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Bone Protective Effects of Danggui Buxue Tang Alone and in Combination With Tamoxifen or Raloxifene in vivo and in vitro
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Danggui Buxue Tang (DBT), a traditional Chinese Medicine decoction containing Astragali Radix (AR) and Angelicae Sinensis Radix (ASR), is commonly prescribed for women in China as a remedy for menopausal symptoms. Previous study indicated that DBT stimulated cell growth and differentiation of human osteosarcoma MG-63 cells and exhibited estrogenic properties via estrogen receptors (ERs). The present study aimed to study the bone protective effects of DBT and its potential interactions with selective estrogen receptor modulators (SERMs, tamoxifen and raloxifene) in both in vivo and in vitro models as they act via similar ERs. Six-month-old Sprague-Dawley rats were randomly assigned to the following treatments for 12 weeks: (1) sham-operated control group with vehicle (sham), (2) ovariectomized group with vehicle (OVX), (3) OVX with 17β-estradiol (E2, 2.0 mg/kg day), (4) OVX with tamoxifen (Tamo, 1.0 mg/kg day), (5) OVX with raloxifene (Ralo, 3.0 mg/kg day), (6) OVX with DBT (DBT, 3.0 g/kg day), (7) OVX with DBT+Tamoxifen (DBT+Tamo), and (8) OVX with DBT+Raloxifene (DBT+Ralo). Effects of DBT and potential interactions between DBT and SERMs were also evaluated in MG-63 cells. DBT, tamoxifen, raloxifene, and their combinations significantly increased bone mineral density (BMD) and improved trabecular bone properties, including bone surface (BS), trabecular bone number (Tb.N), and trabecular bone separation (Tb.Sp), as well as restored changes in bone turnover biomarkers and mRNA expression of genes involved in bone metabolism in OVX rats. Furthermore, DBT, SERMs, and their combinations significantly increased serum estradiol and suppressed follicle stimulating hormone and luteinizing hormone in OVX rats, suggesting the possible involvement of the hypothalamus–pituitary–gonadal axis in mediating their bone protective effects. However, SERMs, but not DBT, significantly increased uterus index in OVX rats. DBT significantly induced ALP activity and estrogen response element-dependent transcription in MG-63 cells. Our study demonstrated that DBT alone and in combinations with SERMs could exert bone protective effects in vitro and in vivo.
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INTRODUCTION

Postmenopausal osteoporosis is a metabolic bone disease characterized by decreased bone mineral density (BMD) and increased bone fragility, resulting from the rapid drop of endogenous estrogen level that is experienced by 40% of postmenopausal women (Stein et al., 2014). Approximately 200 million postmenopausal women worldwide are affected and it causes over 2 billion cost annually (Parthan et al., 2013). Postmenopausal bone loss is the result of the reduced ovarian follicular activity and changes in female reproductive hormone levels [a decrease in estrogen and an increase in follicle stimulating hormone (FSH) and/or luteinizing hormone (LH) level] in the circulation of women during menopause (Lindsay, 2004). Indeed, hormone replacement therapy (HRT) was used to be the gold standard for management of postmenopausal osteoporosis (de Villiers et al., 2013) as it could significantly decrease the risk of bone fracture in postmenopausal women. However, with the evidence of the association of HRT use with an increased risk of breast cancer, endometrial cancer, and stroke in postmenopausal women, its clinical use for management of menopausal symptoms has been limited (Davison and Davis, 2003). Extensive efforts from the scientific communities are devoted to develop alternative regimen for management of menopausal symptoms and postmenopausal osteoporosis that is effective and without undesirable side effects.

Selective estrogen receptor modulators (SERMs) are estrogen receptors (ERs) ligands that serve as either full or partial agonists in some tissue, such as bone, but antagonists in other tissue, such as uterus and breast (Komm and Mirkin, 2014). Tamoxifen and raloxifene, two most widely used SERMs, have been shown to effectively reduce vertebral fracture in postmenopausal women (Nath and Sitruk-Ware, 2009). However, undesirable side effects in uterus have been reported in women prescribed with tamoxifen (Komm and Mirkin, 2014); while increase in vasomotor symptoms are associated with the use of SERMs in postmenopausal women (Taylor, 2009). These side effects might limit the long-term use of SERMs as a regimen for prevention and management of postmenopausal osteoporosis.

Phytoestrogens (plant-derived compounds with estrogenic properties) are the most popular alternative approach for management of postmenopausal health (Borrelli and Ernst, 2010). The most common examples of phytoestrogens are isoflavones, flavonoids, and lignans. Different types of phytoestrogens have been shown to attenuate bone loss associated with estrogen deficiency in both animal and human studies (Zhang et al., 2008; Bedell et al., 2014). In Asia, kidney-tonifying herbs are clinically used as alternatives to estrogen in alleviating menopause-related symptoms. Among them, Danggui Buxue Tang (DBT) is a simple Chinese herbal formula that is widely used by women in China to relieve menopausal symptoms such as hot flushes, sweating, anxiety, and mood swings (Wang et al., 2013). DBT is composed of Astragali Radix (AR) and Angelicae Sinensis Radix (ASR) at 5:1 ratio and was first described by Li Dongyuan in Neiwaishang Bianhuo Lun in AD 1247 (Zierau et al., 2014). Our laboratory has previously developed a standardized DBT extract (Dong et al., 2006) and demonstrated that the actions of DBT are in part mediated through ER-dependent mechanisms in mammary gland (Gao et al., 2007) and bone-derived cells (Choi et al., 2011) as well as ovariectomized Wistar rat model (Zierau et al., 2014). We have identified four bioactive components in these two herbs, including formononetin and calycosin from AR and ferulic acid and ligustilide from ASR (Dong et al., 2006). Pharmacokinetic study demonstrated that ferulic acid could enhance membrane permeabilities of calycosin and formononetin when AR and ASR were mixed at 5:1 ratio (Zheng et al., 2012), suggesting that the combination of the two herbs enhances the bioavailability of some of the phytoestrogens in the standardized DBT extract. Calycosin, an isoflavone, has been demonstrated to be the active component that predominantly trigger the estrogenic activities of DBT (Gong et al., 2016). Despite its well-known efficacy for alleviating menopausal symptoms, the efficacy of DBT for protecting against estrogen deficiency induced bone loss has not been systematically evaluated.

