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Breast cancer is the most diagnosed type of cancer amongst women in economically developing countries and globally. Most breast cancers express estrogen receptor alpha (ERα) and are categorized as positive (ER+) breast cancer. Endocrine therapies such as, selective estrogen receptor modulators (SERMs), aromatase inhibitors (AIs), and selective estrogen receptor downregulators (SERDs) are used to treat ER+ breast cancer. However, despite their effectiveness, severe side-effects and resistance are associated with these endocrine therapies. Thus, it would be highly beneficial to develop breast cancer drugs that are as effective as current therapies, but less toxic with fewer side effects, and less likely to induce resistance. Extracts of Cyclopia species, an indigenous South African fynbos plant, have been shown to possess phenolic compounds that exhibit phytoestrogenic and chemopreventive activities against breast cancer development and progression. In the current study, three well characterized Cyclopia extracts, SM6Met, cup of tea (CoT) and P104, were examined for their abilities to modulate the levels of the estrogen receptor subtypes, estrogen receptor alpha and estrogen receptor beta (ERβ), which have been recognized as crucial to breast cancer prognosis and treatment. We showed that the Cyclopia subternata Vogel (C. subternata Vogel) extracts, SM6Met and cup of tea, but not the C. genistoides extract, P104, reduced estrogen receptor alpha protein levels while elevating estrogen receptor beta protein levels, thereby reducing the ERα:ERβ ratio in a similar manner as standard of care breast cancer endocrine therapies such as fulvestrant (selective estrogen receptor downregulator) and 4-hydroxytamoxifen (elective estrogen receptor modulator). Estrogen receptor alpha expression enhances the proliferation of breast cancer cells while estrogen receptor beta inhibits the proliferative activities of estrogen receptor alpha. We also showed that in terms of the molecular mechanisms involved all the Cyclopia extracts regulated estrogen receptor alpha and estrogen receptor beta protein levels through both transcriptional and translational, and proteasomal degradation mechanisms. Therefore, from our findings, we proffer that the C. subternata Vogel extracts, SM6Met and cup of tea, but not the C. genistoides extract, P104, selectively modulate estrogen receptor subtypes levels in a manner that generally supports inhibition of breast cancer proliferation, thereby demonstrating attributes that could be explored as potential therapeutic agents for breast cancer.
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1 INTRODUCTION
Breast cancer (BC) is the most diagnosed type of cancer as well as the major source of cancer-associated deaths amongst women globally (DeSantis et al., 2015; DeSantis et al., 2019). The burden of disease is rapidly growing in economically developing countries with over half (52%) of new BC cases and 62% of mortalities occurring within this region (DeSantis et al., 2015). Roughly 70% of BCs express ERα and are categorized as ER+ BC (Gonzalez et al., 2019). The most common endocrine treatments for ER+ BC thus target either ER signaling, via SERMs and SERDs, or the production of estrogen, via AIs (Rozeboom et al., 2019; Costa et al., 2020).
The effects of estrogen in breast cancer are mediated by two ER subtypes, ERα and ERβ. ERα regulates the genes involved in cell proliferation, differentiation, and migration in mammary tissue via endocrine and paracrine mechanisms (Hartman et al., 2009; Leung et al., 2012; Huang et al., 2015; Saha et al., 2019). Interestingly, the role of ERβ in BC is still elusive since ERβ functions differently depending on the availability of ERα (Girgert et al., 2019). ERβ has generally been shown to facilitate apoptosis as well as to counter the proliferative activity of ERα in healthy mammary tissue (Huang et al., 2015). Furthermore, the level of ERβ and its co-expression with ERα has been suggested to modulate the cell’s response to estrogen in BC cell lines and may also modulate the response of ER+ BC to endocrine therapy (Song et al., 2019; Mal et al., 2020; Datta et al., 2022). Thus, ERβ should be considered as a potential target for the treatment of BC (Gustafsson and Warner, 2000; Nilsson et al., 2011; Hirao-Suzuki, 2021).
The current study is motivated by the limitations associated with most adjuvant endocrine therapies developed to combat BC and the need to develop novel drugs that while effective, are less toxic, demonstrate fewer side effects, and are less likely to induce resistance (Clarke et al., 2015; Ramani et al., 2017; Sayed et al., 2019; Szostakowska et al., 2019; Franzoi et al., 2021). ERα has been identified as a viable drug target in resistant BC and thus the development of SERD therapies that specifically target the elimination of ERα is of considerable interest all the more so as fulvestrant, the only SERD currently approved by the FDA, suffers from poor oral bioavailability and has to be administered intramuscularly (Nathan et al., 2017; Shagufta et al., 2020; Downton et al., 2022; Farkas et al., 2022). Moreover, novel natural products or extracts provide possibilities for the discovery of new cancer therapies, especially for BC, as a substantial number of anticancer drugs currently used in the clinic are of natural origin (Zink and Traidl-Hoffmann, 2015; Wangkheirakpam, 2018; Yang et al., 2021).
Traditional medicine involves the long historical use of natural products and their derivatives as herbal medicines or therapy for diseases based on ancient cultural theories and practices (Gurib-Fakim, 2006; Chintamunnee and Mahomoodally, 2012), with plants being the main source of medication (van Wyk and Prinsloo, 2018). The 2019 World Health Organization (WHO) global report on traditional and complementary medicine (T&CM) shows an increase in public interest and acceptance and indicates that the practice is mostly accepted in Africa (WHO Report, 2019), especially amongst the population in rural areas (Dalglish et al., 2019). Although T&CM has gained global recognition (Ekor, 2014; Tahvilian et al., 2014; Lopes et al., 2017; Wang K. et al., 2021) its use is still limited by a lack of quality evidence-based research (Pelkonen et al., 2014; Pal, 2021; Veziari et al., 2021).
Often, traditional medicinal products are consumed as diet or as food supplements (Mbendana et al., 2019) and in South Africa, some dietary plants such Aspalathus linearis (rooibos tea), Cyclopia species (honeybush tea) and Athrixia phylicoides (bush tea) are considered medicinal herbal teas (Joubert et al., 2008). Extracts of A. linearis and A. phylicoides demonstrate assorted medicinal attributes, as do extracts from Cyclopia species, the major focus of the current study (Joubert et al., 2008; Louw et al., 2013; Joubert et al., 2019) Specifically, Cyclopia species, such as C. subternata Vogel, C. genistoides C. sessiliflora, C. intermedia, C. longifolia, and C. maculata, demonstrate anti-diabetic (Chellan et al., 2014; Schulze et al., 2016), anti-obesity (Pheiffer et al., 2013; Jack et al., 2018), and immune-stimulatory activities (Murakami et al., 2018) and osteoclast formation inhibition (Visagie et al., 2015); in addition to their useful application in nutraceutical, and cosmetic products (Joubert et al., 2019). Particularly of relevance to the current study, the C. subternata Vogel extract, SM6Met, was shown in several studies to possess phytoestrogenic activity, to display ERα antagonism and ERβ agonism, to antagonize estrogen-induced proliferation in ER+ BC cells (Mfenyana et al., 2008; Louw et al., 2013; Visser et al., 2013; Mortimer et al., 2015; van Dyk, 2018) and to ameliorate BC in rats (Visser et al., 2016; Oyenihi et al., 2018). Like SM6Met, the cup of tea (CoT) extract from C. subternata Vogel and the C. genistoides extract, P104, also exhibit phytoestrogenic properties and antagonize estrogen-induced proliferation in ER+ BC cells (Verhoog et al., 2007b; Visser et al., 2013; Roza et al., 2017).
