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Endometriosis is a chronic inflammatory disorder caused by abnormal adhesion of endometrial tissue to the outside of the uterus. The combination of surgery, non-steroidal anti-inflammatory drugs, and hormone treatment is well established therapy for endometriosis, however, case reports have showed that high rates of relapse and unpleasant side effect. For these reasons, recently, the studies have been focused on the Warburg-like metabolic shift of endometriosis. Prunella vulgaris is one of traditionally used herbal medicine for inflammatory disease and the anti-estrogenic effects of P. vulgaris is well-established. Therefore, in this work, we evaluated water-extracted P. vulgaris (PV) as a potential treatment for endometriosis. To this, we artificially induced endometriosis in ovarectomized mice by intra-peritoneal inoculation of uterus extracts. PV was orally administered, and PV significantly alleviated endometriosis, particularly the growth of ectopic endometrial lesions in artificially endometriosis-induced mice. For the mechanism study of anti-endometriosis by PV, we designed an in vitro study using human normal endometrial stromal cells (T-HESCs) and human endometrial cell (12Z) obtained from patients with endometriosis. PV strongly induced the apoptosis of 12Z cells rather than T-HESCs by control the activity or expression of aerobic glycolysis enzymes, such as lactate dehydrogenase A (LDHA), pyruvate dehydrogenase A, and pyruvate dehydrogenase kinase 1/3. In addition, lactate production was enhanced, and oxygen consumption rate was suppressed in 12Z cells upon PV treatment. These changes in aerobic glycolysis eventually caused mitochondrial damage following decreased mitochondrial membrane potential and excessive mitochondrial ROS production. Especially, ulsolic acid (UA), one of the compounds in PV considerably led 12Z cell apoptosis with inhibition of LDHA activity. Therefore, UA could be a major active substance of PV in terms of endometriosis inhibitors. In conclusion, this study provides the evidence that the beneficial efficacy of PV for the prevention/treatment of endometriosis.
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INTRODUCTION
Endometriosis is a gynecological disorder characterized by abnormal growth of endometrial cells outside the uterus, commonly involving the ovaries, fallopian tubes, and the lining of the pelvic cavity (Malvezzi et al., 2020). Despite the high prevalence of the disease affecting up to 10% of reproductive-aged women, the pathogenesis of endometriosis is unclear (Zubrzycka et al., 2020; Arafah et al., 2021). The most well established hypothesis regarding the pathophysiology of endometriosis is retrograde menstruation. However, this hypothesis does not fully explain the mechanisms underlying endometriosis (Klemmt and Starzinski-Powitz, 2018; Chapron et al., 2019). Thus, several other mechanisms, such as inflammation, immunological dysregulation, hormone imbalance, and both genetic and epigenetic factors are thought to act in combination as the cause of endometriosis (Chapron et al., 2019; Zubrzycka et al., 2020).
Recently, a cancer-like glycolytic phenotype was reported in patients with endometriosis, as measured by metabolite and transcript levels (Marianna et al., 2017; Rytkonen et al., 2020; Zheng et al., 2021). Glucose transporter 1 (GLUT1), lactate dehydrogenase A (LDHA), and pyruvate dehydrogenase kinase 1 (PDK1) have been suggested as key enzymes for maintaining glycolytic metabolism in endometriosis (McKinnon et al., 2014; Young et al., 2014; Lee et al., 2018; Kido et al., 2020). LDHA is a key enzyme that converts pyruvate into lactate (Zhang et al., 2015; Urbanska and Orzechowski, 2019), while PDK1 is an enzyme responsible for inducing aerobic glycolysis by suppressing the activity of the pyruvate dehydrogenase complex by phosphorylating its E1α subunit (PDHA) (Stacpoole, 2017; Park et al., 2018). In addition, several studies have shown that targeting LDHA or PDK1 might be an effective non-hormonal strategy for the treatment of endometriosis by reducing cell survival and inducing apoptotic cell death (Young et al., 2016; Horne et al., 2019; Kim et al., 2021a).