With the popularity of using herbal medicine as an alternative approach for management of menopausal symptoms, the safety of using those containing phytoestrogens among postmenopausal women is of utmost concern. As the effects of phytoestrogen are similar to those of estrogen and their effects are mediated through similar receptors and pathways, the use of phytoestrogen might carry similar risk-benefit profile as estrogen (Bedell et al., 2014). It is of particular concern to note that the number of breast cancer patients who seek to take supplements together with their standard treatment to prevent recurrence of breast cancer or bone loss as well as to manage their menopausal symptoms is increasing. Thus, it is of prime importance to determine if the combined use of SERMs with DBT will increase or decrease the estrogenic effects of SERMs at target tissues (such as bone) as well as non-target tissues (such as uterus).

The present study aimed to systematically evaluate the bone protective effects of DBT as well as to characterize the potential interactions between DBT and SERMs (tamoxifen and raloxifene) in mature ovariectomized rats as well as human osteosarcoma MG-63 cells.

MATERIALS AND METHODS

Preparation and Chemical Analysis of Danggui Buxue Tang Extract

The extract of DBT decoction was prepared as previously described (Choi et al., 2011; Zierau et al., 2014). Briefly, fresh roots of 3-year-old A. membranaceus var. mongholicus and 2-year-old A. sinensis were purchased from Shanxi and Minxian of Gansu, China, respectively. 250 g of AR and 50 g of ASR were mixed exactly at the ratio of 5:1, boiled, and filtered. The residues were re-dissolved, boiled, dried under vacuum, and stored at -20°C. HPLC assay was performed for each herb to ensure their quality fulfill the requirement of the China Pharmacopoeia and/or Hong Kong Chinese Materia Medica Standard. The major chemical markers in AR are calycosin and formononetin while those in ARS are ferulic acid and ligustilide. The HPLC fingerprint and the constituents determined by LC–MS were used for quality control of DBT in the present study.

Animal Experimental Design and Treatment

The present experiment was conducted under the animal license issued by Department of Health, Hong Kong Special Administrative Region Government, and the Hong Kong Polytechnic University Animal Subjects Ethics Sub-committee (Animal License No. 13-104; ASESC Case: 12/11). Seventy 6-month-old female Sprague-Dawley rats weighing 230 ± 20 g were purchased from The Chinese University of Hong Kong and housed in Centralized Animal Facilities (CAFs) of The Hong Kong Polytechnic University on a 12 h light/dark cycle. Water and food were available ad libitum. After 1 week of acclimatization, all the rats were given bilateral ovariectomy or sham operation. Upon recovery for 2 weeks, the OVX rats were randomly divided into seven treatment groups and orally administrated with vehicle, 17β-estradiol (2 mg/kg day) as positive control, tamoxifen (1 mg/kg day), raloxifene (3 mg/kg day), DBT (3 g/kg day), as well as combinations of DBT and either tamoxifen or raloxifene for 12 consecutive weeks. Dosages of drugs were conversed based on their clinical dosages and previous studies (Maricic and Gluck, 2002; Cooke et al., 2008; Ahmet-Camcioglu et al., 2009; Goss et al., 2009). Dosage of DBT was coverted from its clinical dose: 30 g of AR and 6 g of ASR (Zierau et al., 2014). During the whole recovery and treatment period, the rats were paired-fed with the phytoestrogen-free (AIN93-M) diets to remove the influences of phytoestrogen.

Sample Collection

One day before sacrifice, each rat was housed individually in metabolic cage. 24 h urine was collected in metabolic cages, aliquoted, and stored at -80°C. Animals were sacrificed under anesthesia with ketamine/xylazine and blood was collected from rat abdominal aorta at sacrifice and aliquots of serum were stored at -80°C. Uteri were removed and weighed. The whole left leg and spine were collected and stored at -20°C. The right leg was freshly collected and stored at -80°C after removal of all soft tissues.

Biochemical Assay of Serum and Urine Sample

Calcium (Ca) and phosphorus (P) level in serum and urine as well as urinary level of creatinine were measured by Arsenazo III UV method with an automatic analyzer HITACHI7100. The kits were purchased from Shanghai Kehua Bio-Engineering Co., LTD. (Shanghai, China). Urinary deoxypyridinoline (DPD) was determined by an enzyme immunoassay DPD EIA kit (QUIDEL Corporation, United States) and normalized by urinary creatinine. Serum level of osteocalcin (OCN), estradiol, LH, and FSH was measured by ELISA kit (Alfa Aesar), EIA kit (CayMan), and ELISA kit (CloudClone), respectively.

BMD and Micro-CT Analysis

Bone properties of trabecular bone at proximal tibia and distal femur as well as lumbar vertebra were determined by Micro-CT (μCT40, Scanco Medical, Switzerland). 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. The distal/proximal were defined as 4.2 and 2.2 mm away from femur/tibia head. Scanning was done at the metaphyseal area located 0.63 mm below the lowest point of the epiphyseal growth plate and extending 2.0 mm in the proximal direction. BMD (mg HA/ccm) and bone morphometric properties, including bone volume over total volume (BV/TV), trabecular bone number (Tb.N, mm-1), trabecular bone thickness (Tb.Th, mm), trabecular bone separation (Tb.Sp, mm), and bone surface (BS, mm2) were evaluated by contoured VOI images.