The current study focusses on the assessment of the potential SERD activities of the Cyclopia extracts, SM6Met, CoT and P104, via the ER subtypes, ERα and ERβ, in BC cell lines. We hypothesize that the Cyclopia extracts may function as selective ER subtype regulators, thus, selectively affecting the levels of ER subtypes.
2 MATERIALS AND METHODS
2.1 Cell culture
The human BC cell line, MCF7-BUS (Soto et al., 1995) was kindly donated by Ana Soto, department of Anatomy and Cell biology, Tufts University School of Medicine, and the T47D cell line (Keydar et al., 1979) was a generous donation from Iqbal Parker, Medical biochemistry division, University of Cape Town. The two cell lines were maintained at 37°C with 5% CO2 and 90%–95% humidity in cell maintenance medium, which consisted of Dulbecco’s Modified Eagle’s Medium (DMEM) containing 4.5 g/mL glucose (Sigma-Aldrich, South Africa) supplemented with 5% (v/v) heat-inactivated fetal calf serum (HI-FCS) (The Scientific Group, South Africa), 1.5 g/L sodium-bicarbonate, 0.11 g/L sodium-pyruvate and 1% penicillin-streptomycin (100 IU/mL penicillin and 100 μg/mL streptomycin, Sigma-Aldrich) for MCF7 cells. For T47D cells the maintenance medium was the same except for 10% FCS used. The cell lines were routinely tested for mycoplasma by Hoechst staining and found to be negative. Experiments were carried out on cell lines with passage numbers between 6–30.
2.2 Test panel
The estrogenic compounds and Cyclopia extracts that make up the test panel include the endogenous hormone control, 17β-estradiol (E2), and the standard of care endocrine therapies (SOCs), (2)-4-hydroxytamoxifen (4-OHT) as a SERM control (Jordan, 2003) and fulvestrant (Ful) as a SERD control (Nathan et al., 2017), which were obtained from Sigma-Aldrich. The ER subtype selective ligands, methylpiperidinopyrazole (MPP), a ERα antagonist (Zhou et al., 2009), and liquiritigenin (Liq), a ERβ agonist (Mersereau et al., 2008), were purchased from Tocris Bioscience. The Cyclopia extracts, SM6Met, cup of tea (CoT), and P104 were obtained from cultivated and commercially harvested plant material and were previously prepared and characterized (Table 1). Retention samples of all the extracts have been preserved.
TABLE 1 | Major polyphenols present in previously prepared Cyclopia extracts as determined by HPLC.
[image: Table 1]Stock solutions of the test panel were prepared in DMSO (Sigma-Aldrich) and stored at −20°C until use (see Supplementary Table S1). Stock solutions were diluted 1000X in treatment media, (phenol red-free DMEM (low glucose), 1.5 g/L sodium bicarbonate and 3.5 g/L glucose) to yield a final concentration of 0.1% DMSO.
2.3 Western blot
MCF7 and T47D cells were plated at 1.0 × 105 cells/well into 12 well plates and steroid starved in steroid starving media (phenol red-free DMEM (low glucose) supplemented with 1.5 g/L sodium bicarbonate, 3.5 g/L glucose, 1% penicillin-streptomycin and 5% heat-inactivated doubly dextran-coated charcoal-stripped FCS (2xDCCFCS) for MCF7 cells and 10% 2xDCCFCS for T47D cells for 24 h. MCF7 and T47D cells were then washed in pre-warmed phosphate-buffered saline (PBS) and treated a with increasing concentrations of the test panel for 24 h in the treatment medium.
Following treatment, the treated MCF7 and T47D cells were washed in 1 mL ice-cold PBS and lysed in 100 μL Radioimmunoprecipitation assay (RIPA) buffer [50 mM Tris-HCl, 150 mM NaCl, 1% (v/v) NP40, 1% (w/v) sodium deoxycholate and 0.1% (w/v) SDS]. The lysates were transferred into Eppendorf tubes and 5x SDS reducing buffer [100 mM Tris-HCl pH 6.8, 50% (v/v) SDS, 20% (v/v) glycerol, 2% (v/v) β-mercaptoethanol and 0.1% (w/v) bromophenol blue] was added to enhance cell lysis. Thereafter the cell lysates were boiled at 95°C for 20 min.
To separate the proteins, the sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) technique was employed, where 10 μL of the lysate was loaded onto a 15 well 10% acrylamide gel containing 0.9% (v/v), 2,2,2- trichloroethanol (TCE), both procured from Sigma-Aldrich. A protein molecular weight marker (color pre-stained protein standard, broad range from Inqaba Biotec) was loaded alongside the lysates to verify the sizes of ERα and ERβ protein. The gel was set to run at 75 V for 15 min and at 150 V for 60 min.
The separated proteins on the acrylamide gel were imaged under UV light and the image acquired using the BioRad molecular imager, Gel DocTM XR+ with Image LabTM software. The acquired image of the total protein content was utilized for normalization (as detailed below). The proteins were then transferred to a Hybond-ECL nitrocellulose membrane (Separation Scientific) under 0.18 A electric current for 2 h. To ensure a successful protein transfer, the nitrocellulose membrane and the gels were imaged and acquired under UV light with the BioRad molecular imager, Gel DocTM XR+ with Image LabTM software after the transfer (see Supplementary Figure S1). The gels were then discarded, and the membranes were blocked in 10% milk powder at room temperature for 90 min on a Stovall Belly dancer shaker. The membranes were then washed consecutively for 15 min and 5 min with 1x Tris-buffered saline tween (TBST) [50 mM Tris base, 150 mM NaCl and 0.1% (v/v) Tween 20 dissolved in deionized water], followed by a 5 min wash with 1x Tris-buffered saline (TBS) (50 mM Tris base and 150 mM NaCl dissolved in deionized water). Thereafter, the membranes were probed with the primary antibody {anti-ERα [sc-8oo2 (F-10), Santa Cruz Biotechnology and anti- ERβ (MA524807/PPZ0506], Thermo Fisher Scientific} at 4°C overnight on a Stovall Belly dancer shaker. The membranes were then washed consecutively for 15 and 5 min in TBST, and in TBS for 5 min. After washing, the membranes were incubated with the secondary antibody (Rabbit anti-mouse IgG H&L (HRP) ab97046 from Abcam) for 90 min at room temperature on a Stovall Belly dancer shaker. Once more, the membranes were washed as described previously. The membranes were then incubated with BioRad ECL Western blotting reagent for 5 min and imaged using the iBrightTM Imaging System from Invitrogen (see Supplementary Figure S1).
To quantify the intensity of the ERα and ERβ protein bands, MyImage Analysis software was used. Equal protein loading was ensured by normalization to the total protein content of each lane. The total protein content was obtainable by adding a sedative agent, TCE (Chopra et al., 2019), to the SDS-PAGE gels. The TCE attaches hydroxyethanone to the indole ring of tryptophan residues that results in the fluorescence of protein bands under UV light, which was quantified using transilluminator molecular imager (BioRad molecular imager, Gel DocTM XR+ with Image LabTM software). The total protein of the test panel-treated lysates was set relative to that of the vehicle. The normalization factor (NF) of the vehicle was set at 1, in which case a NF < 1 or NF > 1 indicates that the total protein content of the test panel-treated lysate is higher or lower than that of the vehicle, respectively. The intensity of the ERα and ERβ protein bands was then multiplied by the NFs to obtain the normalized intensity of the band. Normalized ER expression was plotted as a percentage (average ± SD) relative to the vehicle (DMSO) sample, which was set to 100%. Dose-response curves were generated by fitting experimental values to the three-parameter logistic curve fitting equation in GraphPad Prism with the maximal response constrained to 100% to obtain the efficacy (maximal response) and potency (IC50). Supplementary Figure S1 contains an example of the full SDS-PAGE gel following protein separation, the full nitrocellulose membrane after protein transfer, the full SDS-PAGE gel after protein transfer and the full nitrocellulose membrane following immunoblotting (the Western blot).
