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Abstract

:

4-Hexylresorcinol (4HR) has been used as a food additive and antiseptic. The aim of this study was to evaluate whether the application of 4HR in breast cancer cells and ovariectomized rats showed estrogen-like effects. MCF-7 and SK-BR-3 cells were treated by solvent, 1–100 µM bisphenol-A (BPA), or 1–100 µM 4HR, respectively. 3-(4, 5-Dimethylthiazole-2-yl)- 2,5-diphenyltetrazolium bromide (MTT) assay and Western blot for extracellular signal-regulated kinase-1/-2 (ERK1/2), phosphorylated ERK1/2 (p-ERK1/2), estrogen receptor-α (ERα), and ERβ were done. As an in vivo study, ovariectomized rats (n = 15) received solvent, 125 mg/kg of 4HR, or 10 µg of 17-β estradiol via daily subcutaneous injection for 7 days. Blood samples were obtained for evaluation of prolactin levels. Pituitary glands and uteruses were biopsied for histological evaluation and Western blot analysis. Compared with the control group, the application of 4HR decreased the proliferation of MCF-7 and SK-BR-3 cells, while the application of BPA increased (p < 0.05). The application of BPA increased the expression of ERα, ERβ, and p-ERK1/2, but 4HR did not change the expression of ERα, ERβ, or p-ERK1/2 in MCF-7 cells. In an animal model, the 4HR group showed similar levels of ERα, ERβ, and prolactin expression in the pituitary gland compared to the solvent only group, while the estradiol group showed higher levels. Serum prolactin levels were similar between the 4HR and solvent only groups. Taken together, 1–100 µM 4HR did not show BPA-like behavior in MCF-7 cells, and 125 mg/kg of 4HR daily subcutaneous injection for 7 days did not demonstrate estradiol-like effects in ovariectomized rats. Collectively, 4HR has no estrogen-like effects on both ERα-positive cells and estrogen-deficient rat models.
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1. Introduction


4-Hexylresorcinol (4HR) has been widely used as an antiseptic [1] and food additive [2]. In the case of antiseptics, usage of 4HR has been decreased because of substitute development. However, 4HR is still used as an antibrowning agent because it is a strong inhibitor of tyrosinase [3]. Recently, other effects of 4HR have come into the limelight. 4HR has anticancer properties via inducing cancer cell apoptosis [4,5] and has been studied as an additive for graft materials because of its inhibitory effect on the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) pathway [6] and foreign body giant cell formation [7]. When 4HR is added to bone graft material, mineralization is increased [6,7]. 4HR helps macrophages to transform M2-type and angiogenesis [8]. Accordingly, 4HR incorporation is a new strategy for immunomodulation. However, increased bone mass and angiogenesis by 4HR may be similar to the actions of estrogen. Estrogen-like materials have been studied as endocrine disruptor and breast cancer inducer [9,10]. Differentiation of 4HR from other xenoestrogens is important for usage of 4HR as immunomodulation agent.



Xenoestrogen is the chemical that mimics the action of estrogen and results in endocrine system disruption [9,10]. Xenoestrogen may pollute and destroy the natural endocrine system. Many types of mutation may be associated with abuse of, or contamination with, xenoestrogen [10]. Xenoestrogen is a member of a group of organic phenolic compounds with a benzene ring [11]. Bisphenol A (BPA) is a representative chemical [9,10]. Global fear for xenoestrogen has sharply increased recently [12]. Even resveratrol in wine, which is a kind of phenolic compound, is also suspected to be a xenoestrogen [13]. However, there has been no clear evidence between wine drinking and endocrine system destruction.



4HR is also a type of phenolic compound. The binding affinity of 4HR to estrogen receptors (ER) has been reported as weak, but the application of 1–10 µM of 4HR showed increased activity of estrogen responsive promoters in MCF-7 cells [14]. There has been no report of endocrine system disruption by 4HR in human trials until now, despite its wide usage as a food additive. However, 1000 mg/kg body weight/day of 4HR oral administration induced all rats’ death during the first week of the administration, and the autopsy demonstrated a decreased spermatogenesis in 4 out of 10 animals [15]. The influence of the male genital system is a feature of xenoestrogen [16]. Thus, 4HR cannot be excluded from the list of potential xenoestrogens. According to National Health Institute (NIH), United States of America database [15], there has been no available information about the half-life and serum concentration of 4HR in humans because 4HR has been approved in its primary indication as topical agent and its systemic exposure is rare due to poor absorption. Oral gargling is supposed to be used daily, and chronic exposure to 4HR may have unknown risks. Accordingly, 4HR has been listed as a banned component in oral gargling since 2014 by the US Food and Drug Administration (FDA) [17].



