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Editorial on the Research Topic 


Sex differences and sex steroid effects on musculoskeletal health


This Research Topic published original research articles and reviews from both human studies and animal models to discuss the effect of sex steroid hormones on musculoskeletal health. A total of 11 articles were included in this Research Topic and were divided into four categories: (1) original articles from in vitro studies, (2) original articles from animal studies, (4) original articles from human studies, and (4) review articles. Out of these 11 articles, one article was an in vitro study, four articles were from studies in animal models of bone loss, five articles were from human studies, and two were review articles. The role of sex steroid hormones on bones has been extensively studied. Estrogen deficiency-induced bone loss in women is defined as primary osteoporosis. There are several mechanisms involved in bone loss of sex steroid–deficient conditions such as increased reactive oxygen species, increased osteoclastogenesis and life span of osteoclast, increased osteoblast apoptosis, and immune system activation. However, in men, it is the testosterone (T) hormone that regulates bone mass. Even though we have ample information about the pathophysiology of osteoporosis and its treatment, this Research Topic provides novel insights into the role of sex steroid hormones on musculoskeletal health.


Article from in vitro study

Wisanwattana et al. showed that prenylated flavonoid 14 promotes osteoblast differentiation by activating the cGMP/PKG/SHP2/Src/ERK cascade via phosphodiesterase 5 (PDE5) inhibition, thereby leading to the localized production of estrogen by stimulating aromatase expression. This study provides new insights into the use of PDE5-inhibiting drugs to mimic the anabolic effects of mechanical bone stimulation in the treatment of osteoporosis.



Articles from animal studies

Saul et al. studied the effect of two lipoxygenase inhibitors, baicalein and zileuton, on ovariectomy (OVX)-induced bone loss in female rats and showed that the oral administration of baicalein did not improve either the vertebra or the femur. Zileuton showed a favorable effect on the trabecular vertebra, while the femur was negatively affected. Deng et al. utilized bioinformatics tools to study the mechanism of estrogen deficiency-induced bone loss. They observed 38 downregulated and 30 upregulated differentially expressed genes (DEGs). Through gene ontology analysis, the authors found that downregulated DEGs were mainly enriched in myeloid cell differentiation and cytokine-related functions, while upregulated DEGs were enriched in immune-related biological processes, pathways like Notch signaling and mitogen-activated phosphate kinase activation.

Zhou et al. studied the estrogenic effect of water extract of Rhizoma Drynariae (RD) administered with tamoxifen. The authors showed the interactions between RD and tamoxifen in the bone, brain, and uterus of OVX rats, while RD did not alter their responses to tamoxifen. The study further revealed that RD selectively exerts estrogenic actions differently from tamoxifen. Moreover, RD interacts with tamoxifen without altering its effects in OVX rats. Zhou et al. studied the effect of a single or combined administration with parathyroid hormone (PTH) and zoledronate acid (ZOL) on implant loosening in a rat model of osteoporosis. In this study, the authors showed that the combined treatment and monotherapy of PTH and ZOL enhanced the periprosthetic bone volume and bone–implant contact and the intramedullary implant stability in a debris wear-induced periprosthetic osteolysis under a condition of osteoporosis. Moreover, the combined PTH and ZOL therapy revealed an additive effect on preventing periprosthetic osteolysis and improving prosthetic anchorage, exhibiting a greater improvement than monotherapy that was even similar to or higher than that of the normal control group. Their findings indicate that combination or monotherapy with PTH and/or ZOL might be a promising strategy for preventing early-stage implant loosening in patients with severe osteoporosis.



Articles from human studies

Kim et al. studied the effect of tissue-specific estrogen complex (TSEC) treatment on hip geometry in postmenopausal women from Korea. They reported improvement in bone geometry in postmenopausal women after 12 months of treatment with TSEC, and it can be utilized for the prevention of fracture as well as osteoporosis in postmenopausal women. As sex steroids are thought to play a critical role in the pathogenesis of osteoarthritis (OA), Yan et al. studied the effect of sex steroids on site- and sex-specific OA and the risk of joint replacement surgery using the Mendelian randomization (MR) method. Their data showed a positive causal association between serum T levels and risks of hip OA. Serum dihydrotestosterone level was also positively associated with the risk of hip replacement. Horwath et al. examined the effect of moderate-dose T administration on molecular regulators of muscle protein turnover and mitochondrial remodeling in muscle samples collected from young women. The authors found that the improvements in muscle size and oxidative capacity in young women in response to moderate-dose T administration cannot be explained by alterations in the total expression of molecular factors known to regulate muscle protein turnover or mitochondrial remodeling. Xu et al. assessed the association of bone mineral density (BMD) with sex hormones (including T and estradiol) and sex hormone-binding globulin (SHBG) in adolescent boys and girls aged 12–19 years. Based on these findings, an appropriate increase in serum testosterone levels may be beneficial for skeletal development in girls because of the inverted U-shaped relationship (with the inflection point at 25.4 ng/dl of testosterone), and a high testosterone level might be detrimental to BMD. Furthermore, keeping the estradiol levels below a certain level in boys (24.3 pg/ml) may need to be considered.



Review articles

Another interesting study by Lin et al. reviewed the relationship between breast cancer and osteoporosis. They concluded that neuropeptide Y and its associated factors play a vital role in the development of osteoporosis and breast cancer and can be a novel diagnostic and therapeutic target for osteoporosis and breast cancer. Parker et al. reviewed the current evidence regarding the impact of relaxin on the incidence of soft tissue hip injuries in women. They found that at molecular levels, relaxin activates matrix metalloproteinases (MMPs) including collagenases MMP-1/-13 and gelatinases MMP 2/-9 to loosen pelvic ligaments for parturition. The authors concluded that menstrual cycle peaks of relaxin activate MMPs, which locally degrade collagen and gelatin. Women have relaxin receptors in multiple joints, including the hip and knee, and increased relaxin correlates with increased musculoskeletal injuries. Relaxin has paracrine effects in the female pelvis on ligaments adjacent to hip structures, such as acetabular labral cells, which express high levels of relaxin-targeted MMPs.

This Research Topic covers many important aspects of sex steroids and skeletal health with current updates and therapeutic strategies, which provide a better understanding of the disease diagnosis and treatment options in musculoskeletal health.
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Background

Hip structural analysis (HSA) is a method for evaluating bone geometry reflecting bone structural and biomechanical properties. However, tissue-selective estrogen complex (TSEC) treatment effects on HSA have not been investigated.



Objective

This study was performed to evaluate the effect of TSEC treatment on hip geometry in postmenopausal Korean women. The treatment was given for 12 months, and hip geometry was measured by HSA.



Materials and Methods

A total of 40 postmenopausal women who received TSEC containing conjugated estrogen 0.45 mg and bazedoxifene 20 mg for treating vasomotor symptoms were included in this retrospective cohort study. The changes in bone mineral density and parameters of HSA including the outer diameter, cross-sectional area, cross-sectional moment of inertia, cortical thickness, section modulus, and buckling ratio as determined by dual-energy X-ray absorptiometry were compared before and after 12 months of TSEC treatment.



Results

Mean age and years since menopause were 55.1 and 4.5 years, respectively. Total hip bone mineral density significantly increased by 0.74% after treatment (P=0.011). The changes in HSA were mainly demonstrated in the narrow femoral neck: cross-sectional area (P=0.003) and cortical thickness (P<0.001) increased significantly. For the shaft region, only SM decreased significantly after treatment (P=0.009). However, most parameters did not change significantly with TSEC treatment in the intertrochanteric and shaft regions.



Conclusions

Our findings demonstrate that 12 months of TSEC treatment could improve bone geometry as measured by HSA. The findings suggest that TSEC might be an interesting option for the prevention of fracture as well as osteoporosis in postmenopausal women.





Keywords: tissue-selective estrogen complex (TSEC), bone mineral density, hip structural analysis, menopause, hormone therapy (HT)



Introduction

Menopausal hormone therapy (MHT), estrogen alone, or estrogen-progestin combination, is effective for the prevention of osteoporosis and fractures in postmenopausal women (1, 2). However, occurrence of adverse side effects and concerns about risks associated with MHT have deterred use of MHT for this purpose. Experimental evidence suggests that most of the side effects and risks are related to the progestogen component, and a combined therapy of conjugated estrogen (CE) and bazedoxifene was developed recently and used worldwide as an alternative to conventional MHT. This new progestin-free tissue-selective estrogen complex (TSEC) would be a useful MHT option especially in women who cannot tolerate the side effects related to progestogens or who have a higher risk for breast cancer (1), and also showed beneficial effects on bone mineral density (BMD) in previous studies (3–5).

Estrogen regulates bone metabolism via effects on osteocytes, osteoblast, and osteoclasts, and its main effect is inhibition of bone remodeling (6). MHT reduced all major osteoporotic fractures including hip and non-vertebral fractures (7, 8), and bazedoxifene reduced spinal fractures and even prevented hip fractures in postmenopausal women at higher risk of hip fracture (9). Therefore, TSEC, a combination of these two regimens, can also be expected to have beneficial effects on fracture risk. However, fracture risk has not been adequately assessed for low doses of CE (< 0.625 mg), although the effect of estrogen on bone is dose-dependent. Moreover, the effect of TSEC on fracture risk has never been evaluated because the study duration was short (12–24 months) and the subjects were young (subject mean age was in their 50s) in previous studies (3–5).

Hip structural analysis (HSA) is a method for evaluating bone geometry reflecting bone structural and biomechanical properties using dual energy X-ray absorptiometry (DXA) scan of the proximal femur. HSA is a software method to extract information, a line of pixel values across the proximal femur bone axis, from image data of DXA bone mass (10). The profile of a mass projection could be used to estimate geometric relevance. In spite of several limitations such as high correlation with BMD or 2D nature (11, 12), HSA has been applied to assess bone mechanical strength, and therefore, to evaluate the effect of osteoporosis treatment on fracture risk (13–15). However, TSEC treatment effects on HSA have not been investigated.

Therefore, this study evaluated the change in HSA after 12 months of TSEC treatment in postmenopausal Korean women.



Materials and Methods


Study Population

All postmenopausal women who received MHT for relieving vasomotor symptoms at the Menopause Clinic at Samsung Medical Center were considered for inclusion. Menopause was diagnosed when women had no spontaneous menstruation over 12 months without any specific cause for amenorrhea.

The inclusion criteria were: postmenopausal women (1) with an intact uterus, (2) who received TSEC, (3) who were over 40 years old, (4) who were diagnosed with osteopenia at the femoral neck or total hip using DXA, and (5) who had results of bone densitometry and geometry before and after 12 months of TSEC use.

Exclusion criteria were: (1) use of MHT other than TSEC; (2) use of any medication that could affect bone metabolism, e.g., bisphosphonate, glucocorticoids, anti-convulsants, or heparin; (3) having a history of any disease that could affect bone metabolism, e.g., hyperthyroidism or hyperparathyroidism; (4) having been lost to follow-up before 12 months of TSEC treatment; and (5) having a history of hip fracture.

A total of 40 postmenopausal women were included for the analysis in this retrospective cohort study. The study protocol was approved by the Institutional Review Board of Samsung Medical Center, Seoul, Korea. Informed consent from participants was exempted by the Institutional Review Board because of the retrospective nature of the analysis.



Treatment and Measurement

Women received TSEC (Duavive®, Pfizer Ireland Pharmaceuticals, Newbridge, Ireland) for relief of vasomotor symptoms based on the preferences of both patients and doctors. Each TSEC tablet contained CE 0.45 mg and bazedoxifene 20 mg.

The baseline characteristics of the study population, i.e., age, body mass index, years since menopause, and parity, were obtained from medical records. In addition, the results of bone densitometry and hip geometry were also obtained.

BMD was measured at the hip using DXA (Delphi Q; Hologic Inc., Bedford, MA, USA). The in vivo coefficient of variation was 1.0% for the hip. For the evaluation of hip bone geometry, the HSA™ program was used for three regions, the femoral narrow neck, intertrochanter, and shaft. These were displayed on the DXA image. At each region, the HSA™ program produced geometric parameters including the outer diameter (OD), cross-sectional area (CSA), cross-sectional moment of inertia (CSMI), cortical thickness (CT), section modulus (SM), and buckling ratio (BR).



Statistical Analysis

All statistical analyses were performed using SPSS Statistics 25 software (SPSS Inc., Chicago, IL). Data are presented as mean ± standard error of the mean or number (percent). The normality assumption of the data was confirmed using the Levene’s test for homogeneity of variances before statistical analysis. Changes in BMD and various parameters of HSA were compared before and after treatment using paired t tests. In addition, differences in HSA parameters between responders (no change or increase in BMD from baseline at 12 months) and non-responders (decrease in BMD from baseline at 12 months) were compared by t test or Mann–Whitney test. P < 0.05 was considered statistically significant.




Results

Table 1 demonstrates the baseline characteristics of the study participants. The mean age and years since menopause were 55.1 and 4.5 years, respectively. The mean body index was 21.5 kg/m2, and only two women were obese.


Table 1 | Baseline characteristics of the study population.



Figure 1 depicts the change in BMD after 12 months of TSEC treatment. Both BMDs at the femoral neck (from 0.624 to 0.631 g/cm2, P = 0.022) and total hip (from 0.770 to 0.776 g/cm2, P = 0.011) increased significantly by 1.26% and 0.74%, respectively. In addition, T-score also improved significantly at the femoral neck (from -1.68 to -1.59, P = 0.004) and total hip (from -0.72 to -0.65, P = 0.006).




Figure 1 | Changes in (A) bone mineral density and (B) T-score at the femoral neck and total hip after 12 months of TSEC treatment. P value by paired t test.



Table 2 shows the changes in various parameters of HSA after 12 months of TSEC treatment. For the narrow neck of the femur, CSA (P = 0.003) and CT (P<0.001) increased significantly. In addition, although not statistically significant, CSMI and SM tended to increase and BR tended to decrease. However, OD did not change. For the intertrochanteric region, women had a wider diameter after treatment (P = 0.041). However, other parameters such as CSA, CSMI, SM, CT, and BR did not change significantly after treatment. For the shaft region, only SM decreased significantly after treatment (P = 0.009), and OD, CSA, CSMI, CT, and BR did not differ.


Table 2 | Changes in parameters of hip structural analysis at three regions after 1 year of TSEC treatment.



Table 3 presents the changes in HSA according to BMD response. Responders were women with no change or increase in total hip BMD after treatment. Because the number of each group was relatively small, some parameters in Table 3 did not meet the normality assumption. In these contexts, t test or Mann–Whitney test were used where indicated. For the narrow femoral neck, percent changes in OD, CSA, and CSMI were significantly higher in responders than in non-responders. Values were significantly decreased in OD and CSMI or only slightly increased in CSA in non-responders after treatment. Although not statistically significant, BR also decreased in responders in contrast to a minimal increase in non-responders. For the intertrochanteric region, OD and BR decreased in responders and increased in non-responders, and the changes were significantly different between responders and non-responders (P = 0.031 for OD and P=0.026 for BR). For the shaft region, CSA and CT increased in responders and decreased in non-responders after treatment, showing a significant difference of percent changes between the two groups (P = 0.005 for CSA and P = 0.042 for CT).


Table 3 | Percent changes in parameters of hip structural analysis at three regions after 1 year of TSEC treatment, according to the response of bone mineral density at the total hip.





Discussion

This study evaluated the changes in BMD and HSA after 12 months of TSEC treatment in postmenopausal Korean women. This study demonstrated that, with TSEC treatment, hip BMD significantly increased, and some parameters of HSA were improved with TSEC treatment.

In the present study, total hip BMD significantly increased by 0.7% after treatment. This finding is similar to previous studies that demonstrated an approximate 1% (SMART-1), 0.84% (SMART-4), and 0.5% (SMART-5) increase of total hip BMD after 12 months of TSEC treatment (3–5). Since our study population was osteopenic postmenopausal women who were at low risk for bone loss or fracture, this amount of BMD increase could maintain women’s bone health (16). In addition, the percentage of total hip BMD responders was 65% in the present study. This is comparable to the 61.5% of SMART-4 (4) and 70% of SMART-1 responders (3). The amount of total hip BMD increase in the current study was similar to that seen with bazedoxifene alone (9). This suggests that the combination of bazedoxifene 20 mg and CE 0.45 mg did not produce an additional BMD gain by adding the estrogen component. One possible explanation is that, since both CE and bazedoxifene bind to the estrogen receptor and CE has a more potent effect, addition of bazedoxifene to CE may attenuate the BMD response (3, 5).

The risk of hip fracture is low in young postmenopausal women who usually take TSEC, and the study duration in previous studies regarding TSEC was too short (≤ 24 months). Therefore, fracture risk related to TSEC use has never really been addressed. In addition, either low-dose CE (0.45 mg) or bazedoxifene therapy has not been proven to reduce the hip fracture risk in postmenopausal women at low risk. In these contexts, HSA was assessed as a possible surrogate marker to evaluate beneficial effects of TSEC on fracture risk in this study.

In the present study, the changes in HSA parameters, indicating geometry-related improvement, were mainly observed in the narrow femoral neck region. The femoral neck is the most common location of fractures. Our findings are consistent with the 3-year retrospective study in postmenopausal women with osteoporosis (mean age: 67.4 years). Those researchers reported that treatment with bazedoxifene was associated with significant increases in CSA and SM in the narrow femoral neck and in CSA in the trochanter region. Also, almost no significant change in the shaft region compared with placebo was demonstrated (17). Besides bazedoxifene results, results from the following three studies regarding MHT are also similar to our study findings. In a prospective study analyzing about 600 current hormone users, CSA and CT increased compared to never users (18). In addition, in the 3-year randomized clinical trial in women over the age of 65 years, MHT using CE 0.625 mg (n = 93) increased CSA and SM in the narrow femoral neck region, and BR decreased after treatment (19). From the Women’s Health Initiative study (20), CSA and CT increased and BR decreased in the narrow neck region at year 1 among hormone users compared with placebo. Favorable changes in HSA parameters in the intertrochanter or shaft region were also not observed. No significant differences in the geometric changes were found between estrogen alone and estrogen-progestin treatment, suggesting that the effect of estrogen was responsible for the changes.

The beneficial effect of estrogen seems to be associated with increases in cortical thickness and section moduli via direct effects on bone (18). The load sensitivity can be increased by estrogen on bone tissue. In addition, estrogen has a positive effect on muscle strength; this may play an indirect role on bone strength (21). However, we could not conclude that the combination of bazedoxifene and CE had additional benefits on hip structural geometry compared with estrogen or bazedoxifene alone. Differences in treatment (dose, type, duration) and study population (age, baseline BMD, history of fracture, or other risk factors) have a considerable impact on bone health; therefore, the degree of beneficial effects will differ across studies.

This is the first study to evaluate the change in HSA with TSEC treatment in young osteopenic postmenopausal women. Although previous studies showed a significant increase in BMD and significant decreases in bone turnover markers, HSA has never been assessed in TSEC users. In addition, previous studies evaluated the effects of MHT on HSA in older women (over 65 years old); but, from recent guidelines, MHT is no longer recommended for bone health in older women (1, 2). The current main indication for MHT is young postmenopausal women having vasomotor symptoms who are younger than 60 years or within 10 years from menopause onset. This is similar to our study population. Therefore, the current study could provide real world evidence regarding TSEC on hip geometry.

However, this study had several limitations. This was not a prospective clinical trial, and duration of treatment and sample size may not have been adequate to assess the effects of TSEC on HSA. In a post-hoc power analysis, this study had a power of about 30% to detect differences in the changes of HSA parameters with an alpha error of 0.05. This study did not contain a control group who had osteopenia but did not use TSEC. However, it already has been shown that parameters of HSA did not change significantly in placebo group during one year (20). In addition, although intake of calcium and vitamin D was encouraged for all patients and daily supplementation was provided if necessary, we could not ascertain that all patients consumed sufficient calcium and vitamin D for maintaining bone health. Finally, the clinical implication of our findings is not clear in young postmenopausal women at low risk of hip fracture, and therefore, the results should be interpreted with caution.

In conclusion, this pilot study demonstrates that a combination of CE and bazedoxifene could enhance improvements in bone strength evaluated by HSA and suggests that TSEC may be a treatment option for prevention of fracture and osteoporosis in postmenopausal women. Further long-term, large-scale study is necessary to draw a clear conclusion.
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Mechanical stimulation induces bone growth and remodeling by the secondary messenger, cyclic guanosine 3’, 5’-monophosphate (cGMP), in osteoblasts. However, the role of cGMP in the regulation of estrogen biosynthesis, whose deficiency is a major cause of osteoporosis, remains unclear. Here, we found that the prenylated flavonoids, 3-O-methoxymethyl-7-O-benzylicaritin (13), 7-O-benzylicaritin (14), and 4'-O-methyl-8-isopentylkaempferol (15), which were synthesized using icariin analogs, promoted estrogen biosynthesis in osteoblastic UMR106 cells, with calculated EC50 values of 1.53, 3.45, and 10.57 µM, respectively. 14 and 15 increased the expression level of the bone specific promoter I.4-driven aromatase, the only enzyme that catalyzes estrogen formation by using androgens as substrates, in osteoblastic cells. 14 inhibited phosphodiesterase 5 (PDE5), stimulated intracellular cGMP level and promoted osteoblast cell differentiation. Inhibition of cGMP dependent-protein kinase G (PKG) abolished the stimulatory effect of 14 on estrogen biosynthesis and osteoblast cell differentiation. Further, PKG activation by 14 stimulated the activity of SHP2 (Src homology 2 domain-containing tyrosine phosphatase 2), thereby activating Src and ERK (extracellular signal-regulated kinase) signaling and increasing ERK-dependent aromatase expression in osteoblasts. Our findings reveal a previously unknown role of cGMP in the regulation of estrogen biosynthesis in the bone. These results support the further development of 14 as a PKG-activating drug to mimic the anabolic effects of mechanical stimulation of bone in the treatment of osteoporosis.
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Introduction

Osteoporosis is a major global public health problem caused by the reduced estrogen level in postmenopausal women (1). In humans, aromatase cytochrome P450 (CYP19A1) catalyzes the formation of estrogens from C19 androgens (2). The aromatase expression at various sites is regulated by tissue-specific promoters through the alternative splicing mechanisms (3). In bone, class I cytokines such as TGF-β1, IL-1β, and TNF-α drive aromatase expression by the usage of promoter I.4 (4). Aromatase activity is a key factor in skeletal development and mineralization, and is crucial to estrogen production in the bone (5). Aromatase activity may decline with an increase in during aging, and the contribution of such decline to age-related bone loss is similar in magnitude to that of sex steroid deficiency in both women and men (6, 7). Therefore, agonists of aromatase expression or activity in the bone would be a new therapeutic means for preventing and treating osteoporosis.

Mechanical stimulation is a primary determinant of bone growth and remodeling, through generating the shear stress that stimulates osteoblasts and osteocytes and enhances their anabolic activity. In mechanically stimulated osteoblasts the NO/cGMP/PKG signaling pathway activates Erk-1/2 and a proliferative response through the recruitment of PKGII, Src, and SHP-1/2 into an integrin β3-containing mechanosome membrane complex (8). NO, which is increased by estrogen exposure, also mediates estrogen-stimulated human and rodent osteoblast proliferation and differentiation (9). Src kinase has also been found to regulate aromatase activity by directly phosphorylating aromatase or indirectly regulating aromatase expression through the MAPK pathway (10). In osteocyte, 17β-estradiol is found to prevent the bone loss by increasing its survival through NO/cGMP-mediated stimulation of Akt and Akt- and PKG-dependent phosphorylation of the pro-apoptotic Bcl-2 protein BAD (11). However, the role of cGMP in the regulation of estrogen biosynthesis in osteoblasts is still not well understood. An inhibitor of PDE5, which is responsible for cGMP degradation, has been found to increase aromatase expression and estrogen biosynthesis in human adipocytes and ovarian granulosa cells (12, 13). Thus, it will be of interest to investigate the crosstalk of cGMP signaling on aromatase expression in osteoblastic cells, which may provide new insights into the underlying mechanism of cGMP-mediated signaling in osteoblast proliferation and differentiation.

It is unclear whether natural medicinal plants exert their antiosteoporotic effects by modulating estrogen biosynthesis in the bone. Previously we found that icariin from Epimedium brevicornum, a widely used antiosteoporotic medicinal plant, promotes the production of estrogen in human ovarian granulosa cells and osteoblastic cells, with an underlying mechanism that remains unclear (14). Icariin and its analogs are found to be the inhibitors of PDE5 (15). We showed that the PDE5 inhibitors, sildenafil and icariin analogs, promote aromatase expression in human ovarian granulosa-like KGN cells by activating the cAMP/CREB pathway (13). Thus, further investigating the effect and mechanism of icariin analogs on aromatase regulation in bone tissue will be important for developing new therapeutic means to prevent and treat osteoporosis.



Materials and Methods


Chemicals and Reagent

The 18 icariin analogs were synthesized and identified as described previously (16, 17, Figure S1). The compounds were dissolved in DMSO (Sigma-Aldrich, Shanghai, China) and stored at -20°C. Testosterone was purchased from Sigma-Aldrich. The magnetic particle-based 17β-estradiol enzyme-linked immunosorbent assay (ELISA) kit was purchased from Bio-Ekon Biotechnology (Beijing, China). NSC-87877, KT5823, PD98059 and Rp-8-pCPT-cGMPS were obtained from Tocris Bioscience (MN, USA). Antibodies used in this study as follow: aromatase (1:1,000, ab64881, Abcam, Shanghai, China), Src (1:1,000, 11097-1-AP, Proteintech, Wuhan, China), shp2 (1:2,000, 20145-1-AP, Proteintech, Wuhan, China), phospho-Src-Tyr418 (1:1,000, 11091, SAB, Nanjing, China), phospho-Src-Tyr529 (1:1,000, 11153-1, SAB, Nanjing, China), ERK1/2 (1:1,000, 48504-1, SAB, Nanjing, China), phospho-ERK1/2 (1:1,000, 12082-1, SAB, Nanjing, China) and PDE5A (1:1,000, 37810, SAB, Nanjing, China).



Cell Culture

The rat osteoblast-like cell line (UMR106), murine osteoblast-like cell line (MC3T3-E1), human embryonic kidney 293T (HEK293T) and 293A (HEK293A) cell lines were obtained from the Cell Bank of Chinese Academy of Sciences (Shanghai, China). UMR106, HEK293T, and HEK293A cells were maintained in DMEM/High glucose medium supplemented with 10% (v/v) fetal bovine serum and 1% (v/v) penicillin/streptomycin at 37°C in 5% CO2. MC3T3-E1 cells were maintained in α-MEM medium supplemented with 10% (v/v) fetal bovine serum and 1% (v/v) penicillin/streptomycin at 37°C in 5% CO2. Aromatase-overexpressing HEK293A cells as described before (18).



Cell-Based Estrogen Biosynthesis Assay

The assay was conducted as described previously (19). The UMR106 cells or MC3T3-E1 cells were seeded overnight in 24-well plates. After that the medium was replaced with serum-free medium, and the cells were pretreated for 24 h with the test chemicals. Testosterone (10 nM) was then added to each well, the cells were incubated for an additional 48 h. The magnetic particle-based ELISA kit was used to quantify the 17β-estradiol in the culture medium according to the manufacturer’s instructions (Bio-Ekon Biotechnology). The results were normalized to the total cellular protein content, and expressed as percentages of the control. The BCA protein assay kit was used for protein determination (Bestbio, Shanghai, China).



Western Blotting

Immunoblotting was performed as described (19). Cells cultured were harvested in RIPA buffer supplemented with a protease inhibitor cocktail (Sigma). Proteins lysate was loaded and separated on a sodium dodecyl sulfate-polyacrylamide gel electrophoresis. After that, the proteins were blotted onto nitrocellulose membranes and then incubated with each specific antibody, then enhanced chemiluminescence detection (Amersham Biosciences, Piscataway, NJ, USA).



Real-Time Quantitative Reverse Transcription-PCR

The qRT-PCR analysis was performed as described (19). TRIzol reagent was used to isolated total cellular RNA according to the manufacturer’s protocol (Invitrogen, Carlsbad, CA, USA). SuperScript III Reverse Transcriptase (Invitrogen, Carlsbad, CA, USA) was used to reverse-transcribe total RNA (2 μg) with oligo dT15 primer. Equal amounts (1 μL) of cDNA were subjected qRT-PCR with the florescent dye SYBR Green I, according to the manufacturer’s protocol (TransGen Biotech, Beijing, China). The following primer pairs were used: aromatase, 5’- ATGTTTCTGGAAATGCTGAACCCGATGCATT -3’ (forward) and 5’- CTGTTTCAGATATTTTTCGCTGTTGCGCGG -3’ (reverse); aromatase promoter I.4, 5'–CACTGGTCAGCCCATCAA–3’ (forward) and 5’- ACGATGCTGGTGATGTTATAATGT–3’ (reverse); GAPDH,:5’-GGTCAGTGCCGGCCTCGTCTCATAGACA–3’ (forward) and 5’-GAGGGTGCAGCGAACTTTATTGA–3’(reverse); Runt-related transcription factor 2 (Runx2), 5’–ATGCTGCATAGCCCGCATAAACAGCCGCAG–3’ (forward) and 5’- GTTCGCATCCGGCGCCTGCGGCACGCTCTG–3’ (reverse); Osteocalcin (OCN), 5’–ATGCGCACCCTGAGCCTGCTGACC–3’ (forward) and 5’–CACGGTGGTGCCATAAATGCGTTTA–3’ (reverse); Osterix (Osx), 5’–ATGGCGAGCAGCCTGCTGGAAGAAGAAG–3’ (forward) and 5’–AATTTCCAGCAGGTTGCTCTGTTCCGG–3’ (reverse); Alkaline phosphatase (ALP), 5’–ATGATTCTGCCGTTTCTGGTGCTGGC–3’ (forward) and 5’–AAACAGGGTGCGCAGCGGAAACAG–3’ (reverse); Osteoprotegerin (OPG), 5’–CTGTGCGTGCCGTGCCCGGATTATAGCTA–3’ (forward) and 5’–CAGGCAGCTAATTTTCACGCTCTGCA–3’ (reverse); Receptor activator of nuclear factor kappa-B ligand (RANKL), 5’–ATGCGCCGCGCGAACCGCGATTATG–3’ (forward) and 5’–ATCAATATCCTGCACTTTAAACGCG–3’ (reverse), and β-actin, 5’–ATGGATGATGATATTGCGGCGCTGG–3’ (forward) and 5’– AAAGCATTTGCGATGCACAATGCTCG–3’ (reverse). The thermal cycling conditions consisted of an initial denaturation step at 95 °C for 10 s, followed by 40 cycles of 95 °C for 60 s, 54 °C for 30 s, and 72 °C for 30 s. The relative quantity (n-Fold) of aromatase, CYP19I.4, RUNX2, OCN, Osx, ALP, and OPG/RANKL mRNA was calculated by the Δ(ΔCt) method using GAPDH as a reference amplified from the same sample.



Measurement of Intracellular cGMP Level

UMR106 cells seeded in 6-well plates overnight were treated with 14 and sildenafil for the indicated time. The pre-cooled PBS buffer (120-150 μL) was added in 1×106 cells to keep the cells suspended. The cells were lysed with the repeated freeze-thaw process. After centrifugation for 10 min at 1500 × g at 2-8°C, the supernatants were collected to carry out the assay. The cGMP concentration was determined with a commercial cGMP enzyme immunoassay kit (Elabscience, Wuhan, China). Thereafter, the results were measured with Thermo Scientific Verioskan Flash Multimode Reader at a wavelength of 450 nm ± 2 nm.



Alkaline Phosphatase (ALP) Activity Assay

ALP activity was performed as described (20). UMR-106 cells were seeded in serum-free medium in a 24-well plate overnight and treated with the test compounds for 48 h. After that a kit using para-nitrophenyl phosphate as substrate was used to assay the cell lysate. The OD value was measured at 405 nm with Thermo Scientific Verioskan Flash Multimode Reader. The results were expressed as percentages of the control and normalized on a protein basis.



SHP2 Activity Assay

SHP2 was immunoprecipitated and its activity is assayed as described previously (21). UMR106 cells were lysed in RIPA buffer that contained a complete protease inhibitor cocktail after treatment with 14 and SHP2 inhibitor (NSC-87877) for 30 min. The lysates were incubated on ice for 10 min and centrifuged at 20,000 × g for 15 min at 4°C. SHP2 antibody was incubated with cleared lysates overnight at 4°C with agitation, followed by the incubation with the Protein A/G agarose (Santa Cruz Biotech, TX, USA). The immunoprecipitates were resuspended gently in reaction buffer (100 μL) and transferred to a 96-well plate. The DiFMUP was used as the substrate of SHP2 to measure its activity with a plate reader (Thermo Scientific Varioskan® Flash).



Cellular Thermal Shift Assay

Cellular thermal shift assay was conducted as described previously (21). HEK293T cells were collected in PBS supplemented with protease inhibitor cocktail. The freeze-thawed cell lysates were centrifuged at 20,000 g for 20 min at 4°C, diluted with PBS and divided into two aliquots; one aliquot was treated with DMSO while the other was treated with 14 (100 μM). For temperature response experiments, 50 µL of lysate was transferred to PCR tubes and heated for 3 min to various temperatures. After that the cell lysates were centrifuged at 20,000 g for 20 min at 4°C to separate the soluble fractions from the precipitates. The supernatants were dissolved in loading buffer and analyzed by western blotting. The dose effect of 14 on the stability of PDE5A or vinculin was evaluated in the same manner.



Measuring Recombinant Expressed PDE5 Activity

The activity of recombinant expressed PDE5 (Enzo Biochem, Madison, USA) was evaluated using the PDE-Glo™ Phosphodiesterase assay (Promega Corporation, Madison, WI, USA). Aliquots of PDE-Glo™ reaction buffer containing appropriate amounts of purified human recombinants PDE5A were added to a 96-well plate. After the addition of diluted compounds to each well, cGMP™ solution was added to initiate the reaction. After an appropriate incubation, Kinase-Glo® reagent was pipetted into each well and 10 min later luminescence was measured using a plate reader (Thermo Scientific Varioskan® Flash).



Molecular Docking

The crystal structure of PDE5 [PDB code: 2H42] was obtained from the Protein Data Bank. During the process, all water molecules were removed, and hydrogen atoms were added to the protein molecule. Autodock 4 was used to predict the interactions between compounds and protein structure of PDE5 according to the binding energy with the default setting.



Cell Viability Assay

UMR 106 cells were plated at 0.5 × 104 cells/well in 96-well plates with 100 μL medium. The different concentrations of 13, 14, and 15 were used to treat the cultured cells for 24 h. After that the medium was added with 10 μL of the Alamar blue reagent and incubated for another 2–4 h with the measurement of the relative fluorescence intensity in each well.



Statistical Analysis

Statistical analysis was analyzed by GraphPad Prism 6 (GraphPad, La Jolla, CA, USA). The results are expressed as mean ± standard error of the mean (S.E.M.) of three independent experiments with individual values. Data were compared by one-way ANOVA followed by Dunnett’s post hoc test. A p-value of less than 0.05 was considered to indicate a significant difference relative to the control.




Results


Effect of Icariin Analogs on Estrogen Biosynthesis

To search for small molecules that modulate estrogen biosynthesis, we examined the effects of icariin analogs (16, 17, Figure S1) and their effects on estrogen biosynthesis in the rat osteoblast-like cell line, UMR106. The chemical structure of the icariin (Figure 1A, compound 2) and its analogs are presented in Figure 1A. As shown in Figure 1B, testosterone supplementation significantly increased 17β-estradiol production in UMR106 cells, which was further enhanced by dexamethasone treatment, thereby aligning with previous reports (22, 23). To examine the effect of icariin and its analogs on 17β-estradiol biosynthesis, UMR106 cells were incubated for 24 h with different concentrations of the test compounds followed by a further 24-h incubation with testosterone. Among the 18 compounds, 11 could increase the production of 17β-estradiol; these 9 compounds were the flavonoids icariside I (3), 7-O-methylkaempferol (6), kaempferide (9), 3-O-methoxymethyl-4’-O-methyl-7-O-benzylkaempferol (11), 3-O-methoxymethyl-4’-O-methyl-5-O-isopentenyl-7-O-benzylkaempferol (12), 3-O-methoxymethyl-7-O-benzylicaritin (13), 7-O-benzylicaritin (14), 4’-O-methyl-8-isopentylkaempferol (15), 4’-O-methyl-5-O-isopentenyl-7-O-benzylkaempferol (16), 4-benzyloxy-2,3,3-trimethyl-7-(4-methoxyphenyl)-8-methoxymethoxy-2,3-dihydrofuro[2,3-f]chromen-9-one (17) and 3-O-(2’’’’,3’’’’,4’’’’-tri-O-acetyl-α-L-rhamnopyranosyl)-7-O-(2’’’,3’’’,4’’’,6’’’-tetra-O-acetyl-β-D-glucopyranosyl)icaritin (18). Compounds 13, 14, and 15 promoted 17β-estradiol biosynthesis in a concentration-dependent manner, with EC50 values of 1.53, 3.45, and 10.57 µM, respectively (Figure 1C). They also had no effect on the viability of UMR106 cells (Figure 1D). These results indicate that the icariin analogs, such as compounds 13, 14, and 15, could potently promote estrogen biosynthesis in rat osteoblast-like cells.




Figure 1 | Effect of the icariin analogs on estrogen biosynthesis in osteoblast cells. (A) The chemical structure of icariin analogs. (B) UMR 106 cells seeded in 24-well plates were pretreated with the Dex (100 nM) and icariin analogs (25 μM) for 24 h. Subsequently, the cells were supplemented with testosterone (10 nM) for an additional 24 h and the 17β-estradiol (E2) concentration in the culture medium was quantified using a 17β-estradiol (E2) magnetic particle-based ELISA. (C) The concentration-response curve of compounds 13, 14, and 15 for the promotion of estrogen biosynthesis in UMR 106 cells. (D) Viability of UMR106 cells. UMR 106 cells grown in 96 well plates were pretreated with compounds 13, 14, and 15 (1-100 μM) for 24 h. Cell were then incubated with Alamar Blue reagent for an additional 4 h, and the fluorescence intensities were measured. Cont., DMSO-treated control; Dex, 100 nM dexamethasone. Error bars represent the standard deviation of the measurement. (*) p < 0.05, (**) p < 0.01, (***) p < 0.001 and (****) p < 0.0001 compared to the DMSO control.





Effect of Icariin Analogs on Aromatase Expression

To determine whether compounds 14 and 15 promoted 17β-estradiol biosynthesis by affecting aromatase, we examined the mRNA and protein levels of aromatase in UMR106 cells treated with the selected compounds. Compounds 14 and 15 significantly increased aromatase transcript levels in a concentration-dependent manner (Figure 2A). 14 increased 58% of the aromatase mRNA levels at 10 μM while 15 increased 60% of the aromatase mRNA levels at 25 μM compared in the DMSO-treated control cells. 14 and 15 also significantly increased the bone specific aromatase promoter I.4 transcript in a concentration-dependent manner (Figure 2A, Figure S2). 14 and 15 also significantly increased aromatase protein expression in UMR106 and MC3T3-E1 cells in a concentration-dependent manner (Figures 2B–D). Furthermore, in aromatase-overexpressing HEK293A cells, letrozole, a specific inhibitor of aromatase enzymatic activity, significantly inhibited 17β-estradiol biosynthesis; however, 14 had no apparent effect on 17β-estradiol production compared to the DMSO-treated cells (Figure 2E), western blot also showed 14 had no effect on aromatase protein expression (Figure S3). These results excluding the probability that 14 directly modulates the enzymatic activity of aromatase protein. Actinomycin D, an RNA polymerase inhibitor, significantly suppressed 14-induced aromatase mRNA transcription (Figure S4). These results indicate that 14 and 15 promoted estrogen biosynthesis by affecting aromatase at the transcriptional level.




Figure 2 | Effect of the icariin analogs on aromatase expression. (A) The mRNA expression of aromatase in UMR106 cells. UMR 106 cells were incubated with the indicated concentrations of 14 and 15 and Dex (100 nM) for 24 h. Aromatase mRNA was measured in total cellular RNA by real-time qPCR. The results are expressed as fold increase relative to levels in untreated cells. GAPDH was used as an internal control. (B, C) UMR106 cells were treated with the indicated concentrations of 14 and 15 for 24 h. The cell lysates were immunoblotted with aromatase and GAPDH antibodies. (D) MC3T3-E1 cells were treated with the indicated concentrations of 14 for 24 h. The cell lysates were immunoblotted with aromatase and GAPDH antibodies. (E) Let (10 µM) and 14 at the indicated concentrations treated aromatase-overexpressing HEK293A cells seeded in 24 well plates for 24 h, and then supplemented with tesoterone (10 nM) for a further 24. The culture medium was quantified using a 17β-estradiol ELISA. Cont., DMSO control; Dex, 100 nM dexamethasone; Let, 10 µM letrozole. (*) p < 0.05, (**) p < 0.01, (***) p < 0.001 and (****) p < 0.0001 compared to the control.





Inhibitory Effect of 14 on PDE5A Activity

Previously, the icariin analogs were found to be potent inhibitors of PDE5 (15); thus, we opted to use recombinant-expressed PDE5A to examine whether 14 inhibits PDE5 activity. As shown in Figure 3A and Figure S5, 14 significantly inhibited PDE5 activity in a concentration-dependent manner with the IC50 value of 9.914 μM, a finding similar to that obtained with the specific PDE5 inhibitor, sildenafil. 14 had no effect on the PDE5 expression in both UMR106 cells and MC3T3-E1 cells (Figure S6). Thereafter, we proceeded to perform a cellular thermal shift assay to examine whether 14 directly interacts with PDE5A in cells (24). Compared to the DMSO control, the presence of 14 markedly increased the accumulation of PDE5A in the soluble fraction at the temperatures examined (Figure 3B). We also tested the concentration-response of 14 on PDE5A stability at increased temperatures. An increase in 14 concentration resulted in a marked increase in PDE5A accumulation (Figure 3C). We then examined the effect of 14 on the intracellular cGMP level. As shown in Figure 3D, similar to sildenafil, 14 significantly stimulated the intracellular cGMP level in UMR106 cells. These findings suggest that 14 directly interacts with PDE5 and inhibits its activity in cells.




Figure 3 | Inhibitory effect of 14 on PDE5. (A) The intracellular PDE5 level was detected. Basal PDE5 activity is normalized to a control. Cont., DMSO control; Sil, 10 µM sildenafil. (***) p <0.001 and (****) p <0.0001 compared to the DMSO control. (B, C) The cellular thermal shift assay was performed on HEK293T cells as described in Materials and Methods. The stabilization effect of 14 on PDE5A and vinculin at different temperatures (B) and different concentrations (C) was evaluated by western blot. Each experiment was repeated at least three times. (D) UMR106 cells were seeded in 6-well plates overnight were treated with the indicated concentration of 14 or 10 µM sildenafil for 24 h. The concentrations of intracellular cGMP were determined by ELISA as described in the materials and methods section. (*) p < 0.05, (**) p < 0.01, (***) p < 0.001 compared to the DMSO control. (E) Molecular docking model of PDE5 complexed with 14. (F) Stereo view of the active site of the PDE5-14 complex. 14 showed interaction with Gln817, Ala767, Leu765, Tyr612 and His613. The yellow dotted lines represent hydrogen bonds and coordination interaction, excluding the coordination bonds interaction with Asp654 and the water molecule are connected to the Zn2+and Mg2+. (G) Simplified structure showing interaction between 14 and amino acid residues at binding site. Hydrogen bond and hydrophobic interactions are colored in green and gray with red dotted line, respectively. (H) Comparison of sildenafil and 14 active sites in PDE5. Binding sites of sildenafil (colored gray) is site A and 14 (colored green) is site B.



Computer docking analysis was conducted to assess the binding sites in PDE5. Based on our results, 14 fitted well within the active site of PDE5 (Figure 3E). The formation of hydrogen-bond (H-bond) and the hydrophobic interactions between 14 and PDE5 were evaluated. Two polar hydrogens in 14 are involved in its H-bonding with the amino acid Gln817, Ala767, Leu765, Tyr612 and His613, of PDE5 with a high glide energy of -11 kcal/mol-1. 14 also formed hydrophobic interactions with the residues Ile768, Phe820, Met816, Leu804, Val782, Phe786 and Asn661 (Figures 3F, G), which may contribute to its inhibition of PDE5. The binding sites of sildenafil (site A) and 14 (site B) were very close with binding sites near the zinc ions and magnesium ions. Sildenafil formed a hydrogen bond with the amino acid Gln817 (Figure 3H), thereby aligning with previous reports (25). These results suggest that 14 might be subjected to a nucleophilic attack in the PDE5 to inhibit its activity.