2.3.1 Proteasomal and translational inhibition
To study the effects of proteasomal and translational inhibition on the modulation of ERα and ERβ protein levels by the test panel the proteasomal inhibitor, MG132 (Fan et al., 2004) and the translational inhibitor, cycloheximide (CHX) (Schneider-Poetsch et al., 2010) were obtained from Sigma-Aldrich. Stock solutions for both inhibitors were prepared in DMSO and both were used at a final concentration of 1 nM.
2.4 Statistical analysis
Statistical analysis was carried out using GraphPad Prism software version 5. Details of the individual statistical analysis used, including post-tests are described in the figure legends. Statistical difference is expressed as either a different letter or using symbols (*, # and $), as specified in the figure legends. Non-significant results are denoted by “ns.” For all Figures Average ± SD is of three independent biological experiments analyzed as such.
3 RESULTS
3.1 Subtype selective modulation of ER subtype protein levels by Cyclopia extracts in MCF7 and T47D cell lines
MCF7 and T47D cell lines are considered acceptable models for ERα+ luminal A carcinomas (Lacroix & Leclercq, 2004). They require estrogen for proliferation and although both cell lines express ERα and ERβ, MCF7 has a high ERα/ERβ ratio and T47D has a low ERα/ERβ ratio (Nadal-Serrano et al., 2012) as confirmed in Figure 1.
[image: Figure 1]FIGURE 1 | Basal levels of ERα and ERβ protein in MCF7 and T47D cells. MCF7 and T47D cells were steroid starved for 24 h. The media was then changed to high glucose-DMEM only and the cells incubated for another 24 h, after which ERα and ERβ basal protein levels were determined using Western blot. The western blots shown are representatives of three independent experiments for (A) ERα and (B) ERβ. For quantification, the intensity of the ERα and ERβ bands were determined with MyImage Analysis software, after which the obtained values were normalized to total protein content and expressed as a percentage (AVG ± SD) of MCF7 ERα and ERβ protein levels, which was set at 100% (black dotted line). WB is not an absolutely quantitative technique (i.e., the absolute concentrations of proteins cannot be ascertained) only the relative amounts of a protein may be compared between cell lines. Furthermore, as two different antibodies were used for ERα and ERβ we cannot directly compare the absolute levels for the ER subtypes. Thus, we chose to normalize the ER subtype levels to that in MCF7 cells. Statistical analysis was done using unpaired t-test (*p < 0.05, ***p < 0.0001) to evaluate the statistical difference between the basal levels of ERα and ERβ protein in MCF7 and T47D cells.
Western blots were used to determine the efficacy and potency (Table 2) of the test panel in modulating the protein levels of ERα and ERβ in MCF7 (Figure 2) and T47D (Figure 3) cells. ERα protein levels were downregulated by all the Cyclopia extracts in a dose-dependent manner in the MCF7 and T47D cell lines. Specifically, for SM6Met the efficacy of the downregulation of ERα protein levels was 68.6% in MCF7 and 73.7% in T47D cells, for CoT it was 82.7% in MCF7 and 75.0% in T47D cells and for P104 it was 55.4% in MCF7 and 71.3% in T47D cells. Statistical comparison indicates that the efficacy of downregulation of ERα protein levels by the Cyclopia extracts was not significantly (p > 0.05) different (Table 2).
TABLE 2 | Efficacy and potency of the test compounds and Cyclopia extracts in modulating ERα and ERβ protein levels in MCF7 and T47D cells.
[image: Table 2][image: Figure 2]FIGURE 2 | Effect of test panel on ERα and ERβ protein levels in MCF7 cells. MCF7 cells were steroid starved for 24 h and then treated with either vehicle (DMSO) or increasing concentrations of (A) E2, the SOCs, (B) fulvestrant (Ful) or (C) hydroxytamoxifen (4-OHT), or the ER subtype selective ligands, (D) liquiritigenin (Liq) or (E) methyl-piperidino-pyrazole (MPP), or the Cyclopia extracts, (F) SM6Met, (G) cup of tea (CoT) or (H) P104 for another 24 h. The ERα and ERβ protein levels were determined using Western blot. The western blots shown as inserts are representative of three independent experiments. For quantification, the intensity of the ERα and ERβ bands were determined with MyImage Analysis software, after which the obtained values were normalized to total protein content and expressed as a percentage (AVG ± SD) of DMSO, which was set at 100%.
[image: Figure 3]FIGURE 3 | Effect of test panel on ERα and ERβ protein levels in T47D cells. T47D cells were steroid starved for 24 h and then treated with either vehicle (DMSO) or increasing concentrations of (A) E2, the SOCs, (B) fulvestrant (Ful) or (C) hydroxytamoxifen (4-OHT), or the ER subtype selective ligands, (D) liquiritigenin (Liq) or (E) methyl-piperidino-pyrazole (MPP), or the Cyclopia extracts, (F) SM6Met, (G) cup of tea (CoT) or (H) P104 for another 24 h. The ERα and ERβ protein levels were determined using Western blot. The western blots shown as inserts are representative of three independent experiments. For quantification, the intensity of the ERα and ERβ bands were determined with MyImage Analysis software, after which the obtained values were normalized to total protein content and expressed as a percentage (AVG ± SD) of DMSO, which was set at 100%.
ERβ protein levels were upregulated by the two C. subternata Vogel extracts, SM6Met and CoT, and downregulated by the C. genistoides extract, P104. Specifically, ERβ protein levels were upregulated by SM6Met to 145.4% in MCF7 and 132.2% in T47D cells, and to 124.5% in MCF7 and 114.0% in T47D cells by CoT. The upregulation of ERβ protein levels by CoT in T47D cells was lower, albeit not significantly lower than in MCF7 cells, however, it was significantly (p < 0.05) lower than the upregulation of ERβ protein levels by SM6Met (Table 2). In contrast, ERβ protein levels were downregulated in both cell lines by P104% to 90.56% in MCF7 and 73.8% in T47D cells, which was not statistically (p > 0.05) different.
Both SM6Met and CoT downregulated ERα protein levels while simultaneously increasing ERβ protein levels in both cell lines, resulting in a decreased ERα:ERβ ratio (Table 2). However, the effect of SM6Met on the ERα:ERβ ratio was greater as it was more effective at both downregulating ERα protein levels and upregulating ERβ protein levels than CoT. Although, P104 downregulated both ERα and ERβ protein levels in both cell lines, its effect on the ERα protein levels in MCF7 cells was substantially more than on the ERβ protein levels resulting in ERα:ERβ ratio reduced to about that of CoT. However, in T47D cells, the efficacies for the downregulation of the ER subtype proteins were similar and thus, P104 did not have a major influence on the ERα:ERβ ratio in T47D cells.
