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Background: Emerging evidence suggests that gut microbiota plays a vital role in the occurrence of multiple endocrine disorders including polycystic ovary syndrome (PCOS). Shaoyao-Gancao Decoction (SGD), a classical Chinese prescription, has been widely used in the treatment of PCOS for decades. In previous studies, we found that SGD treatment could effectively reduce ovarian inflammation in PCOS rats. However, whether the anti-inflammation effect of SGD involves the regulation of the gut microbiota remains elusive.
Methods: Letrozole-induced PCOS rat models were established, and the therapeutic effects of SGD were evaluated. Specifically, body weight, serum hormone concentrations, estrus phase and ovary histopathology were assessed. Then the structure of gut microbiota was determined by 16s rRNA sequencing. Additionally, the serum levels of pro-inflammatory cytokines and LPS were measured by ELISA kits. The key gene and protein expressions of TLR4/NF-κB signaling pathway were detected by quantitative real-time PCR and western blot.
Results: SGD could effectively reduce body weight, regulate estrous cycles and ameliorate hyperandrogenism in PCOS rats. In addition, SGD treatment decreased releases of pro-inflammatory cytokines, enhanced the expressions of tight junction (occludin and claudin1), and then prevented a translocation of LPS into bloodstream. SGD could significantly reduce the ratio of Firmicutes to Bacteroidetes, decrease the abundance of LPS-producing pathogens Proteobateria and enrich the abundance of Butyricicoccus, Coprococcus, Akkermansia Blautia and Bacteroides in PCOS rats. Furthermore, SGD blunted the key gene and protein expressions of TLR4/NF-κB signaling pathway both in vivo and in LPS-induced RAW264.7 cells.
Conclusion: SGD administration could ameliorate the inflammatory response in PCOS rats by remodeling gut microbiome structure, protecting gut barrier, and suppressing TLR4/NF-κB signaling pathway.
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INTRODUCTION
Polycystic ovary syndrome (PCOS) is a complex hormonal imbalance disease that affects 5–20% reproductive women and causes high rate of infertility (de Medeiros et al., 2018). Clinically, the main characteristics of PCOS are hyperandrogenism, hirsutism, acne, menstrual disorders and infertility. Although the common onset age for PCOS is adolescence, the accompanying complications (such as insulin resistance, cardiovascular disease and obesity) occurred throughout the women’s whole life span (Anagnostis et al., 2018). Nowadays, numerous studies have suggested that the low-grade chronic inflammatory status of PCOS was inseparably associated with these clinical features and the long-term metabolic disorders (Rostamtabar et al., 2021). Typically, females with PCOS are predisposed to have elevated levels of pro-inflammatory cytokines [e.g., interleukins (IL)-6 and IL-18] as well as the declined levels anti-inflammatory cytokines (e.g. IL-10 and IL-22) (Qi et al., 2019; Wang et al., 2020a). The imbalanced inflammatory state in PCOS ovaries could not only discount the insulin sensitivity but also impair the follicular growth. Therefore, chronic inflammation has been increasingly recognized as a cornerstone of PCOS pathology.
Recently, accumulating researchers realized that the gut dysbacteriosis is inextricably linked to the onset of the chronic inflammatory diseases, especially PCOS (Insenser et al., 2018; Torres et al., 2018). A large number of animal studies have confirmed the alternation of gut microbiome in PCOS, including a decline in α diversity and the alternation in β diversity (Wang et al., 2020c; Zhu et al., 2020). In clinical studies, females with PCOS also shown extremely different intestinal microbiome compared to healthy controls (Eyupoglu et al., 2020). According to “the Dysbiosis of Gut Microbiota theory”, which was first proposed by Tremellen and Pearc, the change of gut microbiota could result in the activation of the host’s immune system and initiate a state of low grade inflammation in PCOS (Tremellen and Pearce, 2012). Hence, maintaining the homeostasis of gut microbiota provides us a new insight in explaining the etiology behind PCOS.
Generally, the homeostasis of gut microbiota is closely associated with the gut barrier integrity. When the normal microbiology was disturbed, the gut mucosal barrier was damaged and caused the “leaky gut”. As a result, the bacterial endotoxin such as lipopolysaccharide (LPS) leak from the gut lumen into the systemic circulation. LPS, an important product of gut Gram-negative microbiota, is a natural ligand of toll-like receptor 4 (TLR4). Upon LPS recognition, TLR4 recruits a sequence of downstream adaptors and then triggers the signaling cascade. Thereafter, the downstream mediators [such as nuclear factor-κB (NF-κB) and phosphatidylinositol 3-kinase (PI3K)] were activated and numerous pro-inflammatory cytokines (e.g., tumor necrosis factor (TNF)-α, IL-1β and IL-18) were released consequently (Liu et al., 2010). Of note, the elevated serum level of LPS had been observed in women with PCOS and the index was regarded as a risk factor of PCOS (Banaszewska et al., 2020). The LPS-induced inflammatory response occurs in multiple tissues including ovarian theca. As reported, the activation of TLR4/NF-κB signaling contributes to the ovulatory disruption by creating a pro-inflammatory environment in ovary (Wang et al., 2020a). Therefore, effective improve of the microbiota-driven inflammatory state could be a promising avenue to ameliorate PCOS.