Effect of 14 on Osteoblastic Cell Differentiation

To demonstrate that increased estrogen biosynthesis by 14 may promote osteoblastic cell differentiation, we examined the mRNA expression of osteoblastic cell differentiation markers in UMR106 cells. 17β-Estradiol significantly increased mRNA levels of osteocalcin (OCN), osterix (Osx), alkaline phosphatase (ALP), and Runt-related transcription factor 2 (Runx2) (Figures 4A–D), aligning with the findings of previous reports (26, 27). Similar to sildenafil, 14 significantly increased the mRNA levels of OCN, Osx, ALP, and Runx2 (Figures 4A–D). The bone formation/resorption balance can be observed from the ratio of OPG/RANKL expression, which is stimulated by 17β-estradiol (28). Similar to 17β-estradiol, both 14 and sildenafil increased the ratio of OPG/RANKL (Figure 4E). Compared with the control, calcium deposition was increased after treatment with 14 in a dose dependent manner (Figure S7). While 14 had no effect on BMP2 protein expression (Figure S8). These results indicate that 14 can promote osteoblast formation and differentiation.




Figure 4 | Effect of 14 on osteoblastic cell differentiation. The mRNA expression of (A) OCN, (B) Osx, (C) ALP, (D) Runx2, and (E) OPG/RANKL in UMR106 cells treated for 24 h. mRNA expression levels were quantified by qRT-PCR. The results are expressed as a fold increase relative to levels in untreated cells. β-Actin was used as the internal control. Quantitative results are depicted. Cont., DMSO-treated control; β-Actin control; OCN, osteocalcin; Osx, osterix; ALP, alkaline phosphatase; Runx2, Runt-related transcription factor 2; OPG, osteoprotegerin; RANKL, Receptor activator of nuclear factor-κB ligand; E2, 10 nM 17β-estradiol; Sil, 10 µM Sildenafil. (*) p < 0.05, (**) p < 0.01, (***) p < 0.001 and compared to the DMSO control.





Effect of 14 on cGMP/PKG/Src/ERK Signaling

The stimulation of intracellular cGMP by the 14-induced PDE5 inhibition may activate PKG to increase aromatase expression. Therefore, we examined the role of PKG in the regulation of estrogen biosynthesis. PKG inhibition by the PKG inhibitor, KT5823 or Rp-8-pCPT-cGMPS, abolished the stimulatory effect of 14 and sildenafil on 17β-estradiol production (Figure 5A and Figure S9). PKG inhibition also abolished the stimulatory effect of 14 and sildenafil on ALP activity, a well-known marker of osteoblast differentiation (Figure 5B). These results suggest that PKG mediates the promotive effect of 14 on estrogen biosynthesis and differentiation in osteoblastic cells. As the cGMP-PKG signaling pathway activates Src and ERK in mechanically stimulated osteoblasts (8), we further examined the effect of 14 on Src and ERK in both UMR106 and MC3T3-E1 cells. Src activity is regulated by phosphorylation, where Tyr529 phosphorylation at the C-terminal retains Src in an inactive conformation. Dephosphorylation of Tyr529 is a key event in Src activation as it changes the protein to an active conformation and enables autophosphorylation of Tyr418 in the kinase domain activation loop (29). As shown in Figure 5C, 14 significantly promoted the Src phosphorylation on Tyr529 and decreased the phosphorylation on Tyr418, indicating Src activation. Similarly, 14 also promoted phosphorylation of ERK in both UMR106 and MC3T3-E1 cells. We treated the cells with a ERK inhibitor and found that it completely abolished the stimulatory effect of 14 on aromatase expression compared with 14 alone (Figure 5D), indicating that 14 enhances activation of ERK pathway signaling, thereby supporting the finding that inhibition of PKG abolished the stimulatory effect of 14 on estrogen biosynthesis (Figure 5A). These results suggest that 14 promotes osteoblast differentiation by activating the PKG/Src/ERK pathway.




Figure 5 | 14 activates PKG/Src/ERK pathway signaling. (A) UMR106 cells seeded in 24-well plates overnight were treated with compounds for 2 h. Subsequently, the cells were supplemented with testosterone (10 nM) for an additional 48 h. 17β-estradiol concentration in the culture medium was quantified with an ELISA (E2) detection kit. (*) p < 0.05, (**) p < 0.01, (***) p < 0.001 and (****) p < 0.0001 compared to the DMSO control; (##) p < 0.01, (###) p < 0.001 and (####) p < 0.0001 compared to KT5823 (10 μM)-treated cells (B) UMR106 cells seeded in 24-well plates overnight were treated with 14 and KT5823 (10 μM) for 2 h. Subsequently, the cells were supplemented with testosterone (10 nM) for an additional 48 h. ALP activity of the cell lysates was quantified with the ALP detection kit. (*) p < 0.05, (**) p < 0.01 and (***) p < 0.001 compared to the DMSO control; (###) p < 0.001 compared to KT-treated cells (C) UMR 106 and MC3T3-E1 cells were treated with different concentrations of 14 and sildenafil (10 μM) for 1 h. The cell lysates were immunoblotted with antibodies against phospho-ERK, ERK, phospho-Src-pTyr418, phospho-Src-pTyr529, and Src. (+) p < 0.05, (++) p < 0.01 and (+++) p < 0.001 compared to the p-ERK control; (*) p < 0.05, (**) p < 0.01, (***) p < 0.001 compared to the Src-pTyr418 control; (#) p < 0.05, (##) p < 0.01 and (###) p < 0.001 compared to the Src-pTyr529 control. (D) UMR 106 and MC3T3-E1 cells were treated with different concentrations of 14 and PD (10 μM) for 1 h. The cell lysates were immunoblotted with antibodies against aromatase. GAPDH was used as the internal control. Cont., DMSO-treated control; E2, 17β-estradiol (10 nM); Sil, sildenafil (10 μM); Rp-pCPT-cGMPS, ERK inhibitor (0.5 mM); KT, PKG inhibitor (KT5823, 10 μM); PD, ERK inhibitor (PD98059, 10 μM). Error bars represent the standard deviation of the measurement. (*) p < 0.05 (**) p < 0.01, (***) p < 0.001 compared to the DMSO control; (###) p < 0.001.





Effect of 14 on SHP2 Activation

In osteoblasts, cGMP/PKG-induced Src activation is mediated by SHP-2 (8). Compared to the DMSO control, 14 significantly promoted SHP2 activity in the treated cells in a concentration-dependent manner, similar to sildenafil (Figure 6A). SHP2 activity was also stimulated by 14 in a time-dependent manner (Figure 6B). To further confirm the role of SHP2 in the 14-enhanced Src/ERK pathway signaling, we examined the effect of 14 alone or in combination with the SHP2 inhibitor (NSC87877). Based on our findings, SHP2 inhibitor treatment completely eliminated the promotive effect of 14 on the phosphorylation of Src-pTy418 and phosphorylation of ERK (Figure 6C). Furthermore, SHP2 inhibitor treatment significantly decreased the stimulatory effect of 14 on aromatase expression in both UMR106 and MC3T3-E1 cells (Figure 6D). These results indicate that 14 stimulates aromatase expression by activating SHP2.




Figure 6 | Effect of 14 on SHP2 activation. (A) UMR106 cells treated with compounds for 30 min were lysed and immunoprecipitated with the anti-SHP2 antibody. Thereafter, SHP2 activity was determined. GAPDH was used as the input. (*) p < 0.05 and (****) p < 0.0001 compared to the DMSO control. (B) Time-dependent effect of 14 on SHP2 activity. UMR106 cells treated with 10 μM NSC-87877 (30 min) and 10 μM 14 at the indicated time were lysed, immunoprecipitated with anti-SHP2 antibody, and SHP2 activity was determined. (*) p < 0.05, (**) p < 0.01 and (***) p < 0.001 compared to the DMSO control. (C) UMR106 and MC3T3-E1 cells were treated with compounds for 1 h. The cell lysates were immunoblotted with antibodies against phospho-ERK, ERK, phospho-Src-pTyr418, and Src. (*) p <0.05, (***) p < 0.001 and (****) p < 0.0001 compared to the DMSO control; (##) p < 0.01, (###) p < 0.001, (####) p < 0.0001 compared to compared to 14 alone treatment. (D) UMR106 and MC3T3-E1 cells were treated with 14 (10 µM) or sildenafil (10 µM) alone for 24 h, or pretreated with NSC-87877 for 1 h, and then 14 (10 µM) was added for additional 24 h. Cell lysates were immunoblotted with antibodies against aromatase. GAPDH was used as the internal control. (*) p < 0.05, (**) p < 0.01, (***) p < 0.001 compared to the DMSO control. (###) p < 0.001 compared to 14 alone treatment. Cont., DMSO-treated control; NSC, 10 μM NSC-87877; Sil, 10 μM sildenafil. Error bars represent the standard deviation of the measurement.






Discussion

Icariin is the most abundant bioactive flavonoid contained in E. brevicornum (30, 31). Both icariin and E. brevicornum exhibit anti-osteoporotic effects in vitro and in vivo by stimulating osteoblast proliferation; these findings support the wide use of E. brevicornum in many Traditional Chinese Medicine formulas for the treat bone fracture and prevent osteoporosis (32–34). Of the 18 icariin analogs examined in the present study, 11 could increase estrogen biosynthesis in rat osteoblast-like UMR106 cells. This was consistent with a previous report where structure-activity relationship analysis suggested that prenylation at the C-8 and C-6 position was essential for promoting the differentiation of primary osteoblasts (35). In this study, we found that the prenyl group at the C-8 position was more potent than the prenyl group at the C-6 position for promoting estrogen biosynthesis. In the adipose tissue and bone, aromatase expression is stimulated primarily by class I cytokines through promoter I.4 (5). Consistently, we found that 14 potently promoted estrogen biosynthesis by increasing promoter I.4-driven aromatase mRNA and protein expression in osteoblastic UMR-106 and MC3T3-1 cells. Previously, we found that 2-phenylbenzo[b]furans might enhance estrogen biosynthesis via direct allosteric regulation of aromatase enzymatic activity (18, 19). However, in this study, we found that 14 had no effect on the catalytic activity of aromatase protein, excluding the probable role of 14 in the direct modulation of the catalytic activity of the aromatase protein. Local estrogen biosynthesis in bone plays a key role in bone homeostasis in postmenopausal women due to the loss of function of the ovary. As it is rarely reported that small chemical compounds could stimulate estrogen biosynthesis in osteoblasts, further developing 14 and its analogs as new antiosteoporotic therapeutics would be worthwhile.

Currently, several PDE5 inhibitors have been approved by the FDA for the treatment of erectile dysfunction and pulmonary arterial hypertension (36). PDE5 plays a key role in cGMP signaling; however, its role in estrogen biosynthesis in the bone has been rarely evaluated. In the present study, we found that the icariin analog, 14, a validated PDE5 inhibitor with IC50 9.914 ± 0.3325 μM, promoted estrogen biosynthesis in UMR 106 and MC3T3-E1 cells by enhancing aromatase expression in a similar manner to icariin (14). Earlier studies also revealed the importance of Gln817, Tyr612, Phe786, and Ala783 amino acid in PDE5-inhibitor interaction (25). Here, we found that both sildenafil and compound 14 could bind to these amino acids in PDE5. Additionally, 14 also differently binds to other amino acids in PDE5. Thus, further investigation is required to determine whether these amino acids also regulate PDE5 activity. PDE5 inhibitors, such as tadalafil and sildenafil, have been found to stimulate aromatase expression in human adipocytes (12), further supporting the role of PDE5 in the regulation of promoter I.4-driven aromatase expression. cGMP plays a key role in osteoblast differentiation by activating PKG (37). Icariin analogs, which inhibits PDE5 activity, was found to promote osteoblast differentiation and exhibit antiosteoporotic effect in vivo (32–34, 38), thereby aligning with our finding that 14 increased the expression of osteoblast differentiation markers. PDE5 inhibitors were also reported to exert beneficial effects on ovariectomy or glucocorticoid-induced osteoporosis in rats (39, 40). Furthermore, PDE5 inhibition was found to reduce bone mass by suppressing canonical Wnt signaling, indicating that long-term treatment with PDE5 inhibitors at high dosage may cause bone catabolism (41). Therefore, the role of PDE5 in the regulation of bone homeostasis should be further investigated to develop PDE5 inhibitors as new antiosteoporotic therapeutics. Recently it is reported that PDE5 inhibitors could enhance osteoblastic bone formation by targeting PDE5A and reverse osteopenia in ovariectomy mice by an osteogenic mechanism (42, 43). Therefore, our findings that PDE5 inhibitors promote estrogen biosynthesis provide new insights for the clinical benefits of PDE5 inhibitors in the treatment of osteoporosis. Moreover, the prenyl group contributes to higher osteogenic activity than do flavonoids possibly by modulating estrogen receptors (44, 45). Thus, whether 14 exhibits its osteogenic activity by a dual-functional modulator of PDE5 and estrogen receptor needs further investigation.

Mechanical stimulation, such as exercise, can strengthen bones and reduce the risk of fractures (46). Compressive forces generated by weight bearing and locomotion induce small bone deformations and increase interstitial fluid flow, thereby promoting anabolic responses in osteoblasts through different signal transduction pathways, including calcium channels, Raf-MEK-ERK cascade, and nitric oxide (NO) (47). Recently, the NO-cGMP-PKG pathway was reported to regulate osteoblast proliferation and differentiation through the formation of an Src-containing mechanosome (8). Consistent with this result, we found that 14 or sildenafil increased intracellular cGMP level and activated ERK and Src via PKG in osteoblasts. More interestingly, we found that PKG inhibition suppressed 14 or sildenafil-induced estrogen production in osteoblasts, which could be justified by our finding that 14 or sildenafil stimulated the activity of SHP2 that was directly phosphorylated by PKG and was required to activate Src (8). ERK has been implied to promote osteoblast differentiation by regulating ALP activity, integrin synthesis, focal adhesion kinase, Runx2 phosphorylation, and transcriptional activity (48–50). In this study, we found that the inhibition of ERK also attenuated the stimulatory effect of 14 on aromatase expression, providing new insight into mechanical stimulation in osteoblast differentiation. ERK could phosphorylate the glucocorticoid receptor and modulate its transcriptional activity (51). Therefore, it will be of interest to further investigate whether ERK modulates the glucocorticoid receptor or other transcriptional factors to stimulate promoter I.4-driven aromatase expression in osteoblasts. 17β-Estradiol can rapidly enhance aromatase enzymatic activity by increasing aromatase protein phosphorylation in breast cancer cell lines, which is mediated by Src (10). Thus, 14-induced Src activation may also stimulate aromatase enzymatic activity to promote estrogen production, which should be further investigated. SHP-2 regulates cell survival and proliferation by the activation of the RAS-ERK signaling pathway (52). SHP2 is found to physically interact with the estrogen receptor, which is necessary for the synergistic and persistent activation of ERK by leptin and estrogen (53). cGMP/PKG-mediated SHP2 activation may also regulate the function of the estrogen receptor to exert its anabolic effect in osteoblasts. Therefore, a further investigation to determine whether mechanical stimulation also modulates local estrogen biosynthesis or estrogen receptor to exert its antiosteoporotic effect is warranted.



Conclusions

In summary, we found that the prenylated flavonoid 14 promotes osteoblast differentiation by activating the cGMP/PKG/SHP2/Src/ERK cascade via PDE5 inhibition, thereby leading to the localized production of estrogen by stimulating aromatase expression (Figure 7). These data not only provide new insights into the role of estrogen biosynthesis in mechanical stimulation-induced osteoblast differentiation but also support the use of PDE5-inhibiting drugs to mimic the anabolic effects of mechanical bone stimulation in the treatment of osteoporosis.




Figure 7 | Proposed model of the role of PDE5 in the regulation of aromatase in osteoblasts. 14 inhibits the activity of PDE5, thereby stimulating the intracellular cGMP level, which causes PKG activation. PKG activation by 14 stimulated the activity of SHP2, which subsequently activated Src and ERK signaling and increased ERK-dependent gene expression, including that of aromatase, in osteoblasts.
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Objective

Sex steroids are thought to contribute to the pathogenesis of osteoarthritis (OA). This study investigated the causal role of sex steroids in site- and sex-specific OA and risk of joint replacement surgery using the Mendelian randomization (MR) method.



Methods

Instrumental variables for estradiol, dehydroepiandrosterone sulfate, testosterone (T), and dihydrotestosterone (DHT) were selected. We used the inverse variance weighting (IVW) approach as the main MR method to estimate causal effects based on the summary-level data for OA and joint replacement surgery from genome-wide association studies (GWAS).



Results

A positive causal association was observed between serum T level and risks of hip OA (odds ratio [OR]=1.558, 95% confidence interval [CI]: 1.193–2.034; P=0.001) and hip replacement (OR=1.013, 95% CI: 1.008–1.018; P=2.15×10−8). Serum DHT level was also positively associated with the risk of hip replacement (OR=1.011, 95% CI: 1.006–1.015; P=4.03×10−7) and had potential causality with hip OA (OR=1.398, 95% CI: 1.054–1.855; P=0.020).



Conclusions

Serum T and DHT levels may play causal roles in the development of hip OA and contribute to the risk of hip replacement, although the underlying mechanisms require further investigation.





Keywords: Mendelian randomization, osteoarthritis, dehydroepiandrosterone sulfate, estradiol, testosterone, dihydrotestosterone



Introduction

Osteoarthritis (OA) is the most common degenerative joint disorder worldwide (1) and one of the main causes of years lived with disability according to the 2010 World Health Organization Global Burden of Disease study (2, 3). OA is clinically characterized by chronic pain, morning stiffness, and crepitus along with radiographic findings in diarthrodial joints such as the knee and hip. The pathogenesis of OA is not fully understood, but excessive physiologic activity and an overload of pathologic factors such as inflammatory cytokines (4) and matrix degradation (5) are known to contribute. Standard treatment for OA includes early prevention and pharmacotherapy, while joint replacement surgery (6) is effective for end-stage disease (7). Additionally, hormone replacement therapy (HRT) was shown to reduce the revision rate after total knee or hip arthroplasty by almost 40% (8). Middle-aged women are more likely than men to be affected by OA, especially in the hip or knee (9). Low plasma androstenedione concentration was shown to be associated with an increased risk of knee and hip arthroplasty in overweight men (10). The evidence to date indicates that sex steroids play an important role in the development of OA. However, a causal relationship between sex steroids and OA risk has not been established.

We recently reported a positive causal relationship between circulating sex hormone-binding globulin (SHBG) concentration (11) and calcium level (12) and risk of OA. Testosterone (T) and estradiol (E2) are active forms of sex steroids in males and females that are derived from inactive precursors such as dehydroepiandrosterone sulfate (DHEAS) and androstenedione in the circulation. E2 can also be formed from the aromatization of T, which can be converted to the more potent hormone dihydrotestosterone (DHT).

Genome-wide association studies (GWASs) have identified multiple genetic loci represented by single nucleotide polymorphisms (SNPs) that are closely associated with sex steroid concentrations (13). The Mendelian randomization (MR) (14) approach is widely used to evaluate the causal relationship between exposures and clinical outcomes based on summary data from GWASs with SNPs as instrumental variables. The fundamental principle of MR analysis is that genetic variants are randomly inherited at conception; because their distribution in a population is natural, it is presumed that the results of MR analyses are less susceptible to environmental influence and confounds. In the present study, we used validated SNPs and summary statistics from publicly available GWAS datasets to investigate the causal association between sex steroids and OA development with the MR method.



Methods


Selection of Instrumental Variables

E2, DHEAS, T, and DHT were selected as exposures. SNPs associated with each sex steroid were identified from GWAS datasets of European cohorts of the following sizes: E2, number(N)=11,907 (15); DHEAS, N=14,846 (16); T, N=3239 (17); and DHT, N=3239 (17). All SNPs selected as instrumental variables were correlated with the corresponding exposure at a genome-wide significance level (P<5×10−8). A linkage disequilibrium (LD) test (Supplementary Table 1) was performed on the LD-link website (https://ldlink.nci.nih.gov/; European, r2<0.2). Detailed information of the association between the selected SNPs and exposures is shown in Table 1. The potential confounders associated with the selected SNPs were analyzed in the PhenoScanner database(http://www.phenoscanner.medschl.cam.ac.uk/) (Supplementary Table 2).


Table 1 | Characteristics of SNPs for exposures from GWAS.





Genetic Associations With Outcomes

Because both knee and hip are common sites of OA (3), summary data for overall OA and hip and knee OA were derived from a GWAS meta-analysis of UK Biobank and Arthritis Research UK Osteoarthritis Genetics datasets (18) that included 455,221; 393,873; and 403,124 European individuals. Given that sex is a risk factor of OA, summary-level data for OA in each sex was extracted from the UK Biobank (http://www.nealelab.is/uk-biobank), which included 30,046 cases of OA (19,397 women and 10,649 men) among 361,141 European subjects (194,153 women and 166,988 men). Summary data for hip and knee replacement surgery were also obtained from UK Medical Research Council Integrative Epidemiology Unit OpenGWAS Project (https://gwas.mrcieu.ac.uk/), which included 7322 cases of hip and 5657 cases of knee replacement among 462,933 European individuals. The association data of the selected instrumental variables and sex steroids along with outcomes are provided in Supplementary Tables 3–5. All studies contributing data to our analyses were approved by the relevant ethics committees, and all study participants provided written, informed consent (Supplementary Table 6).



Statistical Analysis

A 2-sample MR approach was adopted in our study. Causal associations between sex steroids and risks of OA and joint replacement were estimated based on the random-effects inverse variance weighting (IVW) model (19). Since four separate outcomes are being tested in our study, the threshold for adjusted p-value was 0.0125. The analytical results with a p-value between 0.125 and 0.05 are considered nominally significant results.

A weighted median (WM) analysis, which involved calculating the median value of ratio instrumental variable estimates, was also performed as sensitivity analysis. The MR-Egger and MR pleiotropy residual sum and outlier (MR-PRESSO) (20) methods were used to account for pleiotropic effects (21) to exclude bias observed in the sensitivity analysis. Outlying genetic variants were identified by MR-PRESSO and used to correct the results. Moreover, SNPs associated with included outcomes (P<1×10−4) were removed from IVW in the sensitivity analysis. The estimated effects are reported as odds ratios (ORs) with 95% confidence intervals (CIs). We used R v3.6.1 and the R MendelianRandomization package (22) for all statistical analyses.




Results


Causal Associations Between Sex Steroid Levels and Overall and Site-Specific OA

The primary IVW analyses provide no evidence for the causal relationship between the included sex steroids and overall OA (Figure 1). Nevertheless, the risk of hip OA was causally influenced by serum T levels (OR=1.558, 95% CI: 1.193–2.034; P=0.001). And the nominally significant results suggested a positive association between serum DHT levels (OR=1.398, 95% CI: 1.054–1.855; P=0.020) and hip OA. However, there was no evidence for associations between the levels of other sex steroids and hip and knee OA (Figure 2).




Figure 1 | Causal effects of sex steroids on the risk of overall OA. The estimated effects, 95% confidence intervals and p-values of associations were contained. Effect, the combined causal effect; CI, confidence interval; P value, p-value of the causal estimate.






Figure 2 | Causal effects of sex steroids on the risk of OA of hip and knee. The estimated effects, 95% confidence intervals and p-values of associations were contained. Effect, the combined causal effect; CI, confidence interval; P value, p-value of the causal estimate.





Causal Association Between Sex Steroid Levels and OA by Sex

The nominally significant results of IVW analyses showed that serum DHT level tended to have a causal effect on the risk of OA in women (OR=1.012, 95% CI: 1.000–1.025; P=0.046), while no relationship was observed between sex steroid levels and OA risk in men (Figure 3).




Figure 3 | Causal effects of sex steroids on the risk of OA in single sex. The estimated effects, 95% confidence intervals and p-values of associations were contained. Effect, the combined causal effect; CI, confidence interval; P value, p-value of the causal estimate.





Causal Association Between Sex Steroid Levels and Joint Arthroplasty

Because of a lack of corresponding outcome data for E2-associated SNPs, the association between serum E2 level and joint replacement was not estimated by IVW analysis in our study. The results of the analysis showed that the risk of hip replacement was causally influenced by serum T (OR=1.013, 95% CI: 1.008–1.018; P=2.15×10−8) and DHT (OR=1.011, 95% CI: 1.006–1.015; P=4.03×10−7) levels. However, we found no evidence of an association between the exposures and knee replacement (Figure 4).




Figure 4 | Causal effects of sex steroids on the risk of joint replacement of hip and knee. The estimated effects, 95% confidence intervals and p-values of associations were contained. Effect, the combined causal effect; CI, confidence interval; P value, p-value of the causal estimate.





Sensitivity Analysis

First, the WM method was used for sensitivity analysis. Similar with the results of main IVW analyses, the WM analyses suggested a positive causal relationship between serum DHT (P=0.006) and T (P=4.97×10−4) levels and hip OA and the causal effects of serum DHEAS (P=0.017) and T (P=4.10×10−5) levels on the risk of hip replacement were statistically significant (Supplementary Tables 7–9). However, positive associations were found between serum DHT level and overall OA and between serum T level and OA in women, which were inconsistent with our primary findings. Second, in the MR-Egger analysis, nearly all of the intercept terms were centered around the origin, suggesting that there was no horizontal pleiotropy (Supplementary Tables 7–9). Nevertheless, there were some exceptions such as the P value of the pleiotropy estimate of the relationships between E2 and overall OA and between DHT and overall or hip OA.

The MR-PRESSO analysis was performed to identify outlying SNPs when the number of genetic variants for specific exposure was >3. In the association between serum E2 level and overall OA, rs5934505 was identified as an outlier and removed; rs747279 and rs5934505 were also identified as outliers and were excluded from the MR-PRESSO analysis of the association between serum E2 level and knee OA. Rs34790908 was another outlying SNP in the association between serum T level and overall OA. After removing these outliers, the causal association between serum T level and hip OA was still observed in the MR-PRESSO analysis (OR=1.558, 95% CI: 1.193–2.034; P=0.047). Additionally, after removing genetic variants that were directly associated with the outcome measures (rs5934505 for overall OA; rs34790908 for hip OA and hip replacement; and rs4227 for hip OA and hip replacement), the positive causal effects of serum T (hip OA: P=0.001; hip replacement: P=4.52×10−5) and DHT (hip OA: P=0.011; hip replacement: P=0.002) levels on risk of hip OA and hip replacement remained significant in the IVW analyses (Supplementary Table 10).




Discussion

This MR study was conducted to investigate the causal relationship between sex steroids levels and OA risk. Our results revealed positive causal effects of serum concentrations of T on the risk of hip OA. There was potential positive association between DHT and hip OA as well while little evidence of the association between sex steroids levels and overall OA was found. Interestingly, males were reported to have higher scores for cartilage damage than age-matched females in a murine OA model induced by destabilization of the medial meniscus (23). Orchiectomized males had less severe damage than their intact counterparts whereas the opposite was true for ovariectomized females, indicating that sex hormones play varied roles in the progression of OA. In fact, the steroid hormones 17β-estradiol, DHEA, and T were shown to promote articular cartilage integration (24).

In a cohort of healthy middle-aged men with no symptoms of knee OA or risk factors, serum free T level was associated with the rate of tibial cartilage loss leading to the development of arthritis 2 years later (25). In a cross-sectional study, a higher concentration of serum T was associated with higher cartilage volume (26), possibly due to greater physical activity and stress on the articular cartilage. Thus, chronic stress and damage to weight-bearing joints—especially the hip and knee—can contribute to OA. However, the protective effects of E2 and DHEAS on OA occurrence are unclear. In a cohort of community-dwelling older subjects, a lower DHEAS was associated with OA irrespective of site and sex (27); and histomorphometric studies in a rabbit model of progressive OA showed that DHEAS treatment reduced cartilage lesions and delayed cartilage degeneration (28, 29). DHEAS was shown to modulate the imbalance between matrix metalloproteinases (MMPs) and its inhibitors (30–33); and intra-articular administration of DHEA reduced aggrecanase expression in vivo (34).

In our study, a nominally significant result for the relationship between serum DHT levels and risk of OA in women was found, while little evidence of the sex-specific association between serum T levels and OA was provided. However, a 2-year double-blind cross-sectional analysis of 273 seniors with severe knee OA at an average age of 70.3 years found that a higher T level was associated with less knee disability in non-operated women and less pain (as determined by the Western Ontario and McMaster Universities Osteoarthritis Index) in normal-weight men (35). In another longitudinal investigation on the association between endogenous sex hormone levels and knee OA features and pain, T level was inversely associated with effusion-synovitis volume and pain score in female OA patients (36). However, these findings can only explain the relationship between T level and severity of knee OA symptoms because all of the subjects were OA patients. Besides, our results were based on a non–age-stratified population. A clinical study reported that middle-aged menopausal women with generalized OA had a slightly higher T level and lower circulating SHBG level than control subjects (37).

Unexpectedly, we did not observe any causal association between E2 level and OA risk in women, which may be caused by the male-specific GWAS from which the SNPs for E2 were selected. The marked increase in OA incidence during or soon after menopause is well established. Moreover, estradiol is a known protective factor against OA. The use of oral estrogen was found to be associated with a decreased incidence of radiographic hip OA in elderly Caucasian women (38). A case–control study of women aged ≥45 years found that short-term HRT (up to 5 years) was associated with an increased risk of hip OA, while long-term treatment had a nonsignificant protective effect (39). In premenopausal Caucasian women with knee grade ≥2, a clinical diagnosis of OA was positively correlated with serum estradiol level (40). These findings indicate that the effects of reproductive hormones vary according to age and concentration.

E2 level was shown to be negatively correlated with OA severity and positively correlated with interleukin (IL)-1, IL-6, and tumor necrosis factor (TNF)-α concentrations in the synovial fluid of postmenopausal women (41). In vitro studies have demonstrated that 17β-estradiol treatment enhanced proliferation and viability in chondrocytes by inhibiting mitophagy via the G protein-coupled estrogen receptor (GPER/GPR30) and phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT) signaling pathways (42, 43), and induced chondrocyte redifferentiation via the estrogen receptor (ER)α66/specificity protein (Sp)1/Sp3/SRY-box (SOX)9/p300 protein complex (44). In experiments with mice, a reduction in serum E2 caused by ovariectomy induced severe OA, while supplementary administration of β-estradiol rescued bone turnover and tissue degradation (45). Lower levels of endogenous estrogen and its metabolites were significantly associated with the development of knee OA (46, 47). E2 was shown to inhibit activation of the NOD-, LRR-, and pyrin domain-containing protein (NLRP)3 inflammasome, IL-1β and IL-18 expression, and the catabolic activity of MMPs via estrogen receptor or miR-140 (48–52). Our findings suggested that women are more susceptible to OA than men because of differences in sex steroid profiles.

Our results showed a positive causal association between serum T and DHT levels and risk of hip replacement while no relationship was found between E2 and arthroplasty due to data deficiencies. A long-term study with a mean follow-up of 12.7 years reported that oral contraceptive use, current HRT use, and longer duration of HRT were associated with increased risk of total knee arthroplasty for OA in women aged 40–69 years (53). However, in another prospective cohort study, the association between incidence of total knee replacement for OA and lower E2 concentration was independent of established risk factors for knee OA, and there was no relationship between E2 and total hip replacement (54). In spite of the exclusion of LD-linkage, rs5934505 for E2 and rs727428 for DHT were found to be confounded with T, and rs4227 for T was found to be confounded with DHT by the analysis in PhenoScanner database. Both of them are all located in the same chromosome locus named SHBG. Previous studies suggested that SHBG was significantly associated with T and DHT levels in European ancestry (17) but was not associated with T in Japanese men (55). Moreover, a mutant allele of rs727428 was found to be positively correlated with PCOS in Mediterranean women (56). rs4227 was found to be positively associated with IgA nephropathy in Han Chinese which located in 17p13 7431901 coding MPDU1 gene (57).

Compared to traditional retrospective analyses and case–control prospective studies, MR is less likely to introduce artificial errors and bias. Sex steroid levels fluctuate over time and measurements are often imprecise and experiment design cannot always be perfect. The cost of data collection and analysis can be high, and the MR method can to some extent mitigate data migration; moreover, sequential application of different algorithms in the sensitivity analysis can increase the accuracy and reliability of the results. Nonetheless, our study had several limitations. First, the outcome datasets and representative SNPs were sometimes too limited for us to carry out sensitivity analyses. Second, age-adjusted IVW analyses are necessary to exclude the influence of aging on OA and sex steroid levels, but we did not find any age-stratified OA datasets to perform adjusted IVW analyses. Third, since the GWASs on E2, T and DHT included only male participants in this study, the results of sex-stratified analyses may be influenced by the exposure data. Forth, there might be some dependencies between T and DHT. Finally, our study focused on the causal role of sex steroids in the pathogenesis of OA, but the underlying mechanisms remain to be elucidated.

In conclusion, serum T and DHT levels were causally related to the risk of hip replacement surgery and T was positively associated with risk of hip OA. Further, a nominally significant relationship was found between serum DHT levels and OA in women as well as hip OA. Thus, these sex steroids may contribute to the development of OA. Our findings can guide the development of effective clinical management strategies to maintain joint health and prevent OA, especially in women.
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Background

In previous studies, we reported the beneficial impact of two lipoxygenase-inhibitors, Baicalein and Zileuton, on osteoporotic bone in a postmenopausal rat model. Whereas subcutaneous Baicalein predominantly improved cortical bone, Zileuton enhanced vertebral and femoral trabecular bone. In this study, we aimed to reveal whether the oral administration of Baicalein caused similar effects on bone and whether a combined administration of Baicalein and Zileuton could act synergistically to ameliorate the formerly reported effects in the musculoskeletal system.



Methods

We treated ovariectomized (OVX) female Sprague-Dawley rats either with Baicalein (10mg/kg BW), Zileuton (10mg/kg BW) or a combination of both (each 10mg/kg BW) for 13 weeks and compared with untreated OVX and NON-OVX groups (n=12-16 rats per group). Lumbar vertebral bodies and femora were analyzed. Tibiae were osteotomized, plate-stabilized (at week 8 after OVX) and likewise analyzed by biomechanical, histological, micro-computed tomographical and ashing tests. The skeletal muscle structure was analyzed.



Results

Oral administration of Baicalein did not confirm the reported favorable cortical effects in neither vertebra nor femur. Zileuton showed a beneficial effect on trabecular vertebra, while the femur was negatively affected. Callus formation was enhanced by all treatments; however, its density and biomechanical properties were unaltered. Lipoxygenase inhibition did not show a beneficial effect on skeletal muscle. The combination therapy did not ameliorate OVX-induced osteoporosis but induced even more bone loss.



Conclusions

The preventive anti-osteoporotic treatments with two lipoxygenase inhibitors applied either alone or in combination showed no benefit for the musculoskeletal system in estrogen deficient rats.





Keywords: baicalein, bone healing, lipoxygenase-inhibitor, muscle tissue, osteoporosis, zileuton



Introduction

With a prevalence of 200 million people worldwide, mostly postmenopausal women are affected by osteopenia or osteoporosis. In line with that, the annual amount of osteoporotic fractures among Medicare beneficiaries in the United States is estimated to be over 2.3 million (1–3). The “silent disease” loses covertness more and more due to extended guidelines and better prevention, but yet the long-term use of established medicamentous therapies causes several new dilemmas (4). Consequently and with a better understanding of underlying mechanisms that control bone turnover, new targets of therapy have been discovered and addressed (5). On this way, Receptor Activator of NF-κB Ligand (RANKL)- and Sclerostin-antibodies have found their way into the clinic (6, 7). However, advanced search for novel therapeutic approaches is ongoing.

Lipoxygenase (LOX) inhibitors have been found to suppress osteoclast formation and enhance bone formation in vivo (8, 9). A LOX inhibitor, Baicalein, which is extracted from the plant Scutellaria baicalensis inhibits 12- and 15-Lipoxygenase (12- and 15-LOX). Another lipoxygenase inhibitor, Zileuton, inhibits 5-LOX and has been FDA-approved (Zyflo®) for the treatment of asthma. Both lipoxygenase-inhibitors exert an antioxidative effect providing protection for cellular components and inhibiting apoptosis both in in vitro and in vivo studies (10–12).

In our previous studies we reported beneficial effects of these two LOX inhibitors applied as a mono-therapy for 4 to 5 weeks on bone parameters in the postmenopausal rat model. Baicalein was able to improve cortical bone, while Zileuton enhanced the trabecular structure in lumbar vertebrae and femora (13, 14). In addition to that, we demonstrated a beneficial effect of these treatments on the capillarization of the skeletal muscle (15). The bone healing process was also favorably affected by these LOX inhibitors (14, 16). Zileuton therapy improved cortical, callus and total bone volume at the osteotomy site in the tibia in ovariectomized rats (14), while a Baicalein monotherapy enhanced callus density without improving callus formation rate (16).

In the present study, we subsequently aimed to examine whether a combined therapy of Zileuton and Baicalein had an additional or interfering effect on cortical and trabecular bone in the lumbar spine and femur in an estrogen-deficient rat model. Furthermore, we elucidated the bone healing process in the tibia amongst these treatments and investigated their effects on skeletal muscle tissue. The LOX-inhibitors were applied orally to overcome the negative side effects of subcutaneous Baicalein administration (15) for a prolonged period of thirteen weeks, after the pharmacokinetics of Baicalein, orally administered in a concentration of 10 and 20 mg/kg, have been demonstrated to be reliably stable in rats by Kim et al. (17).



Material and Methods


Animals and Treatment

Seventy virgin female Sprague-Dawley rats (Janvier, Le Genest-Saint-Isle, France) were housed at 20°C and with a humidity of 55% in Makrolon® IV cages (Techniplast Germany GmbH, Hohenpeissenberg, Germany). The experiments were conducted after approval of the local district government and in compliance with the ethical standards of animal care (no. 14/1530).

The rats were ovariectomized at the age of 3 months, one group (n=12) was left non-ovariectomized (NON-OVX). OVX rats were randomly divided into 4 groups and treated orally according to the group assignment for up to 13 weeks. One group was ovariectomized and left untreated (OVX, n=12), while another group was ovariectomized and received oral Baicalein therapy (10 mg/kg body weight [BW], Baicalein, n=15). The Zileuton-group was ovariectomized and received 10 mg/kg BW of Zileuton (Zileuton, n=15) and the other ovariectomized group received both Baicalein and Zileuton (each 10 mg/kg BW, Baicalein+Zileuton, n=16, Figure 1A).




Figure 1 | Graphical abstract of experimental setup. (A) After ovariectomy, 13 weeks-treatments with either Baicalein, Zileuton or their combination were conducted. Bilateral tibia osteotomy was performed 8 weeks after OVX. In vivo CT of the spine was executed after 8 and 13 weeks. On day 12, xylenol orange was administered, on day 19 calcein green, on day 27 alizarin complexone, followed by tetracycline on day 33. (B) The body weight of rats (g). (C) The average daily food intake (g/rat/day). bDiffers from OVX. cDiffers from Baicalein.



A bilateral ovariectomy was performed as described earlier (13). Briefly, the surgical procedure was carried out under isoflurane anesthesia. Accordingly, anesthesia, shaving and disinfection were followed by incision on the abdomen bilaterally and dissection of adnexa before wound closure. Immediately after OVX, treatments with Baicalein and/or Zileuton were started. A soy-free diet [ssniff® special diet; GmbH, Soest, Germany, ingredients listed in (13)] was supplemented either with Zileuton (Zyflo®; Cornerstone Therapeutics Inc., Cary, NC, USA) and/or Baicalein (98%; Sigma-Aldrich Chemie GmbH, Munich, Germany) at a concentration of 175 mg/kg food to achieve the dose of 10 mg/kg BW, respectively. This dose of Baicalein and Zileuton was shown to have an effect on bone tissue in previous studies (13–15, 18). During the experiment, all rats received soy-free diet either supplemented with Baicalein and/or Zileuton or without supplementation and demineralized water ad libitum.

Body weight and food intake were recorded on a weekly basis, with calculation of average daily food intake. The resulting effective dose averaged 10.35 ± 0.24 mg/kg BW in Baicalein group, 10.43 ± 0.22 mg/kg BW in Zileuton group and 10.48 ± 0.26 mg/kg BW (both) in Baicalein+Zileuton group. To ensure comparable amounts of food uptake, the individual rat weight was measured on a weekly basis (Figures 1B, C).

Eight weeks after OVX, a bilateral 0.5 mm osteotomy of the tibia metaphysis with consecutive 5-hole T-shaped titanium plate osteosynthesis (57-05140; Stryker Trauma, Selzach, Switzerland) was performed as described earlier (19) (Figure 2F). The osteotomy operation was performed under intraperitoneal anesthesia with 38 mg ketamine (Ketamin Inresa, Inresa Arzneimittel GmbH, Freiburg, Germany) and 2.5 mg midazolam (Rotexmedica GmbH, Trittau, Germany) per kg BW, respectively, along with isoflurane inhalation anesthesia (14, 19). Four rats died during osteotomy operation due to an anaesthesia side effect. After the osteotomy, rats were treated with 5 mg/kg BW Carprieve (Carprieve® 50 mgl/ml Injekt, Norbrook Labs Ltd, Newry, Northern Ireland) twice a day for 5 days. Thereafter, 16 rats died due to the perforation of the intestine and the pain therapy was interrupted. No further losses were observed. Thus, precautions should be taken by applying analgesic treatments, since one of the side effects of NSAIDs is gastrointestinal damage (20). The administration of Carprieve once per day proved to be sufficient and had no severe side effects (19, 21, 22).

At the end of the experiment, the following numbers of animals were analyzed in NON-OVX group: 8, in OVX: 10, in Baicalein: 11, in Zileuton: 11 and in Baicalein+Zileuton 10.

Thirteen weeks after OVX, the rats were weighed, and decapitated after CO2-anesthesia. The uterus weight was recorded. Forth lumbar vertebral body (L4) was isolated, stored at -20°C for micro-computed tomography (micro-CT), ashing and compression test as described earlier (13). Right femora and right osteotomized tibiae were stored at -20°C for biomechanical, ashing and micro-CT analyses (23).



In Vivo Quantitative Computed Tomography

Eight and thirteen weeks after OVX, in vivo pQCT of L4 was performed in isoflurane-anesthetized rats (n=5/group) using a pQCT device XCT Research SA (Stratec Medizintechnik GmbH, Pforzheim, Germany). The scans were performed in the same rats at both time points, with an exception in groups NON-OVX, OVX and Baicalein + Zileuton, where one rat in each group was replaced because of losses occurred after osteotomy. Bone mineral density (BMD, mg/cm³), total bone area (mm²) and stress-strain index (SSI) of L4 (central slice) and cross-sectional abdominal area (CSA, mm²) were measured as described in detail earlier (21). Three digital sections were analyzed for each animal. Analysis was performed using XCT-6.20C software (Stratec Medizintechnik GmbH, Pforzheim, Germany) as described earlier (13).



Biomechanical Test

Biomechanical parameters of L4, right femora and right tibiae were assessed with a Zwick machine (145,660 Z020/TND; Ulm, Germany) (22–24). The L4 was fixed at the aluminum base and the stamp was loaded to the vertebral body (compression test). The femoral head was located in a 4 mm well on the end of the plate and loaded to the trochanteric region (breaking test). The tibia was placed on the aluminum base and loaded 2-3 mm distally to the osteotomy at tuberositas tibiae (bending test). A stamp mechanically dropped with 5 mm/min onto the bone with an initial force of 1 N. After this fixing procedure, measurements were performed with an accuracy of 0.2-0.4% within 2 and 500N and recorded with the aid of testXpert software (Zwick GmbH & Co. KG, Ulm, Germany) (13). The test was finalized after the initial linear curve increase declined more than 10N in L4 and femur and more than 2N in tibia. In femur, the test was performed until fracture occurred, whereas in tibia until plastic deformation of the bone. Reported values were the highest force, that the bone could withstand (Fmax, N) and slope of linear increment of the curve (Stiffness, N/mm), calculated using Microsoft Excel (Microsoft Corporation, Redmond, WA) (13).