The potency (Table 2) of SM6Met in decreasing ERα protein levels was lower in MCF7 (3.1 × 10−9 mg/mL) than in T47D (1.2 × 10−12 mg/mL) cells as was the potency of SM6Met to increase ERβ proteins levels (1.7 × 10−12 mg/mL in MCF7 compared to 4.4 × 10−13 mg/mL in T47D cells). Similarly, the potency of CoT in decreasing ERα protein levels was lower in MCF7 (2.5 × 10−9 mg/mL) than in T47D (1.1 × 10−11 mg/mL) cells. However, in contrast, the potency of CoT in upregulating ERβ protein levels in MCF7 (1.0 × 10−13 mg/mL) was slightly higher than in T47D (9.9 × 10−13 mg/mL) cells. Additionally, the potency of P104 in decreasing ERα protein levels was significantly (p < 0.05) lower in MCF7 (4.6 × 10−7 mg/mL) than in T47D (7.1 × 10−15 mg/mL) cells, while the potency of P104 in downregulating ERβ protein levels in MCF7 (1.3 × 10−10 mg/mL) and in T47D (4.7 × 10−10 mg/mL) cells were similar. The potencies of the Cyclopia extracts in modulating either ERα or ERβ protein levels were not statistically different across the two cell lines, except for the potency of P104 in downregulating ERα protein levels in T47D cells.
Comparison of the effects elicited by the Cyclopia extracts with those elicited by the ER subtype specific ligands (Figures 2, 3) suggests that ERα antagonism is unlikely to be the mechanism whereby the Cyclopia extracts exert their SERD activity against ERα as the ERα antagonist, MPP, did not downregulate ERα. ERβ agonist activity seems a more likely mechanism for the SERD activity against ERα as the ERβ agonist, liquiritigenin, did downregulate ERα.
In comparing the relative effects of the full test panel in modulating the ERα:ERβ ratio (Table 2), we can distinguish three groups. Those that did not really affect the ratio (ERα:ERβ ratio around 1), which includes E2 and MPP in both cell lines, and liquiritigenin and P104 only in T47D cells. Those that had a marked effect on the ratio (ERα:ERβ ratio around 0.5), which includes the SOCs and the Cyclopia extracts, except for P104 in T47D cells, and those that had a major effect on the ratio (ERα:ERβ ratio below 0.2) such as liquiritigenin only in MCF7 cells. Overall comparison of the effects of the Cyclopia extracts with that of the SOCs indicates that the C. subternata Vogel extract, SM6Met, was slightly less effective than fulvestrant, but as effective as 4-OHT, in reducing the ERα:ERβ ratio, however with a markedly higher potency in increasing ERβ protein levels, while CoT was slightly less effective than both the SOCs and P104 was the least effective Cyclopia extract at reducing the ERα:ERβ ratio.
3.2 Exploration of the molecular mechanism whereby Cyclopia extracts modulate ERα and ERβ protein levels
Estrogenic ligands regulate the expression and stability of ERα and ERβ in BC through diverse molecular mechanisms depending on the conformation change elicited in the ER subtypes (Pink and Jordan, 1996; Khissiin and Leclercq, 1999; Wijayaratne and McDonnell, 2001). These molecular mechanisms involve the transcriptional, translational as well as the post-translational stages (Kondakova et al., 2020), through a process that may be described as a “push” versus “pull” mechanism. The “push” is controlled by transcriptional and translational processes, while the “pull” is controlled by post-translational processes that result in the degradation of the receptor protein, mediated primarily by the ubiquitin-proteasome pathway (UPS) (Kondakova et al., 2020). To explore the molecular mechanisms underlying the modulation of ERα and ERβ protein turnover by the Cyclopia extracts in MCF7 and T47D BC cells, translation was inhibited using a protein synthesis inhibitor, cycloheximide (CHX) (Baliga et al., 1969; Perry et al., 1995), while degradation of the ER via the UPS was inhibited using a proteasome inhibitor, MG132 (Khissiin and Leclercq, 1999; Fan et al., 2004).
3.2.1 Effect of inhibition of protein synthesis on modulation of ER subtype protein levels by Cyclopia extracts
SM6Met and CoT downregulate ERα and upregulate ERβ protein levels in MCF7 and T47D cells, while P104 downregulates the protein levels of both ER subtypes (Figures 4, 5). Addition of the translational inhibitor, CHX, reversed the downregulation of ERα by SM6Met to basal levels in both MCF7 (Figure 4F) and T47D (Figure 5F) cells, however, significantly (p < 0.01) so only at the higher concentration of SM6Met where the increase in protein levels was between 1.3 and 1.4-fold. Similarly, CHX also reversed the downregulation of ERα by P104 to basal levels in both cell lines (Figures 4H, 5H), however, significance (p < 0.05) was only observed in the T47D cells where the increase in protein levels was between 1.3 and 1.5-fold. In contrast, the addition of CHX had little effect on the downregulation of ERα by CoT (Figures 4G, 5G) and only increased levels by 1.1-fold. Generally, the addition of CHX did not have a significant effect on the modulation of ERβ protein levels, except in the case of SM6Met (Figure 5F) and CoT (Figure 5G) in T47D cells where the stabilizing effect of CHX on ERβ protein levels, though small (1.1 to 1.2-fold), is significant (p < 0.05).
[image: Figure 4]FIGURE 4 | Effect of CHX, a protein synthesis inhibitor, on the modulation of ERα and ERβ protein levels in MCF7 cells. MCF7 cells were steroid starved for 24 h and then treated with either vehicle (DMSO) or LogIC50 (from Figure 2; Table 2 with µg/ml converted to M) and saturating (1 μM) concentrations of (A) E2 or the SOCs, (B) fulvestrant (Ful) or (C) 4-OH-tamoxifen (4-OHT), or the ER subtype selective ligands, (D) liquiritigenin (Liq) or (E) methyl-piperidino-pyrazole (MPP), or LogIC50 (from Figure 2 in µg/ml) and saturating (10−6 μg/ml) concentrations of the Cyclopia extracts, (F) SM6Met, (G) cup of tea (CoT) or (H) P104 in the presence or absence of 1 nM CHX for another 24 h, after which the effect of ± CHX on ERα and ERβ protein levels were determined using Western blot. The western blots shown as insert are representatives of three independent experiments. For quantification, the intensity of the ERα and ERβ bands were determined with MyImage Analysis software, after which the obtained values were normalized to total protein content and expressed as a percentage (AVG ± SD) of DMSO, which was set at 100%. Fold-change is indicated above the bars. Statistical analysis was done using a two-tailed t-test to establish significant differences due to addition of CHX (#p < 0.05, ##p < 0.01 and ###p < 0.001).
[image: Figure 5]FIGURE 5 | Effect of CHX, a protein synthesis inhibitor, on the modulation of ERα and ERβ protein levels in T47D cells. T47D cells were steroid starved for 24 h and then treated with either vehicle (DMSO) or LogIC50 (from Figure 3; Table 2 with µg/ml converted to M) and saturating (1 μM) concentrations of (A) E2 or the SOCs, (B) fulvestrant (Ful) or (C) 4-OH-tamoxifen (4-OHT), or the ER subtype selective ligands, (D) liquiritigenin (Liq) or (E) methyl-piperidino-pyrazole (MPP), or LogIC50 (from Figure 3 in µg/ml) and saturating (10−6 μg/ml) concentrations of the Cyclopia extracts, (F) SM6Met, (G) cup of tea (CoT) or (H) P104 in the presence or absence of 1 nM CHX for another 24 h, after which the effect of ± CHX on ERα and ERβ protein levels were determined using Western blot. The western blots shown as insert are representatives of three independent experiments. For quantification, the intensity of the ERα and ERβ bands were determined with MyImage Analysis software, after which the obtained values were normalized to total protein content and expressed as a percentage (AVG ± SD) of DMSO, which was set at 100%. Fold-change is indicated above the bars. Statistical analysis was done using a two-tailed t-test to establish significant differences due to addition of CHX (#p < 0.05, ##p < 0.01 and ###p < 0.001).
