture medium with a competitive enzyme-linked immunospecific assay following the manufacturers’ recommendations. Metformin (MET, 1 mM) and pioglitazone (PIO, 10 μM) were used as positive controls for the inhibitory effects of FOR. Data are representative of three independent experiments and expressed as the means ± SD; *** p < 0.001 vs. control; ###p < 0.001 vs. FOR. MET, metformin; PIO, pioglitazone.
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2.4. TTK Extract Inhibits Folliculogenesis in Letrozole-Induced PCOS Rats


Polycystic ovary (PCO) is a serious condition that can lead to pelvic pain, infertility, obesity, and metabolic disorders [16,17,40]. In the present study, we used letrozole-induced rats to mimic PCOS-like conditions and assess the effects of TTK extract in female rats. The effect of (TTK) extract on ovarian tissue morphology in letrozole-induced PCOS rats is presented in Figure 4. Ovarian tissues were stained with H&E. Classical PCOS morphology includes ovarian cortical thickening, multiple tiny capsular follicular cysts, hyperplasia, luteinized inner theca, and other signs, which indicate that folliculogenesis has ceased. Ovary size did not change in any experimental groups; however, a greater number of cystic follicles was observed in the letrozole-induced PCOS group. In the positive control group, the number of cystic follicles was lower in metformin-treated (500 mg/kg/BW) PCOS rats than that in untreated PCOS rats. Additionally, the high number of cystic follicles was reduced by treatment with a higher dose of TTK extract (500 mg/kg/BW), but not lower doses of TTK extract.


Figure 4. Effects of Tetragonia tetragonioides Kuntze (TTK) extract on letrozole-induced rat ovary histopathology. (A) Ovary sections (stained with hematoxylin and eosin) are shown, and (B) the number of follicular cysts is depicted. Con, vehicle control; PCOS, polycystic ovary syndrome induced by letrozole only; PCOS+TTK250 (letrozole induction + TTK (250 mg/kg/body weight [BW]); PCOS+TTK500, letrozole induction + TTK (500 mg/kg/BW)); PCOS+MET, letrozole induction + metformin (500 mg/kg/BW). * p < 0.05 compared with the vehicle group (Con); #p < 0.05 compared with the PCOS group.
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2.5. TTK Extract Inhibits Serum LH, Testosterone, and E2 Level(s) in Letrozole-Induced PCOS Rats


Differences in body weight and daily food intake between rats fed the standard diet in the presence or absence of letrozole for 4 weeks were evaluated. Rats from the letrozole-induced groups had similar body weight gains and food intake; however, weight gain and food intake in the positive control and TTK-extract treated groups were not significantly different from those in the PCOS group (data not shown). As shown in Figure 5, letrozole-induced PCOS resulted in significantly higher levels of LH and testosterone in the PCOS group; however, serum levels of E2 did not fluctuate among groups. In the positive control group, LH levels were significantly lower in metformin-treated (500 mg/kg/BW) rats than those in untreated PCOS rats; however, serum testosterone levels were slightly, but insignificantly changed. In addition, the elevated serum levels of LH and testosterone were significantly decreased by higher doses of TTK extract (500 mg/kg/BW), but not a lower dose (TTK; 250 mg/kg/BW).


Figure 5. Comparison of the mean levels of luteinizing hormone, testosterone, and estradiol in the different treatment groups. The rats were divided into five groups (Con, PCOS, PCOS + TTK250, PCOS + TTK500, and PCOS + MET). The serum levels of (A) luteinizing hormone, (B) testosterone, and (C) estrogen were assessed by enzyme-linked immunosorbent assay. * p < 0.05 compared with the vehicle group (Con); #p < 0.05 compared with the PCOS group. Con, control; PCOS, polycystic ovary syndrome; MET, metformin.
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2.6. TTK Extract-Mediated Inhibition of FOR-Induced DHEA or Testosterone Production in NCI-H295R Cells Involves CYP17A1 and HSD3B2 Enzymes via the ERK-CREB Signaling Pathways


As shown in Figure 6A,B, elevated protein expression of the androgen synthesis enzymes, CYP17A1 and HSD3B2, was observed in NCI-H295R cells exposed to FOR. Increased CYP17A1 and HSD3B2 protein levels implicate activation of the ERK-CREB signaling pathways; therefore, we treated NCI-H295R cells with FOR in the presence or absence of TTK extract and then measured CYP17A1 and HSD3B2 protein expression; ERK and CREB phosphorylation was subsequently measured. Pre-treatment with TTK extract slightly decreased FOR-induced phosphorylation of ERK and CREB (Figure 7A,B). Taken together, these results show that FOR-induced DHEA or testosterone production in NCI-H295R cells might be partially mediated by activation of the ERK and CREB signaling pathways.


Figure 6. Effects of Tetragonia tetragonioides Kuntze (TTK) extract on CYP17A1 and HSD3B2 in serum-deprived NCI-H295R cells. (A–C) Total cell lysates were analyzed via western blots using specific antibodies for CYP17A1 and HSD3B2. Total actin served as a loading control. Data are representative of three independent experiments and are expressed as the means ± SD; *** p < 0.001 vs. control; ###p < 0.001 vs. FOR. MET, metformin; PIO, pioglitazone.
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Figure 7. Effects of Tetragonia tetragonioides Kuntze (TTK) extract on extracellular signal-related kinase (ERK) and cAMP response element binding protein (CREB) in serum-deprived NCI-H295R cells. (A,B) Total cell lysates were analyzed by western blots using specific antibodies for phosphorylated ERK and CREB. Total ERK and CREB served as loading controls. Data are representative of three independent experiments and expressed as the means ± SD; *** p < 0.001 vs. control; ###p < 0.001 vs. FOR. MET, metformin; PIO, pioglitazone.
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3. Discussion