Originated from the Treatise on Febrile diseases (a classical work written by Zhongjing Zhang), Shaoyao-Gancao Decoction (SGD), a traditional Chinese herbal prescription has been widely used to treat multiple gynecological disorders such as dysmenorrheal, adenomyosis and PCOS. According to Chinese medical classics, SGD contains of Paeonia lactiflora Pall (also known as peony) and Glycyrrhiza uralensis Fisch. ex DC (also known as licorice) in the ratio of 1:1. Previously, we found that SGD could dose-dependently reduce body weight, alleviate chronic inflammation and rebalance the serum hormonal levels in PCOS rats (Shao et al., 2019). The excellent therapeutic effect arouses our interest to explore the further mechanism. Recent lines of evidence have shown that the active constituents of peony and licorice could effectively improve the gut microbial dysbiosis. For instance, the total glucosides of peony were reported to augment the abundance of beneficial bacteria in the gut (Luo et al., 2019). However, whether the decoction could remodel the intestinal homeostasis has not yet been reported. Hence, the aim of this study was to clarify whether SGD administration could remodel the composition of gut microbiota and thereby alleviate the symptoms of PCOS. Furthermore, we also explore whether the underlying mechanism is relevant to the TLR4/NF-κB signaling pathway. This study could help to better understand the potential mechanisms of SGD in therapy of PCOS from the perspective of gut microbiota.
MATERIALS AND METHODS
Chemicals and Reagents
Letrozole Tablets (2.5°mg/piece) were purchased from Hengrui Medicine Co., Ltd. (Jiangsu, China). ELISA kits were purchased from Sinobestbio (Shanghai, China). Primary antibody TLR4 (1:1000, GB11519), p65 (1:1000, GB11997), phosphorylated (p)-p65 (1:000, GB13025-1), Akt (1:1000, GB111114), GAPDH (1:2000, GB11002), and horseradish peroxidase (HRP)-conjugated secondary antibody (1:3000, GB23303) were purchased from Servicebio (Wuhan, China). Primary antibody PI3K (1:1000, A18640), p-PI3K (1:1000, AP0854), and p-Akt (1:1000, AP0637) were purchased from ABclonal (Wuhan, China). RIPA lysis buffer were purchased from Boster (Wuhan, China). RNAprep pure Tissue/Cell Kit, FastKing RT Kit, and SuperReal PreMix Color (SYBR green) were purchased from TIANGEN (Beijing, China). Dulbecco’s modified Eagle's medium (DMEM), fetal bovine serum (FBS), penicillin-streptomycin were purchased from Gibco (USA). NO assay kit and cell counting kit-8 (CCK-8) were purchased from Elabscience Biotechnology Co., Ltd. (Wuhan, China). Mag-Bind Soil DNA Kit was purchased from Omega Bio-Tek (United States).
Animals and Induction of PCOS
Female Sprague Dawley (SD) rats (180 ± 20 g) were purchased from the Laboratory Animal Center of Chinese Food and Drug Administratory (Beijing, China). The rats were housed in the animal facility with a temperature of 23 ± 2°C, a relative humidity of 50 ± 10%, and a 12 h light/dark cycle for 1°week prior to the experiment. They had free access to standard food and water ad libitum. The animal study was reviewed and approved by Ethics Committee of the Second Hospital of Shanxi Medical University (License: 2015KS001).
After 1°week of acclimatization, the PCOS rats model was induced as described previously (Liu et al., 2019). In brief, animals were orally administrated daily with 1 mg/kg letrozole for 21 consecutive days. The rats in the normal group were given the same volume of 0.5% CMC-Na aqueous solution. From the first day after modeling, the estrous cycles of rats were observed by performing a vaginal smear. The rats with a disordered estrus cycle during modeling period were considered to be PCOS rats.
Plant Material and SGD Preparation
Paeonia lactiflora Pall (Anhui, China) and Glycyrrhiza uralensis Fisch. ex DC (Inner Mongolia, China) were purchased from Hebei Lerentang Medicine Co., Ltd. (Hebei, China). The plants were identified by Professor Jing-ping Zhang (Department of Pharmacy, Second Hospital of Shanxi Medical University, Taiyuan, China). The SGD were prepared as described by Shao et al. Briefly, the Paeonia lactiflora Pall (1°kg) and Glycyrrhiza uralensis Fisch. ex DC (1°kg) were mixed together and pulverized into powder, and subsequently were macerated using distilled water (1:10, w/v) for 1 h and boiled twice (1 h each time). Afterwards, the liquids obtained were blended, filtered, and concentrated to 4.24 g crude material per ml. As previously described, seven active components were used as the quantity control of SGD and were analyzed by ABI 5500 QTRAP mass spectrometer (Shao et al., 2020b). The content of main active ingredients such as glycyrrhizic acid, paeoniflorin, liquiritin, albiflorin, liquiritigenin, oxypaeoniflorin and glycyrrhetinic acid per 25 g SGD is about 88.50, 48.29, 21.34, 8.25, 3.71, 0.59 and 0.35 mg respectively, which meet the reasonable dose range for in vivo studies (Heinrich et al., 2020). The chromatogram was shown in Supplementary Figure S1.
Experimental Design
To investigate the therapeutic effects of SGD on PCOS, rats were randomly divided into three groups (n = 10 per group): normal group, model group and SGD group. Our previous study showed that treatment with SGD at 25 g/kg/day can effectively improve the symptoms of PCOS rats (Shao et al., 2019). Therefore, in this experiment, the rats in SGD group were treated with SGD at 25 g/kg/day after successful modeling. Meanwhile, the rats in normal and model groups received equal volumes of physiological saline. The pharmacological intervention was sustained for 2 weeks and the body weight was recorded every day. Finally, all of the rats were anesthetized and sacrificed followed by the blood and both ovarian tissues were collected. The blood samples were obtained for sex hormone level tests. One side of the ovaries in each rat was fixed in 4% paraformaldehyde buffer for histopathological examination, and the other side was stored at −80 C for subsequent real-time quantitative PCR (RT-qPCR) and western blot analysis.