Real-Time PCR Assay

Femoral head was cut off and homogenized in Trizol reagent by using Precellys 24 homogenizer (Bertin). Total RNA was extracted by following manufacturers’ instructions (Invitrogen, Carlsbad, CA, United States). Two micrograms of total RNA was reverse-transcribed into cDNA by using High-Capacity cDNA Reverse Transcription Kits (Applied Biosystems) at 25°C for 10 min, 37°C for 2 h, and 85°C for 5 min. One microliter of the cDNA product diluted by 10 times, 0.4 μl of forward and reverse primers (as shown in Table 6), 8.2 μl of DNase and RNase-free water, and 10 μl of SsoFastTM EvaGreen® Supermix (Bio-Rad) were mixed well to get the 20 μl of reaction system for real-time PCR. The iCycler with Iq5 Multicolor Real-Time PCR Detection System (Bio-Rad, IQ5) was used to perform and monitor the real-time quantitative PCR reaction. Conditions for each primer were optimized and the optimal condition was chosen for each primer (as shown in Table 1). For each gene, standard curve was established to determine the relative quantity of mRNA and the melting curve was used to assess the specificity of the amplification. Bone formation: (1) Alkaline phosphatase (ALP): specific product of osteoblast, indicating bone mineralization; (2) OCN: osteoblast-secreted non-collagenous protein. Bone resorption: (1) Interleukin-6 (IL-6) and (2) interleukin-1β (IL-1β): pro-osteoclastic cytokines, responsible for cartilage and bone destruction; (3) Receptor activator of nuclear factor kappa-B ligand (RANKL), and (4) osteoprotegerin (OPG): produced by osteoblast at different stages of maturity, indicating balance between osteoclast activity and osteoblast activity.

TABLE 1. Sequence of primers for bone remodeling-related genes.
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Cell Culture

Human osteosarcoma MG-63 cell (ATCC® CRL-1427TM) was cultured in Minimum Essential Medium (MEM, Gibco) supplemented with 100 U/ml penicillin, 100 μg/ml streptomycin (Invitrogen, Carlsbad, CA, United States) and 10% fetal bovine serum (FBS, Gibco). The cultures were maintained in an incubator at 37°C in a humidified atmosphere of 95% O2 and 5% CO2.

ALP Activity Assay

Cells were cultured with phenol red-free (PRF) medium containing 5% charcoal stripped fetal bovine serum (cs-FBS) before subjecting to treatment with vehicle, estradiol (10-8 M), tamoxifen (10-12–10-6 M), and raloxifene (10-12 to 10-6 M) as well as their combinations with DBT at 1 mg/ml (established in preliminary experiment) in PRF medium for 48 h. 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.

ERE Luciferase Activity Assay

Cells were transfected with 0.4 μg ERETkluc plasmid together with 0.01 μg of an inactive control plasmid pRL-TK, a Renilla luciferase control vector, by LipofectamineTM 2000 reagent (Invitrogen, Carlsbad, CA, United States) in PRF medium without antibiotics (Lau et al., 2009). 6 hours after transfection, the medium for transfection was discarded. Cells were subjected to vehicle, estradiol, (10-8 M), tamoxifen (10-12–10-6 M), and raloxifene (10-12–10-6 M) as well as their combinations with DBT at 1 mg/ml (established in preliminary experiment) in PRF medium for 24 h. Upon treatment, the medium was discarded and cells were lysed with 100 μl of PLB, collected for luciferase activity measurement. Luciferase activity was measured by a Dual Luciferase® Reporter Assay System (Promega, E1960) and the signal detected by a TD-20/20 Luminometer (Turner Design, United States) following the manufacturer’s instructions. Results were expressed as ratio relative to control.

Statistical Analysis

Data were reported as mean ± SEM. Inter-group differences were analyzed by one-way ANOVA with Tukey’s post hoc test. Interactions between drugs were determined by two-way ANOVA. P-value of <0.05 was considered statistically significant.

RESULTS

Preparation and Standardization of DBT Extract

We defined the quality of DBT extract in the present study based on the content of the four chemical markers, calycosin and fomononetin from AR and ferulic acid and Z-linguizide from ASR, in the extract. As listed in Table 2, the contents of these markers in this batch od DBT extract were 809 μg of ferulic acid, 693 μg of calycosin, 165 μg of formononetin, and 212 μg of Z-ligustilide within 1 g of dried DBT extract, which were much higher than the one previously reported (Dong et al., 2006).

TABLE 2. Chemical constituents of DBT extract by LC–MS.
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DBT Alone Did Not Alter Body Weight, Uterus Weight, or Biochemical Parameters in OVX Rats

The effects of DBT and its potential interactions with SERMs on body weight, uterus index, and serum and urine chemistries were first evaluated in mature OVX rats in response to oral treatment for 12 consecutive weeks. As shown in Table 3, the OVX-induced body weight gain in rats was suppressed in response to treatment with estradiol, but not DBT, tamoxifen, nor raloxifene. Combination of DBT with tamoxifen, but not with raloxifene, also significantly reduced body weight gain in OVX rats. To assess the trophic effects on uterus, the ratio of uterus to body weight was determined as uterus index. Uterus index was significantly decreased in rats upon ovariectomy (Table 3, p < 0.001 vs. sham), suggesting that the surgery was successful. Estradiol, tamoxifen, and raloxifene significantly increased uterus index in OVX rats (Table 3, p < 0.001 vs. OVX). In contrast, DBT did not alter uterus index in OVX rats. Co-treatment of OVX rats with DBT and SERMs significantly increased uterus index in OVX rats (Table 3, p < 0.05 vs. OVX). Two-way ANOVA analysis indicated both tamoxifen and raloxifene interacted with DBT (Table 3, tamoxifen × DBT, p = 0.0011; raloxifene × DBT, p = 0.0032) for their effects on uterus weight. Serum Ca and P as well as urinary Ca and P excretion in rats were not altered by ovariectomy nor treatments with DBT, SERMs, and their combinations (Table 3).