The results of this study show that TTK extract is an effective inhibitor of androgen biosynthesis, which results from steroidogenic enzymes and ERK-CREB signaling. PCOS is a complex medical condition that develops in fertile women and is characterized by oligo-ovulation, anovulation, excessive androgens, polycystic ovarian morphology on ultrasound, and several other disorders [41,42]. Because hyperandrogenism is a major pathophysiological feature of PCOS, we examined the excessive androgen generation resulting from hormone imbalances and CYP17A1 and HSD3B2 activity—key enzymes involved in steroidogenesis. According to previous studies, FOR increases levels of cAMP in cells and elevates the level of other hormones, including androgens such as testosterone [43,44]. In addition, metformin significantly inhibits androgen production in FOR-stimulated ovarian cells [44], and pioglitazone inhibits androgen production in NCI-H295R cells by regulating CYP17 and HSD3B2 [27].



Cell viability increased in cells treated with various concentration of FOR, indicating that TTK extract, metformin, and pioglitazone significantly inhibit FOR-induced effects on NCI-H295R cell viability (Figure 2). Survival in NCI-H295R cells is closely associated with the development of PCOS, attributable to hormonal imbalances. We previously demonstrated that TTK extract protects estrogen-deficient rats against disturbances in energy and glucose metabolism and decreases pro-inflammatory cytokines. In this study, we confirm the potent efficacy of TTK extract in women experiencing menopausal symptoms attributable to a hormone imbalance. In this regard, the present data indicate that TTK extract provides protection against hormone-related diseases, including PCOS.



In this study, FOR was identified as a stimulator of androgen, which was augmented by DHEA or testosterone secretion in NCI-H295R cells; DHEA or testosterone levels were decreased by treatment with TTK extract, metformin, or pioglitazone (Figure 3). Specifically, we exposed female rats to letrozole (an aromatase inhibitor), which induces conditions similar to those observed for PCOS. We then examined LH, testosterone, and E2 levels in the serum and evaluated histopathological changes attributable to treatment with TTK extract in female rats with letrozole-induced PCOS-like condition. Elevated serum LH and testosterone levels are related to endocrine imbalances and contribute to PCOS symptoms such as ovarian dysfunction and irregular ovarian or estrous cycles [45]. In our rat model, we observed fewer follicular cysts and lower serum LH and testosterone levels in letrozole-induced rats treated with 500 mg/kg/BW TTK extract than those in untreated letrozole-induced rats (Figure 4 and Figure 5). In previous studies, letrozole was found to cause imbalances in ovarian function and hormones, including hypersecretion of LH and androgens [13,14,41]. Ghafurniyan et al., showed that multiple cysts were observed, and LH and testosterone levels were effectively reduced by treatment with an herbal extract in a PCOS rodent model [46]. Moreover, herbal extracts have been demonstrated to be effective for improving the symptoms of PCOS [47,48,49]. Previously, the consumption of phytoestrogen components led to reducing LH secretion [50], and reduction of LH secretion is mediated via estrogen receptor 1 (ESR1) [51]. ESR1 is known to be involved in the regulation of the negative feedback of estrogen on LH secretion in ESR1-/- mice [52,53]. These findings suggest that our experimental model closely represents the typical symptoms of the imbalance of ovarian hormone, and the TTK herbal extract may be useful as an adjunctive therapy via estrogenic effect or estrogen receptor agonist for the imbalance of ovarian hormone in letrozole-induced PCOS model.



The physiological regulation of androgens is mediated by LH and adrenocorticotropic hormone (ACTH), which promote the activity of steroidogenic enzymes via the second messenger cAMP, ultimately increasing androgen biosynthesis [1,54]. Our data suggest that FOR-induced production of DHEA or testosterone was significantly reduced by TTK extract; FOR is a natural activator of cAMP. We also demonstrate that TTK extract suppresses FOR-induced androgen generation through CYP17A1 and HSD3B2 in the androgenic pathway. Our results show that FOR-induced androgen production in NCI-H295R cells is associated with phosphorylation of ERK and CREB. These changes were repressed by treatment with TTK extract; therefore, we suggest that it plays a key role in androgenic PCOS conditions. Further study will be required to elucidate the evident mechanisms underlying the decrease in CYP17A1 and HSD2B2 and to determine how the ERK-CREB pathway is related to such decrease. In particular, the HSD3B2 enzyme acts as a key enzyme in the synthesis of cortisol and progesterone/aldosterone [55,56]. In this study, effects of the TTK extract were examined under conditions of limited androgens. Therefore, future studies are needed to investigate the activity of TTK extract on hormone production, including cortisol and aldosterone, and other steroidogenesis pathways involving HSD3B2 enzyme.




4. Materials and Methods


4.1. Plant Material


Tetragonia tetragonioides (Pall.) Kuntze (TTK) was purchased from an Oriental medicine company in Kwangmyung-Dang (Ulsan, Korea). The plants were authenticated by Dr. Byoung Seob Ko at the Korea Institute of Oriental Medicine (KIOM) in Daejeon, Korea; the voucher specimen (KIOM M 130081-3) was deposited in the Herbal Medicine Research Division of KIOM.