Secondly, to investigate the effect of SGD on gut microbiota in PCOS rats, on the day before the rats were sacrificed, the feces of all rats were collected for 24 h using sterilized equipment and were quickly frozen in liquid nitrogen for 16S rRNA gene sequencing analysis. And then we measured the content of LPS in rat serum and evaluated the protection function of SGD on intestinal mucosal barrier.
Finally, to explore the underlying mechanism of TLR4/NF-κB inflammatory signal pathway participation, the relative gene and protein expressions of the pathway in the ovarian tissues and the downstream inflammatory factor levels in the serum were measured. Furthermore, we validated the molecule mechanism using the cell experiment. LPS was applied to induce the activation of TLR4 and then the expressions of the pathway-related genes were detected.
The Determination of Estrus Cycle Phases
Vaginal smears of all rats were performed daily to determinate estrus phase during the experiment. Briefly, a sterile cotton swab dipped in saline lightly scraped the cells of the rat vagina wall and smeared it evenly on the glass slide clockwise. The methanol-fixed smears were stained with Giemsa for 20 min. The cells in the smears were examined under a light microscopy at ×100magnification, and the stages in estrous cycles were assessed based on vaginal cytology.
Histopathological Analysis of Ovarian Tissues
The ovarian tissues fixed in 4% paraformaldehyde buffer were embedded in paraffin after serial dehydration steps, then sectioned at a thickness of 4 μm and stained with hematoxylin for 8 min and eosin for 5 min (HE staining). The histopathological changes of the ovaries in the sections were viewed using a Leica DM750 microscope (Germany).
ELISA Analysis of Hormone and Pro-inflammatory Cytokines
The serum concentrations of hormones (T, E2, LH, and FSH) and pro-inflammatory cytokines (LPS, IL-18, IL-1β, IL-6 and TNF-α) were determined by ELISA kits according to the manufacturer’s instructions.
Cell Culture and Treatment
RAW264.7 macrophages were purchased from FuHeng Biology Technology Co., Ltd. (Shanghai, China) and cultured in DMEM containing 10% FBS, as well as 1% penicillin-streptomycin at 37 C in an incubator with 5% CO2. In the study, cells were stimulated with LPS to simulate the inflammatory micro-environment in PCOS ovary. The concentration and time of LPS were determined by using NO assay kit as described previously. The viability of cells treated with different concentrations of SGD was detected by CCK-8 assay. The RAW264.7 macrophages were plated into 6-well plate at the concentration of 4 × 105 cells per well and treated with LPS (100 ng/ml), SGD (10 mg/ml), LPS + SGD (1, 5, 10 mg/ml) at 37°C for 24°h, respectively. After that, the cells were harvested for RT-qPCR analysis.
RT-qPCR
RT-qPCR was conducted as previously described (Hou et al., 2018). Total RNA was extracted using RNAprep pure Tissue/Cell Kit. Subsequently, the extracted RNA (approximately 1 μg) was used to synthesize first-strand cDNA by using the FastKing RT Kit. RT-qPCR reaction was subjected using a SuperReal PreMmix Color in the ABI StepOne Plus RT PCR system (United States), according to the manufacturer’s instructions. The primer sequences of Occludin, Claudin-1, ZO-1, TLR4, PI3K, Akt, p65, IL-18, IL-1β, IL-6, TNF-α and GAPDH were listed in Table1. The mRNA expressions of target genes were calculated using the 2-∆∆Ct method and the results were shown as the relative amount normalized to GAPDH.
TABLE 1 | List of primers for real-time PCR.
[image: Table 1]Western Blot Analysis
The expression levels of related proteins were analyzed by western blot as described previously (Shao et al., 2020a). Briefly, protein samples were extracted using RIPA lysis buffer. After denaturation, the protein extracts were separated by electrophoresis on 10% SDS-PAGE for 1 h and then transferred to a polyvinylidene difluoride (PVDF) membrane (Merck Millipore Ltd. Co. Cork, IRL) for 3.0 h. Thereafter, the membrane was probed with the corresponding primary antibodies overnight at 4 C. The membrane was washed in TBST three times and incubated with HRP-conjugated secondary antibody at 25 C for 1 h. The immunoreactive signals were observed using a gel imaging system and the intensity of bands were analyzed by ImageJ software. The relative amount of target proteins were calculated by the gray value ratios of the protein to GAPDH and the relative phosphorylation was represented by the ratio of phosphorylated to total protein.
16S rRNA Gene Sequencing
Total DNA from the fecal sample was extracted using Mag-Bind Soil DNA Kit. Quality and purity of the DNA were monitored on 1% agarose gels. The V3-V4 region of 16S rRNA genes was amplified by specific primers with the barcode 341F (5′-CCTACGGGNGGCWGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT -3′). The Cycling parameters were 98 C for 1 min, followed by 30 cycles of denaturation at 98 C for 10°s, annealing at 50 C for 30°s, and elongation at 72 C for 60°s with a final extension at 72 C for 5 min. After quantification and purification, the library was sequenced on an Illumina MiSeq platform with 250-bp paired-end reads. The sequence data was clustered into operational taxonomic units (OTUs) by UPARSE softwere with ≥97% similarity. α-diversity including Shannon and Simpson index were performed in QIIME (v1.8.0). β-diversity index principal co-ordinates analysis (PCoA) and Non-Metric Multi-Dimensional Scaling (NMDS) were performed by R packages to interpret the distance matrix. The relative abundance of major differences in bacteria taxa on the phylum and genus level was analyzed.