TABLE 3. Effects of estradiol, tamoxifen, raloxifene, DBT, and their combinations on body weight, uterus index, biochemical parameters, and serum reproductive hormones in OVX rats.
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DBT Alone and in Combination With SERMs Significantly Suppressed Bone Turnover Biomarkers in OVX Rats

Serum OCN is a specific product of osteoblast and is regarded as a biomarker for bone formation (Nowacka-Cieciura et al., 2016) while urinary DPD is a breakdown product of collagen during bone resorption and is a biomarker for bone resorption (Pang et al., 2010). To assess the effects of DBT, SERMs, and their combinations on bone turnover, serum OCN and urinary DPD were measured. As shown in Figure 1, serum OCN and urinary DPD were significantly increased in OVX rats (p < 0.01 vs. sham) while treatment of OVX rats with 17β-estradiol significantly reduced the urinary level of DPD (p < 0.001 vs. OVX). Treatment with tamoxifen and raloxifene also significantly suppressed the increase in urinary DPD levels in OVX rats (p < 0.001 vs. OVX). Most importantly, treatment of OVX rats with DBT significantly suppressed OVX-induced increase in both serum OCN (Figure 1A, p < 0.05 vs. OVX) and urinary DPD (Figure 1B, p < 0.001 vs. OVX). Co-treatment of OVX rats with DBT and tamoxifen also markedly reduced both serum OCN and urinary DPD (p < 0.001 vs. OVX) while co-treatment of OVX rats with DBT and raloxifene significantly reduced urinary DPD level (p < 0.001 vs. OVX). Two-way ANOVA analysis suggested that DBT interacted with raloxifene for their effects on both serum OCN and urinary DPD (raloxifene × DBT, p = 0.0082 and p = 0.0005, respectively) while interacted with tamoxifen to alter urinary DPD in OVX rats (tamoxifen × DBT, p < 0.0001).
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FIGURE 1. Effects of DBT, SERMs, and their combinations on serum level of OCN and urinary DPD of OVX rats. Six-month-old Sprague-Dawley rats were given ovariectomy or sham operation, After 2 weeks’ recovery, OVX rats were orally administrated with vehicle, 17β-estradiol (2.0 mg/kg day), tamoxifen (1.0 mg/kg day), raloxifene (3.0 mg/kg day), DBT (3 g/kg day), DBT+Tamoxifen, and DBT+Raloxifene for 12 consecutive weeks. (A) Serum level of OCN (ng/ml). (B) Urinary DPD (nmol/mmol). Data are expressed as mean ± SEM. ∗∗p < 0.01, ∗∗∗p < 0.001 vs. sham; ∧p < 0.05, ∧∧∧p < 0.001 vs. OVX. n = 7–9.



DBT Alone and in Combination With SERMs Significantly Restored the Serum Level of Estradil, FSH, and LH in OVX Rats

Both the decrease in estradiol level and the increase in FSH level are believed to be related to the development of postmenopausal osteoporosis and are accompanied by a sharp increase in the bone resorption biomarkers (Sowers et al., 2003; Sun et al., 2006). To determine changes in reproductive hormones in OVX rats upon treatments, serum levels of estradiol, FSH, and LH in rats were measured. Serum estradiol levels were significantly decreased in OVX rats, accompanied with the significant increase in levels of LH and FSH (Figure 2, p < 0.01 vs. sham). As expected, treatment of OVX rats with estradiol significantly increased serum estradiol and suppressed increase in FSH and LH levels (Figure 2, p < 0.001 vs. OVX). Serum estradiol increased in OVX rats upon treatment with raloxifene, DBT, as well as DBT in combination with SERMs (Figure 2A, p < 0.01 vs. OVX). Serum FSH levels were reduced in OVX rats in response to treatment with tamoxifen, raloxifene, DBT alone, and in combination with SERMs (Figure 2B, p < 0.001 vs. OVX). Serum LH levels in OVX rats were significantly reduced in response to tamoxifen, DBT, as well as their combination (Figure 2C, p < 0.05 vs. OVX). The levels of serum reproductive hormones in OVX rats treated with SERMs alone were not statistically different from those in OVX rats treated with respective SERMs in combination with DBT. Two-way ANOVA analysis indicated DBT and SERMs interacted to alter reproductive hormones (tamoxifen × DBT, FSH: p < 0.0001, LH: p = 0.0067; raloxifene × DBT, E2: p = 0.0018, FSH: p = 0.0005, LH: p < 0.0001) in OVX rats.
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FIGURE 2. Effects of DBT, SERMs, and their combinations on serum level of estradiol, follicle-stimulating hormone, and LH of OVX rats. Serum level of estradiol, FSH, and LH were measured by EIA kit (CayMan) and ELISA kit (CloudClone), respectively. (A) Serum level of estradiol (pg/ml); (B) serum level of FSH (ng/ml); (C) serum level of LH (pg/ml). Data are expressed as mean ± SEM. ∗∗p < 0.01, ∗∗∗p < 0.001 vs. sham; ∧p < 0.05, ∧∧p < 0.01, ∧∧∧p < 0.001 vs. OVX. n = 7–9.



