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Abstract:



This study investigated the antioxidative and obsteoblast differentiation promoting activity of the phenolics isolated from the 70% ethanol extract of the roots of Livistona chinensis. Two new phenolics, (2R,3R)-3,5,6,7,3',4'-hexahydroxyflavane (1), and phenanthrene-2,4,9-triol (2), together with six known phenolics 3–8, were isolated and identified on the basis of extensive spectroscopic analysis. The antioxidative and obsteoblast differentiation promoting abilities of the compounds 1–3, 7–8 were tested, the phenolics 1–3, 7 showed effects on proliferation of osteoblastic cells and antioxidative activity of 3.125–50 µg/mL. In addition, the phenolics 1–3 observably increased alkaline phosphatase activity, osteocalcin content and hydroxyproline content in osteoblastic cells. Phenolic 1 at 12.5 µg/mL concentration significantly increased the area of nodules by about 9.35-fold. The antioxidative activity results indicated that the anti-osteoporosis effects of these phenolics may be linked to a reduction of oxidative stress. The observed effects of these phenolics on bone formation by rat osteoblastic cells suggest that these phenolics may have beneficial effects on bone health.
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1. Introduction


Osteoporosis is a disease characterized by the loss of bone mass and degeneration of bone microstructure, resulting in an increased risk of fractures. Osteoporosis, called postmenopausal osteoporosis, is common in women after menopause [1]. It may also develop in men, especially in the aged man, which is called age-related bone loss [2]. Osteoporosis may significantly affect life expectancy and quality of life in humans.



Oxidative stress, resulting from excessive formation of reactive oxygen species (ROS) or dysfunction of antioxidant defense system, represents a major cause of age-associated pathological conditions including aging [3] and postmenopausal bone loss [4]. Oxidative stress is a pivotal pathogenic factor for age-related bone loss in mice, leading to an increase in osteoblast and osteocyte apoptosis and a decrease in osteoblast number and the rate of bone formation [5,6]. On the other hand, ROS is also involved in bone resorption with a direct contribution of osteoclast-generated superoxide to bone degradation [7,8]. Oxidative stress increases differentiation and function of osteoclasts [8].



The genus Livistona is widely distributed in several ecosystems throughout the tropical zone, including upland hardwoods, flatwoods, and tropical hammocks. L. chinensis is commonly used for analgesic and hemostatic purposes [9,10]. Phytochemically, it has been reported to contain flavonoids, phenolics, ceramides and glycerides [11,12,13,14,15,16,17]. As part of our ongoing search for active anti-osteoporosis compounds from traditional medicinal plants, we investigated the constituents from the roots of L. chinensis. Eight phenolics, including two new phenolics, (2R,3R)-3,5,6,7,3',4'-hexahydroxyflavane (1), phenanthrene-2,4,9-triol (2), and six known compounds 3–8 was isolated and identified from the ethyl acetate-soluble fraction of a 70% ethanol extract. The structures of phenolics 1–8 are shown in Figure 1. Their potential osteogenic effects on the proliferation, differentiation and mineralization of osteoblastic cells were evaluated. To clarify the underlying mechanisms of action of the phenolics, we investigated whether protection against osteoporosis was linked to a reduction of oxidative stress.


Figure 1. Chemical structures of the phenolics 1–8.
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2. Results and Discussion