Statistical Analysis
All data were expressed as means ± SEM and analyzed by GraphPad Prism 8.0 software. The Student’s t-test was used to compare the data between two independent groups, and the One-way ANOVA was used for Multiple-group comparisons. The correlation between specific gut microbiota and hormone levels, cytokines, tight junction proteins was tested by Spearman’s correlation test. A value of p < 0.05 is considered as statistically significant.
RESULTS
SGD Alleviated the Symptoms in Letrozole-Induced PCOS Rats
To verify the effect of SGD in treatment of PCOS, we investigated the body weight, estrous cycles, histological changes and serum hormone levels in three groups. Compared with the normal group, a higher weight gain was observed in PCOS rats, while treatment with SGD effectively reduced the increased body weight in PCOS rats (Figures 1B,C). Consistent with the previous studies, our data indicated that SGD could alleviate the obesity in PCOS rats (Shao et al., 2019). To further confirm the efficacy of SGD, the estrous cycle was recorded every day. As shown in Figures 1D,E PCOS rats showed disrupted estrous cycles with prolonged metaestrous and diestrous (M/D) phases as well as reduced proestrus and estrous phases. After 2°weeks of SGD treatment, the irregular estrous cycle was recovered to normal gradually. Next, H&E staining was investigated to observe morphological changes in rat ovary. In PCOS group, the numbers of cystic dilating follicles was increased and the corpus luteum disappeared, suggesting that the ovulatory function of PCOS rats was impaired. Notably, the administration of SGD ameliorated the damage effectively (Figures 1F–H). Furthermore, we assessed the regulative effect of SGD on serum hormone levels in PCOS rats. Compared with the normal group, the serum T and LH levels were significantly increased in PCOS rats, whereas the E2 and FSH levels were significantly decreased. As illustrated in Figures 1I–L, the abnormal hormone levels were significantly reversed by SGD treatment. Collectively, the above results indicated that SGD exhibits an excellent therapeutic effect in alleviating the endocrine abnormalities of PCOS rats.
[image: Figure 1]FIGURE 1 | SGD alleviated the symptoms in Letrozole-induced PCOS rats. (A) Animal groups and treatments schedule. (B,C) Effect of SGD on body weight in PCOS rats (n = 10). (D) Representative estrous cycles. (E) Quantitative analysis of estrous cycles (n = 10). (F) HE staining of representative ovaries. “a” indicated the appearances of cystic follicles, “b” indicated the appearances of corpus luteum (magnification, ×10), Scale bar: 1 mm. (G) Quantitative analysis of cystic follicles (n = 5). (H) Quantitative analysis of corpus luteum (n = 5). (I–L) Serum levels of sex hormone indicators including testosterone. (T), 17β-estradiol (E2), luteinizing hormone (LH), and follicle stimulating hormone (FSH) were determined by using ELISA kits (n = 10). Data were presented as mean ± SEM. ***p < 0.001 vs. normal group, #p < 0.05 and ###p < 0.001 vs. PCOS model group.
SGD Alleviated the Chronic Low-Grade Inflammation in PCOS Rats
Our previous study had demonstrated that PCOS is a chronic low-level inflammation state, which accompanied with the release of multiple cytokines. To determine the anti-inflammatory effect of SGD in PCOS rats, the levels of pro-inflammatory cytokines including IL-18, IL-1β, IL-6, and TNF-α were measured. The result showed the serum levels of these cytokines were increased in PCOS rats, whereas the increase was significantly suppressed by treatment with SGD (Figures 2A–D). Consistently, the ovarian mRNA expressions of TNF-α, IL-1β, IL-6, and IL-18 were significantly up-regulated in PCOS rats compared with the normal group; meanwhile, SGD treatment obviously attenuated the expressions (Figures 2E–H). Together, these results indicated that SGD alleviated the chronic low-grade inflammation in PCOS rats.
[image: Figure 2]FIGURE 2 | SGD alleviated the chronic low-grade inflammation in PCOS rats. (A–D) Serum levels of inflammatory cytokines including TNF-α, IL-1β, IL-6, and IL-18 were determined by using ELISA kits (n = 10). (E–H) The mRNA levels of inflammatory cytokines including TNF-α, IL-1β, IL-6, and IL-18 in rats ovarian tissues were quantitated by real-time PCR (n = 5). Data were presented as mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. normal group, ##p < 0.01 and ###p < 0.001 vs. PCOS model group.
SGD Treatment Modulated the Gut Microbiota Composition in PCOS Rats
To address the role of gut microbiota in PCOS and the therapeutic mechanism of SGD, the 16S rRNA gene sequence analysis was performed. Across the 30 samples, an average of 64325 high-quality reads was obtained. In total, 2,814 operational taxonomic units (OTUs) were determined at 97% similarity level. Moreover, to examine the effect of SGD on the richness and diversity of gut microbiota, α diversity analysis was used. Shannon index and Simpson index showed that the intestinal microbial diversity of PCOS rats was significantly decreased compared with normal group, while SGD treatment reversed this change (Figures 3A,B). Furthermore, β diversity analysis was employed to identify the differences between microbial communities. PCoA and NMDS analysis showed that the intestinal microbiota clusters in the model group was visibly separated from that in the normal group. As shown in Figures 3C,D the closer distance between samples in the normal group and SGD group represented a smaller difference in the flora structure.
[image: Figure 3]FIGURE 3 | SGD treatment modulated the gut microbiota composition in PCOS rats. Shannon (A) and Simpson (B) diversity index. PCoA (C) and NMDS (D) plot of intestinal microbiota based on OTU level. (E) Column diagram of community composition at phylum level. (F) The relative abundances of Firmicutes, Bacteroides, Verrucomicrobia, and Actinobacteria.(G)Firmicutes/Bacteroides ratio. (H) Column diagram of community composition at genus level. (I) The relative abundances of Turicibacter, Akkermansia, Blautia, Bacteroides, Coprococcus and Butyricicoccus in three groups.