In Eastern Asia, the herbal medicine is commonly used for the treatment of endometriosis and is generally used to alleviate pain, promote fertility, and prevent relapse (Flower et al., 2012). Prunella vulgaris L. is a perennial herb belonging to the family Labiatae and is widely distributed in northeast Asia, including China, Japan, and Korea (Bai et al., 2016; Wang et al., 2019). P. vulgaris is commonly used as a herbal medicine for headaches, dizziness, scrofula, goiter, and mastitis (Bai et al., 2016). P. vulgaris and its components have anti-cancer effects on several malignant tumors, such as gastric, colorectal, thyroid, breast, and uterine cancers, because it induces apoptotic cell death (Lin et al., 2013; Han et al., 2015; Lim et al., 2020; Lin et al., 2020; Yu et al., 2021). In addition, P. vulgaris and its active components were reported to regulate glucose metabolism by means of metabolites and enzymes in cancer cells as well as in a diabetic mouse model (Hwang et al., 2012; Wang et al., 2014; Raafat et al., 2016; Zhang et al., 2020). The expression of enzymes related to glucose metabolism, such as enolase 1 and M2-type pyruvate kinase, can be decreased with P. vulgaris treatment (Wang et al., 2014). Several studies have demonstrated that P. vulgaris and betulinic acid, one of its active ingredients, have an inhibitory effect on the growth of endometrial cells through anti-estrogenic activity (Huang et al., 2006; Collins et al., 2009; Xiang et al., 2020). However, the molecular mechanisms underlying the inhibition of endometriosis by P. vulgaris have not been fully elucidated.
Based on previous experimental evidences, we hypothesized that changes in glucose metabolism might be the underlying mechanism driving P. vulgaris-induced endometriosis reduction. Therefore, in this study, we investigated the effect of water-extracted P. vulgaris (PV) on endometriosis in vivo and in vitro. The results suggest that PV reduced endometriotic lesions by inducing apoptosis and that the suppression of aerobic glycolysis might be one of the underlying molecular mechanisms.
MATERIALS AND METHODS
Preparation of P. vulgaris Extracts
PV was purchased from the Korea Plant Extract Bank at the Korea Research Institute of Bioscience and Biotechnology (Chungju-si, Chungchungbuk-do, South Korea). The extract was dissolved in phosphate buffered saline (PBS) for the in vitro enzyme activity assay along with dimethyl sulfoxide (Sigma-Aldrich Chemical Co., Louis, Mo, United States), before being diluted using culture media for cell line experiments, or with corn oil immediately before use in animal studies.
Animal Care
Five-week-old female C57BL/6 mice were purchased from Orient Bio (Seongnam, South Korea) and were maintained in polycarbonate cages during the experimental period at an animal facility at the Institute for Laboratory Animals of Pusan National University. A 12 h day-night cycle, room temperature of 22 ± 2°C, and humidity of 50–60% were automatically maintained in the animal facility. Isoflurane and CO2 inhalation was used for anesthesia and sacrifice, respectively. All experimental procedures were approved by the Institutional Animal Care and Use Committee of Pusan National University (Pusan, Republic of Korea; PNU-2020-2679).
Endometriosis Mouse Models
Endometriosis was induced based on a previous protocol (Choi et al., 2018) with slight modification. Briefly, six-week-old C57BL/6 female mice were ovarectomized and recuperated before estrogen injection. After 14 days, mice were subcutaneously injected with 100 mg/kg β-estradiol (Santa Cruz Biotechnology; Dallas, TX, United States) suspended in corn oil every week. The uteri of donor mice were isolated and chopped using Gentle Max (Miltenyi Biotec, Bergisch Gladbach, Germany) and intraperitoneally inoculated into recipient mice at a 1:1 ratio. One day after uterine injection, the mice were orally administered PV 5 days per a week, and 100 mg/kg β-estradiol was subcutaneously injected once a week for 3 weeks. The dosages of PV given in mice were calculated based on 50% growth inhibition concentration at 48 h after PV treatment in 12Z cells and these two dosages (0.820 and 4.100 mg/kg) were smaller than the dosages calculated from formula provided by FDA (Nair and Jacob, 2016). Three weeks after uterine injection, the mice were euthanized, and endometriotic lesions were excised from the surrounding tissue to evaluate their number and weight. The number of mice per group was five.
Cell Culture
Immortalized human endometrial stromal cells (T-HESCs) and immortalized human endometriotic epithelial (12Z) cells were purchased from the American Type Culture Collection (ATCC; #CRL-4003, Rockville, MD, United States) and Applied Biological Materials (#T0764, Richmond, Canada), respectively. T-HESCs were maintained in phenol red-free DMEM/F12 (Welgene, Daegu, South Korea) supplemented with 10% inactivated charcoal (Sigma-Aldrich)-stripped fetal bovine serum (FBS, Invitrogen, Waltham, MA, United States), 1% ITS premix (BD Biosciences, San Jose, CA), and 1% penicillin/streptomycin (Gibco, Rockville, MD, United States). 12Z cells were maintained in DMEM/F12 (Welgene, Daegu, Korea) supplemented with 10% non-inactivated charcoal-stripped FBS and 1% penicillin/streptomycin (Thermo Fisher Scientific, Waltham, MA, United States). Both cell types were cultured at 37 °C in a humidified atmosphere containing 5% CO2.