2.1. Structure Elucidation of the New Phenolics 1 and 2


Phenolic 1 was obtained as an amorphous red powder. The positive electrospray ionization mass spectrometry (ESI-MS) gave a [M+Na]+ ion at m/z 329 from which in combination with its 1H and 13C-NMR data the molecular formula of C15H14O7 was inferred. The 1H-NMR spectrum of 1 exhibited three meta-coupled doublets at δH 6.94 (1H, d, J =1.6 Hz, H-2'), 6.72 (1H, d, J = 8.4 Hz, H-5') and 6.76 (1H, dd, J = 8.4, 2.0 Hz, H-6'), consistent with a flavane 1',3',4'-trisubstituted B ring. One meta-coupled doublet at δH 5.91 (1H, s, H-8) was consistent with a flavane 5,6,7-trioxygenated A ring. These resonances, together with δH 4.77 (1H, brs, H-2), 4.14 (1H, m, H-3), 2.83 (1H, dd, J = 16.4, 4.8 Hz, H-4ax) and 2.70 (1H, dd, J = 16.8, 2.8 Hz, H-4eq) and the corresponding carbon signals in the HMQC spectrum revealed that 1 was 3,5,6,7,3',4'-hexahydroxyflavane. The following spectroscopic analysis made the absolute configurations at C-2 and C-3 assignable. The small coupling constants of H-2 and H-3 were indicative of the 2,3-cis relative configuration with the 2-phenyl group in a pseudo-equatorial orientation and the 3-hydroxy group in a pseudo-axial orientation, that’s to say, the configurations could be (2S,3S) or (2R,3R) [14]. By comparison with the literature values of 2R,3R-3,5,6,7,8,4'-hexahydroxyflavane, whose optical rotation value {  [image: Molecules 19 00263 i001] = −48.0 (c 0.30, MeOH)} indicated a 2R and 3R absolute configuration [14], the optical rotation value of 1 {  [image: Molecules 19 00263 i002] = −43.0 (c0.3, MeOH)} suggested the absolute configurations of C-2 and C-3 were (2R, 3R). Thus, the structure of 1 was elucidated to be 2R,3R-3,5,6,7,3',4'-hexahydroxyflavane.



Phenolic 2 was obtained as an amorphous powder. Positive electrospray ionization mass spectrometry (ESI-MS) produced a [M+Na]+ ion at m/z 249, indicating a mass of 226, which is compatible with the molecular formula C14H10O3. Its molecular formula was confirmed by HR-ESIMS, which showed the ion [M+Na]+ at m/z 249.0637 (calcd. 249.0630). In the 1H-NMR spectrum, there are seven signals at δH 6.15 (1H, t, J = 5.6 Hz, H-11), 6.44 (1H, d, J = 2.0 Hz, H-14), 6.76 (1H, d, J = 8.8 Hz, H-10), 6.81 (1H, s, H-3), 6.92 (1H, s, H-5), 6.97 (1H, s, H-7) and 7.34 (1H, d, J = 8.4 Hz, H-12). The 13C-NMR spectrum included 14 nonequivalent carbon signals at δC 102.9–159.8 ppm, implying phenolic 2 is an anthracene compound. The counpling constant of every hydrogen mentioned above indicates the assignment of the hydroxyl groups at C-2, C-4 and C-9. From the data above, phenolic 2 was identified as a new compound, anthracene-2,4,9-triol. The known phenolics were identified, by comparing of their spectroscopic data with data previously reported in the literature, as (−)-catechin (3) [14], (−)-epiafzelechin (4) [14], (−)-epicatechin (5) [18], (−)-afzelechin (6) [18], naphthalen-2-ol (7) [19] and 7-hydroxy-5,4'-dimethoxy-2-arylbenzofuran (8) [15].




2.2. In Vitro Effect of the Phenolics 1–3, 7, 8 in Osteoblast Viability


When different concentration of the phenolics 1–3, 7–8 were cultured with rat osteoblast cells. Phenolic 8 inhibited the rat osteoblast cell growth and proliferation. However, phenolics 1 and 3 at concentration from 3.125 µg/mL to 50 µg/mL stimulated rat osteoblast cell growth and proliferation, and this effect appeared in a dose-dependent manner (Table 1). We observed a significant increase in promoting proliferative activity in cells treated with phenolic 1 after 2 days of treatment. Phenolic 1 at 25 µg/mL concentration showed the highest promoting proliferative activity (about 2.14-fold) at the second day after treatment, when compared with the negative control, which exhibited more potential promoting activity than positive control-resveratrol.