The addition of the translational inhibitor, CHX, caused no significant difference in the modulation of ERα and ERβ protein levels by liquiritigenin (Figures 4D, 5D) in both cell lines, and in the modulation by MPP (Figure 5E) in T47D cells. However, in MCF7 cells, there was a slight (1.1-fold), yet significant (p < 0.05), increase in the protein levels of ERα and ERβ upon the addition of CHX to MPP compared to MPP alone (Figure 4E).
Similarly, the addition of the translational inhibitor, CHX, had no significant effect on the downregulation of either ERα or ERβ protein levels by E2 in either cell line (Figures 4A, 5A). Likewise, the effect of fulvestrant (Figure 4B) and 4-OHT (Figure 4C) on ERα and ERβ protein levels in MCF7 cells was not significantly altered by the addition of CHX. However, translational inhibition through the addition of CHX significantly (p < 0.05) increased the protein levels of ERα and ERβ modulated by fulvestrant in T47D cells (Figure 5B) by 1.3 to 1.4-fold and 1.2-fold, respectively. Similarly, the modulation of ERα, but not ERβ, protein levels by 4-OHT in T47D cells (Figure 5C) was significantly (p < 0.0001) reversed (1.7 to 1.8-fold) by the addition of CHX.
3.2.2 Effect of inhibition of proteasomal inhibition on modulation of ER subtype protein levels by Cyclopia extracts
Inhibition of proteasomal degradation with MG132 generally counteracts the downregulatory effect of the Cyclopia extracts, SM6Met, CoT and P104, on ERα protein levels while enhancing the stabilization of ERβ protein levels by SM6Met and CoT (Figures 6, 7). Specifically, proteasomal inhibition counteracts the effects of the Cyclopia extracts, SM6Met (Figure 6F), CoT (Figure 6G) and P104 (Figure 6H) in downregulating ERα protein levels in MCF7 cells. Although not always significantly higher, the magnitude of the change due to the addition of MG132 was substantial (1.3 to 1.8- fold). In the T47D cells, the effects of MG132 on the downregulation of ERα protein levels by the Cyclopia extracts (Figures 7F–H) was substantially lower (1.1 to 1.3-fold) and mostly not significant. Stabilization of ERβ protein levels by SM6Met (Figures 6F, 7F) and CoT (Figures 6G, 7G) in both MCF7 and T47D cells was enhanced (1.1 to 1.3-fold), although not always significantly, by the addition of MG132. The effect of P104 on ERβ protein levels was significantly (p < 0.05) reversed (1.1 to 1.5-fold) by proteasomal inhibition in MCF7 cells (Figure 6H), while in T47D cells (Figure 7H) no effect was observed by adding MG132.
[image: Figure 6]FIGURE 6 | Effect of MG132, a UPS inhibitor, on the modulation of ERα and ERβ protein levels in MCF7 cells. MCF7 cells were steroid starved for 24 h and then treated with either vehicle (DMSO) or LogIC50 (from Figure 2; Table 2 with µg/ml converted to M) and saturating (1 μM) concentrations of (A) E2 or the SOCs, (B) fulvestrant (Ful) or (C) 4-OH-tamoxifen (4-OHT), or the ER subtype selective ligands, (D) liquiritigenin (Liq) or (E) methyl-piperidino-pyrazole (MPP), or LogIC50 (from Figure 2 in µg/ml) and saturating (10−6 μg/ml) concentrations of the Cyclopia extracts, (F) SM6Met, (G) cup of tea (CoT) or (H) P104 in the presence or absence of 1 nM MG132 for another 24 h, after which the effect of ± MG132 on ERα and ERβ protein levels were determined using Western blot. The western blots shown as insert are representatives of three independent experiments. For quantification, the intensity of the ERα and ERβ bands were determined with MyImage Analysis software, after which the obtained values were normalized to total protein content and expressed as a percentage (AVG ± SD) of DMSO, which was set at 100%. Fold-change is indicated above the bars. Statistical analysis was done using a two-tailed t-test to establish significant differences due to addition of MG132 (#p < 0.05, ##p < 0.01 and ###p < 0.001).
[image: Figure 7]FIGURE 7 | Effect of MG132, a UPS inhibitor, on the modulation of ERα and ERβ protein levels in T47D cells. T47D cells were steroid starved for 24 h and then treated with either vehicle (DMSO) or LogIC50 (from Figure 3; Table 2 with µg/ml converted to M) and saturating (1 μM) concentrations of (A) E2 or the SOCs, (B) fulvestrant (Ful) or (C) 4-OH-tamoxifen (4-OHT), or the ER subtype selective ligands, (D) liquiritigenin (Liq) or (E) methyl-piperidino-pyrazole (MPP), or LogIC50 (from Figure 3 in µg/ml) and saturating (10−6 μg/ml) concentrations of the Cyclopia extracts, (F) SM6Met, (G) cup of tea (CoT) or (H) P104 in the presence or absence of 1 nM MG132 for another 24 h, after which the effect of ± MG132 on ERα and ERβ protein levels were determined using Western blot. The western blots shown as insert are representatives of three independent experiments. For quantification, the intensity of the ERα and ERβ bands were determined with MyImage Analysis software, after which the obtained values were normalized to total protein content and expressed as a percentage (AVG ± SD) of DMSO, which was set at 100%. Fold-change is indicated above the bars. Statistical analysis was done using a two-tailed t-test to establish significant differences due to addition of MG132 (#p < 0.05, ##p < 0.01 and ###p < 0.001).
Generally, proteasomal inhibition with MG132 did not significantly counteract the effects of the ER subtype selective ligands on the ERα and ERβ protein levels (Figures 6D, E, 7D, E), apart from liquiritigenin-induced downregulation of ERα protein levels in MCF7 cells (Figure 6D) and increased stabilization of ERβ protein levels by liquiritigenin (Figure 7D) in T47D cells. Although these effects were statistically significant, the magnitude of the fold-change due to MG132 was only substantial for ERα protein levels in MCF7 cells (1.5 to 1.7-fold) but not for ERβ protein levels in T47D cells (1.1 to 1.2-fold).
Proteasomal inhibition with MG132 largely counteracts the effects of E2 (Figures 6A, 7A) in downregulating both ERα and ERβ in MCF7 and T47D cells. Although not always significantly higher, the fold change in ER levels due to MG132 addition are of a higher magnitude in MCF7 cells (1.3 to 1.5-fold) than in T47D cells (1.2 to 1.4-fold). Downregulation of ERα protein levels by the SOCs, fulvestrant (Figures 6B, 7B) and 4-OHT (Figures 6C, 7C) was counteracted to a statistically significant degree (p < 0.05) by the addition of MG132, except in the case of 4-OHT in MCF7 cells. Interestingly, the highest fold-change in ER levels due to the addition of MG132 (1.4 to 1.7-fold) was observed with 4-OHT in T47D cells, where addition of MG132 stabilized ERα protein levels to above that of basal levels. Upregulation of ERβ protein levels by the SOCs, fulvestrant (Figures 6B, 7B) and 4-OHT (Figures 6C, 7C), was slightly enhanced (between 1.1 and 1.3-fold) by the addition of MG132, although not always to a statistically significant degree (p < 0.05).