Cell Apoptosis Analysis
Cell proliferation and apoptosis were analyzed using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Sigma) and propidium iodide (PI)/Annexin V (BD Biosciences, Franklin Lakes, NJ, United States) methods 24 h after PV treatment. Both 12Z cells and T-HESCs were plated onto 96 well at 1 × 104 cells/well and treated with the indicated concentrations of PV. Cell viability was analyzed by measuring absorbance at 450 nm using a Spectramax M2 spectrofluorometer (Molecular Devices, San Jose, CA, United States). For PI/Annexin V detection, 3 × 105 cells were plated to 6 wells and cell apoptosis was measured at excitation (Ex) 494/emission (Em) 525 nm for Annexin V and Ex 535/Em 617 nm for PI using Attune X (Thermo Fisher Scientific), and analysis was conducted using the FlowJo program (BD Bioscience).
LDHA Activity Assay
The reduction of NADH (β-nicotinamide adenine dinucleotide disodium salt hydrate; reduced form, Tokyo Chemical Industry, Tokyo, Japan) was used to validate the LDHA activity of PV. One unit of LDH activity is defined as the amount of enzyme that catalyzes the conversion of lactate into pyruvate to generate 1.0 μM of NADH per minute at 37°C. Briefly, various concentrations of PV were incubated in buffer containing 2 mM pyruvate, 20 μM NADH, 20 mM HEPES-K+ (pH 7.2), and 10 ng of purified recombinant human LDHA protein for 20 min. The fluorescence of NADH was measured at Ex 340/Em 460 nm wavelength using a spectrofluorometer (Spectramax M2; Molecular Devices, Sunnyvale, CA, United States).
Immunoblot Analysis
For protein analysis, total proteins were extracted using RIPA buffer and 1% NP-40 lysis buffer containing a protease inhibitor cocktail (Roche, Basel, Switzerland). The extracted proteins were quantified using the Bradford assay and subjected to immunoblot analysis. Briefly, the proteins were separated using SDS-PAGE and transferred to a PVDF membrane (Amersham Bioscience, Uppsala, Sweden). The first antibody, anti-human PARP (#9542s; Cell Signalling), Caspase-3 (#9665s, Cell Signalling), Caspase-9 (#9508s; Cell Signalling), Bax (NB100-56095; Novusbio), Bcl-2 (NB100-56098; Novusbio), PDHA (sc-377092; Santa Cruz), phospho-PDHA (ab177461; Abcam), LDHA (ab84716; Abcam), PDK1 (ADI-KAP-PK112; Enzo), PDK3 (ab182574, Abcam), and GAPDH (sc-32233; Santa Cruz). HRP-conjugated anti-rabbit IgG or anti-rat IgG (all from Invitrogen) were used as secondary antibodies. The specific bands were developed using a western blot detection kit (Bio-Rad, Hercules, CA, United States) using the ImageQuant LAS 4000 chemiluminescence imaging system (GE Healthcare, Munich, Germany).
Metabolic Assays
The oxygen consumption rate and lactate production in 12Z cells were measured after 4 h of PV treatment to clarify the influence of PV on metabolic activity. First, the oxygen consumption rate was analyzed using an oxygen consumption rate assay kit (Abcam, Cambridge, MA, United States). 12Z cells were seeded in a black 96-well microplate at a density of 3 × 104 cells. The next day, various concentrations of PV (0, 62.5, 125, and 250 μg/ml) were added, and the experiment was conducted according to the manufacturer’s instructions. Second, lactate production was measured using a lactate fluorometric assay kit (Biovision, CA, United States). After 4 h of PV treatment, the media was replaced with phenol red- and serum-free DMEM and incubated for 1 h at 37°C. Then, 1 μl of the medium from each well was assessed by fluorescence at Em 535/Ex 590 nm using the Spectramax M2 spectrofluorometer. Dichloroacetate (DCA) was used as a positive control for lactate production.