To further analyze the specific changes in gut bacteria, the relative abundance of microbial community was analyzed at the phylum and genus levels. In normal rats, the intestinal microflora was mainly composed of Firmicutes (76.36%), followed by Bacteroides (16.76%), Verrucomicrobia (3.63%), Proteobacteria (1.48%) and Actinobacteria (0.60%) at phylum levels, which were more than 98%. Among these, the abundance of Firmicutes and Actinobacteria were increased in the model group, while the administration of SGD reversed the alterations (Figures 3E,F). Meanwhile, PCOS rats displayed a significant decrease in abundance of Bacteroidetes and Verrucomicrobia, and SGD treatment enriched the relative abundance. Importantly, the ratio of Firmicutes to Bacteroidetes (F/B ratio), which together make up about 93% of gut microbiota, dramatically increased by more than 10 times in the model group compared that in the normal group (Figure 3G). Intriguingly, the ratio returned to normal level after treatment with SGD. The results indicated that SGD could improve the dysbacteriosis in rats with PCOS. At the genus level, Lactobacillus and Turicibacter were identified as the dominant bacteria in normal rats. Compared to the model group, SGD treatment significantly decreased the relative abundance of Turicibacter while increased those of Akkermansia, Blautia, Bacteroides, Coprococcus and Butyricicoccus (Figures 3H,I). Taken together, the results indicated that SGD treatment could effectively modulate the gut microbiota structure in PCOS rats.
SGD Treatment Reduced the Serum LPS Level and Ameliorated the Intestinal Barrier Function in PCOS Rats
Compelling evidences indicated that an abnormal gut microbiome may lead to the damage of the intestinal wall and facilitate the transfer of LPS from intestine to blood. In this study, the serum LPS level of the model group was significantly higher than that of the normal group (p < 0.01). After SGD treatment, a restoration of the serum LPS level was observed (Figure 4A), which indicated that the bacterial translocation was weakened. Furthermore, to determine integrity of the gut barrier, the mRNA expressions of tight junction proteins including occludin, claudin-1, and ZO-1 in ileum mucosa were examined. Our data showed that the mRNA expressions of the three proteins were sharply decreased in PCOS rats compared with the normal group. Nevertheless, SGD could significantly up-regulate the expressions of occludin and claudin-1, but not ZO-1 (Figures 4B–D). Combined, our results suggested that SGD prevented the gut barrier damage in PCOS rats and reduced the endotoxin translocation.
[image: Figure 4]FIGURE 4 | SGD treatment reduced the serum LPS level and ameliorated the intestinal barrier function in PCOS rats. (A) Serum levels of LPS were determined by using ELISA kits (n = 10). (B–D) The mRNA levels of tight junction proteins gene including occluding (B), claudin-1 (C), and ZO-1 (D) in rats ileum mucosa were quantitated by real-time PCR (n = 5). Data were presented as mean ± SEM. **p < 0.01 and ***p < 0.001 vs. normal group, ###p < 0.001 vs. PCOS model group.
Correlation Analysis Among the Key Microbial Communities, Inflammatory Markers, Hormone Levels and Barrier-Function Parameters
In order to find the key communities of gut microbiota associated with PCOS, Spearman’s correlation analysis was used to analyze the relationship between the specific gut microbiota and parameters related to PCOS. At the phylum level, Firmicutes, which was down-regulated by SGD, positively correlated with T, pro-inflammatory cytokines and LPS, but negatively correlated with E2, claudin-1, and occludin. Moreover, the relative abundance of Bacteroidetes, which were up-regulated by SGD, had negative correlation with T, pro-inflammatory cytokines and LPS, and positively correlated with E2, claudin-1, and occludin (Figure 5A). At the genus level, Blautia and Bacteroides showed a positive correlation with E2 and tight junction proteins, and negatively correlated with LH, inflammatory factors and LPS. In addition, Butyricicoccus and Akkermansia showed a significant negative correlation with the levels of TNF-α, IL-1β, IL-18 and LPS (Figure 5B). The results suggested that these bacteria played vital roles in the improvement effect of SGD on PCOS rats. The underlying mechanism may be related to the integrity of mucosal barrier, and then improve the inflammation state and hormone abnormalities.
[image: Figure 5]FIGURE 5 | Heatmap of Spearman’s correlation between the gut microbiota [at phylum level (A) and at genus level (B)] and hormones, cytokines, LPS or tight junction proteins. The value of r represents the degree of correlation (0 > r > 1, positive correlation; −1<r < 0, negative correlation). Significant correlations were marked by *p < 0.05.
SGD Blunted TLR4/NF-κB Signaling Pathway in PCOS Rats and LPS-Stimulated RAW264.7 Cells
Emerging evidence revealed that the elevated circulatory levels of LPS could activate the inflammatory responses by inducing the activation of TLR4 and its downstream signaling. Hence, to give a better understanding on the molecule mechanism of SGD in treatment of PCOS, the gene and protein expressions of the TLR4/NF-κB signaling were analyzed. As illustrated in Figure 6A, the ovarian mRNA expressions of TLR4, PI3K, Akt, and NF-κB p65 were significantly up-regulated in PCOS rats compared with the normal group. However, treatment with SGD remarkably inhibited the increasing. Consistently, a significant increase in the ovarian protein levels of TLR4, as well as the relative expression ratios of p-PI3K to PI3K, p-Akt to Akt, and p-p65 to p65 was observed in the PCOS rats as compared to the normal group, while SGD treatment reversed the expressions (Figures 6C,D).