4 DISCUSSION
The SOCs for ER+ BC include SERDs such as fulvestrant that target and reduce the expression of ERα (Lu and Liu, 2020; Hernando et al., 2021). Specifically, fulvestrant, the only SERD currently used clinically, targets and degrades ERα protein through proteasomal degradation and is often used to combat tamoxifen and AI resistance (Mottamal et al., 2021). However, due to the poor pharmacokinetics associated with fulvestrant administration, which necessitates intramuscular injection, there are limitations on its bioavailability, which results in incomplete ERα repression by fulvestrant (Croxtall and McKeage, 2011; Nathan et al., 2017). Regardless, the positive attributes of fulvestrant, by degrading ERα protein, proffer insights for the development of novel oral SERDs with improved bioavailability to overcome endocrine therapy resistance in BC with improved efficacy and potency (Lu and Liu, 2020; Hernando et al., 2021). Furthermore, not only the absolute levels of ERα but rather the levels of ERα relative to that of ERβ, the ERα:ERβ ratio, has been shown to play an important role in the BC prognosis (Evers et al., 2014; Acconcia et al., 2017). ERα facilitates cell proliferation while ERβ enables cell apoptosis and counteracts the proliferative activity of ERα (Huang et al., 2015), and thus, an increased ERα:ERβ ratio is often associated with BC (Zhao et al., 2015; Acconcia et al., 2017). Therefore, the main objective in designing a novel SERD includes an oral pharmacokinetic profile superior to that of fulvestrant and a higher efficacy and potency of ERα degradation (Lu and Liu, 2020; Shagufta et al., 2020). Furthermore, if these novel SERDs were to selectively target ERα, but not ERβ, and thereby reduce the ERα:ERβ ratio that would be an added advantage (O’Boyle et al., 2018).
From our results, it is clear that the C. subternata Vogel extracts, SM6Met and CoT, but not the C. genistoides extract, P104, display the most desirable attributes for BC prevention and treatment in downregulating ERα while upregulating ERβ and thereby reducing the ERα:ERβ ratio in both BC cell lines. Comparison of the effects on the ERα:ERβ ratio elicited by the C. subternata Vogel extracts, SM6Met and CoT, with those elicited by the SOCs, fulvestrant and 4-OHT, suggests that SM6Met is slightly less effective than the SERD, fulvestrant, but as effective as the SERM, 4-OHT, while CoT is less effective than both the SOCs. However, the potencies of the C. subternata Vogel extracts, SM6Met and CoT, are generally markedly higher than that of fulvestrant. We have previously shown that the C. subternata Vogel extracts, SM6Met and CoT, are absorbed when administered orally and elicit a biological effect in vivo, specifically by significantly reducing uterine weight and significantly delaying vaginal opening relative to solvent in the immature rat uterotrophic assay (Visser et al., 2013). Furthermore, SM6Met has demonstrated efficacy in reducing tumor mass and volume and increasing tumor free survival in a N-Methyl-N-nitrosourea (MNU)-induced rat mammary gland carcinogenesis model (Visser et al., 2016) and in suppressing tumor growth in an orthotopic model of LA7 cell-induced mammary tumors (Oyenihi et al., 2018). Thus the proven oral bioavailability of the C. subternata Vogel extracts coupled to the generally higher potency and comparable efficacy in vitro SERD activity suggest that these extracts are worthy of further investigation.
The downregulation of ERα protein levels by E2 and fulvestrant in both MCF7 and T47D cell lines agrees with previous findings (Power and Thompson, 2003; Yeh et al., 2013; Garner et al., 2015; Joseph et al., 2016; Liu et al., 2016), while the downregulation of ERα protein levels by 4-OHT in the current study contradicts some previous findings (Power and Thompson, 2003; Garner et al., 2015), but is supported by others (Koibuchi et al., 2000; Joseph et al., 2016) in an estrogen-depleted environment as also used in the current study. Specifically, Garner et al. (2015) showed that at 48 h, ERα protein levels were completely (100%) downregulated by 1 nM E2 and by 100 nM fulvestrant, while treatment with 1 μM of 4-OHT had no effect on ERα protein levels in MCF7 cells. Likewise, Yeh et al. (2013) demonstrated that after 6 h, ERα protein levels in MCF7 cells were downregulated to 35% by 100 nM of E2 and 100 nM of fulvestrant. Also, Joseph et al. (2016) performed a dose-response assay and showed that ERα protein levels were downregulated by 1 μM of fulvestrant with an efficacy of 6.4%, while 1 μM 4-OHT displayed an efficacy of 51.9% at 4 h in MCF7 cells. Furthermore, Power and Thompson (2003), demonstrated that at 24 h, ERα protein levels were downregulated by 1 nM of E2 in MCF7 cells, while no effect was seen in T47D cells. Also in the same study, 1 μM of 4-OHT was shown to upregulate ERα protein levels in both cell lines. Liu et al. (2016) showed that ERα protein levels were downgraded by more than 50% in response to fulvestrant within the concentration range of 0.03–1 μM in T47D cells. Even though our results of the downregulation of ERα protein levels by E2 and fulvestrant, in MCF7 cells agree with the findings above, comparison of the extent of the downregulation of ERα protein levels (efficacy) is difficult due to the different time points used. The discrepancies in our results showing downregulation of ERα protein levels by 4-OHT and E2, with the no effect of 1 nM E2 treatment on ERα levels demonstrated by Power and Thompson (Power and Thompson, 2003) in T47D cells, and the findings of no effect on- and the upregulation of ERα protein levels by 4-OHT for both cell lines as shown by Garner et al. (2015) and Power and Thompson (2003), respectively, may be due to the variations in the genotypes of the cell lines used by the different laboratories, the difference in the concentrations of the test compounds and experimental procedures such as different time points used for test compound treatment, as well as different culture conditions and passage number and used by the diverse laboratories (Jones et al., 2000; Bahia et al., 2002; Wenger et al., 2004; Kleensang et al., 2016). Reports on the potencies of E2, fulvestrant and 4-OHT to modulate ER subtypes are rare as few researchers attempt dose-response curves, however, Joseph et al. (2016) demonstrated that ERα protein levels were downregulated by fulvestrant with a potency of 0.39 nM, while 4-OHT showed a potency of 0.14 nM in MCF7 cells, which differs slightly from our results showing a potency for fulvestrant of 6.94 × 10−13 M and 2.04 × 10−10 M for 4-OHT.
The downregulation of ERβ protein levels by E2 in both MCF7 and T47D cell lines agrees with most previous findings (Peekhaus et al., 2004; Mishra et al., 2016), however, contradicts the findings of Power and Thompson (2003). Specifically, Mishra et al. (2016) showed that ERβ protein levels were downregulated by 1 nM E2 in MCF7 cells, while Peekhaus et al. (2004) demonstrated that ERβ protein levels were downregulated by 10 nM E2 in MCF7 cells transfected with an ERβ expression vector. In contrast, Power and Thompson (2003) showed that ERβ protein levels were significantly upregulated by 1 nM E2 in both MCF7 and T47D cells. Furthermore, the upregulation of ERβ protein levels by fulvestrant in both MCF7 and T47D cell lines agrees with Mishra et al. (2016) and Peekhaus et al. (2004). Specifically, Mishra et al. (2016) showed that ERβ protein levels were upregulated by 1 μM fulvestrant in MCF7 cells, while Peekhaus et al. (2004) demonstrated that ERβ protein levels were upregulated by 10 nM fulvestrant in MCF7 cells transfected with an ERβ expression vector. The upregulation of ERβ protein levels by 4-OHT in both MCF7 and T47D cell lines agrees with Peekhaus et al. (2004), however, contradicts the findings of Power and Thompson (2003) in T47D, but not MCF7 cells. Specifically, Peekhaus et al. (2004) demonstrated that ERβ protein levels were upregulated by 10 nM tamoxifen in MCF7 cells transfected with an ERβ expression vector. Although Power and Thompson (2003) also demonstrated that 24 h treatment of 1 μM 4-OHT significantly upregulated ERβ protein levels in MCF7 cells, they did, however, demonstrate significant downregulation in T47D cells.