DBT Alone and in Combination With SERMs Significantly Increased BMD and Improved Bone Properties in OVX Rats

The effects of DBT and its potential interactions with SERMs on trabecular bone properties in OVX rats were evaluated using micro-computed tomography (micro-CT). Figure 3 clearly indicated that ovariectomy significantly reduced BMD at distal femur, proximal tibia, and lumbar vertebra in rats (p < 0.001 vs. sham). Treatment with estradiol, DBT, SERMs alone, and in combination with DBT significantly increased BMD in OVX rats (p < 0.01 vs. OVX). Figure 4 and Table 4 shows the effects of DBT, SERMs, and their combination on the bone micro-architectural properties at distal femur (Figure 4), proximal tibia, and lumbar vertebra (Table 4) in OVX rats. As expected, BS, bone volume/total volume (BV/TV), trabecular bone number (Tb.N), and trabecular thickness (Tb.Th) significantly decreased while trabecular separation (Tb.Sp) significantly increased in OVX rats at all the three bone sites (p < 0.01 vs. sham). Treatment of OVX rats with estradiol, tamoxifen, raloxifene, and DBT alone significantly increased BS, BV/TV, and Tb.N as well as decreased Tb.Sp of bone at all scanned sites (p < 0.05 vs. OVX). Treatment of OVX rats with DBT in combination with tamoxifen or raloxifene also significantly improved bone properties at these sites (p < 0.05 vs. OVX). BMD and bone properties at all three sites in OVX rats treated with SERMs alone were not statistically different from those in OVX rats treated with respective SERMs in combination with DBT. Two-way ANOVA analysis indicated that DBT interacted with tamoxifen to alter BMD at proximal tibia and lumbar vertebra and with raloxifene to alter BMD at all three sites in OVX rats (Figure 3, p < 0.05). Similarly, DBT interacted with both SERMs to alter bone microarchitectural properties at all three sites in OVX rats (Table 4, p < 0.05).
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FIGURE 3. Effects of DBT, SERMs, and their combinations on bone micro-architecture (distal femur) and BMD of OVX rats. BMD of proximal tibia, distal femur, and lumbar vertebra were determined by micro-CT. Data are expressed as mean ± SEM. ∗∗∗p < 0.001 vs. sham; ∧∧p < 0.01, ∧∧∧p < 0.001 vs. OVX. n = 7–9.
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FIGURE 4. Effects of DBT, SERMs, and their combinations on bone properties (distal femur) of OVX rats. BMD of distal femur were determined by micro-CT. (A) Bone surface (mm2); (B) BV/TV (%); (C) trabecular bone number (1/mm); (D) trabecular bone thickness (mm); (E) trabecular bone separation (mm). Data are expressed as mean ± SEM. ∗∗p < 0.01, ∗∗∗p < 0.001 vs. sham; ∧p < 0.05, ∧∧p < 0.01, ∧∧∧p < 0.001 vs. OVX. n = 7–9.



TABLE 4. Effects of DBT, tamoxifen, raloxifene, and their combinations on trabecular bone properties of OVX rats.
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DBT Alone and in Combination With SERMs Regulated the mRNA Expression of Genes Involved in Bone Metabolism in Femoral Head of OVX Rats

Both ALP and OCN are products of osteoblast and well-validated markers for bone formation activity (Callaci et al., 2009). To determine the effects of DBT and its potential interaction with SERMs on bone formation, the mRNA expression of ALP and OCN in femoral head of rats were measured. The expression of ALP and OCN mRNA was slightly reduced in OVX rats when compared to sham rats, but the changes did not reach statistical significance (Figures 5A,B). Treatment of OVX rats with estradiol significantly increased OCN mRNA expression (p < 0.05 vs. OVX); while treatment with DBT significantly induced ALP mRNA expression (p < 0.01 vs. OVX). Interleukin-6 (IL-6) and IL-1β belong to inflammatory cytokines and stimulate bone resorption activity by regulating osteoproegrin (OPG) and RANKL system. Indeed, the OPG–RANKL system is vital to osteoclast differentiation and resorption activity (Callaci et al., 2009) in which OPG acts as decoy receptor and blocks the interactions between RANKL and its receptor RANK, therefore, attenuates its function in osteoclastogenesis. To determine the effects of DBT and its potential interaction with SERMs on bone resorption, the mRNA expression of IL-6, IL-1ß, OPG, and RANKL in femoral head of rats was measured. The expression of IL-6, IL-1ß, and RANKL mRNA was significantly higher while OPG mRNA expression was lower in OVX rats than those in sham (Figures 5C–F, p < 0.05 vs. sham). The ratio of OPG/RANKL, which is commonly used as an indicator for the control of osteoclastogenesis, decreased in OVX rats when compared to Sham group (Figure 5G). Treatment of OVX rats with estradiol significantly reduced IL-6, IL-1ß, and RANKL mRNA expression, promoted OPG mRNA expression, and the ratio of OPG–RANKL in femoral head (p < 0.05 vs. OVX). Raloxifene, but not tamoxifen, significantly reduced IL-6 (p < 0.001 vs. OVX) and IL-1β (p < 0.05 vs. OVX) mRNA expression in femoral head of OVX rats. Most importantly, treatment of OVX rats with DBT alone significantly reduced IL-6 (p < 0.001 vs. OVX), IL-1ß (p < 0.05 vs. OVX), as well as RANKL mRNA expression and promoted the OPG mRNA expression as well as ratio of OPG–RANKL. Our results also showed that DBT in combination with tamoxifen and raloxifene significantly reduced IL-6 mRNA expression in femoral head of OVX rats (p < 0.01 vs. OVX). mRNA expression of genes involved in bone metabolism in femoral head in OVX rats treated with SERMs alone was not statistically different from those in OVX rats treated with respective SERMs in combination with DBT. Two-way ANOVA suggested that tamoxifen interacted with DBT on regulation of mRNA expression of ALP (Figure 5A, p = 0.0026) and IL-1ß (Figure 5D, p = 0.0035) in femoral head of OVX rats. Raloxifene also interacted with DBT on regulation of these three genes ALP (Figure 5A, p = 0.0280), IL-6 (Figure 5C, p < 0.0001), and additional IL-1ß (Figure 5D, p < 0.0001) in femoral head of OVX rats.
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FIGURE 5. Effects of DBT, SERMs, and their combinations on mRNA expression of bone remodeling-related genes in femoral head of OVX rats. mRNA expression of bone remodeling-related genes in femoral head was determined by real-time PCR. (A) ALP mRNA expression; (B) OCN mRNA expression; (C) IL-6 mRNA expression; (D) IL-1β mRNA expression; (E) RANKL mRNA expression; (F) OPG mRNA expression; (G) OPG/RANKL ratio. Data are expressed as mean ± SEM. ∗p < 0.05, ∗∗p < 0.01 vs. sham; ∧p < 0.05, ∧∧p < 0.01 vs. OVX. n = 7–9.