Micro-CT Analysis

To analyze cortical and trabecular parameters, L4, right femora and right tibiae were scanned using Quantum FX micro-CT (Caliper Sciences, Hopkinton, MA, USA). The scan protocol was as follows: 70 kVp, 200 µA, 30 Hz detector frame rate, 360° rotation, 3600 projections, 20x20 mm2 field of view, 512-pixel matrix and a 40 µm resolution. A phantom block with 5 defined hydroxyapatite elements (0.2, 0.4, 0.6, 0.8 and 1.0 g/cm³) accompanied every scan to convert grey values into bone mineral density (BMD) (16). 3D OsteoAnalyze software was used to calculate density and volume (16). Femoral region-of-interest was the head, which was cut in the transition zone from the collum femoris to the trochanter major. BV/TV, total BMD, cortical BMD (Ct.BMD), trabecular BMD (Tb.BMD), total and soft tissue volumes were measured (13, 25). Vertebral region-of-interest was the corpus vertebra as described earlier. Herein, we analyzed trabecular BMD (Tb.BMD), trabecular volume (Tb.V), total BMD and BV/TV (13). Tibial region-of-interest extended 1.5 mm proximally and distally from the osteotomy line (14). Analyzed values were cortical BMD (Ct.BMD), cortical volume (Ct.V), total bone BMD, total callus BMD (Cl.BMD) and osseous callus volume fraction (osseous Cl.V/total Cl.V) according to Bouxsein et al. (26). An exemplarily representation of the used thresholds with a NON-OVX rat for femur, tibia and lumbar vertebral body is shown in Supplementary Figure 1.

Further detailed structural analyses were performed on transformed 2D images. Three images of sagittal cut vertebral bodies, femora and tibiae were analyzed using MetaMorph Basic Acquisition Software (Leica Mikrosysteme Vertrieb GmbH, Wetzlar, Germany). Collected cortical data were thickness (Ct.Th, mm), area (Ct.Ar, mm2) and density (Ct. Dn, %). Trabecular parameters were density (Tb.Dn, %), number of nodes (N.Nd), density of trabecular nodes (N/mm²), trabecular thickness (Tb.Th, mm) and trabecular area (Tb.Ar, mm²). Callus parameters were density (Cl. Dn, %) and thickness (Cl. Th, mm) (13, 14, 16).



Bone Healing Analysis

Dynamic callus formation was monitored using histological sections of right tibia stained in-vivo with fluorescent dyes: Xylenol orange (XO, 90 mg/kg BW), calcein green (CG, 10 mg/kg BW), alizarin complexone (AC, 30mg/kg BW) and tetracycline (TC, 25 mg/kg BW) were injected subcutaneously on days 12, 19, 27 and 33 after osteotomy, respectively (16) (Figure 1A). Briefly, tibia samples embedded in methyl methacrylate (Merck, Darmstadt, Germany) were cut longitudinally (150 µm thickness) using a diamond saw microtome (Leica SP1600, Leica Instruments GmbH, Nussloch, Germany). Subsequently, the 3 representative central sections were digitalized using a digital camera (Leica DC300F) and a zoom stereo microscope (Leica MZ75, Bensheim, Germany). The measurement area extended 2.5 mm from the osteotomy line and was divided into a ventral (plate side), dorsal (opposite side) and endosteal part. In each of these, the total callus area and labeling-specific callus areas were determined using the MetaMorph Basic Acquisition Software (Leica Mikrosysteme). XO and CG labeled callus areas were measured concurrently (XO+CG) (22).



Ashing

For analysis of mineral content, L4 and right femur were ashed at 750°C for one hour in a muffle oven. Weight before ashing (organic) and after ashing (anorganic) were recorded (13, 27).



Muscle Analysis

After sacrifice, Musculus gastrocnemius, soleus and longissimus were extracted and weighed. All muscles were frozen in liquid nitrogen and stored at -80°C for further histological analyses. Muscle from the right side were used for histological analyses. Samples were cut with a cryotome (12 µm sections,CM1900, Leica Microsystems). In Periodic acid-Schiff (PAS) stained sections, capillaries and fibers were counted manually within two 0.25 mm2 squares at 10x resolution. The ratio of capillaries to muscle fibers was analyzed (15). In ATPase stained sections, the diameter and area of single fibers in a 0.25mm² square were edged (n = 90 per fiber type) and determined using the NIS-Elements AR 4.0 program (Nikon Instruments Europe, Amsterdam, Netherlands). Type I and type IIb fibers were analyzed in combination (shown as type I fibers).



Serum Analyses

After decapitation, serum samples were collected to detect levels of calcium, magnesium, phosphorus, alkaline phosphatase (Alp) activity, osteocalcin (OC) and RatLaps. The analyses were conducted at the Department of Clinical Chemistry, University of Goettingen using an Architect c16000 analyzer (Abbott, Wiesbaden, Germany) according to the manufacturer´s instructions.

OC was assessed with Rat-MID Osteocalcin EIA (Immunodiagnostic Systems [IDS], Frankfurt am Main, Germany). RatLaps was measured with RatLaps (CTX-I) EIA (IDS).



Statistics

Statistical analysis was performed with GraphPad Prism 9.0 (GraphPad Software, San Diego, CA, USA) and R 4.0.2 (The R Foundation for Statistical Computing, Vienna, Austria). Normal distribution was assessed with Anderson-Darling test. One-way analysis of variance (ANOVA, p<0.05) was applied to detect the impact of the treatments. Differences between the groups were estimated by Tukey’s post hoc test with a significance level of 0.05 (95% confidence interval) (p<0.05). Data are presented as means and standard errors of the mean.




Results


LOX Inhibition Had No Effect on Body Weight, Uterus Weight, and Food Intake

While the body weight in the beginning was equally distributed among groups, all OVX groups had higher final weight compared to NON-OVX (Table 1 and Figures 1B, C). Weight of uteri was significantly lower in all OVX groups compared to NON-OVX rats (Table 1 and Figures 1B, C). The treatments with LOX inhibitors affected neither body weight nor uterus weight. The daily food intake was similarly distributed among the groups at the respective week (Figure 1C).


Table 1 | Body weight, uterus weight, serum analyses, biomechanical and ashing analyses of bone.





Combination Therapy Increased Serum OC Levels

The serum electrolytes calcium, magnesium and phosphorus did not differ significantly between the experimental groups (Table 1), whereas Alp was higher in OVX compared to NON-OVX group. RatLaps showed no differences, while OC was upregulated in combination therapy compared to NON-OVX control group, indicating a higher bone formation rate. The combination therapy increased serum OC levels but did not affect other serum parameters (Table 1).



The Osteoporotic Phenotype Overweighs the Effect of LOX Inhibitors In In Vivo pQCT and Biomechanical Measurements

At both time points, before osteotomy (8 weeks after OVX) and at the end of the experiment, CSA was significantly higher in all OVX rats compared to NON-OVX irrespective of the treatments (Table 2). BMD of L4 was significantly lower in Baicalein- and Zileuton-treated groups after 8 weeks compared to NON-OVX (Table 2), whereas, at the end, all OVX groups showed lower BMD than NON-OVX rats (Table 2). The SSI was significantly higher in Zileuton compared to the OVX group (Table 2), while in other 3 OVX groups SSI was lower than in NON-OVX group at week 8 after OVX. At the end of the study, only the Baicalein group did not differ from NON-OVX, whereas SSI in the other OVX groups was significantly lower than in NON-OVX (Table 2).


Table 2 | L4, in vivo pQCT.



The biomechanical analysis showed a reduction of Fmax in all OVX groups in vertebra and femur, but not of Fmax or stiffness in tibia, where no differences occurred (Table 1).



Zileuton Ameliorated Trabecular Bone in L4, While Zileuton and Combined Therapies Deteriorated Trabecular Properties in the Femur

In L4, trabecular BMD, total BMD and BV/TV were reduced in all OVX groups irrespectively of the treatment (Table 3). In the femur, BV/TV was reduced in all OVX groups compared with the NON-OVX group (Table 3), whereas trabecular BMD was impaired in Baicalein and Baicalein+Zileuton groups and total BMD in OVX and Zileuton groups (Table 3). Summarizing, the micro-CT 3D analysis demonstrated a consistent effect of the ovariectomy in all treatment groups.


Table 3 | micro-CT of L4, femora and tibiae, 3D and 2D analyses.



Micro-CT 2D analysis revealed an improvement in L4 Tb.Dn, N.Nd and Tb.Th as well as Tb.Ar in Zileuton group compared to the OVX group in which an overall reduction of these parameters were observed compared to NON-OVX (Table 3). The cortical density was impaired in Zileuton and combination therapy in L4 (Table 3). In the femur, Zileuton and combination therapy led to reduced Tb.Dn and N.Nd compared to NON-OVX and OVX groups (Table 3), while the combination therapy significantly reduced Tb.Th, Tb.Ar and Ct.Dn (Table 3).

Taken together, sole treatment with Baicalein, did not change trabecular or cortical parameters compared to OVX (Table 3). The ovariectomy-induced negative effect on trabecular parameters could be rescued by Zileuton only therapy in L4, but in the femur the effect was contrary. The combination therapy had no effect on bone in L4, while in the femur, the diminishing effect of Zileuton remained after the addition of Baicalein.



Organic Content Is Raised by Baicalein and Zileuton Therapies in L4

The organic content of L4 was significantly higher and, correspondingly, the anorganic content lower in Baicalein- and Zileuton only treated groups than in the NON-OVX group (Table 1). Organic content of femora was detected to be lower in the NON-OVX group than in all other groups, while the anorganic weight showed the opposite results (Table 1).



Baicalein Accelerated Mid-Stage Callus Formation, While Zileuton and Combination Therapies Improved Cortical Parameters in the Tibia

Analyses of fluorochrome stained sections of the tibia (Figure 2E) revealed no differences in the time of the first osseous bridging of osteotomized bone ends (mean: 24 ± 1 day after osteotomy). The late ventral callus area (28-33d after osteotomy, TC staining) was significantly larger in NON-OVX animals compared to all other treatment groups (Figure 2A). Moreover, the late dorsal callus area was larger in NON-OVX compared to Zileuton and combination therapy groups (Figure 2B). Baicalein led to a larger midtime area (20-27d after osteotomy, AC staining) of dorsal callus area compared to the OVX group. Midtime endosteal callus area (AC, Figure 2C) and total callus area (Figure 2D) were larger in the Baicalein group than in the combination therapy group. The late total callus area (TC staining) in the NON-OVX group exceeded the OVX group (Figure 2D).




Figure 2 | Tibia healing analysis. Ventral callus area (A), dorsal callus area (B), endosteal callus area (C) and total callus area (D) stained with fluorochromes XO+CG (0-19d after osteotomy), AC (20-27d after osteotomy) and TC (28-33d after osteotomy) and measured on histological sections (E). X-rays prove the correct positioning of the plate after tibial osteotomy and healing is confirmed after plate removal (F). [NON-OVX: n=8; OVX: n=10; Baicalein: n=9; Zileuton: n=11; Baicalein + Zileuton: n=11 (3 histological sections per animal)]. bDiffers from OVX. cDiffers from Baicalein. dDiffers from Zileuton. eDiffers from Baicalein+Zileuton (p < 0.05).



Micro-CT 3D analysis showed enhanced Ct. BMD and Ct.V in the tibia in both Zileuton and combination therapy groups (Table 3), while total Cl. BMD was reduced in all OVX groups (Table 3). The osseous callus volume fraction, however, was lowest in the combination therapy group (Table 3), while total bone BMD did not differ among the groups (Table 3).

Summarizing, Baicalein treatment resulted in enhanced endosteal and total callus area compared to combination therapy and increased dorsal callus area compared to the OVX group. The cortical parameters in the tibia were enhanced by Zileuton and combination therapy compared to OVX.



Combination Therapy Enhanced Capillary Ratio in M. Gastrocnemius

In Musculus gastrocnemius, soleus and longissimus neither diameter nor area of muscle fibers differed significantly among treatment groups (Table 4). The combination therapy in M. gastrocnemius led to a higher capillary ratio compared to NON-OVX and OVX groups, which was not noticeable in M. longissimus and M. soleus (Table 4).


Table 4 | Histological analyses of M. Gastrocnemius (MG), M. Longissimus (ML) and M. Soleus (MS).






Discussion

Osteoporosis as a systemic disease is manifested on both cortical and trabecular bone. The detection of osteoporosis as well as the therapeutic success are closely connected to the structural changes in spine and proximal femur (28, 29). Due to an aging society, an increasing socioeconomic relevance is attributed to this “silent disease” and the need for new therapeutic approaches is evident (5, 30, 31). Recently, we have reported promising results of sole Baicalein and Zileuton treatments on osteoporotic bone tissue (13, 14, 16), though some undesirable side-effects resulted from subcutaneous administration of the former. We subsequently decided on an oral administration of both LOX inhibitors. A oral administration of Baicalein in a dose of 10mg/kg per day exhibited inhibitory effects in a xenograft experiment in mice (32), while in a rat experiment, an oral dose of 10 and 20mg/kg Baicalein led to a stable concentration of its active metabolite, Baicalin, in the rat plasma (17).

In the present study, we investigated the effect of a combined treatment of Baicalein and Zileuton as well as single treatments of these substances on lumbar vertebral body and femur, and on bone healing in the osteotomized tibia as well as on the skeletal muscle in an ovariectomized rat model of postmenopausal osteoporosis (13, 22). Effects of the LOX inhibitors on body weight, uterus weight or food intake were ruled out since the treatments did not lead to differences in these compared to the OVX group. We did not detect effects of these substances on the whole body composition in our previous studies either (13, 16, 19).

Previously, we detected favorable effects on the capillarization of muscle after subcutaneous injection of Baicalein (15) and oral administration of Zileuton (unpublished data) for up to 4-5 weeks. In the present study, the effect was less pronounced. Solely the combination therapy increased capillarization in M. gastrocnemius. One reason might be that the muscular effect is short-lasting, leading to detectable effects after short-term treatments [as in our previous study (15)], but diminishing due to adaption after 13 weeks. Another possible reason might root in the time of administration. In this study, the LOX inhibitors were applied as preventive treatments, immediately after OVX, whereas previously they were applied 8 weeks after OVX when changes in the musculoskeletal system due to hormone deficiency had already manifested (33).

In our in vivo pQCT, no effect of LOX inhibitors was observed on CSA. The combination therapy did not change SSI of L4, whereas Zileuton-treatment showed higher SSI than that in the OVX group after an 8 week treatment, which is comparable to our previous 5 week treatment (13). The oral route of administration for Baicalein was demonstrated to be safe, however it showed no effect on BMD and SSI in the in vivo pQCT analyses. The micro-CT 3D analysis revealed no effect of either therapy on bone parameters, whereas the 2D analysis illustrated a beneficial effect of Zileuton on trabecular bone parameters in the lumbar spine. Thus, the previously reported trabecular accentuated effects of Zileuton on the vertebra (13) could again be confirmed after the longer treatment regimen for 13 weeks in this study. In contrast to these findings in L4, the trabecular bone was impaired in femur after Zileuton and combination treatments. Furthermore, the cortical bone lost its density after these treatments in L4, too. After a short-term application, the Zileuton treatment caused an increase of bone volume in the femur, whereas femoral density was reduced (14). An oral Baicalein treatment did not change parameters measured by micro-CT in the present study. Hence, we supported our previous findings of Zileuton being favorable in trabecular bone in spine and unfavorable in femur (13), while Baicalein did not show any effect on bone and did not reduce the negative effect of Zileuton in the combination therapy in femur.

Proximal femur fractures, which occur commonly in the aged people, constitute a devastating diagnosis with 1-year mortality rates of up to 36%, regularly indicating missed anti-osteoporotic therapy (34). The previously reported effects of Baicalein were sparse (16), while cortical volume in the distal femur was significantly ameliorated after Zileuton-therapy in a dose of 10mg/kg BW (14). Three-dimensional analysis of femoral head confirmed weak effects of Baicalein. The advantage of Zileuton on cortical volume was not consistent after prolonged therapy in our study. The combination therapy, however, reduced Tb.Th and Ct.Dn substantially. All of these findings put the combination therapy in an unfavorable light.

In our bone healing analysis, a favorable effect of sole Baicalein therapy was detected in the dorsal callus area, mostly in the midterm healing period. Indeed, the main effect of both Baicalein and Zileuton as their combination therapy on ventral and dorsal callus formation was observed within 20 and 33 days after osteotomy. In a former study, we could detect an impairment of early callus formation after subcutaneous Baicalein administration (16). The oral treatment with either Baicalein, Zileuton or both in the current study showed a reduction in these groups in the late ventral callus formation, whereas the cortical parameters were improved after Zileuton und combination therapies at the osteotomy site. Contrary to our descriptions of a partial deterioration of fracture healing via pharmacological lipoxygenase-inhibition, the positive effect of a lipoxygenase knockout on fracture healing was demonstrated in a 5-LO(KO) mouse model by Manigrasso et al. (29). In their knockout model, the authors observed enhanced healing with substantially better mechanical properties of the newly formed bone compared to wild type mice (35).

However, the exact underlying molecular mechanism of Baicalein’s mode of action is not understood in detail. Several key enzymes like 5-, 12- and 15-LOX are inhibited next to cyclooxygenases (COX 1 and 2), resulting in reduced synthesis of prostaglandins (36, 37). Intriguingly, both Zileuton and Baicalein have been demonstrated to inhibit stress-mediated 5-LOX metabolite (cysteinyl leukotrienes) production, which may be a reason for the lack of synergistic effects in our study (36). Besides, Baicalein was demonstrated to inhibit parathormone (PTH)-induced DNA synthesis and cytokines like IL-6 and TNF-α (38, 39). Further stimulating osteoblast differentiation, the induction of NF-κB and nuclear factor of activated T-cells, cytoplasmic 1 (NFATc1) as well as the induction of osteoclast apoptosis have been described, resulting in an overall osteogenic effect (40, 41). In our previous study, we speculated that Baicalein had an antioxidative effect next to osteoclast apoptosis (via Wnt/β-catenin pathway) and radical-scavenging effect (16). The main effect of Zileuton is created via 5-LOX inhibition. While in vivo data show modulation of cytokine release and reduced osteoclast differentiation (42), additionally giving rise to osteoanabolic reactions, our own analysis showed an upregulation of osteocalcin and Alp in the serum (14, 42). Despite the bone healing analyses showed no sweeping effects of Zileuton and combination therapy on callus density, callus area and cortical bone (Ct.BMD and Ct.V), the healed cortical tibia (Ct.BMD, Ct.V) was favorably affected by these treatments. A connecting role may be attributed to the raised serum levels of osteocalcin which we measured in combination therapy. These have been similarly described after 5-LOX inhibition elsewhere (16, 43).



Conclusion

Summarizing, the spinal trabecular bone was improved by Zileuton, but not by combination therapy, which is even in disfavor for Tb.BMD, BV/TV and Ct.Dn. The analysis of the clinically crucial proximal femur could not show the expected ameliorative influence of LOX inhibitors, but instead clarified plain negative consequences of combined therapy of Baicalein and Zileuton on cortical and trabecular bone. The oral administration of Baicalein - despite a longer therapy period – did not lead to the same beneficial cortical effects as described earlier (16). Though the dynamic bone healing process was favorably affected by all LOX inhibitor treatments, their overall effect on bone healing was minor. Furthermore, inhibition of LOX did not have a profound benefit on the skeletal muscle.

Taken together, our data showed no perspective of both lipoxygenase inhibitors neither alone or in combination for the musculoskeletal system in estrogen deficient rats and particularly not as a preventive treatment of osteoporosis.


Limitations

The oral administration of Baicalein instead of the previously reported subcutaneous administration - due to reported negative side effects - might have affected the results (15). The lack of assessment of metabolic parameters in our rat model yet limits the mechanistic insights of Baicalein and Zileuton action.
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Breast cancer and osteoporosis are common diseases that affect the survival and quality of life in postmenopausal women. Women with breast cancer are more likely to develop osteoporosis than women without breast cancer due to certain factors that can affect both diseases simultaneously. For instance, estrogen and the receptor activator of nuclear factor-κB ligand (RANKL) play important roles in the occurrence and development of these two diseases. Moreover, chemotherapy and hormone therapy administered to breast cancer patients also increase the incidence of osteoporosis, and in recent years, neuropeptide Y (NPY) has also been found to impact breast cancer and osteoporosis.Y1 and Y5 receptors are highly expressed in breast cancer, and Y1 and Y2 receptors affect osteogenic response, thus potentially highlighting a potential new direction for treatment strategies. In this paper, the relationship between breast cancer and osteoporosis, the influence of NPY on both diseases, and the recent progress in the research and treatment of these diseases are reviewed.
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Introduction

Breast cancer is the most common cancer among women, with 1.6 million cases each year worldwide, making it the second leading cause of cancer-related deaths in women (1). Sex, age, estrogen levels, family history, specific gene mutations, and an unhealthy lifestyle are risk factors for breast cancer (2). The main focus of clinicians and researchers has been how to effectively diagnose, treat, and improve the prognosis of breast cancer.

Osteoporosis is another common disease that affects more than 200 million postmenopausal women worldwide (3). Meanwhile, breast cancer survivors were found to have a 68% higher risk of osteopenia and osteoporosis than women without breast cancer (4). Osteopenia and osteoporosis are more likely to lead to fractures; therefore, breast cancer combined with these conditions can significantly impact the quality of life of breast cancer patients (5). Several factors can simultaneously affect breast and bone tissues, in part because breasts and bones are both estrogen-dependent. However, estrogen plays different roles in the development of breast cancer and osteoporosis; that is, an increase in estrogen increases the risk of breast cancer while reducing the risk of osteoporosis. Certain breast cancer treatments, such as aromatase inhibitors (AIs) (6, 7), chemotherapies (3, 8), and gonadotropin hormone-releasing (GnRH) agonists (8), reduce estrogen levels, which can, subsequently, increase the risk of osteoporosis. Additionally, the receptor activator of nuclear factor-κB (RANKL) also affects breast and bone tissue. In fact, the overexpression of RANKL has been shown to promote the occurrence of breast cancer and boost the activity of osteoclasts (9), leading to bone loss (10). Since breast cancer, and its treatment, increases the risk of osteoporosis, it is important that current and post-treatment breast cancer patients be monitored and treated for osteoporosis.

Neuropeptide Y (NPY) is a polypeptide consisting of 36 amino acid residues and is widely expressed throughout the body. NPY acts through NPY receptors (NPYRs), including Y1, Y2, Y4, Y5, and Y6 receptors that have been cloned in mammals (11, 12). NPY plays an important role in the nervous, immune, and endocrine systems (11, 13–15) and can affect the proliferation, apoptosis, differentiation, migration, mobilization, and cytokine secretion of different cell types (16). Additionally, NPY has recently been found to play a role in the progression of breast cancer (17–19) and osteoporosis (20, 21). Specifically, elevated expression of the NPY Y1 receptor (Y1R) and NPY Y5 receptor (Y5R) promotes the occurrence and migration of breast cancer cells (22). As such, several new treatment methods have been developed that aim to improve the targeting effect of drugs to breast cancer and reduce the damage to other surrounding tissues. In the skeletal system, Y1R and NPY Y2 receptor (Y2R) play a key role in bone homeostasis, while Y1R inhibits bone formation through non-hypothalamic and Y2R through hypothalamic pathways (23, 24), respectively. By applying the principle that Y1R and Y2R function in bone homeostasis, this review provides a comprehensive assessment of the current state of osteoporosis prevention and treatment strategies. We further discuss the relationship between breast cancer and osteoporosis, particularly regarding the influence of NPY on both diseases and how it applies their treatment.



Breast Cancer and Osteoporosis


Links Between Breast Cancer and Postmenopausal Osteoporosis

Breast cancer and osteoporosis are common diseases that affect the survival and quality of life of postmenopausal women. Some studies suggest that these two diseases may occur concurrently. For instance, a recent study found that women newly diagnosed with breast cancer are five times more likely to develop a vertebral fracture within 3 years than healthy women in the general population (25). Additionally, a study of 1,692 breast cancer survivors found that 312 developed osteoporosis during a median follow-up period of 5 years (26). Other studies have found that women with higher bone density have a higher risk of breast cancer (4, 5, 27). Therefore, it is increasingly important to explore the factors that link these two diseases (Table 1).


Table 1 | Links between breast cancer and osteoporosis.




Estrogen

Estrogen increases the risk of breast cancer and inhibits bone loss (34, 35). In vitro and in vivo studies (36–38) have shown that estrogen is a risk factor for breast cancer and that serum estrogen levels in breast cancer patients are higher than those in healthy individuals. Estrogen may participate in cancer development or progression by stimulating normal breast epithelium and breast cancer cell proliferation (28, 39, 40). Specifically, it may impact proliferation and apoptosis of breast tissue cells through binding to estrogen receptors (40) or stimulating Y1R upregulation (36, 38). Since estrogen is involved in the carcinogenic effects of breast cancer, it is, theoretically, possible to prevent breast cancer via bilateral removal of the ovaries, while treatment with tamoxifen and other selective estrogen receptor modulators (SERMs) can also regulate estrogen levels (1, 40).

In addition to its role in breast cancer, 17β-estradiol (E2) is closely related to the regulation of osteohomeostasis in vivo. E2 can reduce the release of osteoclasts and promote anti-apoptotic behavior in osteoblasts. Moreover, E2 activates the Fas ligand on osteoblasts through ERα, thus inducing apoptosis of osteoclasts, indicating a protective effect of E2 on bone tissue. ERα and ERβ are two estrogen receptors involved in the regulation of bone homeostasis. However, the distribution of these receptors differs with ERα expressed more in cortical bone, while ERβ is found in bone trabeculae. In addition to the difference in location, the two receptors have also been found to antagonize the skeletal system. For example, compared with WT mice, K/G-ER-β KO mice exhibit enlarged femurs, while those of K/G-ER-α KO mice are shortened. Moreover, femur width in male C-ER-β KO mice has been shown to increase, while that in C-ERα-KO mice decreases compared to WT mice. These results indicate that the estrogen receptors have opposite effects on femur length and width (29).

The primary cause of postmenopausal osteoporosis is the loss of the protective effect offered by estrogen on bone density together with an increase in osteoclast activity, thus disrupting the balance between bone destruction and resorption, ultimately leading to a rapid reduction in bone density (21, 41). Thus, hormone replacement therapy (HRT) is commonly used to prevent postmenopausal osteoporosis; however, long-term use of HRT is associated with a significantly increased risk of breast cancer. Therefore, SERMs have recently garnered increasing attention as a new treatment option. SERMs bind to estrogen receptors in certain tissues that produce either estrogen antagonists or agonists to reduce the risk of invasive breast cancer in postmenopausal women, while also preventing and treating postmenopausal osteoporosis (42, 43).



Receptor Activator of Nuclear Factor-κB Ligand

RANKL is a member of the tumor necrosis factor (TNF) family and plays an important role in regulating bone homeostasis (44). The main role of RANKL is to control the differentiation and activation of osteoclasts. Specifically, upregulation of RANKL can promote the differentiation and activity of osteoclasts, lead to excessive bone resorption, and cause osteoporosis (30, 45). In the bone tumor microenvironment, cancer cells stimulate osteoblasts and release RANKL receptor activators. RANKL binds to its receptors on pre- and mature osteoclasts to increase bone resorption and cause bone loss (10).

In addition, the RANKL/RANK pathway is related to the occurrence and development of breast cancer. Gonzalez-Suarez et al. (9) found that RANKL and RANK were expressed in both premalignant epithelium and tumor tissue in WT and mouse mammary tumor virus (MMTV)-RANK mice, which were implanted subcutaneously with medroxyprogesterone acetate (MPA), a strong progestin, and 7,12-dimethylbenzanthracene (DMBA), a carcinogen. Compared with WT mice, MMTV-RANK mice were more likely to be induced breast cancer by MPA/DMBA with more extensive and numerous lesions (9). This may be caused by RANKL driving cells into the cell cycle by binding to RANK in breast epithelial cells, while also protecting small breast epithelial cells from apoptosis caused by DNA damage, thereby promoting breast epithelial hyperplasia and increasing the incidence of precancerous lesions and cancers. Additionally, progesterone can promote the proliferation of mammary epithelial cells and increase the incidence of breast cancer. A study found that mice lacking RANK and RANKL receptors exhibit reduced progesterone-induced epithelial cell proliferation, which subsequently reduces the incidence of, or delays the onset of, breast cancer (7). Moreover, hormone- and carcinogen-treated MMTV-RANK and wild-type mice treated subcutaneously with the RANK inhibitor, RANK FC, have reduced epithelial proliferation, precancerous lesions, and reduced incidence of breast cancer (9). Clinically, denosumab, an anti-RANKL monoclonal antibody, is used to treat bone loss caused by osteoporosis and breast cancer (46). A clinical follow-up of 100,368 postmenopausal women with a history of bisphosphonates showed that one-third of these patients had a history of using denosumab, while two-thirds had no history of denosumab treatment. The trial found that patients administered denosumab had a lower incidence of breast cancer compared to those not administered denosumab (46). Although denosumab reduced the risk of breast cancer, a second team followed breast cancer patients treated with denosumab adjuvant therapy and found no significant improvement in bone metastasis-free survival or relapse-free survival (47). So, bisphosphonates are still the drug of choice for the prevention and treatment of osteoporosis in breast cancer patients.




Links Between Breast Cancer Treatment and Osteoporosis

Common treatments for breast cancer include surgery, radiation therapy, and adjuvant chemotherapy, some of which reduce estrogen levels. However, due to the different effects of estrogen on bone and breast tissue, treatments that reduce estrogen can lead to osteoporosis.


Aromatase Inhibitors

ER-positive breast cancer accounts for 70% of breast cancers in postmenopausal women (48). AIs are the first-line treatment for ER-positive breast cancer and are believed to reduce the risk of local, distant, and contralateral breast recurrence, which ultimately improves overall patient survival (31). However, in recent years, AIs were found to increase the risk of bone breakage and fractures. A study found that the incidence of lumbar osteoporosis in patients treated with anastrozole increased to 25% after 3 years of treatment (6).The increased incidence of osteoporosis after AI treatment is likely due to aromatase inhibition. Postmenopausal women convert androgens to estrogen through aromatase; therefore, inhibition of aromatase by AIs results in reduced estrogen synthesis (7). The decrease in estrogen induces an imbalance between bone resorption and bone destruction, which increases the incidence of osteoporosis (25). A study showed that estrogen levels of breast cancer patients dropped significantly within 3 weeks after AIs treatment, and the bone loss rate of those patients was twice that of normal postmenopausal women (49). Although AIs increased the incidence of osteoporosis in breast cancer patients, the risk of osteoporosis caused by AIs did not continue in the follow-up period following withdrawal from the drug, indicating that the severity of osteoporosis is not exacerbated by AIs withdrawal (3, 26).



Chemotherapy

Currently, adjuvant chemotherapy is widely used to treat early breast cancer and locally advanced breast cancer cases as it can prolong the disease-free survival and overall survival of women. Adjuvant chemotherapy can also improve the effectiveness of surgical treatment by reducing the size and grading of tumors (28, 50, 51). However, previous studies have found that nearly 80% of premenopausal women experience menopause and ovarian failure after chemotherapy (8). Ovarian failure leads to a rapid drop in estrogen levels and accelerated bone loss, particularly in the lumbar spine. In fact, a study that monitored the bone mineral density (BMD) of breast cancer patients undergoing chemotherapy found that BMD was significantly decreased (up to −7.7% in the first year) (3). A prospective study further demonstrated that women who experienced ovarian failure within 6 months due to chemotherapy exhibited a rapid and significant decrease in BMD in their spines and femurs (52). Therefore, it is recommended that bone density be monitored during chemotherapy in breast cancer patients to ensure proper treatments are implemented.



Gonadotropin Hormone-Releasing Agonists

Although ovarian failure following chemotherapy represents a risk for premenopausal breast cancer patients of childbearing age, GnRHa has been shown to reduce the risk of chemotherapy-induced ovarian insufficiency (POI) and improve fertility. Hence, it is currently widely used in the treatment of premenopausal breast cancer patients (32, 53, 54). In addition, GnRHa can reduce breast density and prevent breast cancer in high-risk groups (54). However, the side effects of GnRHa have recently attracted attention as GnRHa-induced low estrogen levels are associated with bone loss in premenopausal breast cancer. A study showed that goserelin (a GnRH agonist) reduced hip BMD by 6.4% and spinal BMD by 10.5% (8) in the first 2 years of treatment. Similarly, compared to patients not administered leuprolide acetate (a GnRH agonist), BMD was significantly reduced after 24 weeks of leuprolide acetate treatment (55). Meanwhile, oestriol [OE(3)] therapy has proven effective for countering GnRHa-induced bone loss (56).




Prevention of Osteoporosis in Breast Cancer Patients

The risk of bone loss and fracture is higher in breast cancer patients than in healthy women; therefore, steps should be taken in both breast cancer and post-treatment patients to prevent and treat bone loss. First, a healthy lifestyle, such as quitting smoking, reducing alcohol consumption, and increasing physical activity, is essential for promoting overall health and reducing bone loss (57). Second, regular monitoring of BMD is necessary. Most guidelines suggest that the BMD should be monitored in patients with the following features: (1) BMD T-score < −2; (2) AIs treatment, especially in older patients (e.g., ≥ 65 years old); (3) premenopausal POI patients; (4) oral glucocorticoids for more than 6 months; (5) low body mass index (BMI < 20 kg/m2); and (6) patients with a personal or family history of hip fracture and smoking. BMD is commonly used to diagnose osteoporosis and assess the risk of fracture. Therefore, premenopausal women with a Z-value < −2.5 (the diagnostic index for premenopausal women) (58–60), and postmenopausal women with a T-value < −2.5 should be diagnosed with osteoporosis. Thus, women with a T-score < −2 or with two or more clinical fracture risk factors should be recommended for treatment (5, 25). Third, bisphosphonate can be used to prevent bone loss in patients with breast cancer and in those prescribed AIs. Nitrogen-containing bisphosphonates promote osteoclast apoptosis by inhibiting farnesyl pyrophosphate synthase through its conversion to cytotoxic adenosine triphosphate analogs. Bisphosphonates can be administered orally or intravenously, depending on the patient’s preference and dosage requirements (61). Coleman et al. (62) compared the effects of immediate and delayed zoledronic acid treatment on patients with early-stage breast cancer and reported that the change in lumbar BMD in the immediate treatment group was +4.3% and −5.4% in the delayed treatment group. Another study showed that the proportion of patients with particularly severe lumbar bone loss (i.e., patients meeting the criteria for significant osteoporosis) dropped from 22% to 1% after 3 years of treatment with zoledronic acid (49). Bisphosphonates cannot only reduce bone loss but also reduce bone metastasis, bone pain, and refractory hypercalcemia caused by breast cancer (61). In addition, bisphosphonates have been found to improve the efficacy of endocrine therapy and reduce the mortality and recurrence rates of early breast cancer. However, significant results can only be achieved in the early stages of treatment (10, 63, 64). In addition, calcium (1000 mg/day) and vitamin D supplementation (8,001,000 IU/day) are also considered necessary for breast cancer patients (31, 49, 65).




NPY and Breast Cancer

An increasing number of peptide receptors are overexpressed in tumors; hence, the corresponding peptide hormones can specifically bind to these receptors, affecting tumor cell proliferation, hormone release, and angiogenesis (66). Therefore, it is of great significance to understand what peptide receptors are overexpressed in tumors to effectively target them for treatment.


High Expression of NPY Y1 Receptor in Breast Cancer

Breast cancer has been reported to express different types of peptide receptors, such as somatostatin, vasoactive intestinal peptide (VIP), gastrin-releasing peptide (GRP), and Y1R. GRP and Y1R are the most highly expressed peptide receptors in primary breast cancer, where they appear alone or in combination in more than 82% of resectable primary breast cancers. Tumors with lymph node metastasis also have peptide receptors similar to those in the corresponding primary tumors (67). Overexpression of the NPY receptor was found in 85% of breast cancer patients, with Y1R expressed in most breast cancers and Y2R in only 24% (17). Moreover, Y1R is overexpressed in 90% of human breast tumors and 100% of detected metastatic tumors (18, 68). Meanwhile, Y2R is highly expressed in normal mammary glands; however, when the expression of the NPY receptor subtype is converted from the Y2 to Y1 subtype, normal breast tissue becomes cancerous (69).



High Expression of NPY5 Receptor in Breast Cancer

Recently, researchers have discovered that in addition to Y1R, Y5R also affects the occurrence of breast cancer. Y5R and Y1R were found to be highly expressed in mouse 4T1 breast cancer cells and breast cancer lesions in BALB/c mice (19, 70). NPY receptor (Y1R, Y2R, and Y5R) agonists were used to stimulate mouse 4T1 breast cancer cell line models. The Y5R agonist was found to promote breast cancer cell proliferation and migration. Additionally, Y1R, Y2R, and Y5R are required for angiogenesis in breast tissue with Y5R playing a major role in vascular proliferation (19, 69). Y5R can promote the growth of vascular endothelial cells by regulating the kinase signaling pathway and inhibiting cAMP (12). In addition, Y5R stimulates the expression and secretion of vascular endothelial growth factor by activating the paracrine system, thus promoting angiogenesis (12, 19, 70). Therefore, Y5R is important for the growth and migration of cancer cells.




NPY System and Osteoporosis

The brain affects bone mass via three main pathways: regulation of the sympathetic nervous system, secretion or regulation of hormones that directly act on bone cells, and neuropeptides (71). Neuropeptides are neurotransmitters commonly found in the brain, spinal cord, and other parts of the body that regulate physiological functions. In recent years, studies have reported that neuropeptide Y and its receptors, which regulate bone metabolism, may be potential regulatory pathways in the pathogenesis of postmenopausal osteoporosis.


NPY System Regulates Bone Metabolism

In the clinical setting, micro-CT and NPY optical density (MOD) of subchondral cancellous bone were compared between osteoporosis and osteoarthritis patients and showed that the bone volume fraction (BV/TV;%), trabecular thickness (Tb. Th; μm), and trabecular number (Tb. N; mm−1) were lower in osteoporosis patients than osteoarthritis patients; however, the NPY MOD value of subchondral cancellous bone was higher in the osteoporosis patients (20). This suggested that NPY was inversely correlated with low bone mass. NPY is thought to coordinate with estrogen in the control and regulation of the osteoblast–adipogenic balance. In ovariectomized rat models, a decrease in NPY and Y2R in the brain was observed in addition to development of osteoporosis (21). Moreover, increased NPY, Y1R, and Y2R were detected in the bones of ovariectomized rat models (72).

The bones receive an abundant supply of NPY from nerve fibers. The neuropeptides regulating bone metabolism primarily originate from the central nervous system, while some originate from the skeletal system; previous studies have confirmed the expression of NPY in osteoblasts and osteocytes (73, 74).Current studies (23, 33, 75) have shown that NPY effects on bone balance are primarily via NPY1 and NPY2. NPY2 is only expressed in the central nervous system, while NPY1 is often expressed in the skeletal system. Thus, NPY regulates bone homeostasis mainly through Y2 receptors expressed in the hypothalamus or Y1 receptors expressed in osteoblasts (69, 76, 77). (Figure 1).




Figure 1 | The role of NPY in bone homeostasis. NPYR1 is expressed in osteoblasts and NPYR2 is expressed in the hypothalamus, where they play key roles in bone homeostasis. Reducing NPYR1 increases osteogenesis by increasing the activity of osteoblasts and the level of lactobacillus probiotics in the intestinal tract. Reducing NPYR2 increases osteogenesis by promoting osteoblastic activity and reducing the number of osteoclasts.





The Role of NPY Y1 Receptor in Regulating Bone Metabolism

Y1 receptors are expressed in the central nervous system, lower thalamus, and skeletal system. A study of adult-specific hypothalamus Y1R excised (Y1Hyp) mice and Y1-/- mice found that Y1Hyp BMD and other osteogenic markers were not significantly altered compared with WT mice, while Y1-/- mice had significantly increased BMD and other osteogenic markers (23). Therefore, Y1R expressed in the hypothalamus does not participate in the regulation of bone homeostasis; however, Y1R in the skeletal system participates in the regulation of bone homeostasis. This has been further demonstrated in recent studies examining the effect of NPY on bone balance using either the Y receptor knockout model or the receptor antagonist model. These studies have reported increased bone mass in both Y1-/- mice (33) and WT rats treated with an oral Y1 receptor antagonist (78, 79). Reduction or inhibition of Y1R can increase osteogenesis in several ways; for example, downregulation of Y1R promotes osteogenesis in bone marrow mesenchymal stem cells (BMSCs) through the cAMP/PKA/CREB pathway and ultimately increases bone mass (78). Studies have shown that the reduction or inhibition of Y1 receptors can also increase osteoblast activity as well as their osteogenic capacity (78). In addition, Y1R antagonists increase lactic acid bacteria probiotics in the intestine, thus strengthening the intestinal epithelial barrier, promoting intestinal calcium absorption and estrogen-like metabolite production, and reducing bone loss (80, 81). With the advanced understanding of the regulatory roles of Y1R in bone metabolism, researchers have begun to explore its application in the treatment of osteoporosis.



The Role of NPY Y2 Receptor in Regulating Bone Metabolism

Unlike Y1R, Y2R is expressed exclusively in the central nervous system. A high bone mass was observed in multiple experiments conducted in Y2-/- mice (24, 82, 83). Hypothalamic Y2R deletion has different effects on osteoblasts and osteoclasts; Y2R increases osteoblastic activity, increases expression of the osteogenic transcription factors Runx2 and Osterix, and reduces the number of osteoclasts, thereby reducing bone loss (72, 75). In addition, Baldock et al. (24) compared mouse models with double (Y1-/- Y2-/-) and single (Y1-/- and Y2-/-) knockout mice and found no significant difference in the effect of the double and single knockout models on osteogenesis. These results indicate that the double knockout model had no superposition effect on bone. Furthermore, in this study, Y1R downregulation was observed in bone tissue of Y2-/- mice, suggesting that the central Y2R signaling pathway plays a regulatory role in bone homeostasis by regulating the Y1R expression of osteoblasts. The rapid increase in bone mass in adult mice after central Y2R deletion suggests that Y2R may represent a promising new target for the prevention and treatment of osteoporosis.




NPY Receptor in the Treatment of Breast Cancer and Osteoporosis

In recent years, with an improved understanding of the role played by NPY in breast tissue and bone tissue (Figure 2), people have begun to use NPY in the treatment and diagnosis of breast cancer and osteoporosis. Specifically, high expression of NPY and its receptor in breast cancer can be used to improve diagnostic and therapeutic efficacy (Table 2). Considering that most drugs currently used for osteoporosis, such as HRT, SERMs, and bisphosphonate regulation, have varying degrees of side effects (42, 90), it is important to clarify whether the role of Y1R and Y2R in osteohomeostasis can be exploited for development of new therapies.




Figure 2 | NPY receptors are closely involved in the regulation of breast cancer and bone homeostasis. High expression of Y1R and Y5R is observed in 4T1 breast cancer cells. Y5R can promote the development of breast cancer by promoting the proliferation of vascular endothelial cells. The hypothalamic Y2R regulates bone balance by altering osteoblast and osteoclast proliferation. Alteration of Y1R may affect bone mass by regulating osteoblastic activity and bone marrow stem cell function.




Table 2 | Several applications of NPY in the treatment of breast cancer.




Application of NPY Receptor in Breast Cancer Treatment

The characteristics of NPY1 overexpression in breast cancer can be used in imaging diagnosis of breast cancer. A study that intravenously injected an NPY analog-modified radioactive chelate into MCF-7 breast tumor mice found that it selectively bound to Y1, which was beneficial for breast cancer lesion display and diagnosis by positron emission tomography (PET) examination (84). Another study injected NPY nanocomposites into mice with MCF-7 breast tumors and found that it benefited MR and CT imaging for breast cancer evaluation (85).