Table 1. Effects of the phenolics 1–3, 7 on the proliferation of rat osteoblast cells after 48 h, as determined by MTT assay.







	
Concentrations (μg/mL)

	
Cell Viability (%)




	
1

	
2

	
3

	
7

	
Positive Control






	
0

	
101.73 ± 6.54

	
104.55 ± 8.78

	
103.29 ± 10.85

	
101.29 ± 9.85

	
101.34 ± 13.23




	
3.125

	
158.43 ± 15.44 *

	
111.75 ± 12.19 *

	
163.99 ± 10.50 *

	
107.99 ± 10.50

	
107.21 ± 9.56




	
6.25

	
181.54 ± 8.19 *

	
125.07 ± 10.23 *

	
171.45 ± 15.44 *

	
111.45 ± 11.44 *

	
115.25 ± 14.14 *




	
12.5

	
208.88 ± 12.95 *

	
129.13 ± 8.19 *

	
186.90 ± 16.78 *

	
116.90 ± 9.78 *

	
169.32 ± 16.00 *




	
25

	
314.67 ± 21.48 *

	
134.23 ± 11.97 *

	
214.22 ± 20.60 *

	
121.22 ± 12.60 *

	
197.66 ± 16.57 *




	
50

	
228.94 ± 11.58 *

	
125.76 ± 11.60 *

	
175.73 ± 16.59 *

	
115.73 ± 8.59 *

	
153.23 ± 16.65 *








Note: * p ˂ 0.05 vs. negative control.











2.3. Effects of the Phenolics 1–3, 7 on ALP Activity of Rat Osteoblast


The phenotype of mature osteoblasts is characterized by their ability to synthesize and secrete molecules of the extracellular matrix. Osteoblasts regulate their mineralization of the formed matrix by producing alkaline phosphatase (ALP) [20]. This enzyme hydrolyzes phosphate esters to increase the local phosphate concentration and enhance mineralization of the extracellular matrix [21]. One of the characteristics of a mature osteoblast phenotype is the ability of the cells to synthesize ALP, which is considered an early marker of osteoblast differentiation. ALP is an early marker of osteogenic differentiation [22]. To determine whether the phenolics 1–3, 7 could stimulate osteogenic differentiation, the effects of the new flavane on bone formation early marker, ALP activity, was measured. Our data illustrated that treatment of rat osteoblast cells with the phenolics 1–3, 7 stimulated ALP activity in a dose-dependent manner. As shown in Figure 2, phenolic 1 at most of the treated concentrations increased the ALP activity compared with the negative control. At 7 day after treatment, phenolic 1 showed a dose-dependent increase in ALP activity by 8.8%, 25.8%, 70.4%, 80.1% and 53.3% at the concentrations of 3.125, 6.25, 12.5, 25 and 50 μg/mL, respectively, as compared to the control. Phenolic 2 demonstrated a dose-dependent increase in ALP activity by 11.5%, 11.7%, 48.0%, 28.8% and 39.3% at the concentrations of 3.125, 6.25, 12.5, 25 and 50 μg/mL, respectively, as compared to the control. Phenolic 3 significantly increased the ALP activity by 6.9%, 29.7%, 7.4%, 16.8% and 58.1% at concentrations of 3.125, 6.25, 12.5, 25 and 50 μg/mL, as compared to the control. Phenolic 7 significantly increased the ALP activity by 6.9%, 4.7%, 9.4%, 28.8% and 35.1% at concentrations of 3.125, 6.25, 12.5, 25 and 50 μg/mL, as compared to the control. At 25 μg/mL, the ALP activity of the new flavane was significantly increased by about 0.80-fold when compared with the negative control at 7 day after treatment. Its osteogenic effect was stronger than the positive control resveratrol at 25 μg/mL.


Figure 2. The effects of the phenolics (1–3, 7) on ALP activity were assessed in rat osteoblast cells treated with the phenolics (1–3, 7) (3.125–50 µg/mL) for 7 days.
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Note: * p ˂ 0.05 vs. negative control.