Measurement of Mitochondrial Membrane Potential and Mitochondrial Reactive Oxygen Species
The MMP and mitoROS were analyzed using the cationic and lipophilic fluorescent dye, Tetramethylrhodamine (TMRM), and red mitochondrial superoxide indicator, MitoSOX™ (Invitrogen, Eugene, OR, United States), respectively. The 12Z cells were stained with TMRM 18 h after PV treatment using flow cytometry. After pre-treatment with PV for 4 h, 12Z cells were washed twice with pre-warmed PBS for TMRM staining or Hank’s balanced salt solution for MitoSOX staining. To measure MMP, TMRM was added at a final concentration of 20 nM and incubated for 30 min at 37°C. To assess mitoROS, 5 μM MitoSOX was added and incubated for 10 min at 37°C. After staining, 12Z cells were washed three times, and then the intensity of fluorescence was analyzed using Attune X (Thermo Fisher Scientific) and the geometric mean fluorescence intensity was calculated using the FlowJo program (BD Bioscience).
High Performance Liquid Chromatography Analysis of PV Extract
Oleanolic acid (OA) (99% purity) and rosmarinic acid (RA) (98% purity) were purchased from Sigma-Aldrich, and ursolic acid (UA) (92.84% purity) was purchased from the Resource Bank of Korean Medicine, National Institute for Korean Medicine Development. The compounds were dissolved in methanol at a concentration of 10 mM for use as controls, according to the methods described in previous studies (Qiang et al., 2011; Chen et al., 2012). The PV extract was dissolved to 3.12 mg/ml, sonicated using ultrasound for 20 min, and filtered through a 0.45 μm syringe filter (Millipore Sigma, Burlington, MA, United States). HPLC analysis was conducted on an Agilent 1200 series system (Agilent Technologies, Santa Clara, CA, United States) equipped with a Shiseido UG120 column (5 μm, 6.4 × 250 mm) maintained at 25°C. The mobile phase was methanol (90%): 0.5% ammonium acetate (10%) for OA, UA, and methanol (52%), and 0.01% phosphoric acid (48%) for RA. Samples (20 μl) were analyzed at a flow rate of 0.6 ml/min using an ultraviolet detector at 210 nm for OA and UA, and at 310 nm for RA.
Statistical Analysis
Values are expressed as the mean ± SEM. A two-tailed Student’s t-test was used for comparisons of two different groups and one-way ANOVA followed by Tukey’s post-hoc test was used for comparisons of multiple groups. These were performed using GraphPad Prism Software (GraphPad, San Diego, CA, United States).
RESULTS
PV Inhibits the Growth of Endometriotic Tissue in Mice
To evaluate if PV is beneficial for people with endometriosis, we first applied PV to a mouse endometriosis model. PV extract was administered orally at doses of 0.820 mg/kg and 4.100 mg/kg body weight or with 1 mg/ml of dienogest five times a week for 3 weeks after intraperitoneal inoculation of donor uterus tissue (Figure 1A). Dienogest, the first-line drug for endometriosis (Andres Mde et al., 2015; Liu et al., 2021), was used as a control to evaluate the efficiency of PV in endometriosis. The PV group showed a significant reduction in cyst-like ectopic lesion volume compared to the untreated mice group. However, a significant reduction in the volume and number of endometriotic lesions was observed in the dienogest-treated mouse group (Figures 1B,C). In addition, to clarify the safety of PV, kidney and liver tissues were examined using H&E staining. During histological examination, the doses of PV used in the in vivo experiment were deemed non-toxic (Supplementary Figure S1). These results indicate that the growth of ectopic endometriotic tissues can be ameliorated by oral administration of PV.
[image: Figure 1]FIGURE 1 | PV extract suppresses the growth of ectopic endometrial lesions in mice. The schematic of the estrogen mediated mouse endometriosis model and of PV treatment (A). The number and weight of ectopic endometrial tissues (B,C). Data are expressed as mean ± SEM. Statistical analysis was conducted using a t-test (*; p < 0.05, **; p < 0.01).
PV is Effective at Inducing the Apoptosis of Human Endometriotic Epithelial Cells
To determine the inhibitory mechanism of endometriotic tissue growth in mouse experiments (Figure 1C), we first assessed the apoptosis of 12Z cells and T-HESCs after treatment with increasing doses of PV (0, 50, 100, 250, 500, and 1000 μg/ml) for 24 h. The colorimetric cell viability assay showed that PV induced cell death in both 12Z and T-HESCs in a dose-dependent manner, but the 12Z cells (50% growth inhibition concentration (GI50) 210.6 μg/ml) were more susceptible to PV-induced cell death than T-HESCs (GI50 453.9 μg/ml) (Figure 2A). Similar to the colorimetric cell viability assay, the percentage of apoptotic cells, including necroptic, early, and late apoptotic cells, started to increase at a concentration of 150 μg/ml, and these apoptotic cell populations were dramatically increased at a concentration of 250 μg/ml in 12Z cells (Figure 2B and Supplementary Figure S2).