Chemotherapy is now widely used in the treatment of breast cancer; however, chemotherapeutic drugs can lead to bone marrow suppression, cardiotoxicity, and nephrotoxicity (89). Therefore, improving the therapeutic effect of chemotherapy drugs while reducing their associated side effects has become a focus in breast cancer treatment strategies. Highly expressed peptide receptors in human cancers are now being used for targeted peptide radiotherapy. Among them, the most commonly used peptide receptors are somatostatin and somatostatin receptors; however, many breast cancers do not have a high density of somatostatin receptors. Due to the insufficient and uneven distribution of somatostatin receptors in breast cancer, somatostatin receptor imaging in vivo has not yet become a routine diagnostic method and somatostatin receptor-targeted radiotherapy is not widely used in the treatment of breast cancer (67). Conversely, several different treatment methods have been proposed based on the high NPY expression in breast cancer. Studies of NPY peptide–drug conjugates found that these biological conjugates effectively deliver toxic substances to breast cancer cells overexpressing the human Y1R (86, 87). It was also reported that the Y1R ligand combined with a P-GP inhibitor can be used to target drug delivery for breast cancer chemotherapy (88). Additionally, as nanotechnology develops, researchers have begun to use it in combination with NPY for the treatment of breast cancer. For example, an ultra-small, low-toxicity MnP (MC540)/DSPE-PEG-NPY nanocomposite intravenously injected into MCF-7 breast tumor mice was shown to be a high targeting and low-toxicity photodynamic therapy for breast cancer (85).

Another novel therapeutic strategy is the combination of ultrasound chemotherapy with administration of chemotherapy drugs embedded into microvesicles. That is, when the microvesicles receive ultrasonic stimulation, they vibrate and expand facilitating drug penetration into the tumor cells. In fact, a study reported that Y1R ligand modified chemotherapy-embedded microvesicles had better anticancer effects in 4T1 tumor cell mice compared with intravenous chemotherapy alone (89). Taking advantage of the high expression of NPY in breast cancer and improving the targeting effect of drugs to the tumor region reduce damage to the surrounding tissues and increase the efficiency of drugs in the diseased region, indicating that this technique is a good supplement to existing breast cancer treatments.



Application of NPY Receptor in the Treatment of Osteoporosis

Most drugs currently used for osteoporosis have varying degrees of side effects. For example, SERMs increase the risk of venous thrombosis, and bisphosphonates increase the incidence of mandibular osteonecrosis (90). Y1R and Y2R function in bone balancing and provide a new direction for the treatment of osteoporosis. An increase in bone mass was found in both C57/BL6 mice treated with an oral Y1R receptor antagonist (79) and ovariectomized mice treated with a cerebral permeable Y2R antagonist when compared to the blank control group (83). Additionally, the traditional Chinese medicine Epimedium has recently become widely used for the treatment of bone diseases and has been suggested to function by increasing brain NPY and bone NPY1R (73). NPY can affect bone homeostasis through the hypothalamus Y2R; a Y2R-related drug can enter the arched region of the hypothalamus where Y2R is localized and does not need to cross the blood–brain barrier, which could enhance the effectiveness of the drug treatment (21, 41). As such, Y2R can also be used as a target for the treatment or prevention of osteoporosis.

In recent years, the effects of NPY on BMSCs and hematopoietic stem cells (HSCs) have been studied. Studies have shown that NPY treatment can promote the proliferation of bone marrow stem cells, promote their migration to the lesion area, and participate in the osteogenic differentiation of bone marrow stem cells (16). In addition, NPY and its receptor can regulate the proliferation of HSCs, promote their entry into peripheral blood, and increase the abundance of osteoblasts (16, 91, 92). Collectively, these studies suggest that NPY can be used in the treatment of osteoporosis with stem cells.




Discussion

Previous studies (7, 9, 21, 37) have shown that breast cancer and osteoporosis are related to estrogen and RANKL. Additionally, patients with breast cancer are often at risk of osteoporosis after treatment. This is likely to be related to the reduction of estrogen levels in patients from several commonly used breast cancer treatments, such as AIs, chemotherapy, and GnRHa. Therefore, patients with breast cancer and those receiving breast cancer treatment are recommended to also take measures to prevent or treat osteoporosis. Patients can change their habits, measure BMD regularly, and take bisphosphonate, calcium, and vitamin D. NPY has also been found to affect breast and bone tissue, with the overexpression of Y1R and Y5R found in breast cancer patients, both of which promote the growth and migration of breast cancer cells. NPY acts with central Y2R and peripheral Y1R, where it participates in the regulation of bone metabolism. Due to the recent advances in NPY research related to breast cancer and osteoporosis, many researchers have begun to ask whether NPY can be used as a potential new strategy for the diagnosis or treatment of breast cancer or osteoporosis.

Although the application of NPY in breast and bone tissues have yielded positive results in animal models, they remain primarily in the research phase of animal testing. Most existing studies (85, 89) have focused on the high expression of Y1R in breast cancer and have proposed several diagnostic and research methods based on NPY Y1 targets. However, Y5R also plays an important role in the growth and migration of cancer cells, yet only limited studies on NPYY5 targeted therapies have been reported. Future work should, therefore, consider Y5R as a target to determine whether new treatment methods or diagnostic protocols can be proposed based on the high expression of Y5R in breast cancer.

Since Y2R can regulate bone balance through the hypothalamic system, and drugs entering the hypothalamic region do not need to cross the blood–brain barrier, there is a clear opportunity for drug delivery. Therefore, Y2R can be used as an important target for further study of osteoporosis therapeutic methods. In addition, the current diagnosis of osteoporosis is primarily achieved by measuring bone density with Dual Energy X-ray Absorptiometry (DEXA); however, this method can expose the patient to radiation damage. NPY receptor regulation of bone balance may provide insights that could improve the diagnosis of osteoporosis. Specifically, it will be of interest to determine whether Y1R or Y2R levels in plasma or other body fluids are related to BMD, and whether quantitation of NPY receptors can be effectively applied for osteoporosis diagnosis or evaluation of its severity. If we can use these alternative methods instead of DEXA to measure BMD, it will help to protect the patients from unnecessary radiation exposure.

Finally, BMSCs and adipose stem cells are considered to have multidirectional differentiation and sustained proliferation capabilities in the treatment of bone loss in osteoporosis (93). BMSCs and breast cancer stem cells have also been reported for breast cancer (94). NPY can also be applied to patients with osteoporosis caused by breast cancer as Y1R is highly expressed not only in breast cancer but is also positively correlated with osteoporosis. Therefore, Y1R has potential as a therapeutic target in the treatment of breast cancer and may also play a role in the treatment and prevention of cancer-induced osteoporosis. In the future, the combination of Y1R stem cell therapy may offer a unique therapeutic effect for breast cancer and cancer-induced osteoporosis.

In conclusion, neuropeptide Y and its related factors play important roles in breast cancer and osteoporosis development; as such, they may be useful candidates for novel diagnostic and therapeutic strategies for breast cancer and osteoporosis.
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Osteoporosis is a common systemic bone disease caused by the imbalance between osteogenic activity and osteoclastic activity. Aged women are at higher risk of osteoporosis, partly because of estrogen deficiency. However, the underlying mechanism of how estrogen deficiency affects osteoclast activity has not yet been well elucidated. In this study, GSE2208 and GSE56815 datasets were downloaded from GEO database with 25 PreH BMD women and 25 PostL BMD women in total. The RRA algorithm determined 38 downregulated DEGs and 30 upregulated DEGs. Through GO analysis, we found that downregulated DEGs were mainly enriched in myeloid cell differentiation, cytokine-related functions while upregulated DEGs enriched in immune-related biological processes; pathways like Notch signaling and MAPK activation were found in KEGG/Rectome pathway database; a PPI network which contains 66 nodes and 91 edges was constructed and three Modules were obtained by Mcode; Correlation analysis helped us to find highly correlated genes in each module. Moreover, three hub genes FOS, PTPN6, and CTSD were captured by Cytohubba. Finally, the hub genes were further confirmed in blood monocytes of ovariectomy (OVX) rats by real-time PCR assay. In conclusion, the integrative bioinformatics analysis and real-time PCR analysis were utilized to offer fresh light into the role of monocytes in premenopausal osteoporosis and identified FOS, PTPN6, and CTSD as potential biomarkers for postmenopausal osteoporosis.




Keywords: postmenopausal osteoporosis, microarray, enrichment analysis, hub genes, OVX



Introduction

Osteoporosis is a common systemic bone disease caused by the decrease of bone density and bone mass, the destruction of bone microstructure, the increase of bone fragility and the easy occurrence of fracture due to a variety of reasons (1). One in three women and one in five men over the age of 50 are at risk of osteoporotic fractures. The prevalence of osteoporosis in people over 50 years of age was 19.2%, 6.0% for men and 32.1% for women in China. The prevalence of osteoporosis in people over 65 years of age was as high as 32.0%, with 10.7% in men and 51.6% in women (2). According to the pathogenetic factors of osteoporosis, it can be divided into primary osteoporosis and secondary osteoporosis. The former includes postmenopausal osteoporosis and senile osteoporosis, of which postmenopausal osteoporosis is one of the most common types of osteoporosis (3).

Postmenopausal osteoporosis (PMOP) is a metabolic disease that is caused by the reduction of ovarian function and decreasing estrogen levels in postmenopausal women (4). The etiology of PMOP is complex, and the precise mechanism is yet unknown. A variety of signaling pathways and immune factors, such as receptor activator of nuclear factor-κB/receptor activator of nuclear factor-κB ligand/osteoprotegerin, Wnt/β-catenin, Semaphorin3A/neuropilin-1, peroxisome proliferator-activated receptor, and others, may be involved in the regulation of PMOP, which form a regulatory network in the body and cause an imbalance in the process of bone remodeling, and when the bone destruction is greater than the bone formation, PMOP ultimately manifests (5–8).

It is well known that osteoporosis is closely related to bone formation, remodeling, and resorption, which mainly depends on the activity of osteoblasts and osteoclasts (9). Osteoblasts are the major cellular components of bone, derived from mesenchymal stem cells, and abundant in periosteum, the thin connective tissue layer on the outer surface of bone and the intima (10). They deposit new bone minerals through a mechanism that has not yet been fully described. Osteoclasts are multinucleated cells derived from bone marrow hematopoietic progenitor cells. They have highly active ion channels on the membrane and can pump protons into the extracellular space, thereby reducing the pH of their own microenvironment to promote bone resorption (11). Although there has been significant progress in pathogenesis for osteoporosis, effects of blood monocytes on osteoporosis, especially postmenopausal osteoporosis, need to be further elucidated.

In recent years, with the continuous development and maturity of gene detection technology, microarray and high-throughput sequencing technology are increasingly widely used to search for potential biomarkers related to diagnosis, treatment, and prognosis. It is well known that public databases such as the Gene Expression Omnibus (GEO) are widely used to explore diagnostic and prognostic biomarkers for many diseases. Meanwhile, in order to overcome the limited or inconsistent results caused by different technology platforms and small sample sizes, robust rank aggregation (RRA) was used to obtain robust difference expressed genes (DEGs) (12). This method is widely used in the comprehensive analysis of multiple data sets and is robust to errors and noise (13–15). However, there have been no reports of RRA in postmenopausal osteoporosis.

Animal models of osteoporosis can be used to investigate new techniques of prevention and therapy of osteoporosis. The ovariectomy rat model (OVX) is the first alternative, and it is the most commonly utilized approach in such investigations (16). The ovariectomy rat model is an excellent preclinical model for postmenopausal osteoporosis, according to FDA recommendations (17). The de-ovulatory rat osteoporosis model replicates estrogen deficiency-induced bone loss and shows postmenopausal osteoporosis clinical symptoms (18). Furthermore, it was reported that six months is the optimal time to induce OVX. The success of OVX can be verified 1–3 weeks after surgery, when the normal estrous cycle is stopped, estradiol, progesterone, and uterine weight are decreased, and LH and FSH levels are increased (19). Therefore, it is a suitable tool for the OVX model to study postmenopausal osteoporosis.

In this study, the mRNA expression data of blood monocytes of PMOP from the GEO databases were analyzed by RRA, and we further explored the development of PMOP through functional enrichment and protein-protein interaction (PPI) analysis. Then, the hub genes we got were subjected to real-time PCR analysis for further validation in the OVX model. This study provides a possible basis for understanding the etiology and potential molecular events of PMOP by analyzing the differentially expressed genes.



Materials and Methods


Sample Collection

Samples of monocytes were isolated from whole blood of aged women which were obtained from the Gene Expression Omnibus (GEO) database (20). Searching terms as “BMD”, “Osteoporosis”, “postmenopausal”, “Gene expression”, “Microarray”, and the datasets which are according to the following criteria will be adopted: (1) at least 10 samples each are included; (2) at least 5 cases of PMOP and 5 controls are included; and (3) raw data or series matrix file is available in GEO datasets. We finally found two datasets, GSE56815 and GSE2208 (21,22), which are completely in conformity with our criteria. Five cases of PMOP and 5 controls in GSE2208 while 20 cases of PMOP and 20 controls in GSE56815 are collected from the corresponding datasets. More information is shown on Table 1.


Table 1 | Information for selected microarray datasets.





Datasets Analyses

The annotated R package was downloaded through Bioconductor and the microarray probes were converted to symbols in R. The Limma package of R software was used to identify the differentially expressed genes (DEGs) associated with the PreH group and the PostL group. P-Value <0.05 and |log2 fold change (FC)| >0 were regarded as the threshold to determine the DEGs (23).



RRA Analysis

“Robust Rank Aggregation” package (24), which could effectively reduce the errors by integrating the DEGs of these two microarray datasets and correcting for multiple times, was used to screen the robust DEGs. Genes with P-Value <0.05 and |log2 fold change (FC)| >0.5 in the ranking list were selected as upregulated/downregulated DEGs respectively for further study.



Enrichment Analysis

Gene Ontology (GO) enrichment and the Kyoto Encyclopedia of Genes and Genomes (KEGG)/Reactome Pathway Database were used to figure out the functional roles of the Robust DEGs. The GO enrichment results, namely, biological process (BP), cellular component (CC), and molecular function (MF) were performed by using R package “clusterprofiler” with the criteria of P-Value <0.05 and P-Value <0.05. Cytoscape software plug-in ClueGO was used for pathway analysis. The criterion was that a node contained at least 3 genes and the medium Kappa score was used for pathway network connectivity (P <0.05 was considered statistically significant) (25,26). GO enrichment of Robust DEGs used the cut off criteria of P-Value <0.05. The bubble color represents P-Value in enriched pathways, and the size of the bubble represents the gene number. In the pathway enrichment analysis, each node represents a pathway, the connection between the nodes reflects the correlation between the pathways, and the size of the nodes indicates the degree of gene enrichment. All nodes contain at least three genes, and each node has a P-value <0.05.



PPI Network Construction and its Sub-Module Analysis

By uploading the whole robust DEGs to the STRING online database (27), the PPI network which contains 66 nodes and 91 edges with confidence >0.4, was established. Pulling the results into Cytoscape (28), we visualized the PPI network and screened three key modules by using MCODE plugin.



Correlation Analysis

After finding the key modules, we used Pearson’s correlation coefficient as an analysis method to visualize statistically significant (P-Value <0.05) and highly correlated genes in the modules by correlation analysis. Also, genes that are not statistically different are indicated by a cross. In this analysis, Package “corrplot” was used to visualize the results (29,30).



Hub Gene Identification

To obtain as much of exact hub genes, 10 different algorithms including MCC, DMNC, MNC, Degree, EPC, BottleNeck, EcCentricity, Closeness, Radiality, and Betweenness (each approach could predict the hub genes) in Cytohubba was used (31). The first ten top ranked genes of each algorithm were regarded as the hub genes of the algorithm. After calculating, we took the one that intersects most of these algorithms and finally 3 downregulated genes which appear in nine out of ten were regarded as the most likely hub genes. Our outcome was visualized by using the R package “UpSetR” and the hub genes were represented in the red bar (32).



OVX Model Construction

Twelve healthy female Sprague Dawley (SD) rats aged 8 weeks were purchased from the Animal Experiment Center of Chongqing Medical University. SD Rats were randomly divided into two groups: the sham operation group and the ovariectomy (OVX) group, and after 1 week of maintenance in a pathogen-free facility, bilateral ovariectomy and sham operation were performed as previously reported (33,34). Twelve weeks after surgery, the rats were sacrificed and femur and blood samples were collected and stored for further testing. This experiment was approved by the institutional animal care and use committee of Chongqing Medical University (Chongqing, China).



Microcomputed Tomography (μ-CT) Analysis of the Proximal Femur

All the femurs were dissected, cleaned, and fixed in 4% paraformaldehyde. Then, they were scanned by a microcomputed tomography 100 (μ-CT100) system (SCANCO MicroCT). Proximal femurs were scanned by using a 20 μm voxel size, 70 kV, 200 μA and 0.6° rotation steps (180° angular range). For the trabecular bone, an area of 1.5 mm thick downward from the proximal femur growth plate was evaluated by μ-CT. This area is located 1.5 mm below the growth plate. μ-CT 516.1 software was used for 3D reconstruction and quantitative analysis. After 3D reconstruction, the bone mineral density (BMD), bone volume fraction (BV/TV), trabecular thickness (Tb.th), trabecular number (TB.n), and trabecular spacing (TB.sp) were calculated or directly measured by using μCT100 system (SCANCO MicroCT).



Quantitative Real Time PCR Assay

Monocytes were isolated from whole blood by rat peripheral blood mononuclear cell Isolation kit. Total RNA was extracted from monocytes using SteadyPure Quick RNA Extraction Kit (AG21023-S AG). Real time PCR was performed using SYBER green mixture kit with gene specific primers (Table 2). The RT-PCR amplification reactions were performed using QuantStudio™ 3(Thermo Fisher SCIENTIFIC). The RT-PCR program was programmed to perform 42 cycles in total. The mean value and standard error of three independent experiments were calculated, and each experiment was repeated 3 times. The relative mRNA expression level was calculated using β-actin as internal reference.


Table 2 | The primers used for PCR.





Statistical Analysis

The quantitative data was presented as the mean ± SD. The two-tailed Student’s t-test was used to analyze the differences between the two groups. Each assay condition was performed in triplicate for all quantitative assays. All data collected were statistically analyzed. A P-value of less than 0.05 was defined as statistically significant.




Results


Identification of Robust DEGs Between Premenopausal High BMD and Postmenopausal Low BMD

According to the previous criteria, samples from two microarray datasets, GSE2208 and GSE56815, were downloaded from the GEO database. The two datasets contain 50 samples in total, one half were from premenopausal high BMD women, the other half were from postmenopausal low BMD women. The details of each dataset are shown in Table 1. To explore the most valuable differential genes, we first analyzed the DEGs by using R software through “Limma” package and presented it in the form of Volcano plot (Figures 1A, B). Then the “Robust Rank Aggregation” package (RRA) was used to screen Robust genes with P-Value <0.05 and |logFC| >0.5. Finally, 38 DEGs that were downregulated and 30 DEGs that were upregulated were found. The top 20 downregulated DEGs and top 20 upregulated DEGs were presented in a heatmap (Figure 1C).




Figure 1 | Identification of differentially expressed genes (DEGs) with the cut off criteria of P-Value <0.05. (A) Volcano plot of DEGs for GSE2208 datasets. (B) Volcano plot of DEGs for GSE56815 datasets. (C) The heatmap of top 40 (20 upregulated DEGs and 20 downregulated DEGs) DEGs according to RRA algorithm. As the color goes from red to blue, indicating the changing from up to downregulation. NA represents genes with no statistical significance in GSE2208, but it can be reflected in RRA algorithm because of its high ranking and small P value in GSE56815. Similar results can be referenced in https://doi.org/10.3389/fonc.2019.00996.





Functional Enrichment Analysis of Robust DEGs

To figure out the functions of Robust DEGs, “clusterprofiler”, an R package, was used for GO enrichment (biological process, molecular function, and cellular component) (Figure 2) and CLUEGO was used to find out the statistically significant pathways through the KEGG/Reactome database (Figure 3). To make sure the outcomes are clear and intuitive, the upregulated DEGs and downregulated DEGs were analyzed separately in GO enrichment. The downregulated genes, the results revealed that myeloid cell differentiation which is significantly enriched in GO analysis, are highly associated with the emergence of monocytes and granulocytes. Additionally the complicated biological processes, namely, regulation of cytokine biosynthetic process, cytokine biosynthetic process, and cytokine metabolic process, have all been linked to osteoporosis. In the upregulated genes, immune-related processes, namely, neutrophil degranulation, neutrophil activation involved in immune response, neutrophil activation, neutrophil mediated immunity, and immunoglobulin binding, have long been recognized to have a relationship with the skeletal systems.




Figure 2 | GO enrichment of Robust DEGs with the cut off criteria of P-Value <0.05. The bubble color represents P-Value in enriched pathways, and the size of the bubble represents the gene number. (A) Downregulated Robust DEGs in three parts of GO enrichment (BP, CC, and MF). (B) Upregulated Robust DEGs in three parts of GO enrichment (BP, CC, and MF). DEG, differentially expressed gene; GO, Gene Ontology; BP, biological process; CC, cellular component; MF, molecular function.






Figure 3 | KEGG/Rectome pathways enrichment analysis of Robust DEGs. KEGG, Kyoto Encyclopedia of Genes and Genomes. Rectome, Rectome pathway database.



There were fourteen pathways significantly enriched in robust DEGs. Notch signaling pathway is of great importance in Human Skeletal Diseases, and collagen degradation, to a large extent, affecting the balance of bone formation and bone resorption. Moreover, the immune system mediated by PD-1 signaling and the activation of MAPK signaling pathway are also involved in bone regulation. The genes contained in each node and the number of genes, and the P-value of the node are detailed in the Supplementary Material (Data Sheet 1).



PPI Network Construction and Its Sub-Module Analysis

The robust DEGs were used to construct the PPI network for further study. The results show that with confidence >0.4, a PPI network which contains 66 nodes and 91 edges was constructed (Figure 4). MCODE plugin was used to explore those highly connected modules, and three of them were found (Figures 5A–C). The genes in Module one were connected with TNF signaling pathway and osteoclast differentiation while genes in Module two were associated with antigen processing, presentation, and antigen receptor-mediated signaling pathway. Besides, the BP of genes in Module three was particularly related to extracellular matrix disassembly.




Figure 4 | Construction of PPI network. Complete PPI network diagram which contains 66 nodes and 91 edges with the confidence >0.4. Upregulated Robust DEGs are marked in red while Downregulated Robust DEGs are marked in blue. PPI, Protein–Protein Interaction Network.






Figure 5 | The highly connected modules of PPI and the correlation matrix corresponding to each module. (A–C) Modules of PPI network. (D–F) Correlation matrixes of highly connected genes in each module. In the modules, red represents genes that are upregulated and blue represents genes that are downregulated. In the correlation analysis, blue indicates positive correlations, red indicates negative correlations, and higher values indicate higher correlations. Squares marked with a cross indicate that the correlation analysis between genes is not statistically significant (P > 0.05).





Correlation Analysis of Highly Connected Genes in Each Module

Pearson’s correlation coefficient, as an analysis method, and package “correplot” were used to calculate and visualize statistically significant (P-Value <0.05) and highly correlated genes in the modules by correlation analysis. Also, genes that are not statistically different are indicated by a cross. By this method, we identified genes with significant positive correlations, such as PTPN6 vs CTSD and JUNB vs ZFP36. We also found many genes with significant negative correlations, such as CTSD vs HLA-DPB1 and ADAM10 vs ITGAL. These findings provide us new insight for finding potential biomarkers (Figures 5D–F).



Identification of Hub Genes and Their Expression in Different Dataset

Cytohubba, as a Cytoscape plugin, is applied to search for the hub genes, and was used to obtain as many of exact hub genes (Figure 6A). We picked up the most intersection genes by calculating ten different algorithms, and then we explored the description of those three hub genes, namely, their full names, synonyms and functions (Table 3). Subsequently, we presented the consistent expression of these three hub genes of different datasets by violin plots (Figures 6B–G).




Figure 6 | Identification of hub genes and Boxplot of hub genes that expressed consistently across two datasets. (A) Hub genes were identified by intersection of 50 genes from 10 algorithms, namely, MCC, DMNC, MNC, Degree, EPC, BottleNeck, EcCentricity, Closeness, Radiality, and Betweenness. The consistent expression of CTSD in (B) GSE56815 and (C) GSE2208. The consistent expression of FOS in (D) GSE56815 and (E) GSE2208. The consistent expression of PTPN6 in (F) GSE56815 and (G) GSE2208.




Table 3 | Description of the Hub genes.





Validation of the Hub Genes In Vivo

In order to verify the hub genes in vivo, OVX rats were used to replace the PMOP patients for the validation. A diagram exhibited how we validate our results of hub genes (Figure 7A). We confirmed that the OVX model was successfully established through the μ-CT analysis femur of the SD rat three months later after surgery, and the femur 1.5 mm thick below the growth plate was used for analysis of bone cortex and cancellous bone. The μ-CT analysis results showed that the OVX group had fewer trabeculae than the sham group, whereas there was little difference in bone cortex (Figure 7B). Meanwhile, the mRNA of monocytes isolated from whole blood was used to detect the expression of those three hub genes (FOS, CTSD, and PTPN6) that we found by bioinformatics analysis, and the real-time PCR results showed that the mRNA expression level of the three hub genes in OVX group was lower than that in the sham group (Figures 7C–E). These results are consistent with the bioinformatics analysis results, indicating that the hub genes may be used as biomarkers of PMOP. However, the exact mechanism needs to be further elucidated.




Figure 7 | Validation of the hub genes in vivo. (A) A diagram exhibited how we validate our results of hub genes. (B) Representative μ-CT analysis image of SD rat femur in sham and OVX group, and femur 1.5 mm thick below the growth plate was used for analysis of bone cortex and cancellous bone. (C–E) The mRNA expression level of three hub genes (FOS, CTSD, and PTPN6) in sham group and OVX group. Compared with the Sham group, **p < 0.01.






Discussion

Postmenopausal osteoporosis (PMOP) is a complex bone metabolism disorder characterized by the loss of bone minerals and an increased risk of bone fracture. PMOP is recognized as a metabolism disease which is caused by the imbalance between bone formation and bone resorption after estrogen deficiency. In previous studies, many susceptibility genes for PMOP (35,36), especially cytokines and osteoprotegerin, which are involved in bone remodeling balance, have been identified. It is well known that TNF-α has been shown to affect bone metabolisms by promoting osteoclast differentiation and inhibiting osteoblast differentiation (37). Spon1 may play an important role in the etiology of PMOP (20). However, the use of RRA to detect DEGS in PMOP has not been reported. Therefore, it is very important to investigate the cause of this disease and to find potential treatments by identifying the susceptibility gene of PMOP. This study was the first to search and combine microarrays on PMOP in GEO, in particular, the detection and analysis of blood monocytes, which has not been studied in previous research. It is well known that blood monocytes are precursors of osteoclasts (38), and blood monocytes can secrete a number of potent cytokines important for osteoclast differentiation, activation, and apoptosis (39). The aim of our research was to identify key genes and pathways involved in the pathogenesis of PMOP. Therefore, two microarrays were included in our studies, gene expression profiles of PMOP were compared with controls, and the RRA analysis was adopted to integrate results with more statistical power. Furthermore, PPI network construction and Gene Ontology (GO) enrichment were performed to understand the potential biological function of the DEGs. Meanwhile, hub genes were calculated for further study.

There were 68 DEGs filtered out from two datasets with 38 downregulated genes and 30 upregulated. FOS, PTPN6, and CTSD were the most significant genes among these DEGs, which were identified as hub genes by PPI network analysis. As we all know, FOS is a member of the AP-1 transcription factor complex, which is a central regulator for many physiological functions. In osteoimmunology, Fos/AP-1, as osteoclastogenic transcription factor, plays a critical role in inflammatory bone loss by regulating genes like NFATc1 and also the interferon system (40–42). In the previous study, Sugatani found a positive feedback loop of c-Fos/miR-21/PDCD4, which regulates osteoclastogenesis (43). Besides, the FOS-related protein Fra-2 controls osteoclast size and survival (44).

PTPN6, a cytoplasmic phosphatase, functions to prevent autoimmune and interleukin 1 receptor (IL-1R)-dependent caspase-1-independent inflammatory disease. It has dual function in negative regulation of p38 mitogen-activated protein kinase activation to control tumor necrosis factor and IL-1α/β expression, thereby inhibiting caspase-8-and Ripk3/Mlkl-dependent inflammation (45). Moreover, PTPN6 can regulate the activity of over 50 cytoplasmic signaling proteins and cell surface receptors. It has been reported that PTPN6 mediated autophagy contributes to the inhibition of macrophage foam cell formation by the D3-VDR-PTPN6 axis (46), and participates in the epigenetic regulation mechanism of advanced chronic myeloid leukemia (47). Besides, PTPN6 was upregulated in the coculture system which consists of primary myeloma and healthy donor hematopoietic bone marrow, indicating that PTPN6 plays an important role in microenvironment interactions (48). Another hub gene, CTSD, which is one of the major lysosomal proteases indispensable for the maintenance of cellular proteostasis by turning over substrates of endocytosis, phagocytosis, and autophagy. Consequently, CTSD deficiency leads to a strong impairment of the lysosomal-autophagy machinery (49). However, there were few studies about the definite function and mechanisms of PTPN6 and CTSD in PMOP.

In our GO enrichment analysis, we divided DEGs into two groups. In the downregulated genes, results revealed that myeloid cell differentiation is highly associated with the emergence of monocytes and granulocytes, and the regulation of cytokine metabolic process and cytokine biosynthetic process. These complicated biological processes have all been linked to osteoporosis (11,50,51). While in the upregulated genes, immune-related processes such as neutrophil activation, neutrophil degranulation involved in immune response, neutrophil activation, neutrophil mediated immunity and immunoglobulin binding have long been recognized to have a relationship with the skeletal systems (52).

In the current study, we established a postmenopausal osteoporosis model in rats by bilateral oophorectomy. We found that PTPN6, CTSD, and FOS from blood monocytes in the OVX group were lower than that in the control group, which is consistent with our bioinformatic analysis results. However, monocytes isolated from the whole blood of older women may yield different sequencing data than OVX rats. It is a pity that we cannot get sequencing data from monocytes of humans because of strict social rules and ethical requirements during the COVID-19 pandemic. These findings provide a new target for further research on the role of blood monocytes in the development of postmenopausal osteoporosis. However, the occurrence of postmenopausal osteoporosis involves estrogen level, immune factors, osteoblast activity, and many other factors. It will be worthwhile to further study the roles of PTPN6, CTSD, and FOS in other cells or biological processes except osteoclasts, and explore their significance in the occurrence and development of osteoporosis from the perspective of proteomics and protein modification omics. At last, we believe our results from the GEO data and animal experiment validation may provide a fresh light into the role of monocytes in premenopausal osteoporosis and identified FOS, PTPN6, and CTSD as potential biomarkers for premenopausal osteoporosis.

In conclusion, by using the RRA approach, our study successfully provided a deeper understanding of the overall molecular changes in the pathogenesis of PMOP and identified several potential therapeutic candidates, namely, FOS, PNPT6, and CTSD, as central genes. Besides, through GO and KEGG pathway analysis, we found that these differential genes were mainly enriched in cytokine metabolic process and cytokine biosynthetic process, and may be involved in Notch signaling pathway and immune system. Collectively, this study may provide reliable molecular biomarkers for diagnosis, screening and prognosis of PMOP. It also lays a foundation for exploring new therapeutic targets of PMOP. However, the underlying molecular mechanisms have not yet been fully elucidated. In the future, more experiments are needed to verify the changes of gene expression and it is necessary to collect a large number of bone marrow tissues from patients with PMOP and bone tissues from normal controls for further research.
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Purpose

The aim of this review is to assess the current evidence regarding the impact of relaxin on incidence of soft tissue hip injuries in women.



Methods

A trained research librarian assisted with searches of PubMed, Embase, CINAHL, and SPORTDiscus, with a preset English language filter. The review was completed per the Joanna Briggs Institute (JBI) Manual for Evidence Synthesis methodology. Included studies required assessment of relaxin effects on musculoskeletal health, pelvic girdle stability, or hip joint structures in human subjects. Letters, texts, and opinion papers were excluded.



Results

Our screen yielded 82 studies. Molecularly, relaxin activates matrix metalloproteinases (MMPs) including collagenases MMP-1/-13 and gelatinases MMP-2/-9 to loosen pelvic ligaments for parturition. However, relaxin receptors have also been detected in female periarticular tissues, such as the anterior cruciate ligament, which tears significantly more often during the menstrual cycle peak of relaxin. Recently, high concentrations of relaxin-activated MMP-9 receptors have been found on the acetabular labrum; their expression upregulated by estrogen.



Conclusions

Menstrual cycle peaks of relaxin activate MMPs, which locally degrade collagen and gelatine. Women have relaxin receptors in multiple joints including the hip and knee, and increased relaxin correlates with increased musculoskeletal injuries. Relaxin has paracrine effects in the female pelvis on ligaments adjacent to hip structures, such as acetabular labral cells which express high levels of relaxin-targeted MMPs. Therefore, it is imperative to investigate the effect of relaxin on the hip to determine if increased levels of relaxin are associated with an increased risk of acetabular labral tears.





Keywords: hip preservation, sex differences, female reproductive cycle, relaxin, sex-based, menstrual cycle hormones, hormonal contraceptives



Introduction

Female athletes still face sex-based disparity in sports-related injury with significantly lower likelihood of a healthy career. One in five female collegiate athletes will suffer an anterior cruciate ligament (ACL) injury in college (1–3). ACL ruptures are a more evident, more thoroughly researched female-predominant injury (4–6); females in this age group are also more likely to undergo surgical treatment for athletic hip injuries. Multiple factors contribute to the female predominance of ACL injuries, including neuromuscular discrepancies and fluctuating levels of reproductive hormones (7). Hormonal research has recently identified a promising target: relaxin (1, 7–10). This has not been investigated in relation to young athletic hip conditions.

Relaxin cycles with other menstrual hormones and weakens collagen in target tissues such as the pubic symphysis (1, 9–14). While necessary for parturition, this can be detrimental outside of the reproductive system (15–17). Multiple studies correlate relaxin peaks with female ACL tears (1, 9). However, despite large-scale relaxin synthesis in the pelvis, and a known paracrine activity profile, there is a paucity of literature assessing if relaxin levels correlate with another female-predominant lower extremity injury impacting athletes such as acetabular labral tears (18–21). If relaxin does significantly contribute to the elevated rates of both knee and hip injuries in women, further research into preventive strategies is critical.

The absence of literature regarding relaxin vs. hip injuries necessitated a scoping review to appraise available information on factors related to relaxin versus hip injury, and to identify conceptual gaps (22). This review assessed relevant literature on nanoscale, microscale, and macroscale actions of relaxin. The objective of this scoping review is to show that it is scientifically logical and medically important to further explore the potential correlation between relaxin levels and female hip injuries.



Methods

A preliminary search of MEDLINE, the Cochrane Database of Systematic Reviews and JBI Evidence Synthesis (Joanna Briggs Institute, Adelaide, Australia) was conducted and no current or underway systematic reviews or scoping reviews on the topic were identified. The scoping review was conducted in accordance with the JBI methodology for scoping reviews (JBI Manual for Evidence Synthesis) and the Preferred Reporting Items for Systematic reviews and Meta-Analyses for Scoping Reviews (PRISMA-ScR) Checklist (Supplementary Material: Appendix 1).


Types of Sources

This scoping review considered all traditional types of papers, with the exclusion of commentaries, editorials, and opinion papers.



Search Strategy

The search strategy was developed by the authors with the assistance of a Health Sciences librarian specializing in development of database queries. The search strategy aimed to locate both published and unpublished studies (“gray literature”). An initial limited search of MEDLINE and EMBASE was undertaken to identify articles on the topic. The index terms used to describe the articles were used to develop the full search strategy, along with text words derived from the titles and abstracts of relevant articles.

The initial search strategy was developed for MEDLINE. The first search concept focused on female hormonal variations, with MeSH terms such as estrogens, progesterone, relaxin, and contraceptives. Text words and phrases included “cyclic hormonal variation” and “female athlete hormonal variation”. The second search concept focused on non-arthritic hip pain, with MeSH terms such as hip dysplasia and femoroacetabular impingement. Text words and phrases included “acetabular labral tear” and “pelvic floor disorder”. The full search strategy for MEDLINE can be found in the Appendix (Supplementary Material: Appendix 2).

The search strategy was then adapted for EMBASE and CINAHL. Full search strategies for these databases are available upon request. The reference list of all included sources of evidence was screened for additional source materials via SCOPUS. A filter for English language studies was used. During the screening process, the decision was made to exclude animal-only studies.



Source of Evidence Selection and Data Extraction

All identified citations were uploaded to EndNote (EndNote X9.2, Clarivate Analytics, PA, USA) and duplicates removed by a combination of software screening and manual review. Titles and abstracts were then screened by two authors independently against the inclusion criteria (Table 1). A full-text assessment was then performed to identify final inclusions. We elected to exclude animal-only studies, and include studies of pregnant women only for the pelvis and hip subsections. Any disagreements during the selection process were resolved by the senior authors.


Table 1 | Scoping review screening, inclusion and exclusion criteria.



Data was extracted by two authors, independently, with oversight from the senior authors. The data included subject demographics, concept/context, study methods, and key findings relevant to the present review questions. The data extraction approach was modified and revised as necessary. The data was documented in one or more analytical categories of relaxin effect level: cellular/molecular, systemic-musculoskeletal, pelvic structure-specific, and hip-specific.

Per scoping review protocol, critical appraisal of individual sources was not completed. The current review will not individually discuss all included studies. Discussion will address studies with novel information and/or critical concepts, which will be recorded in subject-specific tables (Tables 2–4). However, all included references are listed in Supplementary Material: Appendix 3.


Table 2 | Cellular/molecular effects of relaxin- relevant literature findings.




Table 3 | Musculoskeletal effects of relaxin- relevant literature findings.




Table 4 | Pelvic and hip joint related effects of relaxin- relevant literature findings.






Data Analysis Results

Of the initial library screened, 82 articles were included for scoping review (1, 4, 5, 7–21, 23–86). There was overlap between analysis categories for numerous papers; most prevalent with the subjects are of cellular/molecular and systemic-musculoskeletal effects. The effects of relaxin were discussed at the cellular/molecular level by 24 studies (10, 13, 16, 17, 23–33, 58, 62, 68, 71, 76, 77, 80, 83, 84), and at the systemic-musculoskeletal level by 25 studies (1, 4, 7–9, 11, 12, 14, 15, 34–39, 57, 60, 61, 63, 64, 67, 75, 81, 82, 85). The pelvic structure-specific effects of relaxin were discussed by 17 studies (21, 40–51, 59, 73, 74, 86), and 9 studies focused on hip joint-specific relaxin effects (18–21, 45, 52–55).



Data Presentation and Discussion

The present review identified conceptual gaps regarding the intersection of relaxin levels and female hip injuries, and appraised available information on factors related to the topic, with review of 82 studies. Literature data was documented in conceptual categories of relaxin effects. Important/main concepts from the data assessed for each category are reported in the following sub-sections.



Cellular/Molecular Effects of Relaxin


Basic Properties of Relaxin

Relaxin is a peptide hormone present in both sexes, with known paracrine, autocrine, and endocrine actions. The corpus luteum synthesizes the bulk of relaxin, but the endometrium, placenta, breast tissue, and prostate have also been detected as synthesis sites. Average serum relaxin concentration (SRC) is similar between non-pregnant women and men; although women’s levels peak at menstrual cycle day 21-24. As relaxin often acts in a paracrine fashion, SRC does not consistently reflect the extent of hormone activity (Table 2). The menstrual cycle peaks and corresponding molecular changes in the body for the three essential menstrual hormones—estrogen, progesterone, and relaxin—are depicted in Figure 1.




Figure 1 | Menstrual cycle hormone peaks, molecular effects. The sequence of hormone peaks for ovulatory cycles. Estrogen levels peak first, increasing expression of relaxin receptors in the body and increasing global synthesis of MMPs. The drop in estrogen triggers ovulation, and the remains of that ovarian follicle from the corpus luteum. As a temporary endocrine body, the corpus luteum secretes progesterone to prepare the endometrium for pregnancy and to sustain itself. It also synthesizes and relaxin, which binds receptors and activates. MMPs recently upregulated by estrogen while suppressing de novo collagen synthesis. Relaxin is active during the luteal phase, chiefly CD21-24.





Properties of Relaxin Receptors

The location of relaxin family peptide receptors (RXFPs) is a sensitive indicator of physiological roles. Thus, the curiosity regarding sex-specific musculoskeletal roles of relaxin, as RXFPs are uniformly present—only in women—in the synovial lining of ACL remnants, and present in high concentrations in women undergoing first carpometacarpal arthroplasty. Additionally, RXFP expression is primed by estrogen and progesterone (Table 2).



General Functional and Physiologic Properties of Relaxin

Relaxin is a controller of ECM turnover, upregulating MMP-1/-13 (collagenases) and MMP-2/-9 (gelatinases) to degrade existing collagen while suppressing synthesis of new collagen. Poor collagen quality in the target tissues, along with a lesser amount of proximate total collagen, are the result of these complementary actions of relaxin; illustrated in Figure 2.




Figure 2 | The dual functions of relaxin in target tissues. The two main mechanistic pathways by which relaxin decreases tissue quality and quantity of collagen after binding to its receptor. Upon binding relaxin receptors in target tissue, two processes impacting collagen proceed concurrently. Above, left-relaxin increases production of all MMPs, but particularly the collagenases and gelatinases capable of digesting ECM components. Thus one mechanistic pathway detrimental to target tissue collagen is the degradation of existing collagen by these. MMPs. Above, right-relaxin also suppresses function of/differentiation into myofibroblasts. These cell secrete multiple ECM components and modulate ECM cross-linkage, allowing relaxin to impair de novo collagen synthesis is target tissue.






Key Reference One: Roles of Matrix Metalloproteinases

Relaxin modulates many of its effects via MMPs, whose roles were detailed in a 2011 review article by Klein et al. (31) MMP-1 uniquely degrades triple-helical (fibrillar) collagen, leaving it susceptible to gelatinases. Dysregulation causes insufficient or excessive tissue regeneration. MMP-13, activated by MMP-3, cleaves type II collagen during bone remodeling. Dysfunction has been linked to cartilage destruction in osteoarthritis and rheumatoid arthritis. MMP-2 degrades gelatine (denatured collagen) and is constitutively expressed. It has roles in angiogenesis and basement membrane structure. MMP-9 also degrades gelatine and is highly inducible by other MMPs. It signals immune cells and is crucial for endometrial tissue remodeling during the menstrual cycle. MMP-3 degrades numerous ECM proteins and is involved in activation of gelatinases and MMP-13 (31).



Systemic-Musculoskeletal Effects of Relaxin


Anterior Cruciate Ligament

The bulk of literature directly addressing relaxin and sex-specific disparities in musculoskeletal health focuses on incidence of ACL rupture. It has been cited that a combination of neuromuscular/biomechanical differences and sex-specific hormonal variations are responsible for the high rate of female ACL injuries. Current injury prevention programs to correct biomechanics have had some success decreasing ACL rupture rates, but a systematic review of prevention program studies concluded that neuromuscular differences alone could not account for the disparity. The female ACL contains receptors for estrogen, progesterone, relaxin, and testosterone, and coupled with the complexity of the hormonal cycle, the authors also noted that single-timepoint hormonal analyses were not depictive (Table 4). Additionally, two studies found that in males, their naturally higher testosterone levels have a protective effect on the ACL, by downregulating collagenolytic activity (87, 88).

ACL tear incidence in elite female athletes is as high as 21.9%, as demonstrated in a study which included nearly 130 Division 1 (D1) female collegiate athletes during their 4-year careers in sports with a high risk of ACL injury: basketball, lacrosse, field hockey, and soccer. The athletes underwent SRC testing during the mid-luteal phase of their menstrual cycle (day 21-24), which showed significantly higher average SRC among athletes who had, or would, suffer ACL tears (6.0 ± 8.1 vs. 1.8 ± 3.4, p<0.013) (Table 3).

Given that SRCs are not always detectable, a subgroup of the 46 athletes with detectable mid-luteal SRC were analyzed. The ACL tear incidence of this subgroup was 30.4% (14/46). Average SRC of injured athletes was 12.1 ± 7.7, vs. 5.7 ± 3.6 in those without injury (p<0.002). Among this group, researchers trialed an SRC of 6.0 pg/mL as the cutoff level for ACL injury risk screening. This screen proved to be 71% sensitive and 69% specific, with a PPV of 52% and an NPV of 88%. Researchers concluded that elite female athletes with SRC>6.0 pg/mL had a 4-fold increased risk of an ACL tear during their career (RR 4.4, χ2 p=0.003, ROC =0.002) (Table 3).