[image: Figure 6]FIGURE 6 | SGD blunted TLR4/NF-κB signaling pathway in PCOS rats and LPS-stimulated RAW264.7 cells. (A) The mRNA levels of TLR4, PI3K, Akt, and NF-κB p65 in rats ovarian tissues were quantitated by real-time PCR (n = 5). (B) The mRNA levels of TLR4, PI3K, Akt, and NF-κB p65 in RAW264.7 cells were quantitated by real-time PCR (n = 3). (C,D) The protein levels of TLR4, p-PI3K, PI3K, p-Akt, Akt, p-p65, and p65 in rats ovarian tissues were quantitated by Western blotting (n = 3). Data were presented as mean ± SEM. **p < 0.01 vs. normal group, #p < 0.05 and ##p < 0.01 vs. PCOS model group, &&p < 0.01 and &&&p < 0.001 vs. the untreated group, †p < 0.05, ††p < 0.01, and †††p < 0.001 vs. the LPS-stimulated group.
In addition, to further validate the molecule mechanism in vitro, the LPS-stimulated RAW264.7 cells were investigated. Before that, the viability of RAW264.7 cells treated with different concentrations of SGD was determined by CCK-8 assay kit, and 1, 5, 10 mg/ml of SGD was chosen for further testing (Supplementary Figure S2A). As shown in Figure 6B, SGD had no influence on the gene expressions of TLR4/NF-κB signaling in normal cells. Moreover, cells were stimulated with different concentrations of LPS (1, 10, 100, 1,000 and 10,000 ng/ml) for 3, 6, 12, 24 and 48 h. According to the NO production assay, the appropriate concentration of 100 ng/ml LPS for treating 24 h was chosen for the following experiments (Supplementary Figures S2B,C). After stimulated by LPS, the mRNA expressions of TLR4, PI3K, Akt, and NF-κB p65 were significantly elevated in cells, and these enhancements were reversed by SGD treatment. Together with the in vivo data, the results indicated that SGD could suppress inflammatory response by blunting TLR4/NF-κB signaling pathway.
DISCUSSION
PCOS is one of the most common endocrine disorders in women and often characterized by chronic low-grade inflammation as well as hormonal imbalance. In this work, the increased body weight and disrupted estrous cycle were observed in PCOS rats and reversed by SGD treatment. In addition, we also found that SGD could effectively decrease the number of cystic dilating follicles and regulate the abnormal steroid hormone levels of PCOS rats. Consistent with the previous studies (Shao et al., 2019), our results revealed that SGD exhibits an excellent therapeutic efficacy on PCOS.
During recent years, chronic low-grade inflammation has been considered as a potential contributor to the etiology of PCOS. The chronic pathological condition was reported to impair follicular growth and affect the ovulation process. For instance, more detailed studies showed that dysregulation of IL-1β and IL-18 contributed to ovulatory disruption and anovulation (Wang et al., 2020a). Our data also found increased number of cystic dilation follicles and irregular estrous cycles in PCOS rats. However, SGD treatment could effectively reduce the number of follicular cysts and the size of corpora lutea. These findings make us speculate that SGD may improve ovulation dysfunction by alleviating inflammation response in PCOS rats. The inflammation process, which acts as the vital role in the onset and development of PCOS, was characterized by a slight elevation in a host of pro-inflammatory cytokines. Consistently, in the current study, the serum and ovarian levels of the cytokines (including IL-18, IL-1β, IL-6, and TNF-α) were elevated in PCOS group; and SGD treatment could reverse the elevations. These results indicated that SGD could ameliorate both systemic and local inflammation in PCOS rats. However, the mechanism underlying how the chronic low-grade inflammation state in PCOS is induced still needs further research.
As we all known, the production of many pro-inflammatory factors in the host are induced by gut microbiota. For example, Streptococcus and its cell wall components have been shown to induce TNF-α and IL-1α secretion (Larsson et al., 1999). Lactobacillus has been shown to induce IL-6, IL-10, and TNF-α in human lymphocytes (Miettinen et al., 1998). Therefore, in order to better understand the key roles that gut microbiota play in the inflammation state of PCOS rats, we tested the abundance of gut microbiota. Our research showed that both α-diversity and β-diversity were significant altered in the pathological state of PCOS. At the phylum level, Bacteroidetes and Firmicutes are the dominant bacteria in the three groups. Several studies have reported that F/B ratio, which was regarded as the marker of dysbacteriosis, have positive association with enhanced inflammatory cytokines expressions (Chu et al., 2019). Consistently, in the current study, this ratio was dramatically increased (12.52 folds) in the model group and reversed by the supplementation of SGD. The F/B ratio was positively correlated with the levels of TNF-α, IL-1β, IL-18 and IL-6. The lower F/B ratio is considered favorable for the amelioration of inflammation. Yu et al. had reported that the alterations of intestinal microbiota, which was characterized by the decreased F/B ratio, could alleviate inflammatory infiltration (Yu et al., 2017). Moreover, our data also showed that the ratio was positively correlated with the levels of LPS and testosterone, and negatively correlated with tight junction protein as well as estradiol. The disordered sex hormone levels have been characterized as the most important clinical symptoms in patients with PCOS. Thus, we speculated that F/B ratio may serve as a potential marker/risk indicator for PCOS. Verrucomicrobia, the environmental microorganisms, was decreased in PCOS rats and sharply elevated after SGD treatment. Although the significance of Verrucomicrobia remains inconclusive, members of this phylum are thought to be associated with chronic inflammatory diseases (Dubourg et al., 2013; Depommier et al., 2019). As the only representative genus of this phylum in human gut, Akkermansia, has attracted emerging interest for its health benefits. In our study, the abundance of Akkermansia was decreased in PCOS rats compared with normal rats, and sharply elevated after the administration of SGD. It is reported that Akkermansia is a mucin-degrading bacterium and can reduce circulating LPS levels (Yang et al., 2019; Wang et al., 2020b). Likewise, our results also showed the abundances of Akkermansia were negatively correlated with the serum levels of LPS and the expressions of proinflammatory cytokines (IL-6, IL-18, TNF-α and IL-1β). Recent studies indicated that Akkermansia treatment could reduce the expressions of TNF-α and IL-1β, which consisted with our results. Akkermansia could inhibit macrophage functions, chemokines secretion and thus improve metabolic profile (Wang et al., 2020b). According to a recent clinical trial, supplementation of Akkermansia could reduce the levels of the inflammation markers and reinforced gut barrier function in human volunteers (Barcena et al., 2019). However, in our study, there were no significant correlations between Akkermansia and the tight junction proteins. The inconsistent results require further experimental explanation. At the genus level, we found that Turicibacter and Lactobacillus were dominant in both PCOS rats and normal rats by examination of fecal samples. Lactobacillus, known as probiotics, was slightly decreased in model group. Meanwhlie, the abundance of Turicibacter was increased in PCOS rats and significant declined in SGD group. Although the role of Turicibacter as pathogens still controversial, our results were in accordance with some studies, which demonstrated increased abundance of Turicibacter was positively correlated with proinflammatory cytokines (Wu et al., 2020). Taken together, the results of 16S rRNA gene sequence analysis revealed the SGD ameliorated the inflammation state in PCOS rats via remodeling gut microbiota to some extent.