[image: Figure 2]FIGURE 2 | PV induces human endometriotic cell death. Increasing concentrations (0–1000 μg/ml) of PV were administered to human endometriotic epithelial (12Z) cells and normal human endometrial epithelial cells (T-HESCs). After 24 h, the viability of both cells were analyzed using MTT (A) and the viability of 12Z cells was analyzed using Annexin V/PI stain (B). The intracellular apoptosis signaling proteins in 12Z cells were detected using western blotting. As the control, GAPDH was present (C). The specific molecular weight standards are represented on the left. Data are expressed as mean ± SEM. Statistical analysis was conducted with the Tukey one-way ANOVA and t-test (*; p < 0.05, ***; p < 0.001).
Apoptosis occurred through a signaling cascade; therefore, we next analyzed the changes in the intracellular apoptosis signaling pathway in 12Z cells by western blotting. 12Z cells were exposed to various concentrations of PV, and the protein levels and cleaved forms of caspase-3 and -9 and PARP were examined. PV induced activation of procaspase-9 into cleaved caspase-9 and cleavage of procaspase-3 into its active form. PARP, downstream of the activation of caspase-3, is a well-known characteristic of apoptosis, and cleavage of the PARP protein was also detected in a dose-dependent manner (Figure 2C). These data suggest that PV effectively induces 12Z cell apoptosis by activating the caspase-3 and -9 and PARP pathways, indicating the activation of the mitochondrial pathway for apoptosis.
PV-Led 12Z Cell Apoptosis Occurs Through the Mitochondrial Apoptotic Signal Pathway
Mitochondria play an important role in the initiation and regulation of apoptosis. The mitochondrial-dependent apoptosis pathway involves changes in MMP, mitoROS generation, and ATP synthesis by oxidative phosphorylation, which is a phenomenon of mitochondria disruption (Nicholls, 2004; Martinez-Reyes and Chandel, 2020). The change in the mitochondrial membrane potential causes mitochondrial outer membrane permeabilization, resulting in caspase-dependent cell death following the release of cytochrome C into the cytosol (Li et al., 1997). Therefore, membrane depolarization and excessive production of mitoROS are good indicators of mitochondrial dysfunction (Abraham et al., 2008; Dykens et al., 2008).
Consistent with Figure 2C, we attempted to clarify whether the mitochondrial apoptotic pathway is a major factor in PV-induced apoptosis. First, we monitored both MMP and mitoROS using TMRM and Mitosox staining-based assays, respectively. The results showed that MMP was markedly reduced but mitoROS dramatically increased after 18 h of treatment with PV extract (Figures 3A,B). Because a loss of MMP promotes the release of cytochrome c from the mitochondria to the cytosol, we next examined the protein levels of Bax and Bcl-2, which are pro- and anti-apoptotic Bcl-2 members, respectively (Salah-Eldin et al., 2003). As shown in Figure 3C, the expression of Bax protein was increased, whereas the expression of Bcl-2 protein decreased upon PV treatment in 12Z cells. The increased ratio of Bax/Bcl-2 implies that PV favors the occurrence of apoptosis in 12Z cells. These results indicate that PV induces apoptosis of 12Z cells through the Bcl-2/Bax balance and ROS-mediated mitochondrial damage.
[image: Figure 3]FIGURE 3 | Mitochondria dysregulation occurs due to PV administration. The 12Z cells were stimulated with PV for 18 h and then stained with TMRM or MitoSox dye. The mitochondrial membrane potential and mitochondrial reactive oxygen species were assessed using flow cytometry (A,B). Mitochondrial-dependent apoptosis signaling molecules, Bax and Bcl-2 were detected 24 h after PV treatment using western blotting (C). The specific molecular weight is represented on the left. Data are expressed as mean ± SEM. Statistical analysis was conducted using a Dunnet one-way ANOVA (*; p < 0.05, **; p < 0.01, ***; p < 0.001).