DBT Significantly Increased ALP Activity and ERE Luciferase Activity in Human Osteosarcoma MG-63 Cells

The effects of DBT and its potential interactions with SERMs in vitro were studied using MG-63 cells. As shown in Figure 6A, DBT mimicked estradiol and significantly increased ALP activities in dose-dependent manner. In particular, DBT at 1 and 2 mg/ml increased ALP activity of MG-63 cell by 82 and 109%, respectively (p < 0.001 vs. control). To determine whether DBT exert estrogen-like responses via the activation of estrogen response element-dependent transcription, MG-63 cells were transfected with ERE luciferase reporter and subjected to treatment with different dosages of DBT. As shown in Figure 6B, DBT (0.05–2.0 mg/ml) significantly induced ERE-dependent luciferase activities in MG-63 cell in a way similar to estradiol (p < 0.05 vs. control). DBT at 1 mg/ml exerted the greatest stimulatory effect on ERE luciferase activity (p < 0.001 vs. control). To determine whether DBT interact with the actions of SERMs on ALP activities (Figures 7A,B) and ERE luciferase activities (Figures 7C,D), MG-63 cells were treated with different concentrations of tamoxifen or raloxifene (10-12–10-6 M) in the presence or absence of DBT at 1 mg/ml. Raloxifene (10-12–10-8 M, Figure 7B), but not tamoxifen (Figure 7A), significantly induced ALP activities in MG-63 cells (p < 0.05 vs. control). Upon co-treatment for 48 h, DBT at 1.0 mg/ml together with tamoxifen (p < 0.01 vs. tamoxifen alone) and raloxifene (p < 0.01 vs. raloxifene alone) at lower concentrations (10-12–10-8 M) significantly increased ALP activities, while SERMs at 10-6 M blunted the stimulatory effects of DBT on ALP activities (p < 0.001 vs. DBT alone). In contrast, the responses of ERE luciferase activities in MG-63 cells to treatment with tamoxifen, raloxifene, and DBT were different. Tamoxifen significantly increased ERE luciferase activities in MG-63 cells in a dose-dependent manner (Figure 7C, p < 0.05 vs. control) while raloxifene inhibited ERE luciferase activities in MG-63 cells at all the treated dosages (Figure 7D, p < 0.01 vs. control). DBT at 1 mg/ml significantly enhanced the stimulatory effects of tamoxifen at 10-12 M but not the other concentration (Figure 7C, p < 0.01 vs. tamoxifen alone), and could only reverse the inhibitory effects of raloxifene at 10-12 M. Two-way ANOVA analysis indicated that DBT interacted with raloxifene to alter ALP activities (raloxifene × DBT: p = 0.0218 at 10-6 M) and interacted with both tamoxifen and raloxifene to alter ERE luciferase activities (p < 0.05, tamoxifen at 10-10 M and 10-6 M; p < 0.05, raloxifene at 10-10 M, 10-8 M, and 10-6 M) in MG-63 cells.
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FIGURE 6. Effects of DBT on ALP activities and ERE luciferase activities in MG-63 cells. Human osteosarcoma MG-63 cells were treated with DBT at 0.05, 0.1, 0.25, 0.5, 1.0, and 2.0 mg/ml in PRF DMEM containing 5% cs-FBS for 48 h. (A) Dose-dependent effects of DBT on ALP activity. ALP activity of the cell lysate was measured by commercial kit and normalized by the total protein concentrations. (B) Dose-dependent effects of DBT on ERE luciferase activity in MG-63 cells transfected with ERETkluc plasmid together with an inactive control plasmid pRL-TK for 6 h and treated with DBT at 0.05, 0.1, 0.25, 0.5, 1.0, and 2.0 mg/ml. Luciferase activity was measured by a Dual Luciferase Receptor Assay System. Data are expressed as mean ± SEM. Results were from two independent experiments. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 vs. control; ∧p < 0.05, ∧∧p < 0.01, ∧∧∧p < 0.001 vs. tamoxifen or raloxifene alone. n = 3.
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FIGURE 7. Effects of SERMs and their combinations with DBT on ALP activity and ERE luciferase activity of MG-63 cells. Human osteosarcoma MG-63 cells treated with DBT at 1.0 mg/ml were co-treated with different concentration (10-12–10-6 M) of tamoxifen and raloxifene in PRF DMEM containing 5% cs-FBS for 48 h. (A) Dose-dependent effects of tamoxifen alone and in combination with DBT on ALP activity; (B) dose-dependent effects of raloxifene alone and in combination with DBT on ALP activity; (C) dose-dependent effects of tamoxifen alone and in combination with DBT on ERE luciferase activity; (D) dose-dependent effects of raloxifene alone and in combination with DBT on ERE luciferase activity. Data are expressed as mean ± SEM. Results were from two independent experiments. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 vs. control; ∧p < 0.05, ∧∧p < 0.01, ∧∧∧p < 0.001 vs. tamoxifen or raloxifene alone. n = 3. Interactions between SERMs and DBT were analyzed by two-factor ANOVA.