To recapitulate, E2, fulvestrant and 4-OHT all downregulated ERα protein levels in a concentration-dependent manner in both cell lines, however, the extent of downregulation by 4-OHT was considerably less. In contrast, although E2 downregulated ERβ protein levels, fulvestrant and 4-OHT both significantly elevated ERβ protein levels in both cell lines. Thus, the ERα:ERβ ratio was not greatly affected by E2, however, fulvestrant and 4-OHT greatly reduced the ERα:ERβ ratio confirming their beneficial effects in ER+ BC (Leclercq et al., 2006; Sotoca Covaleda et al., 2008; Pons et al., 2014; Acconcia et al., 2017). Of note, the potency of fulvestrant in upregulating ERβ protein levels was significantly lower in MCF7 than in T47D cells, while the potency of downregulation of ERα protein levels was significantly higher in MCF7 than in T47D cells, which may be because of the high ERα:ERβ ratio in MCF7 and low ERα:ERβ ratio in T47D cells (Pons et al., 2014).
To the best of our knowledge, this is the first report of the dose-response modulation of ERα and ERβ protein levels by the ER subtype selective ligands, liquiritigenin and MPP, in BC cell lines. Liquiritigenin repressed ERα protein levels while concurrently increasing ERβ protein levels in both cell lines resulting in a decreased ERα:ERβ ratio. In contrast, MPP upregulated ERα and ERβ protein levels to the same extent in both cell lines and thus did not influence the ERα:ERβ ratio. Although liquiritigenin has been shown to bind to both ERα and ERβ with the same affinity, liquiritigenin specifically activates ERβ transcriptional activity and not that of ERα (Mersereau et al., 2008; Powell and Xu, 2008). Furthermore, the isomeric precursor of liquiritigenin, isoliquiritigenin (Ramalingam et al., 2018) and an extract from licorice root, which also consists of liquiritigenin, had been shown to downregulate ERα protein levels in MCF7 cells (Maggiolini et al., 2002; Hu et al., 2009), while liquiritigenin itself, as found in the current study, significantly downregulated ERα and upregulated ERβ levels in a BT-474 breast cancer cell-derived tumor xenograft model (Liang et al., 2022). The Cyclopia extracts all demonstrate ERα antagonism and ERβ agonism (Visser et al., 2013), however, a comparison of the effects of the ER subtype selective ligands, MPP (ERα antagonist) and liquiritigenin (ERβ agonist), suggests that the ERβ agonist rather than ERα antagonist activity of the Cyclopia extracts is responsible for the modulation of ER subtype levels observed.
Regarding the Cyclopia extracts previous work by Visser (2013) showed that 9.8 μg/mL of all three Cyclopia extracts downregulates ERα protein levels in MCF7 cells with efficacies of 89.8%, 86.0%, and 70.1% for SM6Met, CoT and P104, respectively. Visser did not do dose-response curves and thus potencies cannot be compared but as the concentration used by Visser corresponds to the highest concentration used during the current study, efficacies may be compared. Thus, results indicate that the efficacy for the downregulation of ERα protein levels in MCF7 cells by SM6Met at 68.6% is higher in the current study than the 89.8% shown by Visser, as is the 55.4% downregulation by P104 in the current study compared to the 70.1% shown by Visser. However, in contrast, the extent of downregulation of ERα protein levels in MCF7 cells by CoT in the current study (82.7%) is similar to the 86.0% shown by Visser (2013). Likewise, Visser (2013) showed that 9.8 μg/mL of all three Cyclopia extracts upregulates ERβ protein levels in MCF7 cells. The efficacy of the upregulation of ERβ protein levels in MCF7 cells by SM6Met is slightly higher at 145.4% in the current study than the 130.8% shown by Visser, as is the efficacy of CoT at 124.5% in the current study compared to the 110.9% shown by Visser. In contrast to that seen by Visser (2013), ERβ protein levels were downregulated by P104 in the current study.
Comparison of the attributes of the Cyclopia extracts revealed in the current study with that of other botanicals or plant extracts suggest some similarities. For example, the citrus plant-derived flavanone naringenin had been shown to have little effect on ERα (Acconcia et al., 2017) up to 1 µM but to decrease ERα protein levels at 200 µM (Xu et al., 2018), while increasing ERβ protein levels in MCF7 cells (Xu et al., 2018). Additionally, genistein, the major isoflavonoid found in soybeans, had little effect on ERα protein levels in MCF7 and T47D cells, while strongly increasing ERβ protein levels in T47D, but not MCF7 cells (Pons et al., 2014). Acetyltanshinone IIA (ATA), chemically modified from tanshinone IIA (TIIA), a major compound that was isolated from a medicinal plant, Salvia miltiorrhiza, specifically reduces the protein levels of ERα, but not ERβ, in MCF7 cells (Yu et al., 2014). Furthermore, triptolide, a diterpenoid isolated from the plant Tripterygium wilfordii Hook F also decreased ERα protein levels in MCF7 cells (Li et al., 2015), as did artemisinin, an antimalarial sesquiterpene lactone phytochemical isolated from the sweet wormwood plant, Artemisia annua, with the latter also shown to have no effect on ERβ protein levels in MCF7 cells (Sundar et al., 2008).
In addition, assessment of the polyphenolic compounds quantified in the C. subternata Vogel extracts, SM6Met and CoT, and the C. genistoides extract, P104, (Table 1) may provide clues to their selective ER subtype downregulation. For instance, the xanthones, mangiferin and isomangiferin, and hespiridin that are present in both C. subternata and C. genistoides, were suggested to possess anti-cancer activities (Wang et al., 2018; Hsu et al., 2021; Yap et al., 2021). Specifically, hesperidin promotes MCF7 cell proliferation in the dose range of 12.5–100 μM (Liu et al., 2008) while displaying anti-proliferative activities above 100 μM (Hsu et al., 2021), downregulates ERα mRNA levels in MCF7 and T47D cells (Khamis et al., 2018), and increases ERβ protein levels in the hypothalamus of ovariectomized mice (Han et al., 2018). Therefore, hesperidin, which is the main (2.049 g/100 g dry extract) polyphenol quantified in SM6Met, and which is present at 2.2-fold higher levels than in CoT (0.935 g/100 g dry extract), may explain the fact that the efficacy of SM6Met in downregulating ERα protein and upregulating ERβ protein levels is generally greater than that of CoT. Hesperidin was not quantified in P104.
Isomangiferin is the major polyphenol (Table 1) quantified in the C. genistoides extract, P104 (5.094/100 g dry extract), and is 7.9 to 12.1-fold higher than the levels in the C. subternata Vogel extracts, SM6Met and CoT, respectively, and although no work has been done on its effect on ERα or ERβ protein levels it has been shown to inhibit MCF7 cell proliferation and to suppress tumor growth in a mouse breast cancer mouse xenograft model using MDA-MB-231 cells (Wang et al., 2018). It would thus be interesting to evaluate the effects of isomangiferin on the ER subtype protein levels to ascertain if it is responsible for the downregulation of both ER subtypes by P104 as shown in the current study.