PV Disrupts the Glycolytic Metabolism in Mitochondria Dependent on the Apoptosis Pathway
In glycolytic cells, excessive pyruvate influx into the mitochondria leads to an accelerated tricarboxylic acid cycle, resulting in impaired mitochondria (Martinez-Reyes and Chandel, 2020). As shown in Figure 3, PV could lead to mitochondrial malfunction, so we next determined the influence of PV on glycolysis in 12Z cells. Therefore, we measured the activity and expression of LDHA, PDHA and PDK1/3. As shown in Figures 4A–C, PV significantly suppresses the in vitro enzymatic and intracellular LDHA activity, while the expression of LDHA did not change. In addition, PV markedly inhibited the expression of PDK1/3 and phosphorylation of PDHA (Figure 4D). These data imply that the mitochondrial apoptosis signal induced by PV is associated with enhanced PDH and suppressed LDHA activity. As LDHA and PDH are essential enzymes for the conversion of pyruvate into lactate or acetyl-CoA, respectively (Koukourakis et al., 2005; Zhang et al., 2015; Urbanska and Orzechowski, 2019), we next analyzed the lactate production and oxygen consumption rate after 4 h of PV treatment. The results showed that PV significantly decreased the amount of extracellular lactate but increased oxygen consumption in a dose-dependent manner (Figures 4E,F). Taken together, these results indicate that PV leads to 12Z cell apoptosis through the mitochondrial apoptosis signaling pathway, particularly glycolytic metabolism.
[image: Figure 4]FIGURE 4 | PV drives disruption of Warburg-like aerobic glycolysis. Solid in vitro LDHA enzymatic activity was estimated using recombinant human LDHA with the indicated concentrations of PV (0, 10, 50, 100, 500 and 1000 μg/ml). Oxamate (50 mM) was used as a positive control. To evaluate intracellular LDHA activity, 12Z cells were treated with various concentrations of PV (0–250 μg/ml) for 4 h. LDHA activity was measured using two independent methods of colorimetric observance at 340/460 nm (A,B). Total forms of LDHA, PDHA, PDK1, PDK3, and phosphorylated PDHA (Ser293) were detected using western blotting. Hsp90 and GAPDH were used as normalization controls (C,D). The lactate production and oxygen consumption rate in 12Z cells was measured after increasing doses of PV treatment. Oxygen consumption rate was measured in black 96-well microplates and lactate was quantified in phenol red and serum free DMEM by fluorescence at 535/590 nm (E,F). Data are presented as mean ± SEM. Statistical analysis was conducted using a Dunnet one-way ANOVA (*; p < 0.05, **; p < 0.01, ***; p < 0.001).
UA is the Most Important Compound in PV-Led Cell Apoptosis
To validate the purity of the PV extract used in this study, high-performance liquid chromatography analysis was performed. As shown in Figure 5, the PV extract was well separated within 15 min. OA, UA, and RA are well known as the main active substances in PV extract (Cheung and Zhang, 2008; Wang et al., 2019). Therefore, we estimated three substances by the retention times of the peaks with those of three standard solutions for OA, UA, and RA under the same conditions. To evaluate the reproducibility of the extraction efficiency, the extraction was repeated three times using the same sample. The results showed that the contents of OA, UA, and RA in 1 g of PV were 14.290 ± 0.148 mg, 69.852 ± 2.457 mg, and 9.373 ± 0.304 mg, respectively (Figure 5C). Based on GI50 of PV in 12Z cells, the amount of OA, UA, and RA were 6.72 μM (3.10 μg/ml), 33.14 μM (15.16 μg/ml), and 5.42 uM (1.95 μg/ml), respectively. This result indicated that UA was the most dominant compound in PV among the three substances.
[image: Figure 5]FIGURE 5 | PV extract was analyzed using high performance liquid chromatography. The PV extract was sonicated with ultrasound for 20 min, and then filtered through a 0.45 μm syringe filter. As standard, methanol-dissolved oleanolic acid, rosmarinic acid, and ursolic acid were used. The samples were injected with 20 μl and analyzed at a flow rate of 0.6 ml/min using an ultraviolet detector at 210 nm for oleanolic acid and ursolic acid (A) and 310 nm for rosmarinic acid (B). The concentration of each compound within the PV extract is summarized (C).