4.2. Preparation and Fingerprinting Analysis of TTK Extract


Dried TTK (4 kg) was extracted with 70% ethanol (40 L) for 3 days at 25–30 °C and then filtered. After concentrating the 70% ethanol layers and lyophilization, the TTK extracts were stored at −70 °C until use. Final yield of the 70% ethanol extract was 22.43% w/w (992.6 g). A quantitative analysis was performed using an 1100 series high-performance liquid chromatographδ system (HPLC, Agilent Technologies, Santa Clara, CA, USA). The analytical column with an Atlantis C18 (4.6 × 250 nm, 5 μm, Waters, MA, USA) was maintained at 30 °C during the experiment. The mobile phase included distilled water (DW) with 0.1% trifluoroacetic acid (A) and acetonitrile (B). The gradient flow was as follows: 0–25 min, 10–15% (v/v) B; 25–50 min, 15–30% (v/v) B; 50–60 min, and 30–100% (v/v) B. The analytes were detected at 330 nm and operated at a mobile phase flow rate of 1.0 mL/min. The injection volume was 10 μL. The data were acquired and processed by ChemStation software (Agilent Technologies). We isolated marker compound 1 from TTK, and the compound were identified as 6-methoxykaempferol-3-O-β-d-glucosyl(1′′′→2″)-β-D-gluco-pyranosyl-(6″″-(E)-caffeoyl)-7-O-β-d-glucopyranoside via nuclear magnetic resonance (NMR) spectroscopy and mass spectrometry (MS) experiments.




4.3. Cell Culture and Reagents


Human adrenocortical NCI-H295R (NCI-H295R) cells were obtained from American Type Culture Collection (ATCC-LGC Standards GmbH, Wesel, Germany). Cells were cultured under standard conditions in Dulbecco's modified Eagle's/Ham's F-12 medium (DMEM/F12; Gibco, Life Technologies Europe BV, Bleiswijk, The Netherlands) supplemented with 2.5% Nu-serum (BD Biosciences, Breda, The Netherlands), 1% insulin/transferrin/selenium (ITS, BD Biosciences), and 1% penicillin and streptomycin (pen/strep, Gibco, Life Technologies Europe BV). Other biochemical reagents, including metformin and pioglitazone, were obtained from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise specified.




4.4. Cell Proliferation


NCI-H295R cells were seeded onto 96-well plates at a density of 1 × 103 cells/well and incubated under serum-free conditions prior to treatment with foskolin (FOR) and TTK extract. Cell viability was evaluated by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. After treatment, MTT solution (0.5 mg/mL) was added to each well and incubated for 4 h at 37 °C. The supernatant was removed, and the obtained formazan product was dissolved in 100 μL dimethyl sulfoxide (DMSO) with stirring for 15 min on a shaker; absorbance was measured with a microtiter plate reader (BIO-TEK, Synergy HT, Winooski, VT, USA) at 570 nm. The percentage of viable cells in each treatment group was determined using control experimental optical density (OD) values.




4.5. DHEA and Testosterone Measurements


DHEA and testosterone concentrations were measured using a competitive enzyme-linked immunosorbent assay (ELISA) kit (DHEA, catalog no. ADI-900–093, Enzo Life Sciences, Sigford Road, Exeter, UK; testosterone, catalog no. 582701, Cayman Chemical, Ann Arbor, MI, USA) following the manufacturers’ protocols. NCI-H295R cells were plated onto 96-well plates at 1 × 103 cells/well and incubated under serum-free conditions before exposure to FOR (10 μM) in the presence or absence of TTK extract, metformin, or pioglitazone for 24 h. DHEA or testosterone released into the media was measured in triplicate against standards made up in medium using an ELISA kit. The results were normalized to the controls.




4.6. Experimental Animals and Treatments


Female Wistar rats (6 weeks old, weighing 120–140 g; total n = 30, n = 6 per group) were purchased from Dahan Biolink (Eumseong, South Korea) and adapted to laboratory conditions (temperature: 20 ± 2 °C, relative humidity: 45 ± 5%, light/dark cycle: 12 h) for 1 week. Rats were fed a standard rodent chow diet (Nestle Purina, St. Louis, MO, USA) and were euthanized with an intraperitoneal injection of Zoletil:Rompun (3:1) 24 h after the last treatment. Letrozole (Tokyo Chemical Industry Co., Ltd., Tokyo, Japan) dissolved in 0.5% carboxymethyl cellulose (CMC, Tokyo Chemical Industry Co., Ltd.) was used to induce polycystic ovaries for 3 weeks in female Wistar rats. To examine the effects of TTK extract on polycystic ovaries, the rats were orally administered 500 mg/kg/body weight (BW) metformin (Tokyo Chemical Industry Co., Ltd.), 250 or 500 mg/kg/BW TTK extract, or 0.1% CMC as a vehicle control daily for 4 weeks. Dosages were adjusted according to changes in body weight. All animal experimental procedures were approved by the Ethics Committee of Korea Institute of Oriental Medicine (approval No. 16-024).




4.7. Histopathological Analysis


The ovaries were fixed by inflating the tissue with 10% neutral buffered formalin. The tissues were embedded in paraffin, cut into sections (5 microns), and stained with hematoxylin and eosin (H&E; Sigma-Aldrich, MO, USA). All tissue samples were examined, photographed, and scored in a blinded fashion under a light microscope (BX43; Olympus, Tokyo, Japan). Images were captured using an Olympus DP-73 (Olympus) controller and cellSens standard (Olympus) under a microscope. The number of follicular cysts was counted under a microscope.