However, there has been no convincing evidence for 4HR as a xenoestrogen. 4HR can induce cellular apoptosis in a dose-dependent and cellular type-dependent manner [4,18]. Thus, the inhibition of the spermatogenesis may be a complication of lethal dosage. Many types of anticancer drugs may influence rapidly regenerated normal cells, including sperm [19]. 4HR also has anticancer effects [4,5]. The increased expression of estrogen-responsive promoter in MCF-7 cells may be a nonspecific response of 4HR or cross-activity mediated by an alternative signal pathway, excluding ER. Actually, there was no check of ERα protein level or downstream signal changes in the previous report [14].



In this study, the effect of 4HR on breast cancer cells and ovariectomized animals was evaluated with regard to its potential estrogen-like effects. First, the effect of 4HR application on ER-positive and ER-negative breast cancer cells was evaluated and compared to other xenoestrogens, such as BPA and estrogen. Second, the expression level of ER was evaluated at the protein level. Third, the activation of the extracellular signal-regulated kinase (ERK) pathway by 4HR application was checked and compared to other xenoestrogens and estrogen. Finally, 4HR was administered to the ovariectomized rats. Blood prolactin levels and prolactin expression levels in the pituitary gland were measured and compared to estradiol application.




2. Materials and Methods


2.1. Cell Cultures and 4HR and Xenoestrogen Treatment


SK-BR-3 (Korean Cell Line Bank No. 30030) and MCF-7 (Korean Cell Line Bank No. 30022) were suspended in RPMI 1640 supplemented with 10% fetal bovine serum (FBS) (Euroclone, United Kingdom), 50 U/mL of penicillin G, 50 μg/mL of streptomycin sulfate, 2 g/L sodium carbonate, and 0.11 g/L sodium pyruvate. 4HR and BPA were purchased from Sigma-Aldrich (St. Louis, MO, USA). 17-β Estradiol was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). MCF-7 cells were ER-positive breast cancer cells, and SK-BR-3 cells were ER-negative. 17-β Estradiol or BPA were used as the positive control. Reagent was solubilized by dimethyl sulfoxide (DMSO) and diluted by culture medium.




2.2. MTT Assay


The concentration of cells per well was approximately 8000 in 6-well multi-plates, which were allowed to attach for 24 h. To analyze cellular growth by administration of 4HR or BPA, we treated the cells with 1, 10, and 100 μM of 4HR or BPA. The control was cells treated by solvent only. SK-BR-3 cells or MCF-7 cells were grown with 4-HR or BPA for 48 and 72 h. After incubation, the medium was removed. Then, yellow tetrazolium salt and 3-(4, 5-dimethylthiazole-2-yl)- 2,5-diphenyltetrazolium bromide (MTT) solution (Cell proliferation kit I; Roche Molecular Biochemicals, Pleasanton, CA, USA) were applied for 4 h. Formazan crystals were solubilized overnight, and the product was quantified by measuring the absorbance at 590 nm using a Victor multi-label counter (Perkin-Elmer-Wallac, Freiburg, Germany). The untreated control was set as 1, and relative activity of each group was calculated.