We next examined the effect of each substance on cell viability and the LDHA activity of each substance to determine the main active compounds in PV-led 12Z cell death in terms of dysregulated glycolysis. In the colorimetric assay, RA did not induce cell apoptosis even at a dose of 250 μM and showed the smallest effect on LDHA activity (IC50 42.93 μM) among the three substances. In contrast to RA, UA and OA induced apoptosis of 12Z cells (GI50 87.58 and 218.6 μμM, respectively) and showed significant effects on LDHA activity (IC50 1.76 and 0.64 μμM, respectively) (Figure 6). Because the content of OA and UA in 24.84 μg/ml of PV (IC50) were 0.79 and 3.91 μμM, respectively, it can be deduced that UA is the most effective substance in PV for inducing 12Z cell apoptosis via inhibition of LDHA activity among the three compounds.
[image: Figure 6]FIGURE 6 | Ursolic acid is one of the main active ingredients in PV extract. Cell cytotoxicity of ursolic acid, oleanolic acid, and rosmarinic acid were analyzed after 24 h of treatment by MTT assay (A). For detection of solid LDHA activity, the changes to NADH were measured. The indicated concentration of each substance was incubated with reaction buffer for 20 min. Fluorescence of NADH was detected at 340/460 nm using a spectrofluorometer. For a positive control, we used 6 mM oxamate (B). Data are presented as mean ± SEM. Statistical analysis was conducted using a t-test (*; p < 0.05, **; p < 0.01, ***; p < 0.001).
DISCUSSION
Endometriosis is a major cause of female infertility, resulting from reduced oocyte quality and implantation failure (Orazov et al., 2019; Radzinsky et al., 2019). The current standard treatment consists of surgery and hormone treatment, however, there is a high rate of relapse and unpleasant side effects (Taylor et al., 2021). For these reasons, recent studies have been conducted to evaluate the use of traditional herbal medicines for endometriosis. The mechanisms underlying endometriosis have not been fully elucidated; however, cancer-like aerobic glycolysis has recently been considered as an important mediator for uncontrolled cell growth and resistance to apoptosis of endometriotic and malignant cancer cells (Doherty and Cleveland, 2013; Young et al., 2014; Marianna et al., 2017; Lee et al., 2019; Rytkonen et al., 2020; Kim et al., 2021b; Zheng et al., 2021). Recently, dichloroacetate (DCA), a well-known PDK inhibitor, was reported to reduce lesion size by inhibiting the glycolytic phenotype in a mouse model (Horne et al., 2019; Lee et al., 2019). Therefore, we hypothesized that the suppression of Warburg-like metabolism could be an alternative therapeutic target for endometriosis.
For the first time, we found suppressed growth of endometrial lesions by oral administration of PV in artificially induced endometriosis mice. We confirmed that PV efficiently induces mitochondria-mediated endometriotic cell apoptosis by disrupting mitochondrial function and abnormally decreasing aerobic glycolysis. PV has a greater impact on 12Z cells than on T-HESCs, it induces the activation of caspases 3 and 9, and regulates the Bcl-2 family following decreased MMP and sharply increased mitoROS. Furthermore, related to mitochondrial dysfunction, we found that PV could suppress the expression of PDK1/3 protein, phosphorylation of PDHA, and activity of LDHA in 12Z cells. Additionally, further in vitro experiments supported that UA is one of the main active components, in terms of LDHA inhibition, in the PV extract. Although the IC50 of OA for LDHA activity is more than twice that of UA, OA hardly induced the cytotoxicity in 12Z cells. In particular, the IC50 and GI50 of UA are 1.76 μM (correspond to 0.803 μg/ml) and 87.58 μM (correspond to 40 μg/ml), respectively. As the concentration of UA is about 7% of crude PV, the IC50 of solid in vitro LDHA activity is sufficient to explain PV-led inhibition of LDHA activity, but GI50 is not enough to compensate the cytotoxicity of PV in 12Z cells. Therefore, the efficacy of PV in endometriotic cell death accompanied by dysregulated aerobic glycolysis and mitochondrial function is not mediated by UA alone. Therefore, to discover a single substance associated with the anti-endometriosis effect of PV, further analysis of other compounds and in-depth activity studies are required.