4.8. Serum Hormone Analysis


Blood samples were collected directly from the inferior vena cava using a 1-mL syringe at the end of the experiment. Serum was obtained by centrifugation at 2000× g for 10 min and stored at −70 °C until use. Serum LH levels were measured using a rat LH ELISA kit (Cusabio Biotech, Wuhan, China). Serum testosterone levels were measured using a testosterone ELISA kit (Abcam, Cambridge, UK). 17β-Estradiol (E2) levels were measured using an estradiol (rat) ELISA kit (BioVision, Mountain View, CA, USA). All kits were used according to the manufacturers’ instructions.




4.9. Determination of Protein Levels


NCI-H295R cells were plated at 2 × 105 cells/dish in 60-mm culture dishes 24 h before drug treatment. Cells were then treated with 10 μM FOR in the presence or absence of TTK extract, metformin, or pioglitazone for 24 h. Cells were lysed with Laemmli sample buffer (Bio-Rad, Hercules, CA, USA), heated at 100 °C for 5 min, and electrophoresed with 25~30 µg protein/lane on denaturing sodium dodecyl sulfate-polyacrylamide (SDS-PAGE) gels. Proteins were transferred to nitrocellulose membranes (GE Healthcare UK Ltd., Buckinghamshire, Germany) using a Bio-Rad tank blotting apparatus (Bio-Rad). The protein-blotted membranes were probed with specific targeting primary antibodies, washed, and incubated with horseradish peroxidase-linked secondary antibodies. After the membranes were washed three times, the signals were detected with EzWestLumi One enhanced chemiluminescence solution (Atto Corporation, Tokyo, Japan) using a Fujifilm LAS-3000 (Fuji Photo, Tokyo, Japan).





5. Conclusions


We report for the first time that TTK extract functions as a potent inhibitor of PCOS associated with endocrine and metabolic abnormalities. The beneficial therapeutic effects of TTK extract on PCOS are mediated through inhibition of the ERK-CREB signaling pathway. TTK extract inhibits FOR-stimulated DHEA or testosterone via CYP17A1 and HSD3B2 and reduces the degree of ERK-CREB activation in NCI-H295R cells. Further, TTK extract treatment suppressed LH and testosterone in a letrozole-induced PCOS rat model. These results suggest that TTK extract could be developed and used to improve the treatment of PCOS resulting from excess androgen production.







Author Contributions


B.-J.P., H.Y., and H.W.L. performed the research, analyzed the data, and wrote the manuscript; E.J.S., D.L., and D.H.J. performed the animal experiments and analyzed the data; S.Y.Y. and B.S.K. analyzed the HPLC data and chemical profiles. All authors read and approved the final manuscript.




Funding


This work received no external funding.




Acknowledgments


This work was supported by a grant from the Korea Institute of Oriental Medicine (grant No. K17292).




Conflicts of Interest


The authors declare no conflict of interest. The founding sponsors had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the decision to publish the results.




Abbreviations




	TTK
	Tetragonia tetragonioides (Pall.) Kuntze;



	PCOS
	Polycystic ovary syndrome;



	NCI-H295R cells
	NCI-H295R human adrenocortical cells;



	DHEA
	dehydroepiandrosterone;



	FOR
	forskolin;



	CYP17A1
	17α-hydroxylase/17,20-lyase;



	HSD3B2
	3β-hydroxysteroid dehydrogenase/Δ5-Δ4-isomerase type 2;



	LH
	luteinizing hormone;



	E2
	17β-estradiol;



	ERK
	extracellular signal-regulated kinase;



	CREB
	cAMP response element-binding protein







References


	1. 
Lee, B.H.; Indran, I.R.; Tan, H.M.; Li, Y.; Zhang, Z.; Li, J.; Yong, E.L. A Dietary Medium-Chain Fatty Acid, Decanoic Acid, Inhibits Recruitment of Nur77 to the HSD3B2 Promoter In Vitro and Reverses Endocrine and Metabolic Abnormalities in a Rat Model of Polycystic Ovary Syndrome. Endocrinology 2016, 157, 382–394. [Google Scholar] [CrossRef] [PubMed]

	2. 
Kumar, A.; Magoffin, D.; Munir, I.; Azziz, R. Effect of insulin and testosterone on androgen production and transcription of SULT2A1 in the NCI-H295R adrenocortical cell line. Fertil. Steril. 2009, 92, 793–797. [Google Scholar] [CrossRef] [PubMed]

	3. 
Fauser, B.C.; Tarlatzis, B.C.; Rebar, R.W.; Legro, R.S.; Balen, A.H.; Lobo, R.; Carmina, E.; Chang, J.; Yildiz, B.O.; Laven, J.S.; et al. Consensus on women’s health aspects of polycystic ovary syndrome (PCOS): The Amsterdam ESHRE/ASRM-Sponsored 3rd PCOS Consensus Workshop Group. Fertil. Steril. 2012, 97, 28–38. [Google Scholar] [CrossRef] [PubMed]

	4. 
Ye, D.; Li, M.; Zhang, Y.; Wang, X.; Liu, H.; Wu, W.; Ma, W.; Quan, K.; Ng, E.H.; Wu, X.; et al. Cryptotanshinone Regulates Androgen Synthesis through the ERK/c-Fos/CYP17 Pathway in Porcine Granulosa Cells. Evid. Based Complement. Altern. Med. 2017, 2017, 5985703. [Google Scholar] [CrossRef] [PubMed]

	5. 
Kumar, A.; Woods, K.S.; Bartolucci, A.A.; Azziz, R. Prevalence of adrenal androgen excess in patients with the polycystic ovary syndrome (PCOS). Clin. Endocrinol. 2005, 62, 644–649. [Google Scholar] [CrossRef] [PubMed]