This group of D1 athletes was also surveyed about oral contraceptive pill (OCP) use, to assess potential effects on SRC and ACL tears. It was found that athletes taking OCPs had significantly lower average SRC (1.41 vs 3.08, p<0.002) and average serum progesterone concentration (SPC) (2.8 vs. 6.99, p<0.0002). Interestingly, SRC was not significantly different between eumenorrheic, amenorrheic, and oligomenorrheic athletes. While this cohort study showed that OCPs significantly reduce SRC, a database review of nearly 170,000 female ACL reconstructions showed that OCP also reduced the likelihood of an ACL tear (0.82). This was most significant among 15-19 year-olds, with likelihood of an ACL tear decreasing by 63% (OR 0.37). Analyzing OCPs as a preventive treatment for ACL tears in this age group yielded an NNT of 6 adolescent athletes (Table 3).



First CMC Joint (Trapeziometacarpal Joint)

First CMC arthroplasty is a common procedure among women. Studies of first CMC instability and degeneration found the risk of subluxation to be positively correlated with detectable SRC. Immunohistochemical studies of tissue from arthroplasty patients with elevated average SRC showed increased expression of the relaxin receptor RXFP1 in nearby ligaments subsequently increasing collagen degradation leading to increased CMC laxity and abnormal weight loading (Table 3).



Other Musculoskeletal Tissues

Patients with temporomandibular joint disorder (TMJD), another female-predominant condition, showed higher average synovial fluid relaxin levels in those with TMJ OA plus joint effusion, rather than OA alone. Shoulder instability, an issue common in young female athletes playing overhead sports, was assessed in a cohort study of 53 military cadets (47 male, 6 female) with episodes of acute shoulder instability. Compared to controls matched for age, sex, height, and weight, these 53 cadets had significantly higher SRC (3.69 vs. 2.20, p=0.02). Risk of an acute instability episode vs. SRC had a dose-dependent correlation; every 1 pg/mL increase in baseline SRC making acute instability 2.18 times more likely (95% CI 1.01-4.76) (Table 3).




Pelvic Structure-Specific Effects of Relaxin


Pubic Symphysis

The fibrocartilaginous pubic symphysis joint is stabilized by a combination of symphyseal ligaments, arcuate ligaments between inferior pubic rami, posterior sacral ligaments, and iliolumbar ligaments. Normally, this joint takes 2600 lbs of force to separate; but during late pregnancy and parturition, relaxin triggers enough collagen degradation for separation to occur at much lower forces. In women with the musculoskeletal/genitourinary symptoms of symphysis pubis dysfunction (SPD) their average SRC was above the 95th percentile for average SRC distribution among age and sex matched controls (Table 4).



Uterine/Pelvic Ligaments

Relaxin and oxytocin modulate the integrity of uterosacral ligaments, and uterine prolapse patients had significantly higher SRC versus controls, as well as significantly increased RL-2 in ligament samples from prolapse patients vs. control patients undergoing gynecologic surgery. Even prior to puberty relaxin impacts pelvic soft tissues. During the first three months of life, female infants with developmental hip dysplasia (DDH), theorized to have an associated with excess relaxin, have an 11.2 times greater risk of developing an inguinal hernia, and tend to require earlier surgical repairs (1 mo vs. 10 mo). Of all female infants less than 3 months old who require operative intervention for inguinal hernias, 25% have DDH (Table 4).



Peripartum Pubic Symphysis, Lumbosacral Joints

A study of pregnant women with pelvic pain and pelvic joint instability (PPPJI) found earlier onset and increased severity in patients with a history of OCP use (exogenously lowered relaxin) and for multiparous women (prior pelvic ligament degradation). Those with severe 3rd trimester symptoms had significantly higher SRC. Their infants tended to be post-term, higher weight, and female; and approximately 25/1000 had DDH. A study of primigravid women at 36 weeks recorded pain incidence and location stratified by mean SRC. Of women with low SRC (<420 pg/mL), 20% had lumbosacral and PS pain. In women with moderate SRC (420-890 pg/mL), 45% had this pain, and which bothered 55% of women with high SRC (>890 pg/mL); 10% of whom also had greater trochanteric pain. Research found that 25% of pregnant women will at some point experience disabling musculoskeletal pain of spine and/or pelvis.



Postpartum Pelvic Recovery

Women with higher peripartum SRC took longer to recover from childbirth. Relaxin does not return to baseline SRC until 4-12 weeks postpartum, and women are 2 times more likely to have leg and foot pain secondary to pelvic instability during this period (Table 4).




Hip-Specific Effects of Relaxin


Fetal Factors Related to DDH

DDH has well-defined risk factors, including breech delivery, female sex, family history, firstborn status, high birth weight, and post-maturity. However, 73-90% of infants with DDH have no identifiable risk factor other than female sex; generating the hypothesis that female fetuses are more susceptible to maternal hormones. In normal physiological states, the fetal liver will metabolize these hormones. This is one potential “problem point” leading to DDH; if the fetus has decreased metabolic abilities or increased hormonal sensitivity. Given that neonates with abnormal estrogen excretion and DDH commonly have PS instability on exam, an inborn and possibly hereditary error of estrogen metabolism could be a contributing factor (Table 4).



Maternal Factors Related to DDH

In utero, if the maternal uterine wall does not put normal pressure on the fetal femoral head/acetabular socket interface, DDH results. If pregnant women have persistent pelvic/PS pain, their infants have a 5 times increased risk of DDH. The risk of DDH for female infants at baseline was listed at 19:1000 (“normal” risk of DDH varied by source, but generally ranged between 14-20:1000). Per SPD research, women with more pelvic pain during pregnancy likely have significantly increased SRC, and as previously discussed studies of mothers with SSPJI, symptomatic SPD in pregnancy increases DDH risk to approximately 25:1000 (Table 4).

Primigravid mothers and those with multiple gestation pregnancies, monozygotic more than dizygotic, have an increased risk of neonate DDH. No significant association has been established between cord blood SRC and incidence of DDH; two studies in this review noted insignificantly lower SRC in cord blood of infants with SRC. It was not known if this could be secondary to inadequate relaxation of the birth canal; or if cord blood SRC was not useful to analyze in this situation given the known local effects of relaxin (Table 4).


Physical Findings Indicating Excess Relaxin in Neonates with DDH

A study of 90 neonates with DDH detected concurrent pelvic instability on physical exam in a majority of neonates. Abnormalities detected on neonatal hip ultrasound were significantly more likely to spontaneously resolve in male infants. Additionally, further supporting the theory of pelvic effects of relaxin, female neonates with DDH have an 11.2 times greater risk of developing an inguinal hernia during the first three months of life (Table 4).





Key Reference Two: Metabolism of Cells of the Acetabular Labrum

A critical scientific component linking known actions of relaxin to a potential impact on hip health is research by Dhollander et al (89) exploring the cellular metabolism of human acetabular labral cells. Analysis was performed on articular and capsular side labral cells, articular chondrocytes, and meniscal cells (fibrochondrocytes). Labral cells had a number of properties similar to meniscal fibrochondrocytes, such as high COL1A1 levels and ECM turnover in response to increased IL-1 (89).

In labral cells, IL-1 triggers ECM degradation via secretion of IL-6, MMP-1/-2/-3/-9/-13, and ADAMTS-4/-5, while suppressing COL1A1 and COL2A1 expression. The secreted MMPs, ADAMTSs, and IL-6 are known to increase systemic cartilage damage and joint inflammation. Labral cells are unique in their increased MMP-9 expression after exposure to IL-1; MMP-9 is an inducible gelatinase which specifically degrades type IV and V collagen (89).



Summary of Appraised Information: Factors Related to Relaxin and Hip Injuries

One aim of this scoping review is to show that it is scientifically logical that a correlation would exist between relaxin levels and the high incidence of soft tissue hip injuries in women. This review appraised available information on factors related to the issue of interest. To derive an abridged synopsis of the topics covered, it is helpful to revisit the comparatively large pool of literature that is available which addresses relaxin vs. ACL tears at the micro and macro level.

Beginning at the macro level, numerous studies correlate increased SRC with increased incidence of ACL tear. Conversely, decreasing SRC with OCPs decreased incidence of ACL tears. The impact of relaxin on the ACL during the menstrual cycle is facilitated by preceding estrogen and progesterone peaks which prime target tissues. Relaxin impacts only female ACLs, which display relaxin receptors with specific and saturable binding. Conversely, male ACLs display no relaxin receptors. This binding increases the susceptibility of the ACL to macro-physiologic injury, because micro-physiologic collagen degradation is upregulated while de novo synthesis is suppressed.

Beginning at the micro level for relaxin vs. hip soft tissue injuries, it is known that pelvic ligaments normally have a uniform distribution of relaxin receptors, and the receptor and hormone levels significantly increase in pathologic states such as uterine prolapse. It is also known that acetabular labral cells can be induced to express collagen-degrading MMPs while suppressing deposition of new collagen. The response is unique in the high expression levels of MMP-9; an inducible gelatinase crucial in the female reproductive system for endometrial remodeling during menstruation and basement membrane degradation capacity. MMP-9 is also well-known among pulmonologist for destroying a serine protease inhibitor, facilitating tissue breakdown at inflammatory sites.

The labral cells are adjacent to the ovaries, where the recurring corpus luteum synthesizes large amounts of the paracrine hormone relaxin during the mid-luteal phase. Relaxin remodels endometrial tissue, acting via MMP-9, expression of which also peaks just after ovulation. Relaxin modulates tissue dissolution by stimulating collagenases (MMP-1/-13) and gelatinases (MMP-2/-9); MMPs expressed by labral cells, particularly MMP-9.

Therefore, since relaxin acts in a paracrine fashion, it would be predicted to act throughout the female pelvis during the luteal phase. Due to the presence of relaxin receptors on uterosacral ligaments, ligament laxity would occur. If relaxin has receptors on the neighboring acetabular labral tissue, binding will also trigger collagen turnover via MMP-1/-2/-3/-9/-13 and other components. Labral cells have inducible high expression of MMP-9, which is upregulated in luteal phase reproductive tissue, implicating a large potential role for MMP-9 in relaxin-induced degradation of the acetabular labrum. The trio of known molecular components—MMP-9 properties, relaxin properties, and, recently, the metabolism of labral cells—hypothetically working in reciprocal and mutual ways to target the collagen of the acetabular labrum is detailed in Figure 3.




Figure 3 | Hypothesized mechanism of relaxin-induced acetabular labrum damage. Known factors giving rise to hypothetical impact of relaxin on the acetabular labrum. It is known that MMP-9 is the inducible gelatinase (MMP-2 is not) which is expressed at high levels during the luteal phase for endometrial. It is known that relaxin, produced in the pelvis and exerting paracrine effects, increases MMP-9 expression. Finally, it is known that the anchored to the pelvis serves as a "seal" enclosing synovial fluid, which may contain hormones, and that the cells express MMP-9 at an unusually high level when induced . Given these known factors: the acetabular labrum likely expresses RXFPs and increases MMP-9 expression in a paracrine to relaxin. MMP-9 degrades ECM proteins, weakening the labrum.



As seen in women with SPD, the micro level degradation of ligaments from high relaxin resulted in macro level instability of the pelvis. As hypothesized in recent DDH studies, relaxin-induced laxity of the pelvis vs. hips is interrelated: mothers with elevated relaxin causing pelvic instability are more likely to give birth to infants with DDH, who also display pelvic instability on early exams. In macro level research of the other ball-and-socket joint in humans—the glenohumeral joint—a significant correlation of increased relaxin levels with acute episodes of instability was found.

In addition to appraising available information on factors relevant to a potential hip injury/relaxin relationship, this scoping review also aimed to identify conceptual gaps for future research. The two main gaps in knowledge/research that were identified are as follows:



Conceptual Gap 1: Do Soft Tissues of the Femoroacetabular Joint Respond to Relaxin?

There is, in essence, a “missing arrow” in the hypothetical cascade starting at cyclic relaxin peaks and ending at an increased risk of soft tissue injuries of the hip. It is known that relaxin is synthesized in the pelvis, has paracrine capabilities, and upregulates expression of the same collagen-degrading MMPs present on the acetabular labrum. What is not known, the “missing link”, is whether cells of the acetabular labrum, hip joint synovium, and other soft tissues of the hip joint contain the relaxin receptors necessary to bridge the route from relaxin peaks to increased risk of female hip injuries.



Conceptual Gap 2: How Can Detrimental Musculoskeletal Side Effects of Relaxin be Countered?

It is known that relaxin is crucial for correct function/fertility of the female reproductive tract. Therefore, a theoretical broad “anti-relaxin” would prove harmful. However, it is also apparent that many musculoskeletal effects of relaxin are not physiologically necessary nor desirable, such as hip and knee injuries in female athletes. This presents the question of how to decrease detrimental side effects of relaxin peaks on the musculoskeletal system without causing iatrogenic issues. There are likely multiple avenues by which to approach this issue. Studies in the present review highlight problematic effects of relaxin, but also bring up potential mitigating factors, such as OCP use and menstrual cycle tracking.



Limitations

Due to the veritable absence of any type of literature discussing women’s hip injuries in the context of relaxin, the premise of this review is based entirely on inductive reasoning. Additionally, consideration of lower-level of evidence literature and inconclusive literature was necessary.



Summary of Scoping Review

The present review showed the scientific logic and medical importance of further researching the potential causative role of relaxin in female hip injuries. Appraisal of available information on related factors, and identification of conceptual gaps for future research was completed.

Collectively, the factors examined in this review support the inference that relaxin impacts the female predominance of soft tissue hip injuries. The steps from relaxin peak to increased ACL injury risk are likely highly analogous to the methodology by which relaxin can precipitate hip damage. Relaxin’s synthesis in the pelvis and paracrine profile of action support the potential of relaxin/hip interactions.

This review also highlights why relaxin’s sex-specific musculoskeletal effects should be a major orthopedic research focus. The first conceptual gap, bridged simply by assessing male vs. female hip tissue for relaxin receptors, could show a female-specific, predictable susceptibility to devastating lower extremity injuries. Subsequently, multiple considerations for the second conceptual gap, attenuating relaxin-associated musculoskeletal damage in women, would be critical to explore in order to provide quality, equitable orthopedic care to male and female patients.



Conclusion

Menstrual cycle peaks of relaxin activate MMPs, which locally degrade collagen and gelatine. Women have relaxin receptors in multiple joints, and increased relaxin correlates with increased musculoskeletal injuries. Relaxin has paracrine effects in the female pelvis on ligaments adjacent to hip structures, such as acetabular labral cells and hip capsule/synovial cells which express high levels of relaxin-targeted MMPs. Therefore, it is imperative to investigate the effect of relaxin on the hip to determine if increased levels of relaxin are associated with an increased risk of acetabular labral tears.
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Our previous study demonstrated that the bone protective actions of herbal medicine Rhizoma Drynariae (Gusuibu, RD) were mainly mediated by flavonoid phytoestrogens via estrogen receptors, raising concerns about the safety of using RD as it may induce estrogen-like risk-benefit profile and interact with other ER ligands, such as selective estrogen receptor modulators (SERMs), when coadministered. The present study evaluated the estrogenic activities of RD and its potential interaction with tamoxifen, a SERM, in estrogen-sensitive tissues by using mature ovariectomized (OVX) rats and ER-positive cells. Similar to but weaker than tamoxifen, RD at its clinical dose dramatically ameliorated OVX-induced changes in bone and dopamine metabolism-related markers in OVX rats. However, tamoxifen, but not RD, induced uterotrophic effects. No significant alteration in mammary gland was observed in OVX rats treated with RD, which was different from the inhibitory actions of tamoxifen. The two-way ANOVA results indicated the interactions between RD and tamoxifen in the bone, brain, and uterus of OVX rats while RD did not alter their responses to tamoxifen. Our results demonstrate that RD selectively exerts estrogenic actions in a different manner from tamoxifen. Moreover, RD interacts with tamoxifen without altering its effects in OVX rats.




Keywords: tissue selectivity, selective estrogen receptor modulators (SERMs), rhizoma drynaria, phytoestrogen, estrogen receptors, estrogenic activities



Introduction

Hormone replacement therapy (HRT) carries considerable benefits for treatment of menopausal syndrome, like vasomotor symptoms and postmenopausal osteoporosis. However, HRT significantly increases the risk of breast cancer, endometrial cancer, and cardiovascular disease, making HRT a subject of argument (1). Selective estrogen receptor modulators (SERMs) act as either estrogen receptor (ER) antagonist or agonist depending on the tissue type and are clinically prescribed to postmenopausal women as an alternative to HRT. Tamoxifen is clinically used for treatment of breast cancer as it is an ER antagonist in breast. On the other hand, it exerts antiosteoporotic effects in menopausal women as an ER agonist in bone (2). However, due to undesirable uterine abnormalities, depression, and increased risk of endometrial cancer after tamoxifen administration, menopausal women try to seek help from alternative approaches (3).

Phytoestrogens derived from plants are also called natural estrogen and are the most popular alternative approach (4). They act in the same way as SERMs as they could activate ERs and exhibit various estrogenic and antiestrogenic effects in different tissues. As a main source of phytoestrogens, herbal medicines are vigorously promoted because of their perceived health benefits and minimal side effects (4). Indeed, the demands for herbal medicine for management of menopausal symptoms are increasing worldwide.

Rhizoma drynariae (Gusuibu, RD or GSB), the dried rhizome of perennial pteridophyte Drynaria fortunei, was first recorded in “Ben Cao Shi Yi” over 1,000 years ago and is recognized as a “kidney-tonifying” herb for bone-related disorders such as osteoporosis and bone fracture for many years in China. RD extract has been reported to mimic estrogen and increase bone formation in OVX mice and promote osteoblastic differentiation in pre-osteoblastic MC3T3-E1 cells (5). The major bioactive constituents of RD are demonstrated to be flavonoids, among which naringin and neoeriocitrin are the two richest flavonoids (6). Our previous works confirmed the antiosteoporotic activity of RD in preclinical model and further reported that total flavonoids of RD and naringin could mimic estrogen in stimulating cell proliferation and alkaline phosphatase (ALP) activity via activating ER in rat osteoblastic UMR106 cells (7, 8). These results suggest that RD contains phytoestrogens, which mediate the bone-protective effects of RD via ERs.

As more and more postmenopausal women are using phytoestrogens and phytoestrogen-containing herbal medicine for relieving their menopausal symptoms, concerns about their safety have been raised whether they will bring similar risk-benefit profile as estrogen and SERMs. Therefore, it is of particular importance to investigate whether these phytoestrogen-containing herbal medicines, like RD, could selectively induce estrogen-like activities in target tissues without inducing undesirable actions. Moreover, it will be crucial to determine if RD interacts with SERMs to either increase or decrease their pharmacological activities, which is of fundamental significance to the medical community and those postmenopausal women with breast cancer who simultaneously take supplements, like herbal medicines, together with their standard treatment.

Our current work defined and compared the possible estrogenic or antiestrogenic effects of RD with those of tamoxifen in the bone, brain, uterus, and breast by using both in vivo mature OVX rats and ER-positive cell lines. In addition, the potential interactions between RD and tamoxifen were also determined.



Methods


Preparation and Chemical Analysis of RD Extract

Dry aerial part of rhizoma drynariae was purchased from mainland China and authenticated by Dr. Chen Sibao at the State Key Laboratory of Chinese Medicine and Molecular Pharmacology (Incubation) in Shenzhen (No.: SZ2016HEP01). High-performance liquid chromatography (HPLC) assays were conducted to ensure that the quality of the raw herb fulfill the requirement of the China Pharmacopoeia and/or the Hong Kong Chinese Materia Medica Standards. Upon authentication, raw herb was delivered to Xi’an Pincredit Bio-tech Co., Ltd. for extract preparation. Briefly, RD was boiled in 10 volumes of water (v/w) for 20 min and for another 1 h in triplicate. The extract was obtained by filtration and dried under vacuum and stored at −20°C. The amount of naringin extract, the main active compound of RD, was quantified in RD extract by liquid chromatography-mass spectrometry (LC-MS).



Animal Experiment and Sample Collection

All procedures involving animals in the present study were approved by the Hong Kong Polytechnic University Animal Subjects Ethics Sub-committee (ASESC Case: 15-16/31-ABCT-R-HMRF). Six-month-old female Sprague-Dawley rats were ovariectomized or sham-operated (Sham). After a 2-week recovery, the OVX rats were randomly subjected into 5 treatment groups (10 rats/group) and orally given double-distilled water (OVX), water suspension of 17ß-estradiol (E2, 1.0 mg/kg/day), RD (0.2 g/kg/day), tamoxifen (Tamo, 0.1 mg/kg/day), or the combined use of RD and tamoxifen for 3 months. During the whole treatment period, the animals were paired fed with phytoestrogen-free AIN-93M diet (composition was provided in Supplementary Table S1) to avoid the influence of phytoestrogens in the diet. At euthanasia, urine, serum, uterus, breast tissue, lumbar spine, and striatum were collected to evaluate the specific estrogenic parameters in each tissue.



Biochemical Assay of Serum and Urine

Serum estradiol, follicle-stimulating hormone (FSH) and luteinizing hormone (LH), and osteocalcin (OCN), as well as urinary deoxypyridinoline (DPD) were measured by using EIA or ELISA commercial kits (EIA Estradiol Kit, CayMan; FSH and LH ELISA Kits, CloudClone, Katy, TX, USA; Osteocalcin ELISA Kit, Alfa Aesar, Royston, UK; MicroVue DPD EIA Kit, Quidel Corporation, San Diego, CA, USA).



BMD and Micro-CT Analysis

Bone properties of the trabecular bone at the lumbar vertebra (L2–L5) were determined by micro-CT (μCT40, Scanco Medical, Wangen-Brüttisellen, Switzerland) as described in our previous study (9). The source energy selected for this study was 70 kVp and 114 μA with a resolution of 21 μm. Approximately 200 slices were done for each scan. Bone mineral density (BMD, mg HA/ccm) and bone morphometric properties, including bone volume over total volume (BV/TV), connectivity density (Conn.D, 1/mm3), trabecular bone number (Tb.N, mm−1), trabecular bone thickness (Tb.Th, mm), and trabecular bone separation (Tb.Sp, mm), were evaluated by contoured volume of interest images.



Hematoxylin-Eosin Staining

Uterus and breast tissues were fixed in 4% paraformaldehyde for 6 h. Tissues were embedded in paraffin, and 8-µm-thick sections were produced for each sample after dehydration (Leica TP1020). Five sections from each sample were observed using ×400 (uterus) or ×100 (breast) magnification and photographed using a photoscope (Olympus BX51).



Real-Time PCR Assay

Collected tissues were homogenized in Trizol reagent by using Precellys 24 homogenizer (Bertin, Fontaine, France). A total of 2.0 μg of total RNA was used to generate cDNA by using High-Capacity cDNA Reverse Transcription Kits (Applied Biosystems, Cheshire, UK) following the manufacturers’ instruction. Furthermore, 20 μl of PCR reaction system consisting of 1 μl cDNA, 0.4 μl of forward and reverse primers, 8.2 μl of DNase and RNase-free water, and 10 μl of Applied Biosystems® SYBR® Green PCR Master Mix (Applied Biosystems) was performed by using 7500 Fast Real-time PCR System (Applied Biosystems). Sequences for primers are provided in Supplementary Table S2.



Immunohistochemistry

Upon dehydration by sequential soaking in 20% and 30% sucrose solution, 18 μm serial coronal section of the substantia nigra was prepared by using a cryostat (Leica, Wetzlar, Germany). The sections were then boiled in citrate buffer for 15 min using a microwave for antigen retrieval, followed by removal of endogenous peroxidases in 0.3% H2O2-methanol (v/v) for 15 min at room temperature. Nonspecific binding was blocked with 3% donkey serum for 30 min at room temperature. The slides were then incubated with polyclonal rabbit anti-tyrosine hydroxylase (TH) antibody (1:4,000, AB152, Sigma-Aldrich, St. Louis, MO, USA) overnight at 4°C, followed by washing with PBS and incubation with goat anti-rabbit IgG at room temperature for 1 h and subsequently in streptavidin peroxidase for 30 min at 37°C. TH-positive neurons were visualized by diaminobenzidine (DAB). Images of TH-positive cells were observed under ×100 magnification and captured using a photoscope (Olympus BX51, Olympus Corporation, Tokyo, Japan). The average number of TH-positive neurons from four fields of view was compared between groups.



Preparation of RD-Treated Serum

Young adult OVX rats were given vehicle or RD at 2.0 g/kg day (10 times of its clinical equivalent dose) for 3 consecutive days and pair-fed with phytoestrogen-free AIN-93 diet. Upon the last oral administration on day 3, the rats were fasted overnight and given drugs one more time in the following morning. Rats were euthanized an hour after administration and blood samples were collected. Serum was prepared upon centrifugation and stored at −80°C. LC-MS analysis of the serum was performed to confirm the presence of a major chemical marker from RD. Methanol extract of serum was prepared, and extract of 1 ml serum was dissolved in 1 ml of ethanol; the concentration of this solution was defined as “1.” Microsep™ Advance Centrifugal Device (3K, PALL. Cor., Port Washington, NY, USA) was used to remove small molecules including steroid in serum extract, and the solution was sterilized with a 0.22-µm membrane. Final dilution of the serum extract (10−5, 10−4, 10−3, and 10−2) was used for cell studies.



Cell Culture and Measurement

Four ER-positive cell lines, including human breast MCF-7 cells (ATCC® HTB-22™, passage 8-15), endometrial Ishikawa cells (kindly provided by Dr. Lihui Wei at Peking University People’s Hospital, passage 12-18), neuroblastoma SHSY5Y cells (ATCC®CRL-2266™, kindly provided by Prof. Wenfang Chen at Qingdao University, passage 15-25), and osteosarcoma MG-63 cell (ATCC® CRL-1427™, passage 3-10) were routinely cultured according to ATCC (Gaithersburg, MD, USA) instruction. Cells were seeded in 96-well or 24-well plate at a density of 0.8 × 103 and 2.0 × 104/well, respectively, for different assays. The medium was changed to phenol red-free medium containing charcoal-stripped FBS for another 24 h. Cells were treated with extract of serum treated with vehicle or RD at various dilutions (10−5, 10−4, 10−3, and 10−2), tamoxifen (10−12 to 10−6 M) and their combinations at optimal concentrations for 48 h. Cell viability or ALP activity were measured by MTS assay or ALP assay, respectively. Briefly, upon treatment, medium was discarded and replaced with 100 µl of MTS/phenazine methosulfate working solution (Promega, Madison, WI, USA). Absorbance at 490 nm was measured with a microplate reader (CLARIOstar, BMG LABTECH, Ortenberg, Germany) after incubation at 37°C for 1 to 4 h. Relative absorbance to control group was analyzed and compared between treatment groups and controls. For ALP assay, upon treatment, 100 µl of passive lysis buffer (PLB) was added to each well to lyse cell. The ALP activity of cell lysate was measured by a LabAssayTM ALP Kit (Wako, Japan) following manufacturer’s instruction. Total protein concentrations of the cell lysate were measured via Bradford method to normalize ALP activity.



Statistical Analysis

Data were expressed as mean ± SEM. The differences between groups of in vivo study were analyzed by one-way ANOVA with Tukey’s post-hoc test. The differences between treatment groups and control in in vitro study were determined by Independent t-test. Two-way ANOVA with Bonferroni as post-hoc test was performed to analyze the interaction between RD and tamoxifen. A p-value <0.05 was considered statistically significant.




Results


Herbal Extract Preparation and Authentication

HPLC assay confirmed that the quality of rhizoma drynariae raw herb has fulfilled the requirements on the presence of naringin (Supplementary Data 3A). The amount of naringin in RD extract was 0.394 mg/g. The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: (Figshare https://doi.org/10.6084/m9.figshare.17084834.v5)



Estrogenic Activities of RD and Its Combination With Tamoxifen in Mature OVX Rats

In response to OVX, a significant increase in body weight was observed in OVX rats in comparison with Sham rat (p < 0.01 vs. Sham), which was reversed by the treatments with E2, tamoxifen, or cotreatment of tamoxifen and RD (p < 0.001, vs. OVX) but not RD alone (Figure 1A). Cotreatment with RD attenuated the inhibitory effects of tamoxifen on body weight gain. Results of two-way ANOVA indicated that RD did not interact with tamoxifen but decreased the inhibitory effect of tamoxifen on body weight gain without significance (RD × Tamo: p = 0.7253).




Figure 1 | Estrogenic effects of RD, tamoxifen, and their combinations on body weight gain and circulating hormone level in mature ovariectomized rats. Six-month-old mature Sprague Dawley sham-operated (Sham) or ovariectomized (OVX) rats were treated with either vehicle, E2 (1.0 mg/kg/day), RD (0.2 g/kg/day), tamoxifen (Tamo, 0.1 mg/kg/day), or their combination for 12 weeks. (A) Body weight gain of OVX rats after 12-week treatments. (B–D) Circulating level of estradiol, FSH, and LH was measured by using EIA kit (CayMan). Data were expressed as mean ± SEM. n = 6 to 10. ***p < 0.001, **p < 0.01 vs. Sham; ^^p < 0.01, ^^^p < 0.001 vs. OVX. p-value of two-way ANOVA: 0.7253 for body weight, 0.1104 for estradiol concentration, 0.0239 for serum FSH, and 0.0331 for serum LH.



Decreased estrogen production was believed to be the sole reason for menopausal symptoms. However, recent findings suggest that dramatic increase in FSH appears much earlier than the drop of estrogen before the onset of menopause and accounts for the appearance of menopausal symptoms (10). The results of the present study showed that the dramatic decrease in serum estradiol in OVX rats was accompanied with the significant increase in circulating levels of FSH and LH (Figures 1B–D, p < 0.01 vs. Sham). As expected, the treatment of OVX rats with estradiol significantly reversed serum level of estradiol and completely suppressed FSH and LH levels to comparable level with those of Sham rats. The increases in serum estradiol were also observed in OVX rats treated with tamoxifen, RD, as well as their combinations while the changes did not reach statistical significance (Figure 1B, vs. OVX). Similar to estrogen, tamoxifen, RD alone, and their combination all dramatically suppressed the increase in both circulating FSH and LH level in OVX rats (Figures 1C, D, p < 0.01 vs. OVX). No statistical difference in reproductive hormone level was detected between OVX rats treated with tamoxifen and OVX rats treated with its combination with RD, indicating RD did not alter actions of tamoxifen on reproductive hormones. The two-way ANOVA analysis indicated the interactions between RD and SERMs on inhibiting FSH and LH levels (RD × tamoxifen, FSH: p = 0.0239, LH: p = 0.0331) but not on restoring estradiol level, in OVX rats.

In response to estrogen deficiency and probable increased FSH, OVX rats experienced severe bone loss as indicated by the deteriorated bone structure (Figure 2A), the decreased BMD (Figure 2B, p < 0.001), and degradation in trabecular bone properties, such as the decreases in BV/TV, Tb.N, Conn.D, and Tb.Th, as well as the increase in Tb.Sp (Table 1, p < 0.001 vs. Sham) at the lumbar vertebra. Estrogen or tamoxifen alone exerted potent antiosteoprotective activity and attenuated OVX-induced bone loss as expected (Figures 2A, B and Table 1, p < 0.001 vs. OVX). RD alone and in combination with tamoxifen significantly restored OVX-induced changes in bone structure, BMD, and bone properties (p < 0.001 vs. OVX). The result of two-way ANOVA confirmed the interaction between tamoxifen and RD on promoting BMD (RD × Tamo: p = 0.0013) and improving trabecular bone properties (RD × Tamo: p = 0.0014 for BV/TV, p = 0.0002 for Conn.D, p = 0.0049 for Tb.N, p = 0.0022 for Tb.Th, p = 0.0017 for Tb.Sp) in OVX rats. Despite the interactions, RD did not induce alteration in the stimulatory activities of tamoxifen on BV/TV, Tb.N, and Tb.Th and inhibitory effect on Tb.Sp.




Figure 2 | Estrogenic effects of RD, tamoxifen, and their combinations on bone microarchitecture and bone mineral density of the lumbar spine in mature ovariectomized rats. Upon treatment, lumbar vertebra was collected. Bone microarchitecture (A) and bone mineral density (BMD) of the lumbar vertebra (B) were measured by micro-CT. Data were expressed as mean ± SEM. n = 6 to 10. ***p < 0.001 vs. Sham; ^p < 0.05, ^^^p < 0.001 vs. OVX. p-value of two-way ANOVA: 0.0013 for BMD.




Table 1 | The effect of RD, tamoxifen, or their combination on trabecular bone properties and bone turnover markers in mature ovariectomized rats.



Serum OCN is an osteoblast-produced biomarker for bone formation while urinary DPD, generated from the breakdown, is a biomarker for bone resorption (11). Serum OCN (28.9 ± 1.291 ng/ml) and urinary DPD (670.1 ± 98.7 nmol/mmol) were significantly increased in OVX rats (Table 1, p < 0.001 vs. Sham). All treatments exhibited inhibitory effects on the increases in bone turnover biomarkers (Table 1, p < 0.05 vs. OVX), suggesting their bone protective actions might be mediated by suppressing bone turnover. RD interacted with tamoxifen on decreasing serum level of OCN (RD × Tamo: p = 0.0128) but not on urinary DPD (RD × Tamo: p = 0.1974). However, RD did not alter the responses of either OCN or DPD to treatment with tamoxifen in OVX rats (SERMs alone vs. TCMs+SERMs).

To investigate if RD also exerted estrogenic activities in the central nervous system, the mRNA expressions of TH (12), dopamine transporter (DAT) in the striatum and TH-positive neurons in the substantia nigra were measured by real-time PCR and immunohistochemistry (IHC), respectively. Six months upon OVX, TH mRNA (Figure 3A) was downregulated while the mRNA expression of DAT (Figure 3B, p<0.001 vs. Sham) was noticeably upregulated in the striatum in OVX rats. IHC result confirmed the downregulated expression of TH as advised by the decreased numbers of TH-positive neurons in the substantia nigra of OVX rats (Figures 3C, D). The treatments with E2, tamoxifen, or RD alone, as well as their combination produced pronounced increase in TH mRNA expression and decrease in DAT mRNA expression (Figures 3A, B, p < 0.05). RD, tamoxifen, or their combination appeared to stimulate the TH-positive neurons while changes did not reach a statistical significance (Figures 3C, D). These results suggested the potential valuable effects of RD in the CNS. The two-way ANOVA results demonstrated that RD interacted with tamoxifen to suppress DAT mRNA expression in the striatum of OVX rats (RD × Tamo: p < 0.0001) without affecting TH expression (RD × Tamo: p = 0.4257 for TH mRNA, p = 0.3551 for TH-positive neuron number).




Figure 3 | Estrogenic effects of RD, tamoxifen, and their combinations in the central nervous system of mature ovariectomized rats. Upon treatment, striatum was collected at euthanasia. mRNA expression of tyrosine hydroxylase (TH) (A) and dopamine transporter (DAT) (B) were measured by real-time PCR. TH-positive cells in the substantia nigra were visualized by IHC (×100) (C) and quantified (D). Data were expressed as mean ± SEM. n = 6 to 10. ***p <0.001 vs. Sham; ^p < 0.05, ^^p < 0.01, ^^^p < 0.001 vs. OVX. p-value of two-way ANOVA: 0.4257 for TH/GAPDH, <0.0001 for DAT/GAPDH, 0.35531 for TH-positive neurons.



In response to OVX, uterine weight of OVX rats was significantly decreased to about 25% of Sham rats (Figure 4A, p < 0.001 vs. Sham) and a dramatic atrophy was observed in the uterus of OVX rats as revealed by the shrunken endometrium (Figure 4B, indicated by the red line). The treatment with E2, tamoxifen alone, or its combinations with RD, but not RD alone, significantly increased the weight of the uterus in OVX rats (p < 0.05 vs. OVX rats), confirming the uterotrophic effects of tamoxifen. The changes in weight of the uterus in response to different treatments were in consistence with the increase in the thickness of the endometrium (Figure 4B). Similar to estradiol, tamoxifen alone or its combination with RD, but not RD alone, stimulated the mRNA expression of complement component 3 (C3, Figure 4C, p < 0.05) and histone H3 (HH3, Figure 4D, p < 0.001), two estrogen-responsive genes, in the uterus of OVX rats. The two-way ANOVA results suggested the interaction between RD and tamoxifen on stimulating HH3 mRNA expression (RD × Tamo: p = 0.0003). Ovariectomy also induced atrophy of breast tissue as indicated by the reduced number of mammary ducts in OVX rats, which was reversed by estrogen (Figure 5). Tamoxifen enhanced the atrophy in the mammary gland of OVX rats (Figure 5). Unlike either estrogen or tamoxifen, RD did not induce any growth of the mammary duct in OVX rats alone or in combination with tamoxifen. Our results suggest that RD did not induce estrogenic effects in either the uterus or mammary gland in OVX rats while tamoxifen promoted the growth of the endometrium.




Figure 4 | Estrogenic effects of RD, tamoxifen, and their combinations on uterine index, mRNA expression of estrogen-responsive gene, and endometrial morphology in mature ovariectomized rats. Upon treatment, uterus was collected and weighed at euthanasia. Ratio of the uterus weight to body weight was recorded as uterine index (mg/g) and compared between groups (A). Morphology of endometrium (×400, thickness of endometrium was indicated by the length of the red line) was visualized by H&E staining (B). mRNA expression of complement component 3 (C3) and histone H3 were measured by real-time PCR (C, D). Data were expressed as mean ± SEM. n = 6 to 10. **p < 0.01, ***p < 0.001 vs. Sham; ^p < 0.05, ^^^p < 0.001 vs. OVX. p-value of two-way ANOVA: 0.0847 for uterine index, 0.4800 for C3/GAPDH, and 0.0003 for histone H3/GAPDH.






Figure 5 | Estrogenic effects of RD, tamoxifen, and their combinations on the morphology of breast tissue in mature ovariectomized rats. Upon treatment, breast tissue was collected in 4% paraformaldehyde and the morphology of mammary gland (as indicated by the red arrow, ×100) was visualized by H&E staining.





Direct Estrogenic Activities of DBT and Combination With Tamoxifen In Vitro

Four ER-positive cell lines in line with the four estrogen-sensitive tissues characterized in the OVX rats, including human breast cancer MCF-7 cells, endometrial cancer Ishikawa cells, neuroblastoma SHSY5Y cells, as well as osteosarcoma MG-63 cells, were employed to investigate the estrogenic activities of RD in vitro. The results of LC-MS confirmed the presence of naringin and naringenin 5,7-di-O-glucoside in RD-treated serum extract, suggesting that RD and its metabolites were absorbed and transported in rat circulation (Supplementary Data 3B). The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: (Figshare https://doi.org/10.6084/m9.figshare.17084834.v5). Compared with the extract of the vehicle-treated serum, RD-treated serum extract dose-dependently increased cell viability [Figure 6A (MCF-7), B (SH-SY5Y)] and/or ALP activity [Figure 6C (Ishikawa), Figure 6D (MG-63)], of which RD exerted the most potent effects at 10−3 dilution. Tamoxifen exerted inhibitory effect on MCF-7 cell proliferation (Figure 7A, p < 0.05) but stimulatory effects on SHSY5Y cell proliferation (Figure 7B, p < 0.05) as well as ALP activity in Ishikawa (Figure 7C, p < 0.05) and MG-63 cells (Figure 7D, p < 0.05). The two-way ANOVA results suggested that RD at 10−3 dilution interacted with tamoxifen at certain concentrations in all the four cell lines (Figures 7A–D, RD × Tamo: p < 0.05). RD markedly reversed the inhibitory effects of tamoxifen at 10−12, 10−10, and 10−8 M on cell proliferation in MCF-7 cells (Figure 7A, p < 0.05) but does not affect the actions of tamoxifen in either SHSY5Y, Ishikawa, or MG-63 cells.




Figure 6 | Direct estrogenic effects of OVX serum or RD-treated serum in ER-positive cells. Human breast cancer MCF-7 (A) neuroblastoma SHSY5Y (B) endometrial cancer Ishikawa (C) and osteosarcoma MG-63 cells (D) were treated with E2 (10 nM), OVX serum (10−5–10−2 dilution) or RD-treated serum (10−5–10−2 dilution) for 48 h. MTS assays were performed in MCF-7 and SH-SY5Y cells while ALP activities were measured in MG-63 cells and Ishikawa cells. Results were expressed as ratio to control. n = 3 or more. *p < 0.05, **p < 0.01, ***p < 0.001 vs. control.






Figure 7 | Direct estrogenic effects of RD-treated serum, tamoxifen, and their combinations in ER-positive cells. Human breast cancer MCF-7 (A), neuroblastoma SHSY5Y (B), endometrial cancer Ishikawa (C), and osteosarcoma MG-63 cells (D) were treated with E2 (10 nM), tamoxifen (10−12–10−6 M) or RD-treated serum (10−3 dilution) for 48 h. MTS assays were performed in MCF-7 and SH-SY5Y cells while ALP activities were measured in MG-63 cells and Ishikawa cells. Results were expressed as ratio to control. n = 3 or more. *p < 0.05, **p < 0.01, ***p < 0.001 vs. control; ^p < 0.05, ^^p < 0.01 vs. tamoxifen alone. p-value for interaction between RD and tamoxifen at 10−12, 10−10, 10−8, and 10−6 M of two-way ANOVA: 0.0045, 0.0089, 0.0728, and 0.0028 for cell viability in MCF-7 cell; 0.0141, 0.2393, 0.0068, and 0.0816 for cell viability in SH-SY5Y cell; 0.2598, 0.1249, 0.0059, and 0.1098 for ALP activity in Ishikawa cell; and 0.1080, 0.258, 0.0222, and 0.5987 for ALP activity in MG-63 cell.






Discussion

The use of “kidney-tonifying” herb, RD, is an alternative to SERMs or HRT in managing osteoporosis in China. Our previous studies demonstrated the estrogenic effect of RD in promoting bone health in OVX rats. The present study further addressed the in vivo and in vitro drug-herb interactions of RD at its clinical dose with SERMs in four estrogen-sensitive tissues, including bone, brain, uterus and breast, what are one of the major clinical concerns when patients are cotreated with them. Our results also showed that RD did interact with SERMs but did not alter the action of tamoxifen in all tissues. Unlike tamoxifen, RD alone exerted estrogenic effects in tissue-selective manner, by which RD did not cause side effects on the uterus and breast but has stimulatory impact in the bone and brain.

Dramatic changes in hormonal secretions, including estradiol, FSH, and LH, during menopause cause various negative physiological consequences, including breast, uterus, skeletal, and neuronal tissues (13). The present in vivo study showed that OVX in rats caused a remarkable reduction in serum estradiol level but an induction in serum FHS and LH levels. RD treatment or cotreatment of RD with tamoxifen could restore both FSH and LH levels but not E2. It indicated that RD and SERMs might modulate sex hormone level and exert hormonal effect on breast, uterus, skeletal, and neuronal tissues. Further study is needed to confirm if RD has any impact on hypothalamus-pituitary-gonad axis which is the major signaling pathway controlling the releases of sex hormone.

Postmenopausal osteoporosis is the second cause of osteoporosis in women. OVX model in rats mimic the metabolic modification related to deficiency of estradiol in women. Our results demonstrated a significant reduction in serum estradiol level and uterus weight in OVX rats. Such changes were accompanied with bone loss in the lumbar spine in rats. As expected, RD and tamoxifen, like E2, were effective in attenuating bone loss at three bone sites by increasing BMD and improving bone microarchitecture which are in line with our previous studies (7, 9). Also, RD significantly restored serum OCN level, an osteoblastic biomarker in bone remodeling (14), while tamoxifen restored both serum OCN and DPD levels, a collagen breakdown biomarker during bone resorption (9) in OVX rats. These results suggested the estrogen-like effect of RD and tamoxifen in osteoporotic rats, in which RD acted mainly on bone formation while tamoxifen governed both bone formation and resorption. Also, our previous study demonstrated a positive correlation between BMD and serum E2 and a negative correlation between BMD and serum FSH or LH at the distal femur in OVX rats (15). FSH has also been reported to regulate osteoclastogenesis, bone resorption, and bone turnover biomarkers in postmenopausal women (16, 17). Thus, our results suggested that the bone protective effects of RD and tamoxifen might be mediated by the modulation of sex hormone level.