2.3. Western Blotting for ERK1/2, p-ERK1/2, ERα, and ERβ


To analyze the protein expression level of ERK1/2 (Abcam, Cambridge, United Kingdom), p-ERK1/2 (phosphorylated at T202 for ERK1 and phosphorylated at T185 for ERK2, Abcam), ERα (Santa Cruz Biotech), and ERβ (Santa Cruz Biotech), MCF-7 cells were treated with 1, 10, and 100 μM of 4HR or BPA. The control was cells treated by solvent only. Cells were treated with each reagent at various concentrations or for different time periods. The cells were washed with phosphate-buffered saline (PBS), then treated with trypsin-ethylenediaminetetraacetic acid (trypsin-EDTA) for 1 min and washed with PBS. Cells were lysed with ice-cold RIPA buffer, sonicated for 10 sec, and samples should have been cooled on ice between bursts. The lysates were centrifuged at 12,000× g for 10 min at 4 °C. The protein concentration of the supernatant was quantified using Bradford assay. Equal amounts of sample proteins were separated by 15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) to analyze the protein with protein marker. After the proteins were transferred from the gel to a nitrocellulose membrane, the membranes were blocked with 5% nonfat dry milk in TBS-T buffer (25 mM Tris-HCl, 150 mM NaCl, 0.1% Tween 20, pH 7.5) for 1 h. After being washed with TBS-T buffer three times, the membrane was incubated with the primary antibodies (dilution ratio = 1:500) and horseradish peroxidase-conjugated secondary antibodies for 1 h. Then, the protein bands were detected using an ECL kit according to the manufacturer’s instructions. Blots were imaged and quantified using a ChemiDoc XRS system (Bio-Rad Laboratories, Hercules, CA, USA).




2.4. Animals and Experimental Design


Eight-week-old Crl:CD (Sprague–Dawley) specific pathogen-free (SPF)/viral antibody free (VAF) outbred female rats (Orientbio Inc., Sungnam, Korea) were used in this study. All procedures were performed in accordance with guidelines for laboratory animal care and were approved by the Gangneung-Wonju National University for animal research (GWNU-2019-15). Fifteen rats (2–3 rats per cage) were housed and fed as previously described [8]. All rats stayed for 1 week for acclimation prior to experimentation. Each rat was ovariectomized for both sides of the ovary and rested for 2 weeks after operation. The decreased level of blood estrogen was confirmed by examining the blood samples.



The rats were divided into 3 groups, each with 5 rats. As a negative control, solvent only was used. As a positive control, 17-β estradiol was used. As an experimental group, rats were treated with 4HR. The dosage per day was 1 μg/kg for 17-β estradiol and 128 mg/kg for 4HR. Every agent was prepared just before injection. Each drug was injected subcutaneously for 7 days. One day after final injection, blood was sampled, and then all rats were sacrificed. Blood prolactin levels were measured in whole blood using the RayBio® rat prolactin enzyme-linked immunosorbent assay (ELISA) kit (RayBiotech, Norcross, GA, USA). The subsequent procedure was in accordance with the manufacturer’s protocol. Biopsy of the pituitary gland was also done. Histological and molecular biology analyses were performed.




2.5. Immunohistochemical Determination and Western Blot Analysis in Pituitary Gland Samples


To assess the expression of prolactin, ERα, and ERβ in the pituitary gland samples, we performed immunohistochemical staining using anti-prolactin (Abcam), anti-ERα (Santa Cruz Biotech), and anti-ERβ antibodies (Santa Cruz Biotech). Detailed procedure was in accord with our previous publications [8]. Briefly, the paraffin sections were prepared on silane-coated slides and antigen retrieval was done with proteolytic enzyme (1 mg porcine trypsin, Sigma-Aldrich). Then, the endogenous peroxidase activity was suppressed by H2O2 treatment. The slide was washed with PBS 3 times. After blocking procedure, the sections were treated with primary antibodies (dilution ratio 1:50). After washing process, a universal secondary antibody (Dako REAL™ EnVision™/HRP, Rabbit/Mouse; Dako North America Inc., Carpinteria, CA, USA) was conjugated under a humid chamber. After removing the unreacted secondary antibody, the slides were stained with a chromogen (Dako REAL™ DAB+ Chromogen and Dako REAL™ Substrate Buffer; Dako North America Inc.).



The tissues were placed into micro test tubes and stored at −70 °C overnight (n = 5 for each group). The tissues were vigorously homogenized in a tissue protein extraction reagent buffer with a protease inhibitor cocktail, and Western blot analysis was performed as previously reported [8].




2.6. Statistical Analysis


The comparison among groups was done with the analysis of variance. The Bonferroni method was used as a post hoc test. The level of significance was set as <0.05.





3. Results


3.1. The Application of 4HR Suppressed the Proliferation of Both MCF-7 and SK-BR-3 Cells


The application of BPA (1 to 100 μM) to MCF-7 cells showed slightly increased cellular proliferation compared to the solvent only group (Figure 1a). However, the application of 4HR with the same range of concentration showed significantly decreased cellular proliferation compared to the solvent only group. The same trends were observed in SK-BR-3 cells (Figure 1b). Taken together, BPA showed xenoestrogen effects on both cells as expected. However, 4HR had no proliferative effects on both ERα-positive and -negative cells.