	6. 
Wild, R.A.; Umstot, E.S.; Andersen, R.N.; Ranney, G.B.; Givens, J.R. Androgen parameters and their correlation with body weight in one hundred thirty-eight women thought to have hyperandrogenism. Am. J. Obstet. Gynecol. 1983, 146, 602–606. [Google Scholar] [CrossRef]

	7. 
Hoffman, D.I.; Klove, K.; Lobo, R.A. The prevalence and significance of elevated dehydroepiandrosterone sulfate levels in anovulatory women. Fertil. Steril. 1984, 42, 76–81. [Google Scholar] [CrossRef]

	8. 
Carmina, E.; Koyama, T.; Chang, L.; Stanczyk, F.Z.; Lobo, R.A. Does ethnicity influence the prevalence of adrenal hyperandrogenism and insulin resistance in polycystic ovary syndrome? Am. J. Obstet. Gynecol. 1992, 167, 1807–1812. [Google Scholar] [CrossRef]

	9. 
Meek, C.L.; Bravis, V.; Don, A.; Kaplan, F. Polycystic ovary syndrome and the differential diagnosis of hyperandrogenism. Obstet. Gynaecol. 2013, 15, 171–176. [Google Scholar] [CrossRef]

	10. 
Ehrmann, D.A. Polycystic ovary syndrome. N. Engl. J. Med. 2005, 352, 1223–1236. [Google Scholar] [CrossRef] [PubMed]

	11. 
Balen, A.H.; Schachter, M.E.; Montgomery, D.; Reid, R.W.; Jacobs, H.S. Polycystic ovaries are a common finding in untreated female to male transsexuals. Clin. Endocrinol. 1993, 38, 325–329. [Google Scholar] [CrossRef]

	12. 
Pache, T.D.; Fauser, B.C. Polycystic ovaries in female-to-male transsexuals. Clin. Endocrinol. 1993, 39, 702–703. [Google Scholar]

	13. 
Kafali, H.; Iriadam, M.; Ozardali, I.; Demir, N. Letrozole-induced polycystic ovaries in the rat: A new model for cystic ovarian disease. Arch. Med. Res. 2004, 35, 103–108. [Google Scholar] [CrossRef] [PubMed]

	14. 
Walters, K.A.; Allan, C.M.; Handelsman, D.J. Rodent models for human polycystic ovary syndrome. Biol. Reprod. 2012, 86, 149. [Google Scholar] [CrossRef] [PubMed]

	15. 
Liepa, G.U.; Sengupta, A.; Karsies, D. Polycystic ovary syndrome (PCOS) and other androgen excess-related conditions: Can changes in dietary intake make a difference? Nutr. Clin. Pract. 2008, 23, 63–71. [Google Scholar] [CrossRef] [PubMed]

	16. 
Joham, A.E.; Palomba, S.; Hart, R. Polycystic Ovary Syndrome, Obesity, and Pregnancy. Semin. Reprod. Med. 2016, 34, 93–101. [Google Scholar] [CrossRef] [PubMed]

	17. 
Kialka, M.; Milewicz, T.; Sztefko, K.; Rogatko, I.; Majewska, R. Metformin increases pressure pain threshold in lean women with polycystic ovary syndrome. Drug Des. Dev. Ther. 2016, 10, 2483–2490. [Google Scholar] [CrossRef] [PubMed]

	18. 
Miller, W.L.; Auchus, R.J. The molecular biology, biochemistry, and physiology of human steroidogenesis and its disorders. Endocr. Rev. 2011, 32, 81–151. [Google Scholar] [CrossRef] [PubMed]

	19. 
Wickenheisser, J.K.; Nelson-Degrave, V.L.; McAllister, J.M. Dysregulation of cytochrome P450 17alpha-hydroxylase messenger ribonucleic acid stability in theca cells isolated from women with polycystic ovary syndrome. J. Clin. Endocrinol. Metab. 2005, 90, 1720–1727. [Google Scholar] [CrossRef] [PubMed]

	20. 
Wickenheisser, J.K.; Biegler, J.M.; Nelson-Degrave, V.L.; Legro, R.S.; Strauss, J.F., 3rd; McAllister, J.M. Cholesterol side-chain cleavage gene expression in theca cells: Augmented transcriptional regulation and mRNA stability in polycystic ovary syndrome. PLoS ONE 2012, 7, e48963. [Google Scholar] [CrossRef] [PubMed]

	21. 
Nelson, V.L.; Qin, K.N.; Rosenfield, R.L.; Wood, J.R.; Penning, T.M.; Legro, R.S.; Strauss, J.F., 3rd; McAllister, J.M. The biochemical basis for increased testosterone production in theca cells propagated from patients with polycystic ovary syndrome. J. Clin. Endocrinol. Metab. 2001, 86, 5925–5933. [Google Scholar] [CrossRef] [PubMed]

	22. 
Harborne, L.; Fleming, R.; Lyall, H.; Norman, J.; Sattar, N. Descriptive review of the evidence for the use of metformin in polycystic ovary syndrome. Lancet 2003, 361, 1894–1901. [Google Scholar] [CrossRef]

	23. 
Moran, L.J.; Misso, M.L.; Wild, R.A.; Norman, R.J. Impaired glucose tolerance, type 2 diabetes and metabolic syndrome in polycystic ovary syndrome: A systematic review and meta-analysis. Hum. Reprod. Update 2010, 16, 347–363. [Google Scholar] [CrossRef] [PubMed]

	24. 
Caroppo, E.; Matteo, M.; Vizziello, G.; Schonauer, L.M.; Vitti, A.; D’Amato, G. Metformin pre-treatment followed by ovarian stimulation with GnRH antagonist is a valuable protocol for PCOS and obese women with previous ART failure, regardless of the presence of insulin resistance. Fertil. Steril. 2005, 84, S149. [Google Scholar] [CrossRef]