To further clarify the correlation between the specific gut microbiota and inflammation parameters related to PCOS, we made a correlation analysis between the key microbial communities and inflammatory markers. The results showed that the relative abundance of p_Firmicutes and g_Turicibacter, which were considered as pro-inflammatory gut bacteria, were positively correlated with the levels of IL-6, IL-18 and TNF-α. On the contrary, the relative abundance of p_Bacteroidetes, p_Verrucomicrobia, g_Bacteroides and g_Akkermansia had negative correlation with the pro-inflammatory cytokines, and were supposed as anti-inflammatory gut bacteria. More importantly, we found that the abundance of anti-inflammatory gut bacteria was negatively correlated with the serum level of testosterone and positively correlated with E2, which was opposite of the association at pro-inflammatory gut bacteria. We all know that the inflammatory process can lead to the hormonal imbalance in PCOS (Shao et al., 2019). Therefore, we speculated that SGD could improve the inflammation state and hormone abnormalities in PCOS rats by enriching the abundance of anti-inflammatory gut bacteria and reducing the abundance of pro-inflammatory gut bacteria.
LPS, a major product from Gram-negative bacteria, was reported to participate in the pathogenesis of several metabolic derangements. In this study, a significant increase in the abundance of LPS-producing pathogens (such as Proteobateria) was observed in PCOS rats. Subsequently, an elevated serum level of LPS in PCOS rats was observed, which indicated an increased entry of bacterial endotoxin into systemic circulation. As reported, the increased circulating LPS is deemed as a risk factor for PCOS. Duleba et al. demonstrated that LPS profoundly increased the expression of key genes in androgen synthesis and contributed to hyperandrogenemia (Banaszewska et al., 2020). To some extent, this helps explain the reason why the administration of SGD could ameliorate the hyperandrogenism in PCOS rats by reducing the LPS level.
Nowadays, it is becoming recognized that the impairment of gut barrier (referred to as “leaky gut”) was closely linked to many chronic inflammatory diseases including PCOS (Guo et al., 2016). The “leaky gut” allows the gut microbiota-derived endotoxin LPS into systemic circulation and leads to a systemic state of immune activation. In this work, to examine the integrity of the intestinal barrier, the expressions of tight junction proteins were analyzed. As a result, the expressions of occludin and claudin1 were remarkably decreased in model group, and recovered after SGD treatment, suggesting that the prescription could protect the mucosal barrier in PCOS rats.
The communication between gut microbes and their host is based on the bacterial metabolites. In addition to LPS, other metabolites such as short-chain fatty acids (SCFA) and bile acid (BA) were also related to the development of PCOS. SCFA was considered as an important energy source for the maintenance of the intestinal epithelium (Chen et al., 2019). In the present study, after SGD administration, the abundance of SCFA-producing bacteria (e.g., Butyricicoccus, Coprococcus, Akkermansia and Blautia) was notably increased compared with model group. To further verify the gut-protective effect of these bacteria, the correlation analysis was conducted. Consistently, the abundances of the reported probiotics-Coprococcus and Blautia were positively correlated with TJ proteins. Furthermore, the abundance of Butyricicoccus, Akkermansia and Blautia, was negatively correlated with the expressions of proinflammatory cytokines. These genera, which were reported to produce butyrate and acetic acid, play vital roles in suppressing inflammatory response (Zhang et al., 2019b). Taking these results into consideration, we speculated that the anti-inflammatory effect of SGD may be related to the SCFA-producing bacteria, and the mechanism needs further investigation. As reported, BAs is an important signaling molecule that regulates inflammatory response in PCOS (Qi et al., 2019; Li et al., 2021). Our present study found that the abundance of Bacteroides, which is known as the lithocholic acid (LCA)-producing bacteria, was decreased in PCOS rats compared with normal rats, and dramatically increased after the administration of SGD. As we know, LCA is a secondary BA and can activate multiple transcription factors [such as farnesoid X receptor (FXR)] and BA receptors (such as Takeda G-protein coupled receptor 5 (TGR5)] (Zhang et al., 2019a; Hui et al., 2020; Liang et al., 2020). FXR can antagonize inflammation by negatively regulating the NF-κB signaling and reducing the expression of inflammatory cytokines (Shao et al., 2020a). These findings may well explain our results that the negative correlation between the abundance of Bacteroides and the levels of proinflammatory cytokines.