Epidemiological evidence suggests postmenopausal women are at high risk of Parkinson’s disease. Circulating estradiol level was reported to act as a neuroprotective agent on the dopaminergic system in women (18, 19). In the present study, OVX in rats was shown to affect the TH level for dopamine production and higher DAT level for dopamine resorption in the striatum. The increases in DAT in OVX rats could be reversed by the treatment of RD or tamoxifen alone, indicating their neuroprotective effects. These are in consistence with other studies indicating that tamoxifen directly interacted with the DAT to prevent dopamine uptake and blocked dopamine efflux in rats (20). Also, the hypothalamic dysfunction in PD patients could lead to the disruption of pituitary hormone secretion (FSH, LH, and testosterone) and dopamine content (21). Therefore, the reclamation of serum FSH or LH level in OVX rats after RD or tamoxifen treatment might also be a sign of their neuroprotective effects on the hypothalamus.

Estrogenic side effects on reproductive organs, like the breast and uterus, are always the main concerns when using phytoestrogen-containing drug or SERMs because they could stimulate the growth of reproductive tissues through estrogen receptors (22–24). In the present study, tamoxifen treatment did exert stimulatory effects on endometrium layer and uterus weight and estrogen-responsive gene but not in breast tissues. These results are comparable with those of others that tamoxifen acts as an ER antagonist in breast and is clinically prescribed for the treatment of ER-positive breast cancer (2). However, it was shown to elevate the risk of endometrium cancer in women (25). In contrast to tamoxifen, although RD contains flavonoid, naringin being known as a phytoestrogen, which was reported to act on estrogen receptors (26), RD treatment did not show any stimulatory effect in both the breast and uterus in OVX rats in the present study. It advocated the use of RD as its clinical dose was safer than tamoxifen in OVX rats. Our results suggest that RD might serve as an alternative SERM that could selectively exert agonistic estrogenic protection in the bone and brain and antagonist action in reproductive organs.

Systemic activation of TCM after administration via metabolism produces metabolites, which are usually considered to be the bioactive component of the herbal medicine in the body. Thus, the direct effect of RD-treated serum was evaluated in estrogen-sensitive cell lines from four tissues. The results indicated that RD-treated serum, acting like E2 but weaker, promoted the cell viability of MCF-7 cells and SH-SY5Y cells as well as the ALP activity in MG-63 cells and Ishikawa cells. However, these seem to be in contrast with the in vivo results that RD did not stimulate reproductive tissues. The discrepancy between in vitro and in vivo might be due to the differences in the dosages of RD used in cells and animals. The effects of phytoestrogen has been demonstrated to be either agonistic or antagonistic depending on its own concentrations and the estrogen concentrations of the environment (27). For the in vivo study, the dosage of RD used was converted from its clinical dosage and the level of phytoestrogens and their metabolites in RD is not high enough to compete with SERMs to bind with ERs. In contrast, RD-treated serum used in the in vitro studies was prepared by treatment of OVX rats with high dosage of RD (10 times to its in vivo dose), potentially enabling the major phytoestrogen components and main metabolites in RD-treated serum to reach the level to activate ERs and induce stimulatory effects in Ishikawa and MCF-7 cells.

With the increased use of TCM worldwide, the concern on drug–herb interaction is exaggerating, especially when both drug and herb target estrogen receptors. Our two-way ANOVA analysis showed that RD could interact with tamoxifen in promoting bone health, exerting neuroprotection, increasing uterine index in OVX rats, and stimulating ALP or cell viability in cells. However, cotreatment with RD did not significantly alter the responses to tamoxifen in estrogen-sensitive tissues. It might be due to their weak binding affinity to ERs compared with tamoxifen. Further study is needed to compare the binding affinity of tamoxifen and major flavonoid as well as their metabolites in RD.

To the best of our knowledge, this is the first investigation on the drug–herb interaction between RD and tamoxifen in OVX model and using biologically activated RD in four ER-positive human cell lines. We confirmed that RD could tissue-selectively exert estrogenic protection in the bone and neuron without causing side effects on the breast and uterus, which differentiates RD from tamoxifen. The drug–herb interaction of RD and tamoxifen did not weaken or strengthen the action of tamoxifen in all tissues, suggesting that RD alone and in combination with tamoxifen might be considered effective and safe alternative methods for the management of menopause-related symptoms. However, further clinical investigation should be made to confirm the preclinical observations in the present study.



Data Availability Statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://doi.org/10.6084/m9.figshare.17084834.v5



Ethics Statement

The animal study was reviewed and approved by the Hong Kong Polytechnic University Animal Subjects Ethics Sub-committee (ASESC Case: 15-16/31-ABCT-R122 HMRF).



Author Contributions

LZ and K-YW are the major contributors of the present study, performing experiments, analyzing the data, and preparing the manuscript. WY, CP, and HX helped in performing and sample collection of animal experiments. C-OC and DM performed the chemical analysis of the RD extract. M-SW conceived and supervised the experiments and finalized the manuscript. All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.



Funding

This work was supported by the Health and Medical Research Fund (HMRF) grant (Ref. No. 13143771) of Hong Kong.



Acknowledgments

We thank the University Research Facility in Life Sciences at the Hong Kong Polytechnic University for the technical support.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fendo.2022.817146/full#supplementary-material



Abbreviations

BMD, bone mineral density; BV/TV, bone volume over total volume; DAT, dopamine transporter; DPD, deoxypyridinoline; Conn.D, connectivity density; C3, complement component 3; ER, estrogen receptors; ERE, estrogen response element; FSH, follicle-stimulating hormone; HH3, histone H3; HPG, hypothalamus-pituitary-gonadal; HPLC, high-performance liquid chromatography; HRT, hormone replacement therapy; LC-MS, liquid chromatography-mass spectrometry; LH, luteinizing hormone; OCN, osteocalcin; OVX, ovariectomized; SERMs, selective estrogen receptor modulators; Tb.Sp, trabecular bone separation; Tb.Th, trabecular bone thickness; Tb.N, trabecular bone number; TCMs, traditional Chinese medicine; TH, tyrosine hydroxylase.



References

1. Shook, LL. An Update on Hormone Replacement Therapy: Health and Medicine for Women: A Multidisciplinary, Evidence-Based Review of Mid-Life Health Concerns. Yale J Biol Med (2011) 84(1):39–42.


2. Maximov, PY, Lee, TM, and Jordan, VC. The Discovery and Development of Selective Estrogen Receptor Modulators (SERMs) for Clinical Practice. Curr Clin Pharmacol (2013) 8(2):135–55. doi: 10.2174/1574884711308020006

3. Peng, W, Adams, J, Hickman, L, and Sibbritt, DW. Complementary/alternative and Conventional Medicine Use Amongst Menopausal Women: Results From the Australian Longitudinal Study on Women's Health. Maturitas (2014) 79(3):340–2. doi: 10.1016/j.maturitas.2014.08.002

4. Moreira, AC, Silva, AM, Santos, MS, and Sardao, VA. Phytoestrogens as Alternative Hormone Replacement Therapy in Menopause: What Is Real, What Is Unknown. J Steroid Biochem Mol Biol (2014) 143:61–71. doi: 10.1016/j.jsbmb.2014.01.016

5. Jeong, JC, Lee, JW, Yoon, CH, Kim, HM, and Kim, CH. Drynariae Rhizoma Promotes Osteoblast Differentiation and Mineralization in MC3T3-E1 Cells Through Regulation of Bone Morphogenetic Protein-2, Alkaline Phosphatase, Type I Collagen and Collagenase-1. Toxicol In Vitro (2004) 18(6):829–34. doi: 10.1016/j.tiv.2004.05.002

6. Xu, T, Wang, L, Tao, Y, Ji, Y, Deng, F, and Wu, X-H. The Function of Naringin in Inducing Secretion of Osteoprotegerin and Inhibiting Formation of Osteoclasts. Evid-Based Complement Altern Med (2016) 2016:8981650. doi: 10.1155/2016/8981650

7. Pang, W-Y, Wang, X-L, Wong, K-C, Leung, PC, Yao, X-S, and Wong, M-S. Total Flavonoid Fraction of Rhizoma Drynaria Improves Bone Properties in Ovariectomized Mice and Exerts Estrogen-Like Activities in Rat Osteoblast-Like (UMR-106) Cells. J Food Drug Anal (2020) 20:265–9. doi: 10.38212/2224-6614.2136

8. Pang, WY, Wang, XL, Mok, SK, Lai, WP, Chow, HK, Leung, PC, et al. Naringin Improves Bone Properties in Ovariectomized Mice and Exerts Oestrogen-Like Activities in Rat Osteoblast-Like (UMR-106) Cells. Br J Pharmacol (2010) 159(8):1693–703. doi: 10.1111/j.1476-5381.2010.00664.x

9. Zhou, LP, Wong, KY, Yeung, HT, Dong, XL, Xiao, HH, Gong, AG, et al. Bone Protective Effects of Danggui Buxue Tang Alone and in Combination With Tamoxifen or Raloxifene In Vivo and In Vitro. Front Pharmacol (2018) 9:779. doi: 10.3389/fphar.2018.00779

10. García-Martín, A, Reyes-García, R, García-Castro, JM, Rozas-Moreno, P, Escobar-Jiménez, F, and Muñoz-Torres, M. Role of Serum FSH Measurement on Bone Resorption in Postmenopausal Women. Endocrine (2012) 41(2):302–8. doi: 10.1007/s12020-011-9541-7

11. Jain, S, and Camacho, P. Use of Bone Turnover Markers in the Management of Osteoporosis. Curr Opin Endocrinol Diabetes Obes (2018) 25(6):366–72. doi: 10.1097/MED.0000000000000446

12. Latourelle, JC, Dybdahl, M, Destefano, AL, Myers, RH, and Lash, TL. Risk of Parkinson's Disease After Tamoxifen Treatment. BMC Neurol (2010) 10(1):23. doi: 10.1186/1471-2377-10-23

13. Sievert, LL, Obermeyer, CM, and Saliba, M. Symptom Groupings at Midlife: Cross-Cultural Variation and Association With Job, Home, and Life Change. Menopause (New York NY) (2007) 14(4):798–807. doi: 10.1097/gme.0b013e31804f8175

14. Nowacka-Cieciura, E, Sadowska, A, Pacholczyk, M, Chmura, A, Tronina, O, and Durlik, M. Bone Mineral Density and Bone Turnover Markers Under Bisphosphonate Therapy Used in the First Year After Liver Transplantation. Med Sci Monitor (2016) 21:241–9. doi: 10.12659/AOT.895413

15. Wong, KY, Zhou, L, Yu, W, Poon, CC, Xiao, H, Chan, CO, et al. Water Extract of Er-Xian Decoction Selectively Exerts Estrogenic Activities and Interacts With SERMs in Estrogen-Sensitive Tissues. J Ethnopharmacol (2021) 275:114096. doi: 10.1016/j.jep.2021.114096

16. Zaidi, M, Lizneva, D, Kim, S-M, Sun, L, Iqbal, J, New, MI, et al. FSH, Bone Mass, Body Fat, and Biological Aging. Endocrinology (2018) 159(10):3503–14. doi: 10.1210/en.2018-00601

17. Sun, L, Peng, Y, Sharrow, AC, Iqbal, J, Zhang, Z, Papachristou, DJ, et al. FSH Directly Regulates Bone Mass. Cell (2006) 125(2):247–60. doi: 10.1016/j.cell.2006.01.051

18. Cerri, S, Mus, L, and Blandini, F. Parkinson's Disease in Women and Men: What's the Difference? J Parkinsons Dis (2019) 9(3):501–15. doi: 10.3233/JPD-191683

19. Ascherio, A, and Schwarzschild, MA. The Epidemiology of Parkinson's Disease: Risk Factors and Prevention. Lancet Neurol (2016) 15(12):1257–72. doi: 10.1016/S1474-4422(16)30230-7

20. Mikelman, SR, Guptaroy, B, Schmitt, KC, Jones, KT, Zhen, J, Reith, MEA, et al. Tamoxifen Directly Interacts With the Dopamine Transporter. J Pharmacol Exp Ther (2018) 367(1):119–28. doi: 10.1124/jpet.118.248179

21. Carpenter, C, Zestos, AG, Altshuler, R, Sorenson, RJ, Guptaroy, B, Showalter, HD, et al. Direct and Systemic Administration of a CNS-Permeant Tamoxifen Analog Reduces Amphetamine-Induced Dopamine Release and Reinforcing Effects. Neuropsychopharmacology (2017) 42(10):1940–9. doi: 10.1038/npp.2017.95

22. Lupo, M, Dains, JE, and Madsen, LT. Hormone Replacement Therapy: An Increased Risk of Recurrence and Mortality for Breast Cancer Patients? J Adv Pract Oncol (2015) 6(4):322–30. doi: 10.6004/jadpro.2015.6.4.3

23. Morello, KC, Wurz, GT, and DeGregorio, MW. SERMs: Current Status and Future Trends. Crit Rev Oncol/Hematol (2002) 43(1):63–76. doi: 10.1016/S1040-8428(02)00022-7

24. Anderson, GL, Judd, HL, Kaunitz, AM, Barad, DH, Beresford, SA, Pettinger, M, et al. Effects of Estrogen Plus Progestin on Gynecologic Cancers and Associated Diagnostic Procedures: The Women's Health Initiative Randomized Trial. Jama (2003) 290(13):1739–48. doi: 10.1001/jama.290.13.1739

25. Bergman, L, Beelen, ML, Gallee, MP, Hollema, H, Benraadt, J, and van Leeuwen, FE. Risk and Prognosis of Endometrial Cancer After Tamoxifen for Breast Cancer. Comprehensive Cancer Centres' ALERT Group. Assessment of Liver and Endometrial Cancer Risk Following Tamoxifen. Lancet (2000) 356(9233):881–7. doi: 10.1016/S0140-6736(00)02677-5

26. Guo, D, Wang, J, Wang, X, Luo, H, Zhang, H, Cao, D, et al. Double Directional Adjusting Estrogenic Effect of Naringin From Rhizoma Drynariae (Gusuibu). J Ethnopharmacol (2011) 138(2):451–7. doi: 10.1016/j.jep.2011.09.034

27. Kim, SH, and Park, MJ. Effects of Phytoestrogen on Sexual Development. Korean J Pediatr (2012) 55(8):265. doi: 10.3345/kjp.2012.55.8.265




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Zhou, Wong, Poon, Yu, Xiao, Chan, Mok and Wong. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 14 April 2022

doi: 10.3389/fendo.2022.874748

[image: image2]


Molecular Regulators of Muscle Mass and Mitochondrial Remodeling Are Not Influenced by Testosterone Administration in Young Women


Oscar Horwath 1*, Marcus Moberg 1,2, Angelica Lindén Hirschberg 3,4, Björn Ekblom 1 and William Apró 1,5


1 Department of Physiology, Nutrition and Biomechanics, Åstrand Laboratory, Swedish School of Sport and Health Sciences, Stockholm, Sweden, 2 Department of Physiology and Pharmacology, Karolinska Institutet, Stockholm, Sweden, 3 Department of Women´s and Children´s Health, Division of Neonatology, Obstetrics and Gynaecology, Karolinska Institutet, Stockholm, Sweden, 4 Department of Gynaecology and Reproductive Medicine, Karolinska University Hospital, Stockholm, Sweden, 5 Department of Clinical Science, Intervention and Technology, Karolinska Institutet, Stockholm, Sweden




Edited by: 

Sadiq Umar, University of Illinois at Chicago, United States

Reviewed by: 
Michaël R. Laurent, University Hospitals Leuven, Belgium

Mohd Salman, University of Tennessee Health Science Center (UTHSC), United States

*Correspondence: 

Oscar Horwath
 oscar.horwath@gih.se

Specialty section: 
 This article was submitted to Bone Research, a section of the journal Frontiers in Endocrinology


Received: 12 February 2022

Accepted: 18 March 2022

Published: 14 April 2022

Citation:
Horwath O, Moberg M, Hirschberg AL, Ekblom B and Apró W (2022) Molecular Regulators of Muscle Mass and Mitochondrial Remodeling Are Not Influenced by Testosterone Administration in Young Women. Front. Endocrinol. 13:874748. doi: 10.3389/fendo.2022.874748



Testosterone (T) administration has previously been shown to improve muscle size and oxidative capacity. However, the molecular mechanisms underlying these adaptations in human skeletal muscle remain to be determined. Here, we examined the effect of moderate-dose T administration on molecular regulators of muscle protein turnover and mitochondrial remodeling in muscle samples collected from young women. Forty-eight healthy, physically active, young women (28 ± 4 years) were assigned in a random double-blind fashion to receive either T (10 mg/day) or placebo for 10-weeks. Muscle biopsies collected before and after the intervention period were divided into sub-cellular fractions and total protein levels of molecular regulators of muscle protein turnover and mitochondrial remodeling were analyzed using Western blotting. T administration had no effect on androgen receptor or 5α-reductase levels, nor on proteins involved in the mTORC1-signaling pathway (mTOR, S6K1, eEF2 and RPS6). Neither did it affect the abundance of proteins associated with proteasomal protein degradation (MAFbx, MuRF-1 and UBR5) and autophagy-lysosomal degradation (AMPK, ULK1 and p62). T administration also had no effect on proteins in the mitochondria enriched fraction regulating mitophagy (Beclin, BNIP3, LC3B-I, LC3B-II and LC3B-II/I ratio) and morphology (Mitofilin), and it did not alter the expression of mitochondrial fission- (FIS1 and DRP1) or fusion factors (OPA1 and MFN2). In summary, these data indicate that improvements in muscle size and oxidative capacity in young women in response to moderate-dose T administration cannot be explained by alterations in total expression of molecular factors known to regulate muscle protein turnover or mitochondrial remodeling.




Keywords: androgen receptor, mTORC1-signaling, ubiquitin-proteasome system, fission, fusion



Introduction

Testosterone (T) is a well-known anabolic agent which promotes dose-dependent increases of lean mass and muscle hypertrophy in young and old men (1–3). Similarly, we and others have previously shown that administration of exogenous T promotes muscle anabolism and lean mass accretion in pre- and post-menopausal women (4–6). However, despite compelling evidence of its anabolic effect, the molecular events underlying muscle hypertrophy following T exposure in humans are not well understood and data from female-only cohorts are lacking.

Given its role as a critical regulator of muscle protein synthesis (7, 8), the mechanistic target of rapamycin complex 1 (mTORC1) pathway is considered a candidate mediator of T-induced muscle growth (9). Indeed, provision of T in cultured muscle cells stimulates hypertrophy via mTORC1-dependent signaling (10, 11). This is further supported by rodent data showing reduced signaling activity downstream of mTORC1 after androgen deprivation, while restoring androgen levels by nandrolone injections (6 mg/kg bw) reversed this effect (12). Studies seeking to depict the role of mTORC1-signaling in human muscle following T provision are scarce and have provided mixed results. Howard et al., 2020 showed that weekly injections of T enanthate (200 mg) during 28-days of severe energy deficit did not alter mTORC1-signaling following exercise and protein intake in young men (13). On the other hand, Gharahdaghi and colleagues showed that biweekly T injections (Sustanon, 250 mg) in combination with resistance training potentiated exercise-induced mTORC1-signaling in old men (14). More research in human muscle is although required to verify whether a similar mechanism of action is present in other cohorts.

Changes in muscle mass are dictated by the finely tuned balance between synthesis and degradation of muscle protein (15). Suppression of the latter is assumed to be central for driving lean mass accretion in humans following T exposure (16–18). Mechanistically, protein degradation occurs primarily through the autophagy-lysosomal and the ubiquitin-proteasomal system (UPS) (19). The UPS involves two well characterized muscle specific ubiquitin ligases; Muscle Atrophy F-box (MAFbx) and Muscle RING-finger 1 (MuRF-1) (20, 21). The existing knowledge of how T provision influences markers of UPS-mediated protein degradation is although limited, and inconclusive results have been reported. In the study by Gharahdaghi and colleagues, MAFbx or MuRF-1 protein levels remained unchanged (14), whilst a reduction of these markers were observed in hypogonadal men following T replacement therapy (TRT) (50-100 mg daily) (22). Moreover, whether the autophagy-lysosomal pathway is influenced by androgen levels in human muscle remains to be explored. The increased re-utilization of intracellular amino acids observed after T provision might however represent a putative mechanism for how autophagy could prevent a negative protein balance in the fasted state and thereby contribute to muscle growth (17, 23). In rodents, muscle atrophy induced by castration is associated with elevated levels of microtubule-associated protein 1A/B-light chain 3B (LC3B)-II and polyubiquitin-binding protein 62 (p62), whilst the re-introduction of androgens to the circulation restored their expression levels (24, 25). As such, there is evidence that the autophagy pathway is responsive to changes in systemic androgen concentrations, however, these findings may not be readily translatable to human physiology under in vivo conditions where androgen concentrations are less altered in response to exogenous supplementation.

We have previously demonstrated that administration of T increased oxidative capacity in human muscle by improving respiration in isolated mitochondria, a measure of mitochondrial quality (26). However, since this was not paralleled by concomitant increases in mitochondrial protein abundance, i.e., citrate synthase and respiratory chain complex I-V, other factors, such as alterations in mitochondrial remodeling, may underlie these changes. Intriguingly, systemic androgen levels are shown to impact the abundance of proteins involved in mitochondrial quality control in mouse muscle (27, 28), and exposure to high doses of T (50 mg/kg bw) upregulated several key proteins associated with mitophagy as well as fission and fusion (29). While prior work has focused on mitochondrial biogenesis in human muscle following T provision (14, 30), molecular regulators of the remodeling machinery have previously not been addressed in this context.

The molecular mechanisms responsible for adaptations in human skeletal muscle following T administration are not fully understood and the translatability from cell and rodent studies is often limited. Furthermore, understanding how mitochondrial turnover is affected by alternating T concentrations may have clinical implications for mitigating declines in muscle mass and function during aging. Therefore, in the present study we sought to investigate if the previously observed increases in muscle size and oxidative capacity following 10 weeks of T administration in young women are mediated by alterations in protein levels of molecular markers regulating muscle protein turnover and mitochondrial remodeling.



Material and Methods


Ethical Approval

This study is part of a larger project investigating the impact of T administration on physical performance and muscle mass in young physically active women, registered at ClinicalTrials.gov (NCT03210558). This study was approved by the local ethics committee in Stockholm (2016/1485-32, amendment 2017/779-32), and was conducted in line with the principles outlined in the Declaration of Helsinki. All participants received detailed information about the design of the study and associated risks before providing their written consent.



Study Design

The design of the present study has been described in detail in our previous publications (4, 26, 31). Briefly, this was a randomized, double-blinded, placebo-controlled trial. Following initial screening procedures, participants were randomly allocated to 10-weeks of either T or placebo treatment. T was administered by manually applying a gel (10 mg, Andro-Feme 1) to the outer thigh every evening. This dose was chosen to increase serum levels of T significantly above the physiological level without inducing harmful side effects. Participants were instructed to keep their habitual activity levels throughout the study period, and they were also informed not to make any changes to their diet.



Participants

Forty-eight young (28 ± 4 years), physically active, women participated in the present study. Physical characteristics and serum levels of T have been reported previously (4, 26, 31).



Muscle Biopsy Sampling

Muscle samples were collected ~ 60 min after the participants finished a physical testing session (26, 31). Muscle biopsies were obtained from the middle portion of m. vastus lateralis after administration of local anesthesia using the Weil-Blakesley conchotome technique (32). Tissue samples were immediately blotted free of blood and rapidly frozen in liquid nitrogen until further processing.



Muscle Tissue Processing

Muscle samples were freeze-dried overnight and dissected free of blood, fat, and connective tissue under a stereo microscope (VisiScope, VWR). Fibre bundles were then mixed carefully and stored in -80°C before further processing.



Immunoblotting Sample Preparation

To study protein levels in whole muscle homogenates, ~ 2 mg of freeze-dried muscle was homogenized in ice-cold buffer (100 µl · mg-1 dry weight) containing 250 mM Sucrose, 20 mM HEPES (pH 7.4), 10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM EGTA, 10 mM β-glycerophosphate, 1% phosphatase inhibitor cocktail (Sigma P-2850) and 1% (v/v) Halt Protease Inhibitor Cocktail (Thermo Scientific, Rockford, USA) using a Bullet-Blender™ (NextAdvance, New York, USA) and 0.5 mm Zirconium Oxide Beads (NextAdvance, New York, USA). The supernatant was collected after lysates had been rotating for 60 min at 4°C and centrifuged at 10,000 g for 15 min. Protein concentration was determined from a small aliquot of the supernatant using Pierce™ 660 nm protein assay (Thermo Scientific, Rockford, USA). The samples were diluted in 4x Laemmli sample buffer (Bio-Rad Laboratories, Richmond, USA) and homogenization buffer, rendering a protein concentration of 0.75 µg µl-1. The samples were heated to 95°C for 5 min before being stored in -30°C.

To study protein levels specifically in the mitochondrial compartment, we fractionated muscle according to a previously described protocol with minor adjustments (33). In brief, ~ 6 mg of freeze-dried muscle was homogenized in ice-cold buffer (100 µl · mg-1 dry weight) containing 250 mM Sucrose, 20 mM HEPES (pH 7.4), 10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM EGTA, 10 mM β-glycerophosphate, 1% phosphatase inhibitor cocktail (Sigma P-2850) and 1% (v/v) Halt Protease Inhibitor Cocktail (Thermo Scientific, Rockford, USA), using a 2 ml glass Dounce tissue grinder set (Sigma, D8938), applying 10 and 30 strokes with pestle A and B, respectively. The tissue lysate was then transferred into new tubes, rotated for 60 min at 4°C and centrifuged at 1000 g for 10 min to allow for the formation of a myofibrillar pellet. The supernatant was then carefully transferred into new tubes and centrifuged at 16,000 g for 20 min, resulting in a cytosolic protein fraction. The remaining pellet was washed twice by carefully resuspending the pellet in homogenization buffer. Following the final centrifugation, the pellet was dissolved in 60 µl of homogenization buffer containing 1% TritonX-100, resulting in a membrane fraction (hereafter referred to as the mitochondrial fraction). This fraction was then combined with 20 µl of 4x Laemmli sample buffer (Bio-Rad Laboratories, Richmond, USA) and 400 mM dithiothreitol, heated to 37°C for 30 min, before being stored in -30°C. Protein concentration was determined using Ionic Detergent Compatibility Reagent (Thermo Scientific, Rockford, USA) and Pierce™ 660 nm protein assay (Thermo Scientific, Rockford, USA). To determine the purity of the mitochondrial fraction, 5 ug of protein from this fraction and the cytosolic fraction were loaded side-by-side on a gel and immunoblotted for Porin (VDAC1) and translocase of outer mitochondrial membrane 20 (TOM20), two proteins found in the outer mitochondrial membrane, and the eukaryotic elongation factor 2 (eEF2), a protein dispersed throughout the cytoplasm. As demonstrated in Figure 3G, eEF2 was only present in the cytosolic fraction whereas Porin and TOM20 were only detected in the mitochondrial fraction.



SDS-PAGE and Immunoblotting

From each sample, 15 µg and 3 µg of protein from whole muscle homogenate and the mitochondrial fraction was loaded on 26-well Criterion TGX gradient gels (4-20% acrylamide; Bio-Rad Laboratories), respectively. Electrophoresis was performed on ice at 300 V for ~ 30 min. The gels were then equilibrated for 30 min in transfer buffer (25 mM Tris base, 192 mM glycine, and 10% methanol) after which proteins were transferred to PVDF membranes (Bio-Rad Laboratories) at constant current (300 mA) for 180 min at 4°C. Membranes were then stained using MemCode™ Reversible Protein Stain Kit (Thermo Scientific, Rockford, USA) to confirm even transfer of proteins. After destaining, membranes were blocked for 1h in Tris-buffered saline (TBS; 20 mM Tris base, 137 mM NaCl, pH 7.6) containing 5% non-fat dry milk followed by incubation overnight (4°C) with primary antibodies diluted in TBS supplemented with 0.1% Tween-20 and 2.5% non-fat dry milk (TBS-TM). Next morning, membranes were washed after which secondary antibodies conjugated to horseradish peroxidase were applied for 1h. Membranes were then washed again in TBS-TM (2 x 1 min, 3 x 10 min) followed by 3 x 5 min with TBS. Lastly, membranes were incubated with Super Signal™ Femto Chemiluminescent Substrate (Thermo Scientific) for 5 min to allow for band detection in the molecular imager (ChemiDoc™MP, Bio-Rad Laboratories). Before the blocking step, membranes were cut into strips and later assembled to expose all samples to the same blotting conditions. Due to limited quantity the mitochondrial fraction samples, following visualization, membranes were stripped using Restore Western Blot Stripping Buffer (Thermo Scientific) for 30 min at 37°C, washed and re-probed with a new primary antibody. For whole muscle homogenates, protein levels of each sample were normalized to their total protein stain. For the mitochondrial fraction, protein levels were normalized to the corresponding protein level of Porin, which remained unchanged throughout the intervention (data not shown). Quantification of bands were performed using the Image Lab™ software (Bio-Rad Laboratories).



Antibodies

For immunoblotting, primary antibodies against androgen receptor (#D6F11XP®), mTOR (#2983), S6K1 (#2708), eEF2 (#2332), AMPK (#2532), ULK1 (#6439), p62 (#8025), LC3B (#2775), Beclin (#3495) and BNIP3 (#44060), were purchased from Cell Signaling Technology (Beverly, USA). Primary antibodies against 5α-reductase 2 (#293232), MuRF-1 (#sc-398608), UBR5 (#sc-515494), TOM20 (sc-136211) and RPS6 (#sc-74459), were purchased from Santa Cruz Biotechnology (Heidelberg, Germany). Primary antibodies against MAFbx (#92281), Porin (#154856), OPA1 (#157457), DRP1 (#184247), FIS1 (#156865), MFN2 (#56889) and Mitofilin (#137057), were purchased from Abcam (Cambridge, UK). All antibodies were diluted 1:1000 except for 5α-reductase, MuRF-1, UBR5, S6, Beclin, LC3B, OPA1, MFN2 which were diluted 1:500, and eEF2 and Porin which were diluted 1:2000. Secondary anti-mouse (#7076, 1:10000) and secondary anti-rabbit (#7074, 1:10000) were purchased from Cell Signaling Technology.



Statistical Analyses

Data are presented as means ± standard deviation (SD). Statistical analyses were performed using GraphPad Prism version 9.1.2 for Windows (San Diego, California, USA). Data were analyzed with a two-way ANOVA with factors for group (T vs. placebo) and time (pre vs post intervention). Bonferroni multiple comparison was applied in case of significant interaction to localize differences. The significance level for all statistical tests was two-tailed and set at P < 0.05.




Results


Androgen Receptor, 5-α Reductase and Anabolic Signaling

Administration of T had no effect on AR protein content but levels of 5-α reductase increased on average by 15% over time (main effect of time, P<0.05) (Figures 1A, B). In a similar fashion, administration of T did not influence the abundance of mTOR, S6K1 or eEF2, but levels of RPS6 increased on average by 11% over time and was overall higher in the group receiving T (main effect of time and group, P<0.05) (Figures 1C–F).




Figure 1 | Protein levels of androgen receptor (A), 5α-reductase (B), mTOR (C), S6K1 (D), eEF2 (E) and RPS6 (F) before (black dots) and after the intervention (red dots). Representative blots for each individual protein target are shown above each graph. Loading control is represented by a band at ~ 95 kDa from the corresponding total protein stain (Memcode™). The values presented are means ± SD and individual data points from 18 and 16 individuals (DF 32) in the placebo group and T group, respectively. The ANOVA revealed a significant main effect of time with respect to changes in protein levels for 5α-reductase and a significant main effect of time and group for RPS6.





Ubiquitin-Proteasomal and Lysosomal-Autophagy Pathway

Administration of T did not alter protein levels of MAFbx, MuRF1 or UBR5 in the ubiquitin-proteasomal pathway or AMPK, ULK1 or p62 in the lysosomal-autophagy pathway (Figures 2A–F).




Figure 2 | Protein levels of MAFbx (A), MuRF-1 (B), UBR5 (C), AMPK (D), ULK1 (E) and p62 (F) before (black dots) and after the intervention (red dots). Representative blots for each individual protein target are shown above each graph. Loading control is represented by a band at ~ 95 kDa from the corresponding total protein stain (Memcode™). The values presented are means ± SD and individual data points from 18 and 16 individuals (DF 32) in the placebo group and T group, respectively.





Mitochondrial Remodeling

Administration of T had no effect on protein levels of Beclin and Mitofilin (Figures 3A, F) and OPA1, 225 MFN2, FIS1 or DRP1 (Figures 4A–D) in the mitochondrial fraction. LC3B-I (Figure 3C) also remained unchanged while LC3B-II increased on average by 30% over time, (main effect of time, P<0.05; Figure 3D). In a similar fashion, BNIP3 increased on average by 25% in the mitochondrial fraction (main effect of time, P<0.05 Figure 3B). The ratio between LC3B-II and LC3B-I remained unaltered in response to the intervention (Figure 3E).




Figure 3 | Protein levels of Beclin (A), BNIP3 (B), LC3B-I (C), LC3B-II (D), LC3B-II/I ratio (E) and Mitofilin (F) in the mitochondrial fraction before (black dots) and after the intervention (red dots), as well as the assessment of mitochondrial fraction purity (G). Representative blots for each individual protein target and Porin are shown above each graph. The values presented are means ± SD and individual data points from 22 and 20 individuals (DF 40) in the placebo group and T group, respectively. The ANOVA revealed a significant main effect of time with respect to changes in protein levels for BNIP3 and LC3B-II. For illustrative purposes, two subjects from the placebo group displaying extreme values were removed from (A) (pre-post; 6.7 to 18.5 and 12.3 to 23.6, respectively) and one subject from the placebo group was removed from (D) (pre-post; 6.1 to 19.4), but these values were included in the statistical analysis.






Figure 4 | Protein levels of OPA1 (A), MFN2 (B), FIS1 (C), and DRP1 (D) in the mitochondrial fraction before (black dots) and after the intervention (red dots). Representative blots for each individual protein target and Porin are shown above each graph. The values presented are means ± SD and individual data points from 22 and 20 individuals (DF 40) in the placebo group and T group, respectively. For illustrative purposes, one subject from the placebo group displaying extreme values was removed from (A) (pre-post; 6.1 to 19.4), but these values were included in the statistical analysis.






Discussion

We and others have previously reported that administration of T increases lean mass and aerobic capacity in human subjects (4, 26). However, the molecular mechanisms by which T elicits adaptations in skeletal muscle remains poorly understood. Here we report that T provision in young women did not modulate total levels of key proteins involved in androgen signaling/metabolism, mTORC1-signaling, ubiquitin and autophagy-mediated protein degradation and mitochondrial remodeling. Our findings thus suggest that increases in skeletal muscle size and mitochondrial function following T exposure are not related to altered expression of key factors regulating these processes.

In skeletal muscle, ARs are dispersed throughout the cytoplasm but predominantly located in resident muscle stem cells and myonuclei (34, 35). ARs are not only responsible for mediating the anabolic effects of T (10, 36), but are also critical for muscle fiber remodeling following chronic RT (37, 38). In males, administration of T is commonly accompanied by increased intramuscular AR content (13, 14, 17, 35, 39), but no study has previously examined whether such change occur in young women. In the present study, despite raising T serum concentrations ~ fivefold above basal levels, AR protein expression remained unchanged, a somewhat unexpected finding given that basal muscle AR content is lower in women than in men (40). The lack of change could however be related to the moderate dosage provided (10 mg daily), the route of administration (transdermal), or that AR levels were altered in a transient manner and had returned to a basal state at the post-biopsy timepoint. The latter is supported by work from Ferrando and colleagues showing elevated AR protein levels 4-weeks after the onset of T administration, but these had returned to pre-treatment levels 20 weeks later (17). Nonetheless, in accordance with our findings, AR protein levels were unaltered also in old women receiving oral oxandrolone (7.5 mg twice a day) for 14 consecutive days, whereas men in the same study displayed significant increases (39). Accordingly, rodent data suggest that ARs are dispensable for normal muscle development in females, but not in males (41). It is from our data therefore evident that an augmented intramuscular AR content is not critical in women for mediating the anabolic effects of elevated T levels. This finding may highlight a sexual dimorphism given that male subjects consistently display contrasting results. Furthermore, with regard to T metabolism, we also measured intramuscular content of 5α-reductase, the enzyme responsible for converting T into the highly potent metabolite dihydrotestosterone (DHT) (42). As both groups displayed slightly increased 5α-reductase protein content (main effect of time), we interpreted this as an effect not specific to T provision and that changes in muscle size cannot be explained by an altered capacity to metabolize T locally in the tissue. This aligns well with other studies questioning the anabolic effect of DHT in human subjects (43). On the other hand, we cannot completely rule out that other enzymes involved in androgen metabolism were affected by the current treatment, i.e., aromatase. Another factor that may have played a critical role for muscle adaptation here is the intramuscular concentration of T and other androgens, as discussed in a recent review (44). We did however not measure intramuscular levels of androgens in the present study but this is an important aspect that needs to be addressed by future work.

Studies in cultured cells and animal muscle have provided compelling evidence that T provision stimulates anabolism in an mTORC1-dependent manner (10–12), whereas data gathered from human trials have yielded inconsistent results (13, 14). To improve our understanding of how anabolic signaling may regulate muscle growth following T exposure, we measured the total expression of key proteins involved in the mTORC1-pathway. While most protein targets remained unchanged, only RPS6 displayed a significant pre-to-post increase in the T group, but this finding should be interpreted with caution as no interaction effect was present (main effect of time and group). Nevertheless, this may represent a potential mechanism by which T administration stimulates an increase in muscle mass. However, it is still possible that acute activation of this signaling cascade in response to anabolic stimuli, such as contractile activity and/or nutrients, was altered with T provision. In this regard, Gharahdaghi et al., 2019 demonstrated that T therapy potentiated acute resistance exercise-induced mTORSer2448 and RPS6Ser235/236 phosphorylation in older men (14). An enhanced response to each exercise session performed during the intervention may therefore explain how T provision stimulated muscle growth in our cohort. However, the observations of Gharahdaghi et al., 2019 were in a cohort of elderly men, in which a blunted signaling response due to potential anabolic resistance may have confounded the results. Future studies are therefore warranted to determine if a similar effect also exists in young individuals who are sensitive to anabolic stimuli. Similarly, whether T provision has a synergistic effect on the acute signaling response following nutrient intake is yet to be determined, but it has been reported that T provision does not further enhance the stimulatory role of amino acids on rates of muscle protein synthesis in human muscle (18), indicating that such effect would be of less importance to the present findings.

In humans, T provision is suggested to increase muscle mass in part by suppressing rates of muscle protein degradation (16–18), a process largely governed by muscle-specific E3 ligases MAFbx and MuRF-1 (20, 21). We therefore assessed the expression of these proteins together with the newly discovered E3 ligase UBR5. However, none of these targets were altered in response to T treatment. This would either indicate that transient changes in protein abundance were missed due to the current study design, or that muscle hypertrophy following T exposure is not related to changes in UPS-mediated protein breakdown (45). Regardless, our findings contrast recent work, in which reduced levels of MAFbx and MuRF-1 were found in hypogonadal men after they underwent 24-weeks of TRT (22). However, discrepancies between studies may be explained by differences in study population (young active women vs old hypogonadal men) and the dosage provided (10 mg vs 50-100 mg daily). Beyond this, conflicting findings may also be explained by endogenous androgen production. As such, it seems that rates of protein breakdown are suppressed by T provision only if endogenous concentrations are in the hypogonadal range and not when subjects are transitioning from the physiological to the supraphysiological range (9). Given that T levels were raised ~ fivefold above basal levels here, this notion seems to hold true also for women. It is however important to consider that the expression pattern of these E3-ligases might not fully reflect changes in proteasomal protein breakdown or muscle mass (46).

Another contributor to the overall protein balance in skeletal muscle is the lysosomal-autophagy pathway (47). Whether administration of T alters the autophagic process remains poorly understood and has, to our knowledge, not previously been investigated in human muscle. Current literature consists exclusively of animal studies where markers of autophagy have been assessed in response to surgical castration, which evokes rapid and profound changes in muscle mass, therefore providing little relevance to human subjects under free-living conditions. Nonetheless, castration-induced muscle atrophy is associated with increased phosphorylation of AMPKThr172 and elevated LC3B-II content, as well as decreased phosphorylation of ULK1Ser757 and decreased p62 expression, which together indicate robust activation of the autophagy pathway (24, 25). The link between androgen levels and autophagy is further strengthened by the complete reversal of this effect once androgen levels are restored following castration (24, 25). In the present study, we did not find any alterations in total protein expression of AMPK, ULK1 or p62, which implies that the autophagy-lysosomal pathway did not mediate changes in muscle size following exogenous T provision. The present observation also opposes the notion that this pathway could be involved in the improved capacity to re-utilize amino acids in the fasted state, as previously observed here (17, 23). It must however be pointed out, once again, that the present study does not entail any information on the activation of this pathway in relation to acute stimuli, i.e., exercise, nor does it contain data on the transcriptional level. Thus, some aspects of this pathway with regards to muscle adaptation following T administration remains unanswered and requires additional study.

Mitochondrial remodeling through increased mitophagy, is crucial for maintaining a healthy mitochondrial network and impairments of this process are associated with declines in muscle size and function (48). During mitophagy, mitochondria are first separated from each other through fission, then tagged for removal by specific receptor proteins and later engulfed by autophagosomes for transport to the lysosome (48, 49). Interestingly, mice deprived of androgens displayed attenuated increases in oxidative capacity following chronic exercise, a phenomenon thought to be related to disrupted BNIP3-mediated mitophagy (50). While exercise training itself is sufficient to promote remodeling of the mitochondrial network (51, 52), preliminary evidence in mice suggest that exercise in combination with T provision promotes even greater activation of this system (29). Based on this, we reasoned that previously observed improvements in muscle oxidative capacity could be explained by a similar mechanism (26). We therefore assessed if markers of mitochondrial remodeling were influenced by T exposure. However, we did not observe any changes in markers associated with mitophagy or mitochondrial fission on the subcellular level. There were however some increases of BNIP3 and LC3B-II protein content (main effect of time), but these changes were not related to T provision per se and could potentially be related to subtle changes in subject´s training status, although we find this unlikely since exercise habits were well-maintained throughout the intervention (31). In addition, no effects were observed in MFN2 and OPA1 protein levels, two key regulators of mitochondrial fusion shown to be highly responsive to T exposure in rodent skeletal muscle (29). However, in this case, conflicting findings are likely due to profound differences in dosing regimens across species, in which serum T concentrations were raised 25-100 times above control level in the previously mentioned study (29).

Despite assessing several well-known regulators of muscle protein turnover, mitophagy and mitochondrial fission-fusion in the present study, it still remains to be determined by which molecular events T administration elicits hypertrophy and improved mitochondrial quality as we were unable to provide any clear mechanistic links here. One of the limitations of the present study is that we only reported chronic effects in muscle samples collected pre-post intervention. We therefore cannot exclude out that T administration, 1) transiently altered total protein abundance, 2) modulated the acute signaling response to exercise and/or nutrients, 3) influenced these regulating factors in a muscle fiber-type specific manner, 4) induced changes only at the transcriptional level. It is also possible that the sample size in the present study precluded us from detecting small but biologically relevant changes in total protein levels. To put our findings in light of the current literature is difficult as several inconsistences exist, which is reflective of the large variability among studies in terms of sex (men vs women), age (old vs young), endogenous androgens (hypo- vs eugonadal), route of administration (injections vs transdermal) and length of treatment. Nonetheless, the present study sheds important light on the effects of T provision on skeletal muscle in females and provides insights into their molecular underpinnings.