2.4. Effects of the Phenolics 1–3, 7 on Osteocalcin Content of the Rat Osteoblastic Cells


Osteocalcin is a noncollagenous protein found in bone and dentin. Osteocalcin is secreted solely by osteoblasts and thought to play a role in the body's metabolic regulation and is pro-osteoblastic, or bone-building, by nature. It is also implicated in bone mineralization and calcium ion homeostasis [23]. It is often used as a marker for the bone formation process. The effects of the phenolics 1–3, 7 on the bone formation marker osteocalcin were determined. Our data illustrated that treatment of rat osteoblast cells with the phenolics 1–3, 7 for 14 days stimulated osteocalcin secreting in a dose-dependent manner. As shown in Figure 3, phenolic 1 demonstrated a dose-dependent increase in osteocalcin content by 32.6%, 43.9%, 65.3% and 39.6% at the concentrations of 3.125, 6.25, 12.5 and 25 μg/mL, as compared to the control. Phenolic 2 demonstrated a dose-dependent increase in osteocalcin content by 18.0%, 32.8%, 63.1%, 47.6% and 11.7% at the concentrations of 3.125, 6.25, 12.5, 25 and 50 μg/mL, as compared to the control. Phenolic 3 demonstrated a dose-dependent increase in osteocalcin content by 18.3%, 45.0%, 21.5%, 18.4% and 42.1% at the concentrations of 3.125, 6.25, 12.5, 25 and 50 μg/mL, as compared to the control. Phenolic 7 demonstrated a dose-dependent increase in osteocalcin content by 21.6% and 5.8% at the concentrations of 25 and 50 μg/mL, as compared to the control. Treated with 12.5 μg/mL phenolic 1, the osteocalcin content was significantly increased by about 0.65-fold when compared with the negative control. Its osteogenic effect was stronger than the positive control resveratrol at 6.25 μg/mL.


Figure 3. The effects of the phenolics (1–3, 7) on osteocalcin content were assessed in rat osteoblast cells treated with the phenolics (1–3, 7) (3.125–50 µg/mL) for 14 days.
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Note: * p ˂ 0.05 vs. negative control.









2.5. Effects of the Phenolics 1–3, 7 on Collagen Content of the Rat Osteoblastic Cells


Collagen type I is a marker of osteogenic maturity, and bone is a matrix with collagen type I [24]. Collagen content of the rat osteoblastic cells was determined by a hydroxyproline assay. The effects of the phenolics 1–3, 7 on bone formation of the intermediate-term marker, collagen, were determined. Our data illustrated that treatment of rat osteoblast cells with the phenolics 1–3, 7 for 22 days stimulated collagen secreting in a dose-dependent manner. As shown in Figure 4, phenolic 1 demonstrated a dose-dependent increase in collagen content by 14.3%, 29.5%, 44.4%, 32.7% and 13.2% at the concentrations of 1.5625, 3.125, 6.25, 12.5 and 25 μg/mL, as compared to the control. Phenolic 2 demonstrated a dose-dependent increase in collagen content by 23.3%, 19.5%, 37.5%, 22.7% and 26.3% at the concentrations of 1.5625, 3.125, 6.25, 12.5 and 25 μg/mL, as compared to the control. Phenolic 3 demonstrated a dose-dependent increase in collagen content by 5.2%, 22.4%, 6.4%, 2.7% and 21.2% at the concentrations of 1.5625, 3.125, 6.25, 12.5 and 25 μg/mL, as compared to the control. Phenolic 7 demonstrated a dose-dependent increase in collagen content by 3.4%, 21.6% and 3.2% at the concentrations of 6.25, 12.5 and 25 μg/mL, as compared to the control. Treated with 6.25 μg/mL phenolic 1, the collagen content was significantly increased by about 0.44-fold when compared with the negative control. Its osteogenic effect was stronger than the positive control resveratrol at 50 μg/mL.