	25. 
Bonakdaran, S.; Mazloom Khorasani, Z.; Davachi, B.; Mazloom Khorasani, J. The effects of calcitriol on improvement of insulin resistance, ovulation and comparison with metformin therapy in PCOS patients: A randomized placebo- controlled clinical trial. Iran. J. Reprod. Med. 2012, 10, 465–472. [Google Scholar] [PubMed]

	26. 
Valsamakis, G.; Lois, K.; Kumar, S.; Mastorakos, G. Metabolic and other effects of pioglitazone as an add-on therapy to metformin in the treatment of polycystic ovary syndrome (PCOS). Hormones 2013, 12, 363–378. [Google Scholar] [PubMed]

	27. 
Kempna, P.; Hofer, G.; Mullis, P.E.; Fluck, C.E. Pioglitazone inhibits androgen production in NCI-H295R cells by regulating gene expression of CYP17 and HSD3B2. Mol. Pharmacol. 2007, 71, 787–798. [Google Scholar] [CrossRef] [PubMed]

	28. 
Hara, M.; Tokunaga, K.; Kuboi, T. Isolation of a drought-responsive alkaline alpha-galactosidase gene from New Zealand spinach. Plant Biotechnol. 2008, 25, 497–501. [Google Scholar] [CrossRef]

	29. 
Ko, E.Y.; Cho, S.H.; Kang, K.; Kim, G.; Lee, J.H.; Jeon, Y.J.; Kim, D.; Ahn, G.; Kim, K.N. Anti-inflammatory activity of hydrosols from Tetragonia tetragonoides in LPS-induced RAW 264.7 cells. EXCLI J. 2017, 16, 521–530. [Google Scholar] [PubMed]

	30. 
Yousif, B.S.; Nguyen, N.T.; Fukuda, Y.; Hakata, H.; Okamoto, Y.; Masaoka, Y.; Saneoka, H. Effect of Salinity on Growth, Mineral Composition, Photosynthesis and Water Relations of Two Vegetable Crops; New Zealand Spinach (Tetragonia tetragonioides) and Water Spinach (Ipomoea aquatica). Int. J. Agric. Biol. 2010, 12, 211–216. [Google Scholar]

	31. 
Okuyama, E.; Yamazaki, M. The principles of Tetragonia tetragonioides having antiulcerogenic activity. II. Isolation and structure of cerebrosides. Chem. Pharm. Bull. 1983, 31, 2209–2219. [Google Scholar] [CrossRef] [PubMed]

	32. 
Kato, M.; Takeda, T.; Ogihara, Y.; Shimu, M.; Nomura, T.; Tomita, Y. Studies on the structure of polysaccharide from Tetragonia tetragonioides. Chem. Pharm. Bull. 1985, 33, 3675–3680. [Google Scholar] [CrossRef]

	33. 
Choi, H.J.; Kang, J.S.; Choi, Y.W.; Jeong, Y.K.; Joo, W.H. Inhibitory Activity on the Diabetes Related Enzymes of Tetragonia tetragonioides. Korean J. Biotechnol. Bioeng. 2008, 23, 419–424. [Google Scholar]

	34. 
Choi, H.J.; Yee, S.-T.; Kwon, G.-S.; Joo, W.H. Anti-inflammatory and Anti-tumor Effects of Tetragonia tetragonoides Extracts. Microbiol. Biotechnol. Lett. 2015, 43, 391–395. [Google Scholar]

	35. 
Lee, M.A.; Choi, H.J.; Kang, J.S.; Choi, Y.W.; Joo, W.H. Antioxidant Activities of the Solvent Extracts from Tetragonia tetragonioides. J. Life Sci. 2008, 18, 220–227. [Google Scholar] [CrossRef]

	36. 
Choi, H.S. Isolation and Structural Elucidation of Antioxidants from Tetragonia tetragonoides. Master’s Thesis, Department of Food Science & Technology, Chonnam National University, Gwangju, Korea, 2017. [Google Scholar]

	37. 
Lee, K.H.; Park, K.M.; Kim, K.R.; Hong, J.; Kwon, H.C.; Lee, K.R. Three new flavonol glycosides from the aerial parts of Tetragonia tetragonoides. Heterocycles 2008, 75, 419–426. [Google Scholar] [CrossRef]

	38. 
Mori, K.; Kinsho, T. Synthesis of sphingosine relatives, VII. Synthesis of anti-ulcergenic cerebroside isolated from Tetragonia tetragonioides. Eur. J. Org. Chem. 1988, 8, 807–814. [Google Scholar]

	39. 
Ryuk, J.A.; Ko, B.S.; Lee, H.W.; Kim, D.S.; Kang, S.; Lee, Y.H.; Park, S. Tetragonia tetragonioides (Pall.) Kuntze protects estrogen-deficient rats against disturbances of energy and glucose metabolism and decreases proinflammatory cytokines. Exp. Biol. Med. 2017, 242, 593–605. [Google Scholar] [CrossRef] [PubMed]

	40. 
Kialka, M.; Milewicz, T.; Mrozinska, S.; Rogatko, I.; Sztefko, K.; Majewska, R. Pressure pain threshold and Beta-endorphins plasma level are higher in lean polycystic ovary syndrome women. Minerva Endocrinol. 2017, 42, 297–305. [Google Scholar] [CrossRef] [PubMed]