3.2. The Application of 4HR Did Not Increase ERα Expression and p-ERK


The application of BPA (1 to 100 μM) to MCF-7 cells increased the expression of ERα and ERβ (Figure 2a). However, the application of 4HR (1 to 100 μM) to MCF-7 cells neither increased nor decreased the expression of both ERα and ERβ (Figure 2b). The expression of ERβ was much more increased compared to that of ERα in the application of BPA. The application of BPA increased relative expression level of ERα compared to that of 4HR (Figure 2c). The application of BPA increased relative expression level of ERα compared to that of 4HR (Figure 2d).



It has been known that xenoestrogen activates the ERK pathway in the presence of ERα [10,20]. The application of BPA (1 to 100 μM) to MCF-7 cells increased p-ERK1/2 (Figure 3a). However, the application of 4HR (1 to 100 μM) to MCF-7 cells showed no change of p-ERK1/2 level, indicating no activation of the ERK pathway (Figure 3b). The application of BPA slightly increased relative expression level of ERK1/2 compared to that of 4HR (Figure 3c). However, the difference between groups seemed to be not significant. The application of BPA increased relative expression level of p-ERK1/2 compared to that of 4HR (Figure 3d).




3.3. 4HR Did Not Increase Prolactin and ERα Expression in the Pituitary Gland


To further explore the xenoestrogen effect of 4HR, we tested 4HR’s effect in an estrogen-deficient ovariectomized rat model. Daily application of 1 μg/kg of 17-β-estradiol in the ovariectomized rats increased prolactin, ERα, and ERβ expression levels in the pituitary gland as expected (Figure 4a). Blood prolactin levels were also significantly increased compared to the solvent only group (p < 0.05, Figure 4b). However, daily application of 128 mg/kg for 4HR in the ovariectomized rats showed low levels of prolactin, ERα, and ERβ expression in the pituitary gland (Figure 4c). Accordingly, blood prolactin levels were similar to those of the solvent only group and significantly lower than the 17-β-estradiol group (p < 0.05, Figure 4b). These results further confirmed that 4HR had no xenoestrogen effects in an ovariectomized rat model.





4. Discussion


In this study, 4HR was tested as a potential xenoestrogen. However, 4HR showed different behavior to breast cancer cells or ovariectomized animals compared to estradiol or BPA. The application of BPA increased cellular proliferation in both MCF-7 cells and SK-BR-3 cells, which are ER-positive and -negative breast cancer cells, respectively (Figure 1a). By contrast, the application of 4HR showed significantly decreased proliferation in both types of cells (p < 0.05, Figure 1b). The application of BPA increased ERα, ERβ, and p-ERK1/2 expressions, but the application of 4HR did not significantly change those expressions (Figure 2 and Figure 3). In the animal model, the application of estradiol increased the expression of ERα, ERβ, and prolactin in the pituitary gland (Figure 4). However, the application of 4HR showed a similar pattern to the solvent only group (Figure 4). Based on these results, 4HR did not behave like estradiol or BPA in the range of tested concentrations.



The warning for endocrine system disruptors has been increased annually [9,10]. Many types of endocrine disruptors have been introduced and tested for their potential biohazards [14]. These agents include pesticides, such as dichlorodiphenyltrichloroethane (DDT), its metabolites, and many common industrial chemicals, such as polychlorinated biphenyls and BPA [21,22]. Human health effects from exposure to xenoestrogen include: precocious puberty, increased incidence of breast cancer, testicular cancer, prostate cancer, and reduced sperm count [9,14,21]. Long-term uptake of low-dosage xenoestrogen is deposited in adipocytes and may be released in fasting conditions and show estrogen effects [21]. Therefore, health professionals warn against xenoestrogen for both short-term high dosage uptake and long-term low dosage uptake [9,10]. However, the effect of long-term low dosage uptake is difficult to simulate in experimental conditions.