Figure 4. The effects of the phenolics (1–3, 7) on the hydroxyproline content were determined in rat osteoblast cells treated with the phenolics (1–3, 7) (1.5625–25 µg/mL) for 22 days.
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Note: * p ˂ 0.05 vs. negative control.









2.6. Effects of the Phenolics 1–3, 7 on the Formation of Mineralized Bone Nodules


The mineralized bone nodules formed by rat osteoblast cells were observed after 20 days of treatment. The mineralized bone nodules could be visualized by the naked eye as red-purple spots after staining with alizarin red (Figure 5A). The addition of phenolic 1 at concentrations as low as 3.125 µg/mL to the culture media increased the formation of mineralized nodules compared with control. Phenolics 1–3, 7 caused a dose-dependent increase in the area of mineralized bone nodules as quantified using a Image-Pro Plus 6.0 software (Figure 5B). Phenolic 1 demonstrated a dose-dependent increase in the area of mineralized bone nodules by 232.6%, 673.9%, 935.3% and 199.6% at the concentrations of 3.125, 6.25, 12.5 and 25 μg/mL, as compared to the control. Phenolic 2 demonstrated a dose-dependent increase in the area of mineralized bone nodules by 518.0%, 282.8%, 663.1%, 290.6% and 571.7% at the concentrations of 3.125, 6.25, 12.5, 25 and 50 μg/mL, as compared to the control. Phenolic 3 demonstrated a dose-dependent increase in the area of mineralized bone nodules by 118.3%, 445.0%, 151.5%, 68.4% and 462.1% at the concentrations of 3.125, 6.25, 12.5, 25 and 50 μg/mL, as compared to the control. Phenolic 7 demonstrated a dose-dependent increase in the area of mineralized bone nodules by 141.6% and 5.8% at the concentrations of 25 and 50 μg/mL, as compared to the control. Analysis of the results from alizarin red staining showed that at 12.5 µg/mL, phenolic 1 increased the area of nodules by about 9.35-fold.


Figure 5. Dose-dependent effects of the phenolics 1–3, 7 on the formation of mineralized nodules in a 12-well plate fixed on Day 20 and stained by alizarin red. (A) Cells were treated with the phenolics 1–3, 7 at concentrations of 3.125, 6.25, 12.5, 25, 50 and 0 µg/mL (from a to f) on day 20; and (B) Dose-dependent effects of the phenolics 1–3, 7 on the area of mineralized bone nodules stained by alizarin red.
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Note: * p ˂ 0.05 vs. negative control.









2.7. Antioxidantive Activity of the Phenolics 1–3, 7


2.7.1. Protective Effects against H2O2-Induced Cell Injury in C2C12 Mouse Myoblast Cells


To investigate the protective effects of phenolics 1–3, 7 on H2O2-induced cytotoxicity, C2C12 mouse myoblast cells were cultured in the presence of 100 μM H2O2 with or without treatment with phenolics 1–3, 7. Treatment with phenolics 1–3, 7 increased the cell viability of C2C12 mouse myoblast cells compared to the H2O2-treated control (Table 2A). Treatment with phenolics 1–3, 7 decreased the number of apoptotic cells compared to the H2O2-treated control group (Table 2B). From the results, phenolics 1–3, 7 isolated from the roots of L. chinensis showed potential protective effects against H2O2-induced cell injury in C2C12 mouse myoblast cells. Flavane 1 at 50 µg/mL concentration showed the highest protective activity.



Table 2. Protective effects of the phenolics 1–3, 7 on H2O2-induced cell injury in rat osteoblastic cells. Rat osteoblast cells were cultured in the presence of 100 μM H2O2 with or without treatment of the phenolics 1–3, 7 different concentrations. (A) The cell viability, and (B) the cell apoptosis, were assessed by MTT assay and flow cytometric analysis, respectively.