	41. 
Dewailly, D.; Gronier, H.; Poncelet, E.; Robin, G.; Leroy, M.; Pigny, P.; Duhamel, A.; Catteau-Jonard, S. Diagnosis of polycystic ovary syndrome (PCOS): Revisiting the threshold values of follicle count on ultrasound and of the serum AMH level for the definition of polycystic ovaries. Hum. Reprod. 2011, 26, 3123–3129. [Google Scholar] [CrossRef] [PubMed]

	42. 
Carmina, E.; Napoli, N.; Longo, R.A.; Rini, G.B.; Lobo, R.A. Metabolic syndrome in polycystic ovary syndrome (PCOS): Lower prevalence in southern Italy than in the USA and the influence of criteria for the diagnosis of PCOS. Eur. J. Endocrinol. 2006, 154, 141–145. [Google Scholar] [CrossRef] [PubMed]

	43. 
Moger, W.H.; Anakwe, O.O. Effects of forskolin on androgen production by mouse interstitial cells in vitro. Interactions with luteinizing hormone and isoproterenol. Biol. Reprod. 1983, 29, 932–937. [Google Scholar] [CrossRef] [PubMed]

	44. 
Attia, G.R.; Rainey, W.E.; Carr, B.R. Metformin directly inhibits androgen production in human thecal cells. Fertil. Steril. 2001, 76, 517–524. [Google Scholar] [CrossRef]

	45. 
Eldar-Geva, T.; Margalioth, E.J.; Gal, M.; Ben-Chetrit, A.; Algur, N.; Zylber-Haran, E.; Brooks, B.; Huerta, M.; Spitz, I.M. Serum anti-Mullerian hormone levels during controlled ovarian hyperstimulation in women with polycystic ovaries with and without hyperandrogenism. Hum. Reprod. 2005, 20, 1814–1819. [Google Scholar] [CrossRef] [PubMed]

	46. 
Ghafurniyan, H.; Azarnia, M.; Nabiuni, M.; Karimzadeh, L. The Effect of Green Tea Extract on Reproductive Improvement in Estradiol Valerate-Induced Polycystic Ovarian Syndrome in Rat. Iran. J. Pharm. Res. 2015, 14, 1215–1233. [Google Scholar] [PubMed]

	47. 
Arentz, S.; Abbott, J.A.; Smith, C.A.; Bensoussan, A. Herbal medicine for the management of polycystic ovary syndrome (PCOS) and associated oligo/amenorrhoea and hyperandrogenism; a review of the laboratory evidence for effects with corroborative clinical findings. BMC Complement. Altern. Med. 2014, 14, 511. [Google Scholar] [CrossRef] [PubMed]

	48. 
Ohtsu, H.; Xiao, Z.; Ishida, J.; Nagai, M.; Wang, H.K.; Itokawa, H.; Su, C.Y.; Shih, C.; Chiang, T.; Chang, E.; et al. Antitumor agents. 217. Curcumin analogues as novel androgen receptor antagonists with potential as anti-prostate cancer agents. J. Med. Chem. 2002, 45, 5037–5042. [Google Scholar] [CrossRef] [PubMed]

	49. 
Farideh, Z.Z.; Bagher, M.; Ashraf, A.; Akram, A.; Kazem, M. Effects of chamomile extract on biochemical and clinical parameters in a rat model of polycystic ovary syndrome. J. Reprod. Infertil. 2010, 11, 169–174. [Google Scholar] [PubMed]

	50. 
McGarvey, C.; Cates, P.A.; Brooks, A.; Swanson, I.A.; Milligan, S.R.; Coen, C.W.; O'Byrne, K.T. Phytoestrogens and gonadotropin-releasing hormone pulse generator activity and pituitary luteinizing hormone release in the rat. Endocrinology 2001, 142, 1202–1208. [Google Scholar] [CrossRef] [PubMed]

	51. 
Polkowska, J.; Ridderstråle, Y.; Wańkowska, M.; Romanowicz, K.; Misztal, T.; Madej, A. Effects of intracerebroventricular infusion of genistein on gonadotrophin subunit mRNA and immunoreactivity of gonadotrophins and oestrogen receptor-alpha in the pituitary cells of the anoestrous ewe. J. Chem. Neuroanat. 2004, 28, 217–224. [Google Scholar] [CrossRef] [PubMed]

	52. 
Wersinger, S.R.; Haisenleder, D.J.; Lubahn, D.B.; Rissman, E.F. Steroid feedback on gonadotropin release and pituitary gonadotropin subunit mRNA in mice lacking a functional estrogen receptor alpha. Endocrine 1999, 11, 137–143. [Google Scholar] [CrossRef]

	53. 
Lindzey, J.; Jayes, F.L.; Yates, M.M.; Couse, J.F.; Korach, K.S. The bi-modal effects of estradiol on gonadotropin synthesis and secretion in female mice are dependent on estrogen receptor-alpha. J. Endocrinol. 2006, 191, 309–317. [Google Scholar] [CrossRef] [PubMed]

	54. 
Biernacka-Lukanty, J.M.; Lehmann, T.P.; Trzeciak, W.H. Inhibition of CYP17 expression by adrenal androgens and transforming growth factor beta in adrenocortical cells. Acta Biochim. Pol. 2004, 51, 907–917. [Google Scholar] [PubMed]

	55. 
Turcu, A.F.; Auchus, R.J. Adrenal steroidogenesis and congenital adrenal hyperplasia. Endocrinol. Metab. Clin. N. Am. 2015, 44, 275–296. [Google Scholar] [CrossRef] [PubMed]

	56. 
Harvey, P.W. Adrenocortical endocrine disruption. J. Steroid Biochem. Mol. Biol. 2016, 155, 199–206. [Google Scholar] [CrossRef] [PubMed]