BPA is a well-known xenoestrogen [10]. BPA increases the proliferation of breast cancer cells [23], and our results also showed the same effect on MCF-7 cells (Figure 1a). However, 4HR was cytotoxic to breast cancer cells regardless of ER expression (Figure 1). 4HR is also cytotoxic to primary cultured oral melanoma cells [5] and SCC-9 cells [4] in the similar range of concentration to this study. However, its inhibitory effect is not significant in the normal human dermal fibroblasts [4]. According to NIH toxicology report, 4HR has shown anticancer effects in various types of cancers [15]. As 4HR increases the apoptotic stress mediated by mitochondrial proteins [18], cancer cells seem to be more influenced by 4HR administration. Based on these findings, there has been no evidence that 4HR might increase the incidence of breast cancer.



Several xenoestrogens increase the activity of ER in the absence of estradiol [24]. In this study, BPA increased ERα and ERβ expression in MCF-7 cells (Figure 2a). However, 4HR did not change ERα and ERβ expression (Figure 2b). A previous study demonstrated that 4HR increased luciferase activity, which was localized in the estrogen-responsive promoter region [14]. As the function of estrogen is broad, many genes are regulated by estrogen [25]. Some genes influenced by estrogen may also be influenced by other hormones, cytokines, or chemicals. Activation of ERα results in the increased phosphorylation of ERK [20,26]. In this study, BPA application increased p-ERK1/2 expression, but 4HR did not (Figure 3).



When animals receive an ovariectomy, blood estrogen levels decrease [27]. Accordingly, the sensitivity of parenteral administration of pseudoestrogen is increased [22,28]. Many types of estrogen-like chemicals increase the expression of ERα and the production of prolactin in the anterior pituitary gland [29,30]. In this study, the administration of estradiol showed significantly higher levels of blood prolactin compared to the 4HR and solvent only groups (p < 0.05, Figure 4b). The expression level of ERα, ERβ, and prolactin in the pituitary glands were higher in the estradiol group than those in the 4HR and solvent only groups (Figure 4c). The BPA-injected group (128 mg/kg) also showed similar findings to those of estradiol group (data not shown). The uterine epithelium was thicker in the estradiol groups than those of the 4HR and solvent only groups (Figure 4a). The thickness of uterine epithelium increased in the ovariectomized rats after the administration of BPA [29].



There have been several reports on the estrogen-like behavior of 4HR [14,15]. Lethal dosage of 4HR shows the inhibition of spermatogenesis in some animals [15]. In addition, 4HR showed spermicidal activity in in vitro tests [15]. 4HR has anticancer effects via inducing cellular apoptosis [4,5]. As a complication of anticancer drugs, the inhibition of spermatogenesis is frequent [19]. Thus, the inhibition of spermatogenesis by lethal dosage of 4HR might be due to its apoptosis-inducing effect, not due to endocrine system disruption. 4HR increases the estrogen-responsive promoter region [14]. However, too many genes are included in the estrogen-responsive promoter region [25]. For example, the expression of vascular endothelial growth factor (VEGF) is modulated by xenoestrogens through the ER-dependent pathway [31]. 4HR also increases VEGF expression, but through the hypoxia-inducible factor-independent pathway [8]. ER blocker could not change VEGF expression induced by 4HR (data not shown). In the same report, 4HR showed low affinity to ER [14].



In this study, the application of BPA increased ERα, ERβ, and p-ERK1/2 expressions, but the application of 4HR did not significantly change those expressions (Figure 2 and Figure 3). However, the level of their expression was lower in the 4HR group than those in the BPA group (Figure 2 and Figure 3). The anticancer effect of 4HR has been demonstrated in different types of oral cancer cells [4,5] and in the animal models [4]. Several mechanisms have been clarified. 4HR suppresses calcium oscillation in oral melanoma cells [4]. The suppression of calcium oscillation is important for mitochondrial function [32]. Accordingly, 4HR might suppress the mitochondrial function. Mitochondria are main source of ATP production and cancer cells have higher energy demands. Therefore, 4HR application might have a higher impact on cellular proliferation in the cancer cells rather than in the normal human dermal fibroblast (see supplementary data). The signaling pathways of ERα, ERβ, and ERK1/2 are associated with the carcinogenesis of breast cancer [33]. As the application of 4HR might not be associated with carcinogenesis of breast cancer, its application could not change the expression level of these proteins.