In summary, improvements in muscle size and oxidative capacity following 10-weeks of T administration in young women (4, 26, 31), cannot be explained by changes in protein expression related to muscle protein turnover or mitochondrial remodeling.
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Implant-generated particle wears are considered as the major cause for the induction of implant loosening, which is more susceptible to patients with osteoporosis. Monotherapy with parathyroid hormone (PTH) or zoledronate acid (ZOL) has been proven efficient for preventing early-stage periprosthetic osteolysis, while the combination therapy with PTH and ZOL has exerted beneficial effects on the treatment of posterior lumbar vertebral fusion and disuse osteopenia. However, PTH and ZOL still have not been licensed for the treatment of implant loosening to date clinically. In this study, we have explored the effect of single or combined administration with PTH and ZOL on implant loosening in a rat model of osteoporosis. After 12 weeks of ovariectomized surgery, a femoral particle-induced periprosthetic osteolysis model was established. Vehicle, PTH (5 days per week), ZOL (100 mg/kg per week), or combination therapy was utilized for another 6 weeks before sacrifice, followed by micro-CT, histology, mechanical testing, and bone turnover examination. PTH monotherapy or combined PTH with ZOL exerted a protective effect on maintaining implant stability by elevating periprosthetic bone mass and inhibiting pseudomembrane formation. Moreover, an additive effect was observed when combining PTH with ZOL, resulting in better fixation strength, higher periprosthetic bone mass, and less pseudomembrane than PTH monotherapy. Taken together, our results suggested that a combination therapy of PTH and ZOL might be a promising approach for the intervention of early-stage implant loosening in patients with osteoporosis.




Keywords: implant loosening, osteolysis, osteoporosis, parathyroid hormone (1-34), zoledronate (ZOL)



Introduction

Arthroplasty has been widely utilized to improve the life quality of patients with end-stage osteoarthritis. However, the occurrence of complications still impacts some patients. Among those complications, implant failure is the most severe one, which might result in revision surgeries eventually. The survival rate of implants is reported to be only 71% at 20 years (1). Aseptic loosening, the major reason for arthroplasty failure, is caused by an inflammatory response to the debris generated from the prosthesis, leading to a promotion of periprosthetic bone loss and pseudomembrane formation, as well as a reduction of prosthesis stability (2, 3). So far, the only treatment for arthroplasty failure is revision surgery, which requires higher technical demand and higher costs but results in a higher complication rate and lower satisfaction rate (4, 5). In the meantime, there is also an essential concern that those patients with revision surgery are likely to be older and frailer, which might result in a higher surgical risk. Therefore, an effective tactic with minimal invasion to prevent prosthetic loosening is of great value.

As reported previously, over 50% of patients undergoing total hip arthroplasty (THA) are combined with osteoporosis (6). Nevertheless, osteoporosis has been proven to negatively regulate implant osseointegration and further increase prosthetic migration (7, 8). Moreover, poor bone quality also increases the prevalence of periprosthetic osteolysis. A study has shown that aseptic loosening is associated with low lumbar bone mineral density (BMD) (9). Additionally, more significant bone loss has been observed in the femoral component in female patients associated with low systemic BMD (10). Excessive osteoclast activities are confirmed to be responsible for both periprosthetic osteolysis and osteoporosis, which are characterized by increasing bone remodeling, especially increasing bone loss (11, 12). Due to the vital role of and similar mechanism with osteoporosis, the utilization of agents with a capacity of regulating bone remodeling has the potential to be an effective approach for implant-loosening prevention.

Many systemic antiosteoporotic agents have been tested to prevent implant loosening by inhibiting periprosthetic osteolysis or improving periprosthetic osseointegration (13). Bisphosphonates, generally regarded as the first-line treatment for osteoporosis, have been verified to demonstrate a beneficial effect on suppressing periprosthetic osteolysis in animal models (14, 15). A clinical study also confirmed that a single infusion of zoledronic acid (ZOL) could reduce the early implant migration in hip arthroplasty (16). Additionally, intermittent parathyroid hormone (PTH) 1-34 is another classical mediation for the treatment of osteoporosis, with the capacity of anabolic effects. Our and other research groups have revealed that intermittent PTH treatment could prevent particle-induced osteolysis in vivo (17–19). Recently, several cases reported that PTH has a protective effect on prosthetic loosening clinically (20–22). Therefore, both PTH and ZOL are promising to be therapeutic options for implant loosening. In addition, the combined use of PTH and ZOL has been found to have an additive-promoting effect in several animal models of skeletal diseases, such as posterior lumbar vertebral fusion in ovariectomized (OVX) rats and fracture healing (23, 24). However, to date, PTH and ZOL still have not been licensed to treat implant loosening. Also, bisphosphonate use was found to increase the incidence rate of periprosthetic fractures after THA in patients with normal bone quality (25). As the crucial role of osteoporosis mentioned above in implant loosening, it is reasonable and meaningful to detect the effects of approved antiosteoporotic agents, PTH and ZOL, on early-stage periprosthetic osteolysis in patients with poor bone quality. In this study, we established a particle-induced periprosthetic osteolysis model in OVX rats and further investigated and compared the effects of combined PTH and ZOL with monotherapy on preventing implant loosening.



Method and Materials


Preparation of Agents and Materials

PTH (1-34) was obtained from Bachem ( Bubendorf, Switzerland) and dissolved at a concentration of 60 μg/ml with distilled water. ZOL (Sigma–Aldrich, St. Louis, MO, United States) was dissolved to 100 μg/ml with distilled water. Titanium (Ti) rods and the suspension of 30 mg Ti particles (Johnson Matthey, Ward Hill, MA, United States) were gained and prepared as reported in our previous study (26).



Animal Experiment

All animal care and the entire experiment protocols followed the Guide for the Care and Use of Laboratory Animal published by the United States National Institutes of Health and were approved by the Institutional Animal Care and Use Committee of the Second Affiliated Hospital, Zhejiang University School of Medicine. Female Sprague–Dawley (SD) rats were purchased from Shanghai SLAC Laboratory Animal Co. Ltd, (Shanghai, China) and were maintained in a room with a temperature of 24 ± 2°C, humidity of 60%, and light/dark cycle rhythm of 12 h. Animals were free to access to water and food with a number of two per cage. All rats were assessed every day for visual signs of pain, morbidity, or depression during the whole experiment period. Animals were sacrificed humanely with symptoms above or an acute loss of 10% weight. All efforts we made in this study aimed to minimize the number of animals used and animal suffering.

A total of sixty-six female SD rats weighing 200–250 g were randomly assigned into the sham group (n=13) and OVXS group (n=53). All rats were anesthetized with an intraperitoneal injection of pentobarbital sodium (50 mg/kg). Both the sham surgery and OVX surgery were processed as we reported previously (27). Twelve weeks postoperatively, three rats in each group were selected randomly and sacrificed for radiological and histological analysis to confirm the successful establishment of the osteoporosis model.

The remaining sixty rats were used for the following experiment, including 10 in the sham group and 50 in the OVXS group. Ti rod implantation was performed in the remaining animals. Rats in the sham group were identified as the normal control (NC) group, while rats in the OVXS group were randomly divided into 5 groups (n=10 per group): the OVX group, O+T group, PTH group, ZOL group, and P+Z group. The rat model of implant loosening was established as we reported previously (26). Briefly, Ti rods were implanted into the medullary canal of distal femurs bilaterally after the injection of PBS or 30 mg Ti suspension in the canal. Postoperatively, intra-articular PBS or Ti particle suspension injection was performed at weeks 2 and 4. Ti particles were used in the O+T group, PTH group, ZOL group, and P+Z group, while vehicles were used in the other two groups. One week after surgery, rats were administrated with PTH (60 mg/kg 5 days per week, subcutaneous injection) in the PTH group, or with ZOL (100 μg/kg per week, intraperitoneal injection) in the ZOL group, or with combined PTH (60 mg/kg 5 days per week) and ZOL (100 μg/kg every week) in the P+Z group (combination therapy), and vehicle injection was used in the remaining three groups. After 6 weeks of treatment, rats were euthanasia with an overdose injection of pentobarbital sodium (90 mg/kg), and specimens were collected for further analysis, including biomechanical testing, X-ray examination, micro-CT, histomorphology, and bone turnover analysis. Subcutaneous injections of 10 mg/kg calcein green and 30 mg/kg alizarin red were performed 14 and 4 days before euthanasia, respectively.



X-Ray Examination and Micro-CT Analysis

Femurs were fixed in 4% (w/v) paraformaldehyde (PFA) for 48 h and used for X-ray examination and micro-CT analysis. X-ray examination was performed using 40 kV and 25 mAs to detect the general radiological manifestations. After X-ray examination, the specimens were subsequently transported for micro-CT scanning. A Scanco μCT100 instrument (Scanco Medical, Bassersdorf, Switzerland) was utilized at 14.8 μm isometric resolution. All parameters of micro-CT scanning and the selection of the region of interest (ROI) were referred to in our previous study (26). The data of bone mineral density (BMD) bone volume/total volume (BV/TV), bone surface/bone volume (BS/BV), connective density (Conn.D), structural model index (SMI), trabecular number (Tb.N), trabecular thickness (Tb.Th), and trabecular separation (Tb.Sp) were collected for quantitative analysis.



Histomorphological Analysis

Methylmethacrylate-embedded femurs were fixed in 70% alcohol and processed without demineralization as described before (28). Followed by being grounded to 50 μm thick slices, sample blocks were cut into 1 mm thick pieces via the cross-section using the IsoMet 5000 instrument (Buehler, Lake Bluff, IL, United States) and attached to plastic slides. Sections located 1 mm below the distal femoral growth plate were recorded under fluorescence microscopy (Leica DM5 500B; Leica Microsystems, Bensheim, Germany), and the parameters for bone formation were calculated with Image J software, including the mineral apposition rate (MAR) and mineral surface/bone surface (MS/BS).

Paraffin-embedded femurs were fixed in 4% PFA for 48 h and decalcified for 2 months in 10% (w/v) ethylene diamine tetraacetic acid (EDTA). Samples collected beyond implant-loosening surgery were cut along the coronal plane, and the others were sliced perpendicularly to the long axis after removing Ti rods. Five-micron-thick sections were cut in the similar region as methylmethacrylate-embedded samples above, followed by being performed with hematoxylin and eosin (H&E) and Masson and tartrate-resistant acid phosphatase (TRAP) staining as previously reported (26). The observation and measurement of samples were performed under light microscopy (Olympus BX51, Tokyo, Japan), and the histological images were evaluated by bone–implant contact (BIC), the ratio of bone area/total area (B.Ar/T.Ar), and mean thickness of the pseudomembrane according to our previous study (26).

Immunohistochemistry (IHC) staining was performed to detect the expression of osteocalcin (OCN) and receptor activator of NF-κB ligand (RANKL) around the Ti rods. The staining was processed according to the suggested protocol of an immunohistochemistry staining accessory kit (Boshide, Wuhan, China).



Bone Turnover Biomarkers

Before sacrifice, all rats fasted for 12 h. After anesthesia, blood was drawn from the abdominal aorta, and serum was subsequently obtained from the upper layer after blood centrifugation at 425× g for 5 min. Serum type I collagen cross-linked C-terminal telopeptide (CTX-1) and Gla-osteocalcin (GLA-OCN) levels were detected using Ratlaps (CTX-1) enzyme immunoassay (EIA) kit (Immunodiagnostic Systems Limited, Boldon, United Kingdom) and Rat Gla-Osteocalcin High Sensitive EIA Kit (TaKaRa Bio, Otsu, Japan) following the manufacturers’ protocol, respectively.



Mechanical Testing

Femurs from each group were collected and stored at -20°C, covered with gauze soaked in normal saline. A biomechanical test was performed after specimens were melted completely at 4°C. All samples were prepared, and the subsequent pull-out testing was performed as shown in Figure 2A using a Zwick/Roell 2.5 material testing system (Zwick, Ulm, Germany), as we described previously (26). The maximum fixation strength (N) and stiffness (N/m) were recorded and analyzed from the load–displacement curve (29).



Statistical Analysis

All data were collected and analyzed by two independent researchers blinded to grouping and treatment. ROUT was conducted on the data to identify outliers with GraphPad Prism Version 9.0, and no data points were excluded. Results were shown as mean ± standard deviation (SD) and processed using GraphPad Prism Version 9.0 software. An unpaired t-test was used to analyze the differences between two groups, while one-way ANOVA with post-hoc Tukey’s multiple comparison test was used to compare multiple groups. The values (*p < 0.05 and **p < 0.01) were set as the threshold of statistical significance.




Results


Confirmation of Ovariectomized-Induced Osteoporosis Model

To validate whether osteoporosis was induced successfully, three rats from each group (the sham group and OVXS group) were selected randomly for analysis. As shown in Figures 1A–C and Figure S1, micro-CT and H&E staining data demonstrated a decreased bone mass in the OVXS group compared to the sham group (BMD: t=4.3, df 4, p<0.05; BV/TV: t=4.83, df 4, p<0.01). In addition, bodyweight elevation and uterus atrophy (t=4.964, df 4, p<0.01) further revealed that the OVX-induced osteoporosis model was established successfully (Figures 1D–F).




Figure 1 | The establishment of the OVX model was confirmed by radiological and histomorphological analysis. (A) The representative 3D and 2D micro-CT images of distal femurs were demonstrated from the sham group and the OVXS groups. (B) The BMD and BV/TV values of micro-CT images were quantified. (C) The representative images of H&E staining from both groups were performed. Upper ×40, lower ×200 magnification. Scale bar = 500 μm (upper) and 100 μm (lower). (D) The bodyweight of rats from 0 to 12 weeks after OVX in both groups. The representative images of the uterus (E) and weight (F) were obtained at the time of sacrifice in both groups. Values are expressed as mean ± SD, n=3; *p<0.05, **p<0.01, compared with the sham group.





Preventive Effects of Combined Therapy and Monotherapy on Particle-Induced Implant Fixation

A biomechanical test was performed to investigate the effect of combination therapy and monotherapy on implant fixation stability. The results were presented as the maximal pull-out force and stiffness. As shown in Figures 2C, D, reduced maximal implant pull-out strength was observed in the OVX group compared to the NC group, while no difference was demonstrated in stiffness between the two groups. The lowest maximal implant pull-out strength and stiffness were found in the O+T group compared with the NC and OVX groups. These data indicated that the implant loosening model had been constructed based on the OVX model. After the treatment of PTH alone, or ZOL alone, or combination therapy, significantly improved implant fixation was manifested with increased maximal pull-out force (F=23.4, df 5 and 24, p<0.01) and stiffness (F=4.696, df 5 and 24, p<0.01) in the PTH group and P+Z group, whereas no difference but an increasing trend was found under ZOL alone (Figures 2C, D). Moreover, the combination therapy of PTH and ZOL demonstrated a better preventive effect on the maximal pull-out force than the ZOL group. However, no differences have been observed between combination therapy and PTH alone on the maximal pull-out strength. Also, combination therapy has not shown any differences in stiffness among PTH alone and ZOL alone mechanically.




Figure 2 | The positive effects of combined or single treatment with PTH and ZOL on inhibiting particle-induced fixation strength loss of the implant in OVX rats. The schematic image of the biomechanical testing device (A) and the representative loading force–displacement curve (B) were displayed. The maximal fixation strength (C) and stiffness (D) of samples were collected and analyzed. Values expressed are means ± SD; *p < 0.05, n=5; **p < 0.01, significantly different compared between two groups. "ns", no significant difference.





Effects of Combined Therapy and Monotherapy on Blocking Periprosthetic Destruction of Bone Architecture

Radiological examinations were further utilized to explore the effects of combined therapy and monotherapy on bone architecture. General manifestations were demonstrated using X-ray examination. Implants were appropriately inserted into the medullary canals in Figure 3A, and noticeable bone mass loss and radiolucent regions were observed around the implant in the O+T group. After combination or monotherapy of PTH and ZOL, greater peri-implant bone mass in the distal femurs and reduced radiolucent lines were exhibited (Figure 3A).




Figure 3 | The beneficial effect of combined therapy or monotherapy on preventing particles-induced peri-implant bone loss was observed radiologically in OVX rats. (A) The representative X-ray images from the NC, OVX, O+T, PTH, ZOL, and P+Z groups were exhibited. (B) The representative 3D and 2D micro-CT images of peri-implant bone mass in distal femurs were demonstrated from the six groups. (C) The quantification of the BMD, BV/TV, BS/BV, Conn.D, SMI, Tb.N, Tb.Th and Tb.Sp values was analyzed. Values expressed are means ± SD, n=5; *p < 0.05, **p < 0.01, significantly different compared between two groups. "ns", no significant difference.



To further confirm the therapeutic effects of combination and monotherapy, distal femurs were analyzed by micro-CT scanning. As revealed in Figures 3B, C, significantly decreased peri-implant bone mass was found in the OVX group in comparison with the NC group. Lower peri-implant bone mass in a trend was observed after Ti particle treatment in the OVX rats, compared to rats in the OVX group, according to 3D micro-CT-reconstructed images (Figure 3B). Notably, combination therapy and the monotherapy of PTH and ZOL significantly increased peri-implant bone mass, resulting in improved bone architecture (Figure 3B). The quantification of micro-CT scanning data was next performed and displayed as BMD, BV/TV, BS/BV, Conn.D, SMI, Tb.N, Tb.Th, and Tb.Sp. As indicated in Figure 3C, increased Tb.Sp was observed with the treatment of Ti particles in OVX rats. However, no considerable differences were found between the OVX group and the O+T group in BMD, BV/TV, Tb.N, Tb.Th, and Conn.D (F=10.99, df 5 and 24, p<0.01); a decreased trend could still be observed after the administration of Ti particles. In contrast, with the treatment of combined PTH and ZOL, or monotherapy, remarkable elevations were demonstrated in BMD (F=21.15, df 5 and 24, p<0.01), BV/TV (F=39.03, df 5 and 24, p<0.01), Tb.N (F=18.77, df 5 and 24, p<0.01) and Tb.Th (F=55.72, df 5 and 24, p<0.01), while BS/BV (F=50.71, df 5 and 24, p<0.01) and Tb.Sp (F=24.90, df 5 and 24, p<0.01)values were significantly decreased in comparison with those in the O+T group. Moreover, combined PTH and ZOL therapy exhibited a better preventive effect than PTH alone or ZOL alone on peri-implant bone loss, presented as greater enhancement in BMD, BV/TV, Tb.Th, and reduction in SMI (F=28.87, df 5 and 24, p<0.01). In addition, no differences were observed in most of the parameters in the comparison between the PTH group and the ZOL group, whereas higher BS/BV and Conn.D and lower Tb.Th were shown in the ZOL group (Figure 3C).

After decalcification, histological manifestations of peri-implant bone were assessed. Figure 4 shows that diminished BIC (F=255.07, df 5 and 24, p<0.01) and B.Ar/T.Ar (F=19.59, df 5 and 24, p<0.01) were observed in the OVX group compared with the NC group, whereas a similar fibrous pseudomembrane formation was found in the two groups (F=60.34, df 5 and 24, p<0.01). Consistent with micro-CT results above, H&E staining and Masson staining revealed that less and thinner bone mass was exhibited around the implant in the O+T group, with abundant fibrous pseudomembrane formation and reduced bone-implant contact when compared with other groups (Figure 4). Restored trabecular bone and enhanced interface contact were observed after combination therapy and monotherapy, as well as decreased pseudomembrane appearance. Histomorphological quantification was further performed, confirming the results above. Moreover, pseudomembrane and BIC in the P+Z group were thinner than in the PTH group, while no difference was found between the ZOL and P+Z groups. In addition, no considerable differences were observed in B.Ar/T.Ar among these three groups (Figure 4C).




Figure 4 | Histomorphology of combined therapy or monotherapy on protecting particle-induced peri-implant osteolysis. (A) H&E staining (upper ×40, lower ×200 magnification) and (B) Masson staining (upper 40×, lower ×200 magnification) were used for the histological analysis. Scale bar= 500 μm (upper) and 100 μm (lower). (C) BIC, B.Ar/T.Ar, and mean thickness of the pseudomembrane were quantified. Values expressed are means ± SD, n=5; **p < 0.01, significantly different compared between two groups. "ns", no significant difference.





Effects of Combined Therapy and Monotherapy on Bone Formation and Bone Resorption

To investigate the effects of different treatments on bone formation, calcein green and alizarin red were injected successively before euthanasia. As a classical marker for bone formation, double fluorescence labeling was visualized using undecalcified bone section, and MAR (F=12.19, df 5 and 24, p<0.01) and MS/BS (F=13.85, df 5 and 24, p<0.01) were quantified in all groups. As shown in Figure 5A, fewer labels were found in the NC group, OVX group, and O+T group than the other groups, whereas Ti particles with drug stimulation enhanced labels. Quantification data indicated no obvious differences in mineral apposition found among the NC, OVX, and O+T groups (Figures 5C, D). However, elevated MAR and MS/BS were observed in the PTH and P+Z groups compared to the O+T group, while declined MAR was found in the ZOL group. The immunochemistry staining of OCN further indicated that peri-implant osteoblast activities, inhibited by Ti particles, were reversed by the PTH treatment, with or without ZOL (Figure 6). Furthermore, a serum bone formation marker, GLA-OCN, was measured to evaluate the systemic effects of combined therapy and monotherapy (30). Figure 7A revealed that, compared with the O+T group, increased serum GLA-OCN levels (F=13.79, df 5 and 27, p<0.01) were found under PTH alone treatment, while ZOL monotherapy decreased the level, consistent with the fluorescence labeling results. Interestingly, no differences were observed between the O+T group and the P+Z group, unlike the mineral apposition data.




Figure 5 |  Different effects of combined therapy or monotherapy on bone formation and osteoclast formation in the animal model. (A) Representative images of alizarin red (red) and calcein (green) labels were observed. (B) Representative images of TRAP staining were presented. The (C) MAR, (D) MS/BS, (E) N.Oc/BS and (F) OcS/BS were analyzed with sections. Values expressed are means ± SD, n=5; *p<0.05, **p<0.01, significantly different compared with the O+T group. "ns", no significant difference.






Figure 6 | The effects of combined therapy or monotherapy on the expression of OCN (A) and RANKL (B) in peri-implant bone. Representative IHC staining images of OCN and RANKL were visualized.






Figure 7 | The effects of combined or single treatment on serum levels of GLA-OCN and CTX-1 in the animal model. The serum levels of GLA-OCN (A) and CTX-1 (B) were measured using ELISA. Values expressed are means ± SD; n=5~6; *p<0.05, **p<0.01, significantly different compared between two groups.



TRAP staining was used to examine the influence on periprosthetic osteoclast formation under different treatments. As presented in Figures 5B, E, F, no difference but an increasing trend of osteoclasts was found in the OVX group in comparison with the NC group. Ti particles significantly stimulated osteoclast formation in the OVX rats, resulting in the elevation of N.OC/BS (F=7.971, df 5 and 24, p<0.01) and OC.S/BS (F=9.520, df 5 and 24, p<0.01). However, a considerable inhibition on the osteoclast number and size was observed with the treatment of ZOL monotherapy, while no differences were demonstrated with combined therapy or PTH monotherapy. Due to the critical role RANKL plays during osteoclastogenesis, we investigated the expression of RANKL around the implants (31). An increased expression of RANKL was found in the peri-implant region in the O+T group, compared with that in the other groups, while combined or single treatment of PTH and ZOL reduced the expression (Figure 6). Moreover, serum CTX-1 levels (F=8.667, df 5 and 28, p<0.01) were measured to confirm this further. Unexpectedly, as shown in Figure 7B, Ti particle-induced serum CTX-1 level elevation was reversed by both single PTH and single ZOL treatment, whereas no changes were observed in the P+Z group.




Discussion

In the present study, the combined treatment and monotherapy of PTH and ZOL enhanced periprosthetic bone volume and bone-implant contact and intramedullary implant stability in a debris wear-induced periprosthetic osteolysis under a condition of osteoporosis. Moreover, combined PTH and ZOL therapy revealed an additive effect on preventing periprosthetic osteolysis and improving prosthetic anchorage, exhibiting a greater improvement than monotherapy, even similar or higher than the NC group. Thus, our findings indicated that combination or monotherapy with PTH and/or ZOL might be a promising strategy for preventing early-stage implant loosening in patients with severe osteoporosis.

Various strategies have been attempted to attenuate periprosthetic osteolysis and subsequently implant loosening, including prosthesis modification and systemic agent administration (13). Particularly, agents targeting at regulating bone metabolism have been found effective on implant loosening prevention in animal models, such as sclerostin antibody, alendronate (14, 29). Our group has previously proved the protective effect of intermittent PTH administration or weekly ZOL injection on periprosthetic osteolysis, indicating that these were potential ways to prevent implant loosening (17, 19, 32). Additionally, clinical case reports and trials also provided evidence that agents (such as denosumab and PTH) inhibited periprosthetic bone loss and improved early-stage implant loosening after arthroplasty (20, 21, 33). However, considerable concern should be taken into account, as all these agents are only approved for osteoporosis treatment rather than the treatment of implant loosening. Osteoporosis has been found to increase the morbidity of implant loosening and accelerate the disease progression due to the poor periprosthetic bone quality (8, 9). In this study, we performed the OVX surgery 12 weeks before establishing the debris wear-induced periprosthetic osteolytic model. Female SD rats weighing 200–250 g are regarded as sexually mature preoperatively, in which bone remodeling prevails to bone modeling and is suitable for OVX surgery (34). Simultaneously, constant bone mass was reported to be observed in rats 12 weeks after OVX previously, with a significant bone loss, indicating that the animal model was approaching to aged- or postmenopausalrelated osteoporosis clinically (35). Reduced bone mass, atrophic uterus, and elevated weight observed 12 weeks after OVX surgery in our study certified the successful establishment of the animal model of osteoporosis, meeting the indications of anti-osteoporotic drugs. The subsequent surgery for implant loosening was performed based on the osteoporotic model afterward. A clinical study has shown that osteoporosis is found to be a comorbidity with aseptic loosening (9). Consistent with this clinical study, our research demonstrated that significantly decreased maximal pull-out force and peri-implant bone mass were observed in the OVX group, further confirming that osteoporosis might increase the chance of aseptic loosening. Moreover, a murine study proved that osteoporosis aggravated Ti particle-induced calvarial osteolysis in vivo (18). In our research, increased pseudomembrane and decreased BIC were observed between the OVX group and the O+T group, while no significant differences but downregulated trends were found in biomechanical strength and periprosthetic bone mass. The dense pseudomembrane formation and reduced bone contact confirmed that the periprosthetic osteolytic model has also been built successfully. By contrast, biomechanical strength and periprosthetic bone mass results exhibited no differences but reduced trends, which might be caused by 12-week OVX-induced severe bone loss. Although debris wears accelerated bone loss, it might attenuate the variation between the OVX groups with and without Ti particles.

ZOL, a representative bisphosphonate, serves as the first-line antiosteoporotic agent clinically worldwide. Several nationwide clinical studies clarified that bisphosphonate in patients with THA exhibited a lower risk for revision surgery, indicating that bisphosphonate use is encouraged in patients suffering from osteoporosis and candidates for THA (25, 36). Animal studies also proved that both local and system administrations of bisphosphonate displayed a capacity to prevent particle-induced osteolysis by diminishing bone loss and fiber formation (18, 19, 32). In this study, the systemic administration of ZOL has not improved implant anchorage compared with the O+T group. However, micro-CT and histological results demonstrated that periprosthetic bone loss induced by the synergistic effect of osteoporosis and particles was reversed markedly under ZOL treatment via manifesting the increased BMD, BV/TV, Tb.N, Tb.Th, and Conn.D, as well as reduced BS/BV and Tb.Sp. Inflammation and osteoclastic resorption play crucial roles in osteoporosis and particle-induced osteolysis, resulting in excessive bone destruction. ZOL has confirmed the suppressive effects on bone loss in several animal models, aiming to inhibit osteoclast differentiation and osteoclastic function and induce apoptosis by modulating the mevalonate pathway and diminishing adherence to osteoclast onto the bone surface (37, 38). According to those studies above, in our research, the obviously elevated number and size of osteoclasts were confirmed under the synergistic action of osteoporosis and periprosthetic osteolysis while they were impaired after ZOL treatment. Mechanically, RANKL initiates the activation of signaling cascades and drives osteoclast differentiation and function (39). Ramage et al. indicated that RANKL was highly expressed in fibroblast cells located at the periprosthetic membrane, regulating focalized bone resorption (40). Our IHC results showed the abundant expression of RANKL in the pseudomembrane, whereas ZOL administration attenuated RANKL expression in fibrous tissues. In addition, reduced fibrous pseudomembrane formation was observed under ZOL administration. Since bisphosphonates have not exhibited inhibitory effects on wear debris-induced inflammation in a dog model and human specimens, the explanation was that ZOL decreased osteoclastic resorptive regions, which was presumably filled with fibrous tissues formed by ongoing inflammation-facilitated cell necrosis and fibrosis (41, 42). The inhibition of bone formation by ZOL has been reported previously that ZOL downregulates the proliferation, differentiation, maturation, and function of osteoblasts (23, 43). Our findings further demonstrated a similar result that ZOL reduced the bone formation rate and OCN expression in this animal model. Simultaneously, the serum level of GLA-OCN and CTX-1 further confirmed the suppressive effects of ZOL on both bone formation and bone resorption. Thus, our result demonstrated that ZOL could inhibit peri-implant bone loss but played a limited role in preventing implant loosening.

A considerable enhancement on implant fixation was exhibited under daily PTH treatment, compared with that in the O+T group, with improved stiffness and maximal pull-out force. Several studies from our group and other groups have exhibited beneficial effects on improving prosthetic fixation (17, 32, 44). Recently, some case reports also indicated the clinical efficacy of PTH on the improvement of early-stage implant loosening, with the disappearance of the radiographic line, which is consistent with our findings (20–22). Moreover, PTH showed a more substantial beneficial effect on the biomechanical test than ZOL in this study, which has been proven in other studies before (45). On the contrary, the local administration of ZOL contributed a better potential than PTH on the maximal push-out force in a rat model of initial stability, suggesting that different methods of administration might produce different efficiencies (44). Increased periprosthetic bone mass and decreased pseudomembrane formation are considered to contribute to the enhancement of implant stability (26). PTH is a commonly used anabolic agent on bone remodeling regulation, demonstrating accelerative effects on osteoblastic bone formation and osteoclastic resorption (46). Furthermore, intermittent administration of PTH has shown a greater promotive effect on bone formation than bone resorption, resulting in an elevation of bone mass (47). In this study, elevated trabecular bone and reduced periprosthetic fibrous membrane formed around the implants after PTH treatment, with a significantly raised bone formation rate. The presence of wear debris stimulates the process of chronic inflammation, which disrupts bone formation by impairing osteoblastic proliferation, differentiation, and maturation, as well as inducing apoptosis (48). PTH has been reported to enhance cell activity, prolong the lifespan, reduce the apoptosis of osteoblasts, and promote osteogenic differentiation of MSCs, which greatly supports our findings (49, 50). A higher expression of OCN in peri-implant bone and serum with PTH treatment further confirmed the anabolic effects on bone formation. In addition, less fibrous tissue was observed in the BIC region under PTH treatment, providing better contact between bone and the implant. This finding was consistent with the results reported in a previous study, in which the authors found that PTH exerted a suppressive effect on fibrosis (51).

The exact effects of combined administration with PTH and ZOL remain controversial. No additive effect of PTH and alendronate was exerted in the treatment of osteoporosis in men or postmenopausal women (52, 53); However, Cosman et al. found that the combination therapy of PTH (20 μg daily) and ZOL (5 mg per year) showed an additive effect and a substantial increments in the BMS of spine and hip (54). In addition, some animal studies also confirmed the beneficial effects of combination therapy on promoting implant fixation, preventing disuse-induced osteopenia, and improving posterior lumbar vertebral fusion, compared with PTH or ZOL monotherapy (23, 24, 44). Thus, we hypothesized that conjunctive use of PTH and ZOL exhibited a better preventive effect than PTH or ZOL alone on particle-induced implant loosening in a rat model with osteoporosis. In the present study, the combined PTH with ZOL was found to be effective in maintaining peri-implant bone mass and facilitating the stability of the implant, which is in accordance with the previous studies. Outstanding improvement of maximal pull-out force and stiffness was observed in the combination therapy group, with a similar efficiency with PTH alone but higher than in the ZOL and NC groups. The additive effect on bone mass raise was also exhibited in micro-CT and histomorphological results, along with significantly decreased pseudomembrane thickness. Nevertheless, the major concern is whether the anabolic effect of PTH would be blunted when combined with bisphosphonates (55). Our study demonstrated a similar anabolic effect with the PTH group, which is not impaired obviously by ZOL administration. On the other hand, ZOL-induced inhibition of osteoclasts was slightly counteracted by the utilization of PTH, which is confirmed by the serum results and TRAP staining, resulting in good bone homeostasis. Unexpectedly, the inhibited serum CTX-1 level by PTH or ZOL was reversed with the combination therapy at the level of the NC group. There is no plausible explanation for the interesting phenomenon. Taken together, the combination therapy of PTH and ZOL exerted a superior effect than monotherapy, with better fixation strength and peri-implant bone mass and restoring the bone turnover to the normal level.

Various cells are involved in the process of periprosthetic osteolysis, such as osteoclasts, osteoblasts, fibroblasts, and osteocytes. Osteoblasts and osteoclasts play crucial roles in regulating bone metabolism, and reactions were observed in osteoblasts and osteoclasts after particle wear stimulation during the process of prosthetic osteolysis. Chemokines and proinflammatory cytokines, including tumor necrosis factor (TNF)-α, interleukin (IL)-1β, IL-6, IL-11, and macrophage colony-stimulating factor (M-CSF), were secreted in the presence of debris wears, which is in response to an innate host immune stimulation, resulting in excessive osteoclast formation and activity (56, 57). RANKL-RANK-osteoprotegerin (OPG) axis plays an essential role in osteoclastogenesis, while TNF-α and IL-1β support the survival, differentiation, and activation of osteoclasts (58, 59). When RANKL binds to RANK, a series of downstream signaling cascades are initiated, including the ERK, p38, JNK, and NF-κB pathways, subsequently promoting the auto-amplification of the nuclear factor of activated T cells, cytoplasmic, calcineurin-dependent 1 (NFATc1, the key molecule of osteoclastogenesis), resulting in osteoclastogenesis (26). ZOL has been widely used to treat osteoporosis with preventive effects on osteoclastogenesis. Inhibiting farnesyl diphosphate (FPP) synthase, a key enzyme of the mevalonate pathway, is generally considered the main molecular mechanism of ZOL on suppressing osteoclast formation antiresorptive potency (60). With a similar mechanism of osteoclastogenesis in periprosthetic osteolysis and osteoporosis, the suppression of the mevalonate pathway might also be the mechanism of ZOL on preventing periprosthetic osteolysis. In the meantime, osteoblast functions are impaired under particle wear stimulation, exhibiting supranuclear vacuolization, cell cycle arrest, and elevated DNA damage (61). Moreover, the adverse effects of viability, proliferation, adhesion, migration, osteogenic differentiation, and mineralization on osteoblasts were also observed in the presence of particle wear (48). In the mechanism, wnt/β-catenin and BMP/Smad signaling pathways were impaired by particles during osteogenic differentiation (62). In addition, OPG, secreted by osteoblasts, is found to be suppressed in periprosthetic osteolysis, resulting in the imbalance of OPG/RANK/RANKL axis (63). Teriparatide (PTH 1-34) has exhibited its capacity to improve bone formation via PKA (protein kinase A) and Wnt/b-catenin pathways and also stimulate OPG secretion (64). Here, we think that the Wnt/β-catenin pathways and OPG/RANK/RANKL axis might be involved in the mechanism of PTH-treated periprosthetic osteolysis by improving osteogenic differentiation, viability, proliferation, adhesion, and migration, as well as attenuating DNA damage.

Some limitations are worth being concerned to our study. Although polyethylene wear particles are considered the leading cause for implant loosening rather than metal particles, metal particles still play a role. They are confirmed to be effective during the initiation and process of peri-implant osteolysis in vivo and in vitro (65). Thus, we used Ti particles here to establish the animal model. In addition, the 6-week duration of particle-induced osteolysis could not represent the entire process of pathological changes. A study with a long period is needed further. Moreover, as the maximum treatment duration with PTH is approved to 24 months in lifespan and the withdrawal of PTH has been proven to lead to the deterioration of implant fixation in a particle-induced osteolytic model, it would be valuable to explore whether the usage of ZOL should be continued when withdrawing PTH, after a period of combined PTH with ZOL (32, 66).

In conclusion, Ti particles deteriorated implant fixation strength, along with periprosthetic bone loss and increased pseudomembrane formation in an OVX rat model. PTH monotherapy or combined PTH with ZOL exerted a protective effect on maintaining implant stability by elevating periprosthetic bone mass and inhibiting pseudomembrane formation via regulating bone metabolism. Moreover, an additive effect was observed when combining PTH with ZOL, resulting in better fixation strength, higher periprosthetic bone mass, and less pseudomembrane than PTH monotherapy. Taken together, our results suggested that combination therapy of PTH and ZOL might be a promising approach for the intervention of early-stage implant loosening in patients with osteoporosis.
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Background

Sex hormones are recognized to play a significant role in increasing bone mineral density (BMD) and promoting bone maturation during adolescence. The purpose of our study was to use a database with large population data to evaluate the association of BMD with sex hormones (including testosterone and estradiol) and sex hormone-binding globulin (SHBG) in adolescent boys and girls aged 12–19 years.



Methods

The data for our study were taken from the National Health and Nutrition Examination Survey 2013-2016, and we used weighted multiple linear regression models to assess the relationship between testosterone, estradiol, and SHBG and total BMD. We use weighted generalized additive models and smooth curve fitting to discover underlying nonlinear relationships.



Results

A total of 1648 teenagers (853 boys, 795 girls) were selected for the final analysis. In boys, testosterone and estradiol levels were positively associated with total BMD, whereas SHBG levels were negatively associated with total BMD after adjusting for covariates [P < 0.05; 95% confidence interval (CI)]. In addition, there was a point between estradiol and total BMD, after which the positive correlation between estradiol and total BMD was relatively insignificant in boys. In girls, there was a positive association between estradiol and total BMD (P < 0.05; 95% CI), but there was no significant association between the testosterone (β 0.0004; 95% CI -0.0001 to 0.0008) or SHBG (β -0.0001; 95% CI -0.0002 to 0.0001) levels and total BMD. We also found an inverted U-shaped association between testosterone and total BMD with the inflection point at 25.4 ng/dL of testosterone.



Conclusions

We found differences in the association of sex hormones with total BMD in boys and girls. Based on our findings, an appropriate increase in serum testosterone levels may be beneficial for skeletal development in girls because of the inverted U-shaped relationship (with the inflection point at 25.4 ng/dL of testosterone), and a high testosterone level might be detrimental to BMD. Furthermore, keeping estradiol levels below a certain level in boys (24.3 pg/mL) may be considered.
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Introduction

Osteoporosis is a major public health issue that threatens the health of millions of people globally (1). It is characterized by very low bone mass and destruction of the microstructure of the bone, which greatly increases the risk of fracture. It is well known that adolescence is an important period of bone growth, development, and maturation. During adolescence, bone builds up and grows rapidly. By the end of puberty, the bone mass approaches approximately 90% of the adult peak bone mass (2). Obtaining a higher bone mineral density (BMD) during adolescence is essential for bone mass gain and bone maturation to achieve a higher peak bone mass for prevention of osteoporosis in old age (3).

Sex hormones and growth hormone (GH) are the main determinants of BMD, and sex hormones are recognized to play a significant role in increasing BMD and promoting bone maturation during adolescence. Estrogens modulate changes in bone geometry during puberty and stimulate periosteal bone deposition while inhibiting cortical bone resorption (4). Testosterones increase bone diameter by increasing periosteal apposition (5). A marked increase in sex hormone levels occurs during puberty, as boys and girls develop differences in their skeletal development owing to the differences in sex hormone levels in their bodies.

Sex hormone-binding globulin (SHBG) is synthesized by the liver and released into the bloodstream, where it regulates the bioavailability of sex hormones by binding to them (6). Studies have thus far evaluated the association of SHBG with BMD in adults, postmenopausal women, and older adults (7–9). However, the association in adolescent boys and girls remains inconclusive. The purpose of our study was to use a database with large population data to evaluate the association of BMD with sex hormones (including testosterone and estradiol) and SHBG in adolescent boys and girls aged 12–19 years.



Materials and Methods


Data Source

The National Health and Nutrition Examination Survey (NHANES) is a large, population-based cross-sectional survey aimed at gathering information on the health and nutrition of the general American population. The National Center for Health Statistics (NCHS) authorized and conducted these surveys.

The data for our study were gathered from the NHANES 2013-2016. The population of this study was restricted to adolescents aged 12–19 years. After filtering according to the flow chart (Figure 1), 1648 participants (853 boys, 795 girls) aged 12–19 years were selected for the final analysis.




Figure 1 | Research flow chart.



The NHANES was approved by the NCHS Ethical Review Board, and informed consent was obtained from all participants. For those under the age of 18, informed consent was provided by their parents/guardians and those aged 18 and over provided their own consent.



Study Variables

The exposure variables of this study were testosterone, estradiol and SHBG levels. Testosterone and estradiol were measured by isotope dilution liquid chromatography tandem mass spectrometry (ID-LC–MS/MS). SHBG was measured based on its reaction with immuno-antibodies and chemo-luminescence. The outcome variable was total BMD, which was measured using dual-energy X-ray absorptiometry. The following categorical variables were included in our analysis as covariates: race and moderate activities. The continuous covariates in our study were as follows: age, body mass index, the family income-to-poverty ratio, and blood urea nitrogen, serum uric acid, total protein, total cholesterol, serum phosphorus, and serum calcium levels. The family income-to-poverty ratio was calculated by dividing the annual family income by the poverty guideline. More information on testosterone, estradiol, SHBG, total BMD and all covariates can be found at https://www.cdc.gov/nchs/nhanes/.



Statistical Analyses

All analyses were calculated based on the weights of the NHANES samples. The participants in the study were divided into quartiles based on testosterone, estradiol or SHBG levels. In accordance with the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) statement (10), we developed three models: Model 1: no covariates were adjusted; Model 2: age and race were adjusted; and Model 3: all covariates were adjusted. We assessed the independent association of testosterone, estradiol, and SHBG with total BMD separately using weighted multiple linear regression models. We revealed underlying nonlinear associations by using weighted generalized additive models and smooth curve fitting. In addition, we used a two-piecewise linear regression model to calculate the threshold effects when nonlinear associations existed.

The continuous and categorical variables are presented as the mean ± standard deviation and percentage, respectively. The statistical significance was set at P<0.05 for this study. All statistical analyses were carried out by EmpowerStats software (http://www.empowerstats.com) and R software (version 3.4.3).




Results

Tables 1, 2 show the descriptions of the sociodemographic and medical characteristics of boys and girls, respectively. In Table 1, we divided the testosterone, estradiol and SHBG levels of 853 boys into quartiles (Q1-Q4; from Q1 to Q4, the levels gradually increase). For testosterone levels, boys with higher testosterone levels had higher levels of total BMD than boys in the Q1 group. For estradiol levels, from Q1 to Q4, estradiol levels increased, with a corresponding increase in total BMD levels. However, this trend was reversed for SHBG levels, and boys with higher SHBG levels had lower total BMD levels. In Table 2, the testosterone, estradiol and SHBG levels of 795 girls were divided into quartiles. For testosterone levels, girls with higher testosterone levels had higher total BMD levels. For estradiol levels, girls in the Q2 group had the lowest total BMD. Among the SHBG level groups, the total BMD level was lowest in the Q3 group.


Table 1 | Descriptions of 853 boys included in the present study.




Table 2 | Descriptions of 795 girls included in the present study.




Association Between Testosterone and Total BMD

In boys (Table 3; Figure 2), the association between testosterone and total BMD was positive in all three regression models (Table 3): Model 1 [0.0003 (0.0002, 0.0003)]; Model 2 [0.0001 (0.0000, 0.0001)]; and Model 3 [0.0001 (0.0001, 0.0002)]. The P values were all statistically significant (P<0.001).


Table 3 | Association of serum testosterone, estradiol, and sex hormone-binding globulin levels with total bone mineral density in boys.






Figure 2 | The association between testosterone (A, B), estradiol (C, D), and SHBG (E, F) and total bone mineral density in boys, respectively. (A, C, E) Each black point represents a sample. (B, D, F) Solid red line represents the smooth curve fit between variables. Blue bands represent the 95% of confidence interval from the fit. Adjusted for age, race, body mass index, ratio of family income to poverty, moderate activities, blood urea nitrogen, serum uric acid, total protein, total cholesterol, serum phosphorus, and serum calcium.