	
Sample Availability: Samples of the compounds are not available from the authors

























© 2018 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 (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
PIO (10pM) - - - - -+

MET (ImM) - - - - + -
TTK (ugimL) - - 10 50 -
FOR (10pM) - + + + + +

CYP17A1| ™ &= « - = |« 55kDa

HSD3B2 | s s s oy A ¢ 43 kDa

Actin | "= - < 43 kDa






media/file4.png
>

e

140-
120
£2 1004
S5 g0
> o 60
E =
2o 40
= 20
0

FOR (uM)

1

10

120-
=T 100+
5t 80
m o
5: 610 -
Eﬂ 40-

2

= 20
0

TTK {ug/mL)

10

50

100 1000





nav.xhtml


  molecules-23-01173


  
    		
      molecules-23-01173
    


  




  





media/file11.png
LuIEinizing hormone

(mlU/mL)

Testosterone (ng/mlL)






media/file18.png
PO (10pW) - - - - - + PIO (10pM) - - - - - +
MET (ImM) - - - - + - MET (ImM) - - - - =+
TTK {ug/mL) - - 10 50 - - TTK (ug/mL) - - 10 50 -
FOR (10pM) - + + + + =+ FOR (10pM) - + + + + +
p_EHH_ D —— tﬂtgg p-CHEB T oo | 4 43 kDa
44
ERK 5““-#42:32 CREB | w4 0 & & | < 43 kDa
2.0- 2.0-
1] i
cx 15 DM 15
ol 4 Em I
T S o
o2 1. o Q@ 1.0
% = 05 2c
— 5- ey ﬂ
L E«m 0.5-
0.0 0.0
FOR (10pM) - + + + + =+ FOR (10pM) - + + + + =+
TTK {pgimL) - - 10 50 - - TTK (pg/mL) - - 10 50
MET (1mM) - - - - + - MET (1mM) - - - - =+

PO (10py - - - - - ¥ PIO (10pM) - - - - - +





media/file16.png
E.ﬂ- ik -2 E.ﬂ-
|
oz 151 ‘ T ‘ o 159
HI; [ | |
T 1.0{ = i E S5 1.0
EG T T
L £ 05 b= i
0.0 — 0.0
FOR (10uM) - + + + + + FOR (10pM) - + + + + +
TTK (pgimL) - - 10 50 - - TTK (pgimL) - - 10 50 - -
MET (1mMd) - - - - + - MET (1mM) - - - - + .

MO (10p) - - - - - = PIO (10pM) - - - -





media/file2.png
Sl Sy

:< TTK extract 330nm
o <« Compound 1 (41.1 min)

i 0.53+0.003 mglg
.__Ht____NJA/\—-\JL_/\_J g ._A/U\!b

- Compound 1 330nm

i " ,%_;o?, J;I,IQ <«— Compound 1 (41.1 min)

- E 7D

T e

-






media/file10.jpg
Estradiol (ng/mL)

- =
e N

e N A O @






media/file5.jpg
»
L]

1000- H 0. —
3 250.
i — 1. ——
a0 & EE me
£
o i
£ 1" =
3
. £
ot . § 2R K B ooy T 25 on o
™ - - 0 %0 w0 ™o - 0 % w0
wer - T werima . ;

PO (10w - SR PO(OM - - - -





media/file3.jpg
>

140

)

100
80.
60
0
20.

(% of control)

Cell Viabllity

o32823838%

FORGM) - 1 5 10 TIK @gml) - 10 50 100 1000





media/file14.jpg
20 2.
g5 1 By 1
35 w £8
13 =2
2= 0s 22 o5
o0 0.
P TR PORGOMY - e e e s
T GgmL) - - 10 50 - - T Ggml) - - 10 50 -
MET (ImM) - - - . - MET (ImM) - - - - e

PO - - - - - e PO - - - -





media/file1.jpg
TN

< Campound 1141101






media/file7.jpg
peoswEr

Number of follicular cysts.

%

L

w
R





media/file15.png
PIO (10pM) - - - - - =+

MET (1mM) - - - - +
TTK (ug/mL) - - 10 50 - -
FOR (10uM) - + + + + +
CYP17A1| ™ == « - = |« 55kDa

HSD3B2 | e s s s o ¥« 43 kDa

Actin |- s e o (4 43 kDa






media/file12.png
Estradiol (ng/mlL)

12 -






media/file9.jpg
Luteinizing hormone

(miU/mL)

35
30
25
20
15
10
05

g #
Z
. 2 o o
5 H
E 2
R S e I s
Tkt es
&E FEE





media/file0.png





media/file8.png
PCOS+TTK 500

PCOS+MET

Number of follicular cysts






media/file6.png
1000-
S= 800
52
S E  600-
2.8
Z 5 400
s
= 200-
M-
FOR (10 uM)
TTK {ug/mL)
MET (1 mM)

PIO {10 pM)

o

10

ok A

E 300-

E _ 250

e 2 200-

a =

@3 150+

e 5

& -2 100 -

W o

% 50

= 0
FOR (10 pM)
TTK (pg/mL)
MET ({1 mM)
PIO (10 pM)

|






media/file17.jpg
P10 (104M)
MET (1mM)
TTK (g
FOR (10uM)

PERK

Fold change
In p-ERK

TTK (gimt)
MET (1mb)
PIO (10uM)

P10 (1040)
MET (1mh)
TIK (soimL)
FOR (10u)

PCREB

cReB

Fold change
In p-CREB

S1050 -

s

050 - -

« 43 k00

« 43 k00