The limitation of this study was the design of the animal study. According to a previous report [34], the species of experimental animal might influence the experimental results. In addition, the dosage and the administration route are important in the experimental design. In this study, a single dosage (128 mg/kg) was used for 4HR experiment. This dosage was referenced from a previous publication on BPA [29]. The median lethal dose (LD50) for rats is reported as 550 mg/kg in the case of oral administration [15]. In future studies, wider variations of dosage in the different species may be required. In addition, the duration of administration was 7 days and relatively short. If 4HR is taken as a food additive, the animal study should be designed as a low-dosage and long-term exposure model. When reviewing a previous study, 63 or 125 mg/kg body weight/day of 4HR oral administration given to B6C3F1 mice for 102 weeks showed no evidence of carcinogenic activity in female mice but equivocal evidence in male mice [35]. The main concern on xenoestrogen is its potential carcinogenic effect on the breast [10,11,12]. In this study, any clue of carcinogenic effect by 4HR on breast cancer cells was not found. In addition, we recently clarified the effect of angiogenesis and osteogenesis by 4HR is mediated not by estrogen, but by transforming growth factor-β1 [18,36].




5. Conclusions


In this study, 4HR decreased proliferation of MCF-7 and SK-BR-3 cells. 4HR did not change ERα expression and did not activate the ERK pathway in MCF-7 cells. 4HR also did not increase blood prolactin levels and ERα and prolactin expression in the pituitary gland. Collectively, there was no evidence of xenoestrogen-like behavior for 4HR in this study.
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Figure 1. The results of MTT assay. (a) The application of BPA (1 to 100 μM) to MCF-7 cells showed increased value compared to solvent only group at 48 and 72 h after administration. However, the application of 4HR with the same range of concentration showed decreased value compared to the solvent only group at both 48 and 72 h after administration. (b) The same trends were observed in SK-BR-3 cells (* p < 0.05). 
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Figure 2. The expression of estrogen receptors after the administration of BPA or 4HR. (a) The application of BPA (1 to 100 μM) to MCF-7 cells increased the expression of ERα and ERβ. (b) The application of 4HR (1 to 100 μM) to MCF-7 cells did neither increase nor decrease the expression of both ERα and ERβ. (c) Relative protein expression of ERα to β-actin. The application of BPA increased relative expression level of ERα compared to that of 4HR. (d) Relative protein expression of ERβ to β-actin. The application of BPA increased relative expression level of ERα compared to that of 4HR. Full length blots were available in Supplementary Figures S1 and S2. 
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Figure 3. The expression of extracellular signal-regulated kinase-1/-2 (ERK1/2) and phosphorylated p-ERK1/2 (p-ERK1/2). (a) The application of BPA (1 to 100 μM) to MCF-7 cells increased the expression of p-ERK1/2. (b) The application of 4HR (1 to 100 μM) to MCF-7 cells showed no change of p-ERK1/2 expression. (c) Relative protein expression of ERK1/2 to β-actin. The application of BPA slightly increased relative expression level of ERK1/2 compared to that of 4HR. However, the difference between groups seemed to be not significant. (d) Relative protein expression of p-ERK1/2 to β-actin. The application of BPA increased relative expression level of p-ERK1/2 compared to that of 4HR. In the case of 4HR, p-ERK1/2 was barely detected. Full length blots were available in Supplementary Figures S3 and S4. 
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Figure 4. The results of in vivo experiment. (a) Daily application of 1 μg/kg for 17-β-estradiol in the ovariectomized rats resulted in increased prolactin, ERα, and ERβ expression level in the pituitary gland. However, daily application of 128 mg/kg for 4HR and solvent only groups showed low levels of prolactin, ERα, and ERβ expression in the pituitary gland. Interestingly, both 17-β-estradiol group and 4HR group showed high levels of vascular endothelial growth factor (VEGF)-A expression in the pituitary gland. In addition, epithelial hyperplasia was only observed in the estradiol group (arrow) (bar = 20 μm). (b) Blood prolactin level. Blood prolactin levels were increased in the estradiol group compared to the 4HR and solvent only groups (* p < 0.05). (c) Western blot for pituitary gland tissue samples. Prolactin, ERα, and ERβ expression were increased in the estradiol group (Sol: solvent only group; Est: estradiol group). Full length blots were available in Supplementary Figure S5. 
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