In girls (Table 4; Figure 3), the association of testosterone with total BMD was positive in Model 1 [0.0014 (0.0008, 0.0019)] and Model 2 [0.0006 (0.0000, 0.0011)], whereas in Model 3, the association was not significant [0.0004 (-0.0001, 0.0008)] (Table 4). The P values for all three models were statistically significant (P < 0.05). The nonlinear association between testosterone and total BMD is presented in Figure 3B. The inflection point of the inverted U-shaped curve between testosterone and total BMD was calculated to be a testosterone level of 25.4 ng/dL by using a two-piecewise linear regression model (Table 5).


Table 4 | Association of serum testosterone, estradiol, and sex hormone-binding globulin levels with total bone mineral density in girls.






Figure 3 | The association between testosterone (A, B), estradiol (C, D), and SHBG (E, F) and total bone mineral density in girls, respectively. (A, C, E) Each black point represents a sample. (B, D, F), Solid red line represents the smooth curve fit between variables. Blue bands represent the 95% of confidence interval from the fit. Adjusted for age, race, body mass index, ratio of family income to poverty, moderate activities, blood urea nitrogen, serum uric acid, total protein, total cholesterol, serum phosphorus, and serum calcium.




Table 5 | Threshold effect analysis of serum testosterone level on total bone mineral density using two-piecewise linear regression model.





Association Between Estradiol and Total BMD

In boys (Table 3; Figure 2), estradiol was positively associated with total BMD in all three models (Table 3): Model 1 [0.0070 (0.0063, 0.0078)]; Model 2 [0.0032 (0.0024, 0.0040)]; and Model 3 [0.0029 (0.0021, 0.0037)]. The P values were all statistically significant (P<0.001). There was a specific point between estradiol and total BMD (24.3 pg/mL of estradiol), after which the positive correlation between estradiol and total BMD was relatively insignificant (Figure 2D).

In girls (Table 4; Figure 3), the association between estradiol and total BMD was positive in all three models (Table 4): Model 1 [0.0002 (0.0001, 0.0003)]; Model 2 [0.0001 (0.0000, 0.0002)]; and Model 3 [0.0001 (0.0001, 0.0002)] (P for trend < 0.05 for each).



Association Between SHBG and Total BMD

In boys (Table 3; Figure 2), SHBG was negatively associated with total BMD in all three regression models (Table 3): Model 1 [-0.0024 (-0.0027, -0.0021)]; Model 2 [-0.0011 (-0.0015, -0.0008)]; and Model 3 [-0.0007 (-0.0011, -0.0004)] (P for trend < 0.01 for each).

In girls (Table 4; Figure 3), we did not find a significant correlation between SHBG and total BMD (Table 4): Model 1 [-0.0001 (-0.0002, 0.0000)]; Model 3 [-0.0001 (-0.0002, 0.0001)]. The P value for Model 3 was not significant (P>0.05).




Discussion

The population of adolescent boys and girls selected for our study was nationally representative. The association of sex hormones with total BMD differed in boys and girls. In boys, testosterone and estradiol levels were positively associated with total BMD, whereas SHBG levels were negatively associated with total BMD. In girls, estradiol was positively associated with total BMD, whereas testosterone and SHBG levels were not significantly associated with total BMD. Notably, we found that in boys, there was a point between estradiol and total BMD (24.3 pg/mL of estradiol), after which the positive correlation between estradiol and total BMD was relatively insignificant. In girls, there was an inverted U-shaped association between total BMD and testosterone with the inflection point at 25.4 ng/dL of testosterone.

A cross-sectional study of 1070 Korean men reported that both total testosterone and free testosterone were positively correlated with BMD, and genetic effects played an important part in the association of testosterone with BMD (11). A cross-sectional study of adults aged 40-60 years reported that testosterone levels were negatively associated with total BMD (12). Furthermore, total testosterone levels were not significantly associated with total BMD in adolescent girls. However, we found that too much testosterone can not only cause virilization and infertility but also reduce BMD and affect bone health in women. However, we need more prospective intervention studies to support our findings.

A growing number of studies have reported that decreased estradiol levels are associated with decreased BMD. A study of postmenopausal women with and without osteoporosis found that serum estradiol levels were markedly lower in those with osteoporosis than in those without osteoporosis, suggesting that there was a positive association between estradiol and BMD (13). A previous study of male college athletes found that free and total estradiol levels were important positive determinants of BMD (14). Moreover, a previous genome-wide study confirmed the role of estradiol on BMD and bone health in men and women (15). In our study, we found that the relationship between estradiol and total BMD in boys was not always significantly positive.

A cross-sectional study of US adults reported that the value of SHBG for predicting bone loss in adults may improve (7). A previous cross-sectional study of 142 Moroccan men with no prior diagnosis of osteoporosis reported that BMD at the total hip was negatively correlated with SHBG (16). A study of Chinese men over 45 years old reported a negative correlation between serum SHBG levels and BMD (17). Additionally, a study of premenopausal women reported a negative relationship between SHBG levels and bone mass (18). The evidence mentioned above suggests that higher SHBG levels may play a significant role in the development of osteoporosis. In our study, this relationship was not significant in girls.

Our data were obtained from the NHANES, and NHANES data were acquired according to standard protocols, which ensures that our findings are consistent and accurate. However, we should clearly recognize the limitations of our study. First, the NHANES is a large cross-sectional survey and therefore cannot determine causal relationships between exposure factors and outcome variables, and more cohort studies are needed to confirm our conclusions. Second, the samples in the NHANES were only assessed once, and some data were missing, which may lead to potential bias. Therefore, it is recommended that further studies are required to perform multiple tests. Third, although we used nationally representative population data, the study was limited to adolescent boys and girls aged 12–19 years. Consequently, the study’s conclusions may not be applicable to children and other populations.



Conclusion

We found differences in the association of sex hormones with total BMD in boys and girls. An inverted U-shaped association between testosterone levels and total BMD in girls with the inflection point at 25.4 ng/dL of testosterone suggests that an appropriate increase in serum testosterone levels may be beneficial for skeletal development, whereas a high testosterone level may be detrimental to BMD. Furthermore, keeping estradiol levels below a certain level in boys (24.3 pg/mL) may be considered.
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Testosterone Estradiol Sex hormone-binding globulin

at Q2 Q3 Q4 Pvalie Q1 Q2 Q3 Q4 Pvalue at Q2 Q3 Q4 Palue
Age (years) 1465+ 1528 1544 1586% <0.0001 1528 1495: 1530% 1585: 00004 Age (years) 1535+ 1585+ 1520 1541% 07709
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Race/Ethnicity (%) 08543 0.0075  Race/Ethnicity (%) <0.0001
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Non-Hispanic 6397 5499 5655 5600 6619 5236 5165 4947 Non-Hispanic 4375 4907 5331 7100
White White
Non-Hispanic 1079 1053 1052 1286 809 194 1188 1377 Non-Hispanic 9.8 1169 1359 979
Black Black
Other Race/ 9.47 7.46 1147 11.00 985 817 1100 1068 Other Race/ 1086 1890 952 635
Ethnicity Ethricity
Body massindex 2375+ 2381x 2550+ 2514x 00050 24.46% 2487+ 2475+ 2431x 07984 Bodymassindex 2998 2529: 2223x 2198x  <0.0001
(kg/m?) 565 557 715 571 561 6.60 6.15 6.12 (kg/m?) 694 494 419 485
ncometopoverty 542+ 563+ 465+ 460+ 01077 475+ 545: 531+ 485+ 04134 Icometopovery 625+ 480+ 503+  445: 00025
ratio 6.79 632 1.82 356 396 7.33 496 2.40 ratio 7.93 379 4.16 298
Moderate 00164 <0.0001 Moderate 00267
activties (%) actiities (%)
Yes 5660 5411 5638 5233 6511 5686 4596 4941 Yes 5262 5069 5367 5358
No 4274 4522 3094 4767 3480 4212 4991 5037 No 4677 4031 4268 4560
Not recorded 058 066 368 1.02 413 022 Not recorded 061 365 082
Blood urea 16204+ 1075+ 1065+ 1029+ 02049 1074+ 1085 1004 1018+ 00649 Blood urea 988+ 1066+ 1058+ 1065+ 01106
nittogen (mg/dl)  26.82 340 494 272 3.00 5.11 280 318 nitrogen (mg/dL) 255 267 338 492
Seumuricacd 449+ 4833+  463x  441: 00249 440+  468x 443+ 487+ 00157 Seumuicacd 520+ 441+  427x  414x  <0.0001
(mg/dL) 1.02 1.07 1.07 1.04 097 1.24 094 1.04 (mg/dL) 1.18 097 086 091
Total protein (/L) 16204+ 15857+ 15860+ 16469+ 00970 16393+ 161.98% 16137+ 15604+ 00463 Totalprotein (@l) 16554 15581+ 15591+ 16594% <0.0001
2682 2032 2011 3073 2882 2923 2080 2843 3269 2667 2526 3004
Total cholesterol 7145+ 7198+ 7287+ 7176+ 01302 7180+ 7227+ 7202+ 7156+ 03584 Totalcholesterol 7230+ 7261% 7216+ 7085%  <0.0001
(mg/dlL) 376 397 433 401 375 4.06 456 379 (mg/dlL) 4.08 403 376 4.06
Serum 439+  426:  418x 416 00003 428+ 435: 419 412 00004 Seum 420:  419: 432 425 01179
phosphorus g/ 0.62 056 055 052 061 059 053 050 phosphorus g/ 0.63 051 054 059
aL) dl)
Seumcalcum 956+  953x  954x 952+ 06382 955+  956x  955: 950 02507 Seumcalcum 956+  950% 960+ 950 00009
(mg/dlL) 032 027 032 029 034 027 028 031 (mg/dL) 030 027 027 034
Total BVD (/o9 098+ 102+ 108+ 104+  <00001 101+  100& 102+ 104+ 00023 TotalBMD(g/om?) 1.04:+  104% 100+ 101x  <0.0001
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Mean + SD for continuous variables:

Lvake was calculaled by weighied lnear rearession model. % for categorical variables: P-vakue wes.
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Testosterone Estradiol Sex hormone-binding globulin

at Q2 Q3 Q4 Pvalie Q1 Q2 Q3 Q4 Pvalue at Q2 Q3 Q4 Palue

Age (years) 1342+ 1652& 1627% 16.12% <0.0001 1819 1511 1627+ 1682+ <0.0001 Age(years) 1636+ 1595+ 1515 1396%  <0.0001
158 209 201 192 1.38 187 200 1.66 211 1.99 190 207

Race/Ethnicity (%) 07371 0.1357  Race/Ethnicity (%) <0.0001

Mexican American 1219 1813 1862 1573 1221 1535 1964 1778 Mexican American 2503 1862 1242 982

Other Hispanic ~ 8.72 6.02 600 9.14 712 6.17 834 7.78 Other Hispanic 9.1 9.26 563 587

Non-Hispanic ~ 57.46  57.86 5557 5249 6148 6143 4980 4977 NonHispanic ~ 44.42 5278 5675  67.35

White White

Non-Hispanic 1314 991 1082 1890 1297 1024 1122 1345 Non-Hispanic 9.7 1000 1550 1234

Black Black

Other Race/ 850 807 888 874 561 6.81 1099 11.23 Other Race/ 187 925 969 462

Ethnicity Ethnicity

Body massindex 2386+ 2559: 2415% 2214x <00001 2123: 2316% 2663+ 2627: <00001 Bodymassindex 3036 24.47: 2209% 1995%  <0.0001

kg/m) 7.16 7.70 494 3.60 470 561 7.03 637 (kg/m?) 6.86 536 382 337

Income to poverty 4.75 + 493 + 491+ 515+ 0.7277 481+ 484 + 510+ 5.00 + 0.8183  Income to poverty 4.94 + 473 + 528+ 481+ 0.4334

ratio 1.79 368 262 543 1.81 350 479 388 ratio 259 293 541 291

Moderate 01443 00014 Moderate 06156

activtes (%) actiities (%)

Yes 5008 5854 5635 5527 5699 6367 4974 5831 Yes 5543 5583 6146 5690

No 3831 3985 4332 4473 3961 8577 4961 4169 No 4314 4393 3694 4162

Not recorded 261 1.61 033 339 056 065 Not recorded 1.43 024 1.60 1.48

Blood urea 1186+ 1232+ 11.92x 1177+ 08781 1208+ 1220+ 1162+ 1196+ 03641 Blood urea 1164+ 1220: 1246 1163 00310

nitrogen (mg/dL)  3.63 3.48 308 374 3.48 354 355 341 nitrogen (mg/dL)  3.23 3.43 383 3.43

Seumuicacd 518+  583x  583x  560%  <00001 477+ 570x 596+ 605+  <00001 Seumuicacd 647:  578%  551x  483x  <0.0001

(mg/dL) 1.30 1.33 1.08 097 1.05 1.12 1.04 116 (mg/dL) 1.16 097 1.07 1.01

Total protein (@) 7140+ 7216x 7299% 7329x <00001 70.78% 7245: 7281+ 7382: <00001 Totalprotein(@l) 7336% 7295: 7253% 7112x  <0.0001
416 429 437 435 427 432 4.06 416 430 438 433 407

Total cholesterol 16576+ 165583+ 15324+ 15498+ 08190 15401+ 150.38+ 15450+ 16142+ 0.0013 Total cholesterol 16222+ 15326+ 15059+ 154.14+ 0.0006

(mg/dlL) 3115 2027 2810 2885 3000 2692 2879 3094 (mg/dL) 3374 2894 2446 2889

Serum 494+  445:  425& 428  <00001 503+ 454 428  407%  <0.0001 Serum 419:  436:  455& 481  <0.0001

phosphorus (mg/  0.65 067 075 061 062 067 064 057 phosphorus (mg/  0.58 068 075 071

dL) dy)

Seumcalcum 961+  966:  968x 969+ 00115 963+  967x  962: 972& 00047 Seumcalcum 967+  966x 965+ 966 09330

(mg/dlL) 031 029 029 029 028 030 032 028 (mg/dlL) 032 029 031 027

Total BMD (g/cm?) 0.94 + 1.04 = 1.07 + 1.09+ <0.0001 091+ 1.03 1.09 + $3ta <0.0001 Total BMD (g/cm?) 1.09 + 1.08 + 1.02 + 094 + <0.0001
0.12 0.13 0.12 0.12 0.10 0.12 011 o1 0.1 0.12 0.12 0.13

Mean + SD for continuous variables:

L vatie was calculated by weighled fnear rearession modal. % for categorical variablas: P-valus was calcualed by waighited chi-souare fest.
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Inclusion

Exclusion

»  Adults and children
+  Level I-V, unpublished (“gray”) literature
»  Systematic Reviews/Meta-Analyses
* Al publication dates
» Mixed studies with animal and human subjects
* Ex) Molecular analysis of porcine and human ligaments
» Humen cadaver studies
»  Must address a scoping review question:
* Relaxin and musculoskeletal health
* Relaxin and pelvic girdle stability
* Relaxin and hip structures

Non-English

Animal only

Commentary, editorial, letters, opinion statements, technical descriptions

Studies addressing a key scoping review area (musculoskeletal health, pelvic girdle stability,

and/or hip structures) which address relaxin in a manner with negligible extractable

information

* Ex) Analysis of hormone levels versus pelvic instability which only mentions relaxin briefly
(“relaxin may also play a role in pelvic instability”)
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Subcategory Author, Year

Findings

Basic Properties
of Relaxin

Goldsmith et al. (23)
Grossman et al. (24)
Lubahn et al. (25)
MacLennan et al. (26)
Powell et al. (27)
Wolf et al. (17)

Wolf et al. (28)

Properties of Relaxin ~ Bryant-Greenwood et al.

Receptors (29)
Dragoo et al. (10)
Kapila et al. (30)
Kleine et al. (31)
MacLennan et al. (26)
Powell et al. (27)

Functional, Ando et al. (32)

Physiologic Dragoo et al. (10)

Properties of Relaxin  Galey et al. (33)
Goldsmith et al. (23)
Grossman et al. (24)
Nose-Ogura et al. (13)
Powell et al. (27)

Relaxin (RLX*) is a peptide hormone in the insulin-like growth factor (IGFT) family

Men and women have similar serum levels (400-500 pg/mL and 360-495 pg/mL), with luteal phase peaks in
women

Oral contraceptives decrease relaxin below a detectable serum level

The major gene for relaxin in humans is H2; H2 relaxin binds relaxin family peptide receptor 1 and 2

The corpus luteum produces most relaxin, but synthesis occurs in the endometrium, placenta, breast tissue,
and prostate

Relaxin is biologically and immunologically active during pregnancy

The capacity of relaxin to act locally means that serum levels do not always reflect activity

In humans, relaxin family peptide receptor-1 (RXFPi) is most common, and has the highest affinity for H2 relaxin
Relaxin binds receptors in a time-, temperature-, and pH-dependent manner

R)(FPi expression is primed by estrogen/progesterone in chondroblasts, fibrochondroblasts, myofibroblasts,
and ligaments

Estrogen-primed receptors can show maximum response at RLX " levels 10-100 times lower than normal
Estrogen, progesterone, and relaxin receptors modulate MMF’§ transcription and post-translational modification

Radioreceptor location detection is a sensitive indicator of the physiological roles of RLX™

Relaxin receptors are detectable in anterior cruciate ligament (ACLY) remnants of female, but not male, surgical
patients

RLX* binding was uniform, saturable, and specific to the synovial lining, stromal fibroblasts, and intima.

Relaxin receptors have been detected in the carpometacarpal joint of the thumb (1% CMC*) in arthroplasty
patients

The synovial lining, dorsoradial ligament, volar oblique ligament, and articular cartilage cells had receptors
Concentration of RLX receptors was significantly higher in women compared to men

Relaxin receptors have been detected in the temporomandibular joint (T1 MJ**). on fibrochondrocytes and
ligaments

Relaxin controls extracellular matrix (ECMﬁ) turnover by stimulating collagen degradation, and suppressing
synthesis

Relaxin upregulates MMPY production, specifically collagenases (MMP-1/-13) and gelatinases (MMP§-2/-9)
Active collagenases cleave tropocollagen, making it susceptible to subsequent denaturation by gelatinases

The density and organization of collagen bundles, and total local collagen content decrease

MMP§S induced by relaxin degrade collagen at a nanoscale level, and macro-level effects are not always
appreciable

Relaxin has dose-dependent and differential functioning; its effects depend on location and presence of other
hormones

There is a significant correlation between peak serum relaxin and peak serum progesterone levels

Intracellular relaxin activates MAPKI[i and PI3K§§, increasing cAMP and triggering vasodilation via MMP§—Z—9
Estrogen, progesterone, and relaxin binding synovial receptors upregulates inflammatory MMP§S‘ increasing
OA" risk

Relaxin upregulates production of collagenases and gelatinases in ligaments and fibrocartilage

During parturition, relaxin binding pubic ligaments dissociates collagen, increases water uptake, and decreases
viscosity

"RLX, relaxin.
"IGF, insulin-like growth factor.

*RXFP1 or 2, relaxin family peptide receptor 1 or 2.

SMIMP, matrix metalloproteinase.

TACL, anterior cruciate ligament.

#1st CMC, first/thumb carpometacarpal joint.
*TMJ,temporomandibular joint.

"TECM, extra-cellular matrix.

*#MAPK, mitogen-activated phosphate kinase.
$SPI3K, phosphoinositide-3-kinase.

MeAMP, cyclic adenosine monophosphate.
*OA osteoarthritis.
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Gene Primer Sequence (5’-3)
B-actin F GGAGATTACTGCCCTGGCTCCTA

R GACTCATCGTACTCCTGCTTGCTG
FOS F TGCAGACCGAGATTGCCAAT

R CCTCAGACTCTGGGGTGGTA
CTSD F GGTCCCCTCCATTCATTGCA

R ATGGAACCGACACAGTGTCC
PTPNG F TGCAGGGACGTGACAGTAAC

R TGACACGAGTGTTCTCCTGC

F Forward: R, Reverse.
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Gene Full name Synonyms Function
FOS proto-oncogene  GOS7 On TGF-beta activation, forms a multimeric SMAD3/SMAD4/JUN/FOS complex at the AP1/SMAD-binding site to regulate
c-fos TGF-beta-mediated signaling. Has a critical function in regulating the development of cells destined to form and maintain the
skeleton. It is thought to have an important role in signal transduction, cell proliferation and differentiation.
CTSD Cathepsin D CPSD Acid protease active in intracellular protein breakdown. Plays a role in APP processing following cleavage and activation by
ADAMBO0 which leads to APP degradation
PTPN6 Tyrosine-protein  HCP, Modulates signaling by tyrosine phosphorylated cell surface receptors such as KIT and the EGF receptor/EGFR. The SH2
phosphatase PTP1C regions may interact with other cellular components to modulate its own phosphatase activity against interacting substrates.

non-receptor
type 6

Together with MTUS1, induces UBE2V2 expression upon angiotensin Il stimulation. Plays a key role in hematopoiesis.





OPS/images/fendo.2022.827512/crossmark.jpg
©

2

i

|





OPS/images/fendo.2022.827512/fendo-13-827512-g001.jpg
Progesterone Peak

w=  Estrogen - M\ corpus luteum
-Luteum makes RLX
* « » Progesterone Estrogen Peak -
s Relaxin -] RXFP expression Y . Relaxin Peak
-T MMP production B Binds TRXFPs
>~ N 22 -Activates TMMPs
V 4 \ .« -| Collagen synthesis
/ \
i N\ Hormone level units
N\ Py vary in scale; figure
o shows hormone peak
/ N\ . chronology
Estrogen J - K 4 M e
- en oo ey P> R 4 CD: cycle day
- . ‘ RXFP: relaxin fanuly
Relaxin peptide receptor
_Relaxin | \ iy
\ metalloprotmnas' inase
RILX: relaxin
Progesterone

® 9P 00O OO0 OSOSTOOOCEOOOBS O ‘00005°°°. °
oo 09°

CD1 CD5 CD14 CD21 CD24 CD28
Start Menses End Menses Ovulation Cycle Ends

Menses t Proliferative Phase $1 Secretory Phase 4
Follicular Phase t Luteal Phase ,





OPS/images/fendo.2021.815245/fendo-12-815245-g007.jpg





OPS/images/fendo.2021.815245/table1.jpg
Sr. No

GEO Accession Total samples

Selected samples Platform

Source tissue

19 samples

GSE2208 Sample types:
10 high BMD

9 low BMD

80 samples

GSE56815  Sample types:
40 high BMD

40 low BMD

10 samples

GPL96 Sample types:
5 PreH BMD

5 postl. BMD

40 samples

GPL96 Sample types:
20 PreH BMD

20 postL BMD

blood monocytes

blood monocytes
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Relaxin and Tendons, Armold et al. (8) «  4-year careers of 128 Division 1 collegiate female athletes in sports with the highest ACLY tear risk—basketball,
Ligaments of the Leg gnf)tphy Tt Ial, g.) lacrosse, field hockey, and soccer— tested SRC* during mid-luteal phase, cD™ 21-24
Drlaggoee? z;l.( (1; «  Cumulative career incidence of ACLt tears was 21.9%; associated average SRC* was higher (6.0 + 8.1 vs. 1.8 +
Dragoo et al. (9) 34, p<0.013)
Pearson etal. (35) *  Subgroup: 46/128 athletes with detectable SRC*- ACLi tear incidence was 30.4% (14/46) with associated
average SRC* 12.1 + 7.7 (vs. 5.7 + 3.6, p<0.002)
«  Trial of ACLi injury risk screening at SRC* 6.0 pg/mL: Screen was 71% sensitive, 69% specific; vaii 52%,
NPvTT 8%
«  Conclusion: Elite female athletes with SRC*>6.0 pg/mL had 4 times more ACLi tears (RRH* 4.4, xz p=0.003,
ROC® 0.002)
+ A separate analysis of the same 128 D1 female athletes assessed SRC* vs. menstrual cycle status
« With OCP** use: SRC* 1.41 (vs. 3.08, p<0.002); significant lower SPC™" was also seen (2.8 vs. 6.99, p<0.0002)
+ Without OCP** use: No significant SRC* difference in eumenorrheic vs. amenorrheic vs. oligomenorrheic athletes
+ Sex-spedific neuromuscular differences account for some disparity in ACLY tear rates, but hormonal difierences
are also involved
«  Current biomechanics training has some success, role of fatigue in competition unknown
. AGLt estroger/progesterone/relaxin/testosterone receptors; due to the complexity of hormone signaling, single-
timepoint analyses are not reliable
.+ 165,748 females ACL reconstruction patients assessed for use of OCPs™**: OR™ for ACL tear on OCPs"* was
0.82
*  Most significant in 15-19 yo age group with OR*** 0.37, a 63% risk reduction, NNTTTT of 6
«  Eumenorrheic females, no OCPs**: Luteal phase SRC* peaks correlated with laxity of patellar tendon, no change
in gastrocnemius
Relaxin and the Thumb ~ Komatsuetal. (36) » cmcS arthroplasty patients with elevated SRC* expressed increased RXFP1 *in nearby ligaments

S o
CMC* Joint Wolf et al. (15) RXFP1¥ upregulates MMP1-> increases joint laxity, abnormal loading

Wolf et al. (4)
@ CMC§ subluxation risk positively correlates with detectable SRC*
«  Effects of relaxin should be considered during CMC§ ligament repairs in women of childbearing age
Relaxin and the Jaw, Deniz et al. (14) +  TMJD" patients with oaH and joint effusion had higher synovial fluid relaxin levels vs. TMJDY patients with
Mouth Deniz et al. (37) OAiit b

MeGiormay et al. (38) Weekly gingival relaxin injections did not impact tooth movement during adjustive treatment

Relaxin and the Shoulder Owens et al. (39) +  Military cadets with an episode of acute shoulder instability (47M:6F); were compared to age/sex/height/weight
matched controls
«  Those with instability had higher SRC* (3.69 vs. 2.20, p=0.02)
«  Forevery 1 pg/mL increase in SRC* at baseline, cadets were 2.18 times more likely to have an episode (95% Cl
1.01-4.76)

"RLX, Relaxin.

"RXFP1, RXFP2, Relaxin family peptide receptor 1, 2.
*ACL(R), Anterior cruciate ligament (repair).
$15t CMC, First/thumb carpometacarpal joint.
TTMJ(D), Temporomandibular joint disorder.
*SRC, Serum relaxin concentration.

**CD, [Menstrual] cycle day.

"NPV, Negative predictive value.

HppV, Positive predictive value.

$SROC, Receiver operator curve.

"MSPC, Serum progesterone concentration.
*OCP, Oral contraceptive.

**OR/RR, Odds ratio, risk ratio.

TNINT, Number needed to treat.

HTOA Osteoarthritis.
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Findings

Relaxin and the Pubic
Symphysis

Relaxin and Uterine
Ligaments

Relaxin Peripartum

Relaxin Postpartum

Relaxin and Maternal
Factors Impacting
DDH*

Relaxin and Fetal
Factors Impacting
DDH*

Relaxin and Neonatal
Findings

MacLennan et al. (40)
MacLennan et al. (41)
Schuster et al. (21)

Kieserman-Schmokler
et al. (42)

Reisenauer et al. (43)
Schott et al. (44)
Uden et al. (45)

Bookhout et al. (46)
Kristiansson et al. (47)
Ritchie et al. (48)
Saugstead et al. (49)

Borg-Stein et al. (50)
Leadbetter et al. (51)

Andren et al. (18)
Bracken et al. (52)
Forst et al. (53)
MacLennan et al. (19)
Roof et al. (54)

Andren et al. (18)
Bracken et al. (52)
Forst et al. (53)
Morey et al. (20)
Rhodes et al. (55)
Roof et al. (54)
Schuster et al. (21)
Uden et al. (45)

Andren et al. (18)
Bracken et al. (52)
Uden et al. 45)

135 women with pubic symphysis disorder (SPD*) had SRCT above the 95% percentile for an average female
population

Infants with DDHI born to mothers with PS§ instability will also have PS§ instability on exam

Pubic symphysis: Fibrocartilaginous joint, supported by symphyseal ligaments, arcuate ligaments between inferior
pubic rami, posterior sacral ligaments, and iliolumbar ligaments— outside of pregnancy, takes 2600 Ibs of force to
separate

Uterine prolapse patients have significantly higher SRCT, R2 in uterosacral ligaments—modulated by oxytocin and
relaxin

Female infants with poH* have an 11.2 times higher inguinal hernia risk in their first 3 months of life; have surgery
earlier (1 mo vs. 10 mo)

Of all operations on female infants <3 mo of age for inguinal hemias, 25% have DDHi

Pregnant women with pelvic pain and pelvic joint instability (PPPJI") were diagnosed earlier if multiparous, prior
OCP* use

Severe PPPJI" symptoms in the 3 trimester correlated with higher SF{C‘r

Infants of PPPJIT mothers tended to be post-term, higher weight, and female; 25 in 1000 had DDHi

25% of women will have disabling musculoskeletal pain of the pelvis/low back at some point during pregnancy
Primigravid women had a significant positive correlation between SFiCT and pelvic/back pain, stratified at 36
weeks

SRCT<420: 20% had lumbosacral and PS® pain

SFiCJr 420-890: 45% had lumbosacral and PS§ pain

SRCT>8QO: 55% had lumbosacral and PS§ pain, 10% had greater trochanteric pain

SPD* occurs in 1/36 pregnancies; worse F’S§ pain correlates with more PS§ separation; acute PS§ disruption
risk is 1:300-1000

Women with higher SRCT during pregnancy take significantly longer to recover

Postpartum relaxin does not return to baseline until 4-12 weeks; injury risk remains elevated; leg and foot pain
twice as likely

If the uterine wall does not put normal pressure on the femoral head/acetabular socket interface, DDH1 oceurs
Two studies found that maternal SPD* increased infant DDH1 risk five-fold; one postulated a genetic susceptibility
to relaxin

A majority of DDHt infants had primigravid mothers; risk is also increased in twin births, (monozygotic>dizygotic)
A sibling with DDHi increases risk 4.3-14%, while a parent with DDH1 increases risk 1.6-2.3%

No association between cord blood SRCT and DDHF diagnosis; in two studies DDH infant cord blood SRC
was mildly lower

Lower maternal relaxin was theorized to decrease laxity of the birth canal

DDHt risk factors, research supported: breech, family history, firstborn, oligohydramnios, high birth weight,
postmaturity

However, 73-90% of infants with DDH have no identifiable risk factors other than female sex

Female fetuses are more responsive to maternal hormones, but normally metabolizes and excretes them (hepatic
metabolism)

DDH)t could reflect decreased ability to metabolize/increased sensitivity to hormones

Neonates with DDH? and abnormal estrogen excretion tend to have psY instabilty

Could be an inbom, possibly hereditary error of estrogen metabolism

DDHt risk, female infants: 19/1000 baseline, 44/1000 with family history, 120/1000 with breech birth; 25/1000 in
PPPJIT moms

80% of DDHt cases are bilateral, unilateral cases are 4 times more likely to be left sided due to intrauterine
positioning

In a study of 90 DDHt neonates, a majority of infants had concurrent pelvic instability on exam

Abnormalities on neonatal hip ultrasound are significantly more likely to spontaneously resolve in males

Female neonates with DDH* have an 11.2 times greater risk of developing an inguinal hernia during their first 3
months of life

*SPD, symphysis pubis dysfunction/pubic symphysis dysfunction.
"SRC, serum relaxin concentration.
*DDH, developmental dysplasia of the hip.

SPS, pubic symphysis.

TPPPJI, pelvic pain and pelvic joint instability.

*OCP, Oral contraceptive.
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Weight
Body weight beginning (g)
Body weight end (g)
Uterus weight (g)

Biomechanics - L4
Stifiness [N/mm)]

Fmax [N]

Femur
Stifness [N/mm]
Fmax [N]

Tibia
Stifiness [N/mm]

Fmax [N]

Serum analysis
Calcium [mmol/]
Magnesium [mmol/l
Phosphorus [mmol/I]
Alkaline phosphatase (Alp; U/l)
Osteocalcin (OC; ng/ml)
RatLaps (ng/ml)

Ashing - L4
% organic content
% anorganic content

Femur
% organic content
% anorganic content

NON-OVX ovx Baicalein Zileuton Baicalein+Zileuton
Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM
n=8 n=10 n=11 n=11 n=10
300 4.0 310 4.5 306 33 300 4.6 302 4.2
368°° 7.5 467 1.8 467 7.0 451 7.9 458 16.3
0.57°° 0.04 0.10 0.01 0.11 0.01 0.09 0.01 0.09 0.01
n=7 n=9 n=9 n=11 n=10
351 282 298 225 282 18.2 339 16.6 327 19.7
326°° 23.4 228 16.4 240 20.6 253 13.8 238 1.6
n=8 n=9 n=11 n=11 n=10
387 30.3 334 19.1 324 25.8 343 24.5 299 19.9
1940 9.6 146 7.3 163 9.0 163 8.2 147 10.8
n=7 n=10 n=11 n=11 n=9
80 14.81 78 15.16 73 8.77 70 11.81 90 18.20
48 138.40 42 7.00 58 10.19 49 5.89 62 7.82
n=8 n=10 n=11 n=11 n=10
2.01 0.05 2.09 0.02 1.99 0.05 212 0.06 2.09 0.04
0.70 0.02 0.73 0.02 0.70 0.02 0.75 0.03 0.73 0.01
1.76 0.04 1.90 0.06 1.74 0.07 1.89 0.07 1.96 0.07
114 75 1892 16.1 154 1.8 176 22.7 157 137
116 5.0 147 1.5 177 18.0 170 19.3 2112 31.4
5.47 1.22 9.48 091 9.69 164 9.70 1.84 10.67 1.77
n=8 n=10 n=11 n=11 n=10
67°¢ 0.9 70 0.8 il 0.8 ! 0.6 70 0.9
33°d 0.9 30 0.8 29 0.8 29 0.6 30 0.9
n=8 n=10 n=11 n=11 n=10
55°° 0.7 59 0.8 58 0.8 59 0.7 61 1.3
450 0.7 41 0.8 42 0.8 Gl 07 39 13

aDiffers from NON-OVX. ®Differs from OVX. “Differs from Baicalein. °Differs from Zileuton. ®Difters from Baicalein+Zileuton (o < 0.05).
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NON-OVX (n=5) OVX (n=5) Baicalein (n=5) Zileuton (n=5) Baicalein+Zileuton (n=5)

Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM
CSA (mm?)
8 w after OVX 1886°° 39.73 2306 39.91 2381 78.71 2380 32.38 2321 50.23
13 w after OVX 1866 ©° 25.63 2284 58.66 2256 22.47 2438 41.57 2424 47.05
BMD L4 (mg/cm3)
8 w after OVX 585.0%¢ 6.9 551.2 10.3 531.5 9.1 536.1 12.4 547.5 9.1
13 w after OVX 554.8>° 7.8 511.9 78 505.2 5.6 502.2 77 506.5 8.4
Ssi L4
8w after OVX 19.912 0.75 15.59° 0.32 15.84 0.38 18.43 0.82 16.79 0.58
13w after OVX 18.210de 0.73 14.94 0.74 16.91 1.06 14.71 047 14.61 0.55

bDiffers from OVX. “Differs from Baicalein. °Differs from Zileuton. €Differs from Baicalein+Zileuton (p < 0.05).





OPS/images/fendo.2021.706504/table3.jpg
L4, 3D

Tb. BMD (g/cm?)
Total BMD (g/cm?)
BV/TV (%)

L4,2D

Tb.Dn (%)

N.Nd ()

Tb.Th (mm)

Tb.Ar (mm?)
Ct.Dn (%)

Femur, 3D

Tb. BMD (g/om?)
Total BMD (g/cm?)
BV/TV (%)
Femur, 2D

Tb.Dn (%)

N.Nd ()

Tb.Th (um)

Tb.Ar (mm?)

Ct.Dn (%)

Tibia, 3D

Ct. BMD (g/cm?)
Ct.V (mm3)

Total bone BMD (g/cm?)
Cl. BMD (g/cm?)
Osseous Cl.V/Total CL.V BV/TV

NON-OVX

Mean

n=8
0.634%¢
0.606°
70.67°°
n=8
44.18>¢
40.63°¢
0.25¢
7.45%°
94.43%¢
n=8
0.871%¢
0.822°¢
76.46°°
n=8
49.18%¢
73.54>¢
1210
5.75%°
97.49
n=7
1.116%¢
20.40
0.585
0.392°¢
66.30°°

SEM

0.004
0.013
1.02

1.126
1.508
0.01
0.23
0.77

0.006
0.021
1.68

2.323
2.44
5.8
0.18
0.24

0.034
5.158
0.025
0.012
219

Mean

n=10
0.611
0.509
59.40
n=10
26.37
31.53
0.13%
484
90.99
n=10
0.854
0.663
60.65
n=10
32.30%°
38.40%°
89
3.67°°
97.20
n=10
1.083%°
14.43%°
0519
0.326
57.67

ovX

SEM

0.002
0.011
1.09

0.6563
0.8033
0.01
0.11
0.49

0.003
0.017
2.46

1.995
2.7
24
0.20
0.26

0.030
4.243
0.024
0.017
2.534

Baicalein
Mean SEM
n=10
0.609 0.003
0.496 0.013
59.15 1.24
n=10
26.66 0.8595
29.70 1.387
0.14 0.01
4.80 0.17
91.62 0.60
n=11
0.848 0.007
0.726 0.029
65.27 2.49
n=11
29.96° 1.616
32.87 232
86 24
2,97 0.15
96.51 0.43
n=10
1.158 0.025
27.52 4.168
0.522 0.018
0.333 0.005
59.18 1.09

Zileuton
Mean SEM
n=11
0614 0.002
0519 0011
62.02 1.1
n=11

31.44°0¢ 09328
34.79P° 09342
017 0.01
5.85°¢¢ 0.21
87.48 2.70

n=11
0.852 0.004
0.695 0026
65.53 2.38
n=11
23.79 1.372
30.18 1.55
81 15
2.95 0.11
96.71 0.30
n=10
1.210 0,008
34.84 1.550
0532 0.021
0.331 0.007
59.16 1.50

Baicalein+Zileuton

Mean

n=10
0.607
0.481
58.27
n=10
27.86
32.52
0.15
5.12
86.86
n=10
0.849
0.690
64.09
n=10
21.63
20,5054
74b4c
poyed
9519704
n=10
1.214
29.03
0.496
0.327
55.98

SEM

0.001
0.007
0.85

0.7008
0.9605
0.01
0.13
0.65

0.004
0.014
1.22

1.177
0.92
1.4
0.09
0.52

0.007
1.680
0.019
0.012
177

aDiffers from NON-OVX. PDiffers from OVX. “Differs from Baicalein. °Difters from Zileuton. ®Differs from Baicalein+Zileuton (o < 0.05).
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NON-OVX (n=8) OVX (n=10) Baicalein (n=10) Zileuton (n=11) Baicalein+Zileuton (n=10)

Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM
MG, type |
Diameter (um) 48.91 276 5091 1.79 51.42 1.22 50.25 1.75 50.01 1.72
Area (Um?) 1939 222 2094 135 2094 101 2048 148 2034 135
MG, type lla
Diameter (um) 71.84 2.54 76.42 225 7747 2.38 73.29 1.28 72.78 244
Area (Um?) 4153 309 4699 277 4790 289 4285 154 4098 319
MG, capillarization
Capillary/Fiber 1.22 0.05 1.27 0.04 1.45 0.075 1.39 0.077 1,672 0.10
ML, type |
Diameter (um) 56.64 1.83 56.84 1.16 54.46 1.94 57.16 1.25 54.55 221
Area (Um?) 2619 168 2606 109 2390 176 2610 "7 2372 183
ML, type lla
Diameter (um) 82.81 0.84 88.71 1.86 81.90 3.18 84.99 1.62 83.32 3.09
Area (Um?) 5442 115 6248 317 5387 412 5725 230 5551 407
ML, capillarization
Capillary/Fiber 1.15 0.09 1.38 0.07 1.46 0.08 1.42 0.07 1.38 0.08
MS, type |
Diameter (um) 68.39 1.33 66.93 2.48 67.50 1.34 67.73 1.50 66.90 073
Area (Um?) 3733 145.9 3604 287.5 3628 146.9 3665 168.5 3554 76.18
MS, capillarization
Capillary/Fiber 1.57 0.06 1.81 0.08 1.57 0.06 1.59 0.07 1.7 0.1

aniare from NON-OVX. 2Differs from OVX.
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Exposure Gene SNP Chromosome: Position EA Association with exposure
B (SE) P value

E> CYP19A1 1727479 15:51534547 A 1.39(0.12) 8.2x10°%°
Ex CYP19A1 rs16964258 15:51605408 G 2.13(0.25) 8.2x107°
Ex FAM9B rs5934505 X:8913826 C 0.67 (0.12) 3.4x10°
E» MIR 1s5951794 X:146432188 G 0.68 (0.11) 3.1x107°
DHEAS BCL2L11 rs6738028 2:111949327 G -0.04 (0.01) 1.72x10°®
DHEAS ARPC1A rs740160 7:98957880 T 0.15 (0.02) 1.56x107"®
DHEAS TRIM4 rs17277546 7:99489571 A -0.11 (0.02) 4.50x107"
DHEAS HHEX rs2497306 10:94485211 C -0.04 (0.01) 4.64x10°
DHEAS CYP2C9 rs2185570 10:96751270 [¢] -0.06 (0.01) 2.29x10°®
DHEAS BMF 17181230 15:40360741 G 0.05 (0.01) 5.44x10™""
DHEAS SULT2A1 2637125 19:48401893 A -0.09 (0.01) 2.61x107°
T JMJD1C rs10822186 10:65350383 A -0.06 (0.01) 1.20x10°®
T SHBG rs4239258 17:7397043 A -0.16 (0.03) 4.47x10°®
T SHBG rs34790908 17:7451110 T 0.07 (0.01) 1.66x10°°
T SHBG rs727428 17:7687792 T -0.07 (0.01) 1.26x107"2
DHT SHBG rs4151121 17:7342294 G 0.10 (0.02) 7.96x1071°
DHT SHBG rs4265880 17:7396267 T -0.24 (0.04) 1.89x10®
DHT SHBG rs4227 17:7491177 G 0.09 (0.02) 3.68x10°®

Gene, nearest gene to the SNP; EA, effect allele; B, per allele effect on the exposure; SE, standard error; P value, p-value for the genetic association.
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Factor

Estrogen
RANKL

Als
Chemotherapy
GnRHa

NPY1

Breast cancer

Involved in the carcinogenesis of breast cancer

Accelerate the occurrence of breast cancer

A first-line treatment for ER-positive breast cancer

Widely used in early breast cancer and local advanced breast cancer
Widely used in the treatment of premenopausal breast cancer
Promotes the occurrence and migration of breast cancer

Osteoporosis

Reduces bone loss

Increases osteoclasts activity

Reduce estrogen and increase the occurrence of osteoporosis
Leads to ovarian failure and osteoporosis

Leads to osteoporosis

Reduces bone formation

Reference

(28, 29)
(9,10, 30)
6,31)
@.8,28)
8,32
(17, 33)
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Model

MCF-7 breast tumor mice

MCF-7 breast tumor mice

Breast cancer cells

Breast cancer cells overexpressing
the Y1R subtype

MCF-7 breast tumor mice

4T1cell mice

Methods

Injected NPY analog-modified
radioactive chelate
Injected NPY nanocomposite

Double methotrexate-modified NPY
analogs

Tubugi-1-NPY peptide-toxin
conjugate

Injected Y1R ligand combined with P-
GP inhibitor

Injected microbubbles modified with
Y1 receptor ligand

Technology

PET

Nanotechnology

NPY peptide-drug
conjugates

NPY peptide-drug
conjugates

NPY peptide-drug
conjugates
Ultrasound
chemotherapy

Outcomes
Be beneficial for lesion PET imaging

(1) Be beneficial for lesion MR and
CT imaging

(2) Targeted drug delivery and
reduce the toxicity

Targeted drug delivery and increase
drug resistance

Targeted drug delivery

Improve drug targeting and reduce
side effects

Enhanced tumor suppression and
prolonged survival

Application Reference

Diagnosis
Diagnosis
Treatment
Treatment
Treatment
Treatment

Treatment

©4)

85)

86)
&7)
©8)

89)
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