To further explain the molecule mechanism of SGD in the microbiota-modulated effect of PCOS, the expressions of the TLR4/NF-κB signaling (an important downstream pathway of LPS) were examined. The present data show that SGD could down-regulating expressions of TLR4 and its downstream signaling molecules PI3K, Akt and NF-κB p65 in PCOS rats. Moreover, the administration of SGD could also reduce the levels of pro-inflammatory cytokines such as TNF-α, IL-6, IL-18 and IL-1β. These results together with the previous researches lead us to conjecture that SGD may regulate the communication between gut and ovary by suppressing the TLR4-mediated LPS response in PCOS rats. As reported, macrophages were the main contributor for the inflammatory cytokines production in ovary (Choi et al., 2020). Clinically, macrophage infiltration was thought to be closely related to the chronic inflammation state in PCOS patients (Alanbay et al., 2012). Therefore, to further verify the molecule mechanism, LPS-stimulated RAW264.7 macrophages were conducted to simulate the inflammatory micro-environment in the PCOS ovary. In line with the results from in vivo study, we observed that SGD could markedly suppress the key genes expressions of TLR4/NF-κB signaling pathway in LPS-induced RAW264.7 cells. The activated TLR4/NF-κB signaling could trigger a succession of downstream inflammatory cascades such as the activation of NOD-like receptor protein 3 (NLRP3) inflammasome, caspase-1 and C-reactive protein (CRP). These factors were proved to participate in different PCOS phenotypes, such as insulin resistance, abdominal obesity and abnormal lipid metabolism (Barrea et al., 2019; Herman et al., 2020). In conjunction with the present results, we suggested that the role of SGD on improving the inflammation state in PCOS was achieved by suppressing the TLR4/NF-κB signaling pathway.
In conclusion, the current study demonstrated that SGD could improve the chronic low-grade inflammation state in PCOS rats via remodeling the gut microbiota and reducing the endotoxin translocation. The underlying mechanism may be related to protect the gut barrier function and suppress TLR4/NF-κB signaling pathway. These findings provided a scientific basis for promoting the treatment of PCOS with SGD.
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GLOSSARY
ANOVA analysis of variance
BCA bicinchoninic acid
CCK-8 cell counting kit-8
CRP C-reactive protein
DMEM Dulbecco’s modified Eagle’s medium
E2 17beta-estradiol
ELISA enzyme-linked immunosorbent assay
FBS fetal bovine serum
FSH follicle stimulating hormone
FXR farnesoid X receptor
GAPDH glyceraldehyde-3-phosphate dehydrogenase;
HE hematoxylin-eosin
HRP horseradish peroxidase
IL- interleukin-
LCA lithocholic acid
LH luteinizing hormone
LPS lipopolysaccharide;
NF-κB nuclear factor-κB
NMDS Non-Metric Multi-Dimensional Scaling
NO nitric oxide
NLRP3 NOD-like receptor protein 3
p- phosphorylated-
PCoA principal co-ordinates analysis
PCOS Polycystic ovary syndrome
PI3K phosphatidylinositol-3-kinase
PVDF polyvinylidene fluoride
SD Sprague Dawley
SGD Shaoyao-Gancao Decoction
T testosterone
TBST Tris Buffered Saline with Tween
TGR5 Takeda G-protein coupled receptor 5
TLR4 Toll-like receptor 4
TNF-α tumor necrosis factor-α
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Forward primer (5'-3')

GACCTTGTCCGTGGATGACTTCAG
ACTGTGGATGTCCTGCGTTTCG
GAAGGCGGATGGTGCTACAAGTG
AGAGAATCTGGTGGCTGTGGAGAC
TCTGGAATGTGTGGCTGGAGTTTG
CTCAACAACTTCTCAGTGGCACAATG
GATGGCTTCTATGAGGCTGAACTCTG
AGCACGGAAAGCATGATCCG
CCCTTGTCGAGAATGGGCAG
TCTGCTCTGGTCTTCTGGAGTTCC
(CAGCCAACGAATCCCAGACC
GTCCATGCCATCACTGCCACTC
CCGCTTTCACCTCTGCCTTCAC

AGAAAGGTGTGCGGCAGAAGAAG TACCACTACGGAGCAGGCATAGC

AGAGGCAGGAAGAAGAGACGATGG
ACACCTTCCCAGCATCCCTCAG
TCACCATCTTCCAGGAGCGAGAC

Reverse primer (5'-3')

ATCAGCAGCAGCCATGTACTCTTC
GCAGCAGCCCAGCCAGTAAAG
AGGCGAAAGGTAAGGGACTGGAG
AAAGGCTTGGGCTTGAATGGAGTC
GGAGGAGGAAGCGGTGGTCTATC
GCAGGCAGCGGATGATGAAGG
CTTGCTCCAGGTCTCGCTTCTTC
ACCGATCACCCCGAAGTTCA
GACCAGAATGTGCCACGGTT
GTTGGATGGTCTTGGTCCTTAGCC
AGATAGGGTCACAGCCAGTCC
CGCCTGCTTCACCACCTTCTTG
TGCCGTTTCTTGTTCTTCCTCTGC
TACCACTACGGAGCAGGCATAGC
GCAGGACACGGTTCTCAGTAAGC
CTTCCGACAGCGTGCCTTCC
TGAGCCCTTCCACAATGCCAAAG
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