DISCUSSION

Danggui Buxue Tang decoction has been traditionally believed to raise “Qi” (vital energy) and nourish the “Blood” (body circulation) and has been clinically prescribed for postmenopausal women to improve health and alleviate menopause symptom in Asia and China. AR and Angelica Sinensis Radix, two herbs contained in DBT, are commonly used for treatment of age-related diseases and have been demonstrated to stimulate bone cell proliferation, increase bone formation, and reduce bone resorption in patients (Choi et al., 2011). The present study was the first to demonstrate that DBT at its clinical dosage protected against estrogen deficiency-induced bone loss in OVX rats, possibly via inhibiting bone turnover and modulating the regulation of hypothalamus–pituitary–gonadal (HPG) axis without inducing uterotrophic effects. In addition, DBT in combination with either tamoxifen or raloxifene could also effectively protect against estrogen-induced bone loss in OVX rats. Two-way ANOVA analysis indicated that DBT interact with tamoxifen and raloxifene in altering uterus weight in OVX rats.

Danggui Buxue Tang at 3 g/kg day is effective in protecting against bone loss associated with estrogen deficiency. This dose equals to 33.33 g AR and ASR for human weighing 70 kg, which is in close proximity to the clinical dosages of DBT, 30 g (10 qian) of AR, and 6 g (2 qian) of ASR, described by Li Dongyuan in Neiwaishang Bianhuo Lun (Zierau et al., 2014). Importantly, our study showed that DBT attenuated bone loss associated with estrogen deficiency to comparable extent to that of SERMs at their clinical dosages. The dosages of tamoxifen and raloxifene used in the present study are equivalent to 11 and 33.3 mg/kg day in human, respectively, which are close to the clinical dosages of them (10–40 mg/kg day of tamoxifen for treatment of breast cancer, 60 mg/kg day of raloxifene for treatment and prevention of osteoporosis as well as prevention for breast cancer) (Maricic and Gluck, 2002; Cooke et al., 2008). Indeed, our study was the first to compare the bone protective activities between SERMs and DBT and found that these agents at their clinical dosages exerted similar bone protective effects in OVX rats.

Trabecular bone comprises only 20% of the whole bone, but trabecular bone loss is more rapid than cortical bone especially during the first 10 years after menopause (Zebaze et al., 2010). For rats, the trabecular bone loss begins in the metaphysis regions of the long bone and spine (Recker et al., 2011). Thus, the protective effects of DBT on bone mass of OVX rats were evaluated at metaphysis of tibia, femur, and lumber spine by micro-CT. Our results revealed that DBT could increase BMD at both long bone and spine. In addition to BMD, bone microarchitecture and bone properties were also measured. Bone properties, like BV/TV, Tb.N, Tb.Th, and Tb.Sp, at distal femur, proximal tibia, and lumbar spine were improved in OVX rats upon treatment with DBT at its clinical dose. The osteoprotective effects of DBT appear not to be site-specific as it could significantly improve bone properties at all sites measured. In contrast, raloxifene, as the only SERM on market for reducing bone fracture, decreases the incidence of vertebral fracture by 30–50% in postmenopausal women with osteoporosis but has not been shown to be effective in prevention of non-vertebral fracture (Ettinger et al., 1999). Although clinical use of tamoxifen for prevention of bone fracture is somewhat controversial, it was shown to be effective in preventing fracture at both vertebral and non-vertebral sites, especially hip fracture, in large population-based studies (Cooke et al., 2008; Tzeng et al., 2015). The present study confirmed the preferential protective effects of raloxifene in vertebra and demonstrated the efficacy of tamoxifen at both vertebral and non-vertebral sites in OVX rats. Co-treatment of SERMs with DBT appeared to provide some additional benefits to their protective effects on BMD and bone properties (like Tb.N and Tb.Sp) in long bone, but the improvement did not reach statistical significance.

The bone protective effects of DBT in OVX rats appeared to be mediated by suppressing bone turnover. Our results clearly showed that 17β-estradiol, tamoxifen, and raloxifene significantly inhibited the levels of urinary DPD in OVX rats as reported by others previously (Canpolat et al., 2010). Moreover, DBT significantly suppressed the levels of serum OCN and urinary DPD in OVX rats in which the extent of inhibiton was 57 and 11% for DPD and OCN, respectively. At the transcriptional level, DBT significantly altered mRNA expression of genes involved in bone formation and bone resorption in femoral head of OVX rats. ALP and OCN, genes involved in bone formation, are expressed during osteoblastic differentiation. Indeed, the mRNA expression of ALP and OCN was not significantly altered by ovariectomy in rat bone in our study. ALP has been demonstrated to be present in a large number of cells including preosteoblast while OCN present in relatively mature osteoblast (Weinreb et al., 1990). Their mRNA expression in bone from OVX rats was significantly increased only by treatment with DBT and 17β–estradiol, respsectively, suggesting that DBT might regulate the earlier stage of osteoblast differentiation while 17β–estradiol regulate the later stage. In contrast, mRNA expression of IL-1ß, IL-6, and RANKL, genes involved in bone resorption, was significantly induced in femoral head by ovariectomy in rats. As expected, treatment of OVX rats with 17β–estradiol suppressed the mRNA expression of gene involved in bone resorption and induced OPG mRNA expression in femoral head, indicating their inhibitory actions on the process of osteoclastogenesis. Treatment of OVX rats with DBT and raloxifene, but not tamoxifen, signifiantly suppressed the mRNA expression of IL-6 and IL-1ß in femoral head. Moreover, DBT could significantly suppress RANKL mRNA expression in femoral head of OVX rats, indicating its potential role in suppressing osteoclastogenesis. Thus, both the results of bone gene expression and bone turnover markers in the present study suggest DBT could suppress bone turnover in OVX rats and its actions appear to be different from those of estradiol, tamoxifen, and raloxifene. Moreover, its preferential inhibitory effects on urinary DPD levels and mRNA expression of bone resorption genes indicate that its bone protective effects might be mediated by suppessing the process of bone resorption.