	
Concentrations (μg/mL)

	
(A) Cell Viability (%)




	
1

	
2

	
3

	
7

	
Positive Control




	
0

	
211.23 ± 19.57 *

	
205.92 ± 20.41 *

	
211.45 ± 21.50 *

	
197.99 ± 18.51 *

	
210.12 ± 20.51 *




	
100 μM H2O2

	
102.43 ± 8.34

	
103.66 ± 9.80

	
103.99 ± 8.08

	
102.50 ± 10.50

	
102.50 ± 9.65




	
100 μM H2O2 + 3.125

	
127.43 ± 6.34

	
113.66 ± 10.48

	
123.99 ± 10.09

	
106.81 ± 10.40

	
131.81 ± 12.40




	
100 μM H2O2 + 6.25

	
131.32 ± 11.57 *

	
119.91 ± 10.50

	
126.02 ± 11.26

	
113.94 ± 11.33

	
163.94 ± 14.35 *




	
100 μM H2O2 + 12.5

	
144.36 ± 18.83 *

	
145.79 ± 12.61 *

	
136.81 ± 13.33 *

	
124.09 ± 12.64 *

	
234.06 ± 21.63 *




	
100 μM H2O2 + 25

	
198.44 ± 16.85 *

	
154.01 ± 14.94 *

	
188.02 ± 28.01 *

	
134.24 ± 24.61 *

	
499.24 ± 54.60 *




	
100 μM H2O2 + 50

	
319.46 ± 23.20 *

	
212.96 ± 19.07 *

	
288.29 ± 22.14 *

	
145.08 ± 16.06 *

	
766.08 ± 79.15 *




	
Concentrations (μg/mL)

	
(B) Cell Apoptosis (%)




	
1

	
2

	
3

	
7

	
Positive Control




	
0

	
2.50 ± 0.70 *

	
2.55 ± 0.30 *

	
2.40 ± 0.21 *

	
2.04 ± 0.24 *

	
2.35 ± 0.17 *




	
100 μM H2O2

	
67.53 ± 4.56

	
66.87 ± 3.59

	
64.96 ± 6.73

	
68.67 ± 5.98

	
67.23 ± 4.39




	
100 μM H2O2 + 3.125

	
61.50 ± 5.73

	
62.50 ± 5.91

	
64.45 ± 3.34

	
66.50 ± 6.11

	
66.81 ± 6.41




	
100 μM H2O2 + 6.25

	
34.33 ± 3.44 *

	
57.94 ± 5.34 *

	
40.32 ± 3.57 *

	
60.29 ± 6.07

	
61.94 ± 5.33




	
100 μM H2O2 + 12.5

	
9.56 ± 0.99 *

	
46.09 ± 3.64 *

	
13.36 ± 2.83 *

	
55.13 ± 3.12 *

	
13.09 ± 1.63 *




	
100 μM H2O2 + 25

	
2.63 ± 0.19 *

	
24.16 ± 2.15 *

	
2.44 ± 0.19 *

	
45.70 ± 4.13 *

	
3.24 ± 0.20 *




	
100 μM H2O2 + 50

	
1.92 ± 0.21 *

	
10.68 ± 1.15 *

	
1.46 ± 0.20 *

	
23.89 ± 2.03 *

	
0.68 ± 0.06 *








Note: * p ˂ 0.05 vs. model group.











2.7.2. DPPH Free Radical-Scavenging Activity


From the results, it was found that phenolics 1–3, 7 isolated from L. chinensis showed obvious free radical scavenging activity on DPPH with IC50 values of 2.11 ± 0.18, 2.89 ± 0.28, 3.58 ± 0.18, 10.70 ± 1.18 μM, respectively. Meanwhile, phenolics 1–3 exhibited more potential antioxidant activity than positive control-quercetin (IC50: 5.40 ± 0.30 μM).