Mangiferin (Table 1), which is the major polyphenol (Table 1) quantified in the C. subternata Vogel extract, CoT (1 g/100 g dry extract), but is 1.9 to 3.6-fold lower than the levels in the C. subternata Vogel extract, SM6Met and the C. genistoides extract, P104, respectively, have been shown to activate transcription via ERα but not via ERβ (Wilkinson et al., 2015), to inhibit proliferation of MCF7 cells (Li et al., 2013; Lv et al., 2013; Cuccioloni et al., 2016; Min Yap et al., 2021) and to increase ERβ, but not ERα, mRNA expression in bone marrow macrophage cells (Sekiguchi et al., 2017). It is thus difficult to speculate what the effect of mangiferin would be on the ER subtype protein levels and this would have to be investigated in future.
Furthermore, luteolin and protocatechuic acid downregulate DHT-induced ERα protein expression and upregulate DHT-suppressed ERβ protein expression in a human prostatic epithelial cell line, BPH-1 (Tao et al., 2019), while luteolin reduces ERα protein expression in MCF7 cells (Wang et al., 2012), selectively transactivates via ERβ but not via ERα in SK-N-BE neuroblastoma cells (Innocenti et al., 2007), but not in HEK293 cells transfected with ER subtypes (Mortimer et al., 2015), inhibits E2-induced ERα transactivation in a yeast assay (Pinto et al., 2008), binds preferentially to ERβ (Verhoog et al., 2007b) and displays partial agonist activity in stimulating MCF7 cell proliferation (Resende et al., 2013) but inhibits E2-induced proliferation in MCF7 cells (Verhoog et al., 2007b). Luteolin is, however, present at very low concentrations in all Cyclopia extracts and is thus unlikely to alone be responsible for the effects of the Cyclopia extracts. In fact, we have previously shown that activity-guided fractionation does not retain all the desirable estrogenic attributes of the original SM6Met in one fraction (Mortimer et al., 2015) and thus it maybe the combinatorial effect of all or several of the compounds in the extracts that contribute to the selective modulation of the ER subtypes. Although some isolated pure phytoestrogen compounds are active against BC, it has been postulated that the range of their activity is less compared to that of crude extracts as the multifactorial reactions and synergy between phytoestrogenic compounds are only present in crude extracts (Gilbert and Alves, 2005; Rasoanaivo et al., 2011). Thus, phytoestrogenic extracts rather than isolated phytoestrogens may increase the likelihood of combining the attributes, such as the ability to downregulate ERα, upregulate ERβ and preferentially decrease the ERα:ERβ ratio, thought to be desirable for BC treatment and prevention.
Taken together, our findings show that the molecular mechanism involved in the regulation of ERα and ERβ protein levels may be organized into several types. Those primarily regulated through proteasomal degradation such as E2 and liquiritigenin and those such as MPP primarily regulated through transcriptional and translational mechanisms. Other types involve a mixture of mechanisms, either equally or preferentially leaning towards one of the mechanisms. Specifically, 4-OHT and the Cyclopia extracts, CoT and P104, appear to equally favor proteasomal, and transcriptional and translational mechanisms, while fulvestrant and SM6Met generally favor proteasomal degradation.
The regulation of ERα protein levels via proteasomal degradation by E2 and fulvestrant in MCF7 cells agrees with the findings of Zhao et al. (2015), and Wijayaratne and McDonnell (2001), while regulation of ERβ protein levels via proteasomal degradation by E2 agrees with the findings of Zhao et al. (2015). Furthermore, Khissiin and Leclercq (Khissiin and Leclercq, 1999) showed that the downregulation of ERα protein levels by E2 in MCF7 cells was via both protein synthesis and proteasomal degradation. Additionally, although not in BC cells, Alarid et al. (1999) using CHX and MG132, and the transcription inhibitor, 5,6-DRB demonstrated that ERα protein levels downregulation by E2 was through proteasomal degradation and not via protein synthesis nor transcription in lactotrope cells, PR1. Our report is the first on the molecular mechanism of regulation of ER subtypes by the Cyclopia extracts and to our knowledge also by the ER subtype selective ligands, liquiritigenin and MPP.
Despite many studies investigating the selective degradation of the ER for BC treatment (Lu and Liu, 2020; Shagufta et al., 2020; Wang Z. et al., 2021; Kumar et al., 2021; Mottamal et al., 2021), these have mostly focused on ERα with little mention of ERβ. Our study in elaborating on the molecular characteristics and mechanism of action of the Cyclopia extracts has in contrast explicitly evaluated selectively in terms of ER subtype levels. In conclusion, the current study indicates that the C. subternata Vogel extracts, SM6Met and CoT, rather than the C. genistoides extract, P104, display favorable attributes by degrading ERα while stabilizing ERβ. Coupled to the proven oral bioavailability of the C. subternata Vogel extracts (Visser et al., 2013; Visser et al., 2016; Oyenihi et al., 2018) the current study suggests that the C. subternata Vogel extracts may be of therapeutic benefit for BC prevention and treatment and provide the underpinning for the development of an ER-targeted phytopharmaceutical product from Cyclopia.
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Polyphenolic compounds present in Cyclopia extracts (9/100 g dry extract)®

CoT®

Mangiferin | 1899 1.000 3,606
Isomangiferin [ 0645 | 0.420 5094
Luteolin 0.040 0,018 0096
Scolymoside (7-O-rutinosylluteolin) 1.289 0.876 nd"
Vicenin-2 (6,8-di--D-glucopyranosylapigenin) 0,089 0,065 nd
Eriocitrin (7-O-rutinosylerodictyol) | 0846 0.600 nd
Hesperidin (7-O-rutinosylhesperetin) 2049 0935 nd
3',5'-di--D-Glucopyranosylphloretin 1278 0.939 nd

li-B-D-Glucopyranosyl-3-hydroxyphloretin® 0.700 0.582 nd
3-p-D-Glucopyranosyliriflophenone 0,669 0590 nd
3-p-D-Glucopyranosyl-4-0-p-D-glucopyranosyliriflophenone® | 0958 0.896 nd
Protocatechuic acid 0113 0.082 nd

'g/100 g dry extracts denotes the quantity (g) of the polyphenolic compound present in 100 g of Cyclopia extract.

"Prepared from Cyclopia subternata Vogel harvesting, M6, harvested on 30 March 2004 from a commercial plantation at Kanetberg farm near Barrydale, South Africa. Four batches (B1-B4) of
SM6Met were prepared in 2012 by Mortimer et al. (2015) and Visser et al. (2013). Batches 1-4 were mixed in equal weights to prepare 3 mixes. Mix 2 was used in the current study. The CoT
extract (batch 1) was also prepared in 2012 by Mortimer et al. (2015) and Visser et al. (2013) from the M6 harvesting.

“Prepared from Cyclopia genistoides harvested on 15 March 2001 from a commercial plantation at Koksrivier, Pearly beach, South Africa. The P104 extract used for the current study was
prepared by Verhoog et al. (2007b) and Verhoog et al. (2007a).

“Structure unambiguously elucidated by Human et al. (2021).

“Structure unambiguously elucidated by Beelders et al. (2014).
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