In the regulation of both aerobic and anaerobic glycolysis, hypoxia-inducible factor (HIF) -1α is a key regulator (Lum et al., 2007; Del Rey et al., 2017). The activation of HIF-1α promotes the expression of the glycolytic enzymes PDK1 and PDK3 (Kim et al., 2006; Papandreou et al., 2006; Del Rey et al., 2017). HIF-1α induced PDK1 can change glucose metabolism from glucose oxidation to glycolysis by increasing OCR (Semba et al., 2016). Inhibition of PDK3 activity or expression levels increases mitoROS, oxidative phosphorylation, and pyruvate dehydrogenase activity under normoxic conditions (Kluza et al., 2012). Other pharmacology and molecular docking analyses have revealed that P. vulgaris (in both plant and prepared medicine forms) affects HIF-1α and the apoptosis signaling pathway in sleep disorders (Guo et al., 2020), thyroiditis (Shen et al., 2020), and diabetes mellitus (Jiao et al., 2021). Moreover, UA and its derivatives have been trialed as HIF-1α inhibitors with anticancer potential (Shan et al., 2016; Wang et al., 2016; Chi et al., 2017). Another study showed that RA affects the glycolytic pathway by suppressing glucose uptake, lactate production, and inhibiting HIF-1α expression (Han et al., 2015). Based on these reports, we can infer that inhibited aerobic glycolysis and mitochondrial-dependent cell apoptosis might be triggered by HIF-1α-PDK1/3 axis signaling.
The estrogen-related receptors (ERRs) are another possible factor for controlling pyruvate metabolism, resulting in the stimulated transcription of PDK2 and PDK4 (Zhang et al., 2006; Jeong et al., 2012). Several studies have suggested that P. vulgaris possesses estrogen resistant properties (Huang et al., 2006; Collins et al., 2009; Kim et al., 2014; Xiang et al., 2020). However, in our study, we observed that PV regulates the expression of PDK1/3 and activity of LDHA beside of anti-estrogenic effect. One possible reason is the different compositions of active ingredients in the extracts of P. vulgaris that were used in the present study versus those used in previous studies. We used the hydrothermal water extraction method so that the PV extracts were mainly hydrophilic, while others investigated the characteristics of ethanol- or methanol-extracted P. vulgaris, which is hydrophobic. Natural products are commonly obtained by hydrothermal extraction; therefore, our results are more widely applicable to the clinical field of traditional herbal medicine.
Importantly, our results demonstrate that a first-line drug for endometriosis, dienogest (Andres Mde et al., 2015; Mori et al., 2015; Liu et al., 2021), is more efficient than the suppressive effect of PV in inhibiting the incidence of endometriosis. However, with regard to side effects, several clinical studies have reported that dienogest causes abnormal vaginal bleeding, weight gain, headaches, depressed mood, and dizziness (Cosson et al., 2002; Uludag et al., 2021). P. vulgaris has been widely used in the clinical treatment of diabetes, hypertension, thyroiditis, and cancer (Yang et al., 2007; Zhao et al., 2018; Li et al., 2019; Wang et al., 2019), and it can administered cooked into food, as a pill, or as an extract. Although the side effects of PV have not been investigated, clinical research on PV is in the early stages and no research has been conducted on PV in children or in pregnant or breastfeeding women. Therefore, further studies in both animals and humans are needed to understand its benefits and downsides and to enable the safe use of PV for patients with endometriosis. Moreover, although we elucidated the notable anti-endometriosis effects of PV, the mode-of-action (MOA) of a single compound contained in PV-antagonized LDHA activity is unclear. Investigation of possible MOA for the active ingredients in PV using enzyme kinetics, protein-chemical binding assay, and in silico prediction or X-ray crystallographic analysis of protein-drug interaction should be conducted in the future. Understanding the MOA of single compounds of PV provides a resource for clinical trials of PV or single compounds in endometriosis. Furthermore, this may further suggest a new clinical strategy by presenting new targets for endometriosis.
Overall, we provided evidence that PV could be a novel drug candidate for preventing or treating endometriosis, and its effects are mediated by reprogramming Warburg-like metabolism. The underlying mechanism of PV-ameliorated endometriotic cell growth in vivo and in vitro is mediated via suppressed aerobic glycolytic metabolism and excessive mitoROS production. The phenomenon of PV-induced endometriotic cell apoptosis is summarized in Figure 7. As very few human studies on P. vulgaris have been carried out, further extensive in vivo and clinical trials assessing the safety and application requirements of PV for endometriosis should be carried out. Moreover, the possible effects of other active substances in PV and their combinations, followed by MOA analysis, should be studied further.
[image: Figure 7]FIGURE 7 | Regulation of aerobic glycolytic metabolism-mediated human endometriotic cell apoptosis by PV. In the presence of PV or ursolic acid which is one of the major bioactive component in PV, LDHA activity is promoted and PDK1/3 protein expression is suppressed. Finally, mitochondria-dependent endometriotic cell apoptosis occur, resulting from abnormally inhibited aerobic glycolytic metabolism.
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