Osteoporosis is a degenerative bone disease characterized by low bone mass and structural deterioration of bone tissue, leading to bone fragility. Bone integrity requires a tight coupling between the activity of bone-forming osteoblasts and bone-resorbing osteoclasts [25]. Reactive oxygen species (ROS) are involved in osteogenesis including bone formation and resorption, which are associated with the aging process and may result in osteoporosis [26,27,28,29,30]. During bone formation, osteoblasts undergo a cascade of complex events that might include three phases: proliferation, osteogenic differentiation, and mineralization of extracellular matrix [31].



This study reported for the first time to investigate the osteogenic effects of the phenolics from the roots of L. chinensis. Two new phenolics were isolated from the the roots of L. chinensis. Anti-osteoporosis activity of the phenolics 4–6 was evaluated in our former research [32]. Phenolic 1 showed enhancing effects on proliferation of rat osteoblast cells at the tested concentrations (3.125–50 µg/mL). Phenolics 1–3 at the majority of the tested concentrations (3.125–50 µg/mL) increased the osteogenic differentiation. At 7 day after treatment, phenolic 1 at the concentration of 25 µg/mL increased the ALP activity to the highest level by 80.1%, compared to the control. Treated with 12.5 μg/mL phenolic 1, the osteocalcin content was significantly increased by about 0.65-fold when compared with the negative control. Collagen content of the rat osteoblastic cells was determined by hydroxyproline assay. Treated with the 6.25 μg/mL phenolic 1, the hydroxyproline content was significantly increased by about 0.44-fold when compared with the negative control. Phenolic 1 at 12.5 µg/mL increased the area of nodules by about 9.35-fold.






3. Experimental


3.1. General


Optical rotations were measured using a JASCO P-1030 (Tokyo, Japan) automatic digital polarimeter. NMR spectra (400 MHz for 1H NMR) were recorded on a Bruker DPX-400 spectrometer (Karlsruhe, Germany) using standard Bruker pulse programs. Chemical shifts were showed as the δ-value with reference to tetramethylsilane (TMS) as an internal standard. ESI-MS data were obtained on an Agilent 1200 HPLC/6410B TripleQuad mass spectrometer (Santa Clara, CA, USA), and HR-ESIMS were measured on a Bruker APEX II mass spectrometer (Bremen, Germany). Sephadex LH-20 (Pharmacia, Stockholm, Sweden), silica gel (Qingdao Ocean Chemical Co., Ltd, Qingdao, China), Octadecylsilanized (ODS) silica gel (Macherey-Nagel, Duren, Germany) were used for column chromatography. TLC was carried out on Silica gel 60 F254 (0.25 mm, Merck, Darmstadt, Germany), and RP-18 F254 (0.25 mm, Merck) plates, and spots were visualized by spraying with 15% H2SO4 followed by heating. HPLC was performed using an octadecylsilanized (ODS) silica gel column (XTerra 10 μm, 19 × 250 mm, Waters). Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS), and trypsin-EDTA solution (1×) were obtained from Hyclone (Logan, UT, USA). Annexin-V/PI Apoptosis Detection Kit was purchased from Beyotime Institute of Biotechnology (Jiangsu, China). Hydroxyproline Assay Kit was purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). All other chemicals were analytical or HPLC grade and obtained from Shanghai Chemical Reagents Co., Ltd (Shanghai, China).




3.2. Plant Material


The fresh roots of Livistona chinensis (Jacq.) R. Br. were collected in Jiangmen, Guangdong Province, China, in September 2009, and were identified by Prof. Xiangjiu He, School of Pharmaceutical Sciences at Wuhan University. A voucher specimen (No. 20100115) is available at the School of Pharmaceutical Sciences, Wuhan University in Wuhan (430071), China.