The systemic actions of DBT might be mediated via its actions on the HPG axis. Estrogen deficiency has long been thought to be the sole reason for bone loss and regarded as the primary target of treatment in both genders. However, estrogen deficiency itself does not fully explain for the bone loss in hypogonadism conditions (Yeh et al., 1996, 1997). In particular, FSH was found to directly regulate bone mass by stimulating osteoclastogenesis and bone resorption and its circulating levels were associated with the changes in bone turnover biomarkers in postmenopausal women (Garcia-Martin et al., 2012). The increase in circulating FSH is found to begin even before the decrease in estrogen and this increase in FSH is accompanied with a boost in bone markers. Such correlation between the circulating levels of FSH and bone markers, especially bone resorption marker urinary DPD, was also observed in the present study. Our results showed that treatment of OVX rats with 17-b estradiol and DBT significantly suppressed ovariectomy-induced serum FSH and LH levels and induced serum estradiol levels in OVX rats upon treatment for 12 weeks. The actions of SERMs on these hormones in OVX rats appear to be slightly different. Tamoxifen significantly suppressed serum FSH and LH levels but did not induce serum estradiol levels in OVX rats; whereas raloxifene significantly suppressed serum FSH and induced serum estradiol levels in OVX rats. As both FSH and estradiol play essential role in controlling bone mass, our results suggest that the in vivo bone protective actions of DBT as well as SERMs might be mediated via their effects on modulating the secretion of these hormones by the HPG axis.

Our results showed that DBT did not alter the uterus weight in OVX rats despite its stimulatory effects on circulating estrogen level. Uterus is one of the sensitive target tissues of estrogen and also the tissue that the side effects of estrogen and SERMs are frequently reported (Goss et al., 2007). Indeed, our study clearly showed that tamoxifen, raloxifene, and 17β–estradiol significantly increased uterus index in OVX rats. The fact that DBT increased serum estradiol without inducing uterus weight suggested that DBT might alter the responses of uterus to circulating estrogen in OVX rats. However, the underlying mechanism for the differential actions of DBT in uterus remains unclear. Previous studies reported that phytoestrogens could facilitate the clearance of estrogens from local tissues, such as uterus and breast, and catabolize the estrogens to more benign 2-hydroxylated metabolites (Wood et al., 2007). Thus, it is also possible that DBT might alter the clearance of estrogens in reproductive tissues, thereby reducing the potential side effects in these tissues. Further study will be needed to investigate the actions of DBT on tissue sensitivity to estradiol as well as local estradiol metabolism.

Esstrogen receptors α and β are expressed in bone that mediate the direct effects of estrogen, resulting in decreased bone resorption and formation activity (Khalid and Krum, 2016). Phytoestrogens, as alternatives to estrogen, also exert estrogen-like activities possibly via their direct but weak affinity for ERs. Indeed, three major constitutents in DBT, calycosin, and fomonenotin from AR and ferulic acid from ASR, are flavonone phytoestrogens. It would be a concern for postmenopausal women who are routinely prescribed with SERMs (such as tamoxifen and raloxifene) to consume herbal products containing phytoestrogens (such as DBT) for management of menopausal symptoms as the latter might interfere with the efficacy of the prescription drugs. The present study using OVX rats demonstrated that co-treatment with DBT at its clinical dose did not alter the efficacy of SERMs in bone nor worsen their side effects in the uterus. Moreover, DBT appeared to exert its beneficial effects on bone also via the modulation of hormonal systems in OVX rats. Thus, it is possible that the level of major phytoestrogens in DBT, upon metabolic activation and clearance, will not be high enough to interfere with binding activities of SERMs toward ERs in different tissues. Future study will be needed to characterize the tissue distribution of major phytoestrogens in OVX rats upon long-term treatment with DBT.

The in vitro studies demonstrated the differences between the actions of tamoxifen and raloxifene in bone cells. Tamoxifen significantly induced but raloxifene inhibited ERE-dependent luciferase activities in human osteosarcoma MG-63 cells, indicating that tamoxifen might act as agonist of ERs while raloxifene as antagonist in osteoblast MG-63 cells. Although correlation exists between ERE-dependent transcriptional activity and cell differentiation, their effects on ALP activities in osteoblast might also be mediated by ERE-independent transcriptional events. Our results indicated the possible mechanistic differences between tamoxifen and raloxifene and that the osteoprotective effects of them might be mediated via both ERE-dependent and ERE-independent mechanisms. In addition, our study showed that the potent stimulatory effects of DBT on ALP activity and ERE-dependent transcriptional activity were offseted by co-treatment with tamoxifen and raloxifene. Thus, the in vitro study supported our speculation that the effects of phytoestrogens present in DBT and SERMs in estrogen-sensitive cells would be altered when they are co-adminstrated as their actions are mediated by similar ERs. However, such strong antagonizing effects of SERMs on the estrogenic actions of DBT in bone cells were not reflected from the results of our in vivo study. Although two-way ANOVA analysis indicated that interactions exist between SERMs and DBT on bone properties, co-administration of SERMs and DBT did not result in reduced beneficial effects of either treatment on bone.

Taken together, DBT at clinically relevant dose was effective in protecting against estrogen defiency induced bone loss without inducing uterus weight in OVX rats. Its bone protective effects appeared to be mediated by its actions in modulating the hypothalamus–pituitary–gonadal axis which restore the change in levels of estradiol, FSH, and LH; and subsequently regulated bone remodeling by primarily suppressing the bone resorption process (Figure 8). The bone protective effects of DBT and SERMs in vivo and in osteoblastic cells were not additive and these agents appeared to interact with each other in exerting bone protective effects in vivo. Future study will be needed to verify the clinical efficacy and potential side effects of DBT for management of postmenopausal osteoporosis.
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FIGURE 8. Possible mechanism for the anti-osteoporotic effects of DBT, SERMs, and their combinations in OVX rats. (1) DBT modulates the hypothalamus–pituitary–gonadal axis in OVX rats; (2) estradiol and FSH (and/or LH) regulate bone remodeling-related genes, mainly suppressing bone resorption and resulting in the bone protective activities.
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