3.3. Extraction and Isolation


The air-dried roots of L. chinensis (1.5 kg) were extracted with 70% EtOH (25 L × 3) at refluxed. Evaporation of the organic solvent under a vacuum at 55 °C yielded a crude extract (560 g). The concentrated brown syrup was resuspended in water and partitioned with chloroform (3 L × 3), ethyl acetate (3 L × 3) and water-saturated n-butanol (3 L × 3) gradually to afford 33.0 g, 35.3 g and 230.3 g of dried organic extracts, respectively. The ethyl acetate fraction with the most potential activity was fractionated over a silica gel (200 ~ 300 mesh) column eluting with a gradually amount of MeOH in CHCl3 to give 15 fractions. The CHCl3/MeOH (25:1) eluate was further purified on a silica gel column, eluted with CHCl3/MeOH (100:1→1:1), combined with preparative HPLC (28% methanol containing 0.1% CF3COOH, pH 3.0), yielding compounds 2 (56.79 mg), 5 (12.33 mg) and 7 (15.56 mg). The CHCl3/MeOH (10:1) eluate was subjected to an octadecylsilanized silica gel (ODS) column, followed by a preparative HPLC with 26% methanol (containing 0.1% CF3COOH, pH 3.0), yielding compound 6 (10.76 mg). The CHCl3/MeOH (15:1) eluate was subjected to silica gel and Sephadex LH-20 column chromatography, followed by preparative HPLC with 20% methanol (containing 0.1% CF3COOH, pH 3.0) to give phenolics 1 (15.56 mg), 3 (13.47 mg), 4 (21.34 mg) and 8 (132.46 mg).




3.4. (2R,3R)-3,5,6,7,3',4'-Hexahydroxyflavane (1)


Amorphous colorless powder;  [image: Molecules 19 00263 i002] = −43.0 (c 0.3, MeOH). ESI-MS (positive-ion mode) [M+Na]+m/z 329. 1H-NMR (CD3OD) δH 4.77 (1H, brs, H-2), 4.14 (1H, m, H-3), 2.83 (1H, dd, J = 16.4, 4.8 Hz, H-4ax), 2.70 (1H, dd, J = 16.8, 2.8 Hz, H-4eq), 5.91 (1H, s, H-8), 6.94 (1H, d, J =1.6 Hz, H-2'), 6.72 (1H, d, J = 8.4 Hz, H-5'), 6.76 (1H, dd, J = 8.4, 2.0 Hz, H-6'); 13C-NMR (CD3OD): δC 79.9 (C-2), 67.6 (C-3), 29.5 (C-4), 157.7(C-5), 145.8 (C-6), 146.1 (C-7), 96.6 (C-8), 158.0 (C-9), 100.3 (C-10), 132.4 (C-1'), 115.5 (C-2'), 157.4 (C-3'), 157.2 (C-4'), 116.1 (C-5'), 119.6 (C-6').




3.5. Anthracene-2,4,9-triol (2)


Amorphous colorless powder; ESI-MS (positive-ion mode) [M+Na]+m/z 249. 1H-NMR (CD3OD) δH 6.81 (s, H-3), 6.92 (s, H-5), 6.97 (s, H-7), 6.76 (d, J = 8.8 Hz, H-10), 6.15 (t, J = 5.6 Hz, H-11), 7.34 (d, J = 8.4 Hz, H-12) and 6.44 (d, J = 2.0 Hz, H-14); 13C-NMR (CD3OD) δC 116.7 (C-1), 159.8 (C-2), 106.0 (C-3), 159.8(C-4), 130.8 (C-5), 141.6 (C-6), 102.9 (C-7), 128.9 (C-8), 158.6 (C-9), 106.0 (C-10), 128.9 (C-11), 116.7 (C-12), 127.2 (C-13), 129.4 (C-14).




3.6. Rat Osteoblast Cell Culture


Osteoblastic cells were enzymatically isolated from newborn rat calvaria by a previously described method with slight modifications [33]. The bone pieces were digested sequentially in a trypsin II-S (25 mg)-collagenase IA (70 mg) in 15 mL PBS solution at 37 °C for 30 min. Rat osteoblastic cells obtained from the last three digestion steps were pooled and plated together in a T25 tissue culture dish at a concentration of 50,000 cells/cm2 and cultured in DMEM supplemented with 10% FBS and 1% antibiotic (100 units/mL penicillin and 100 μg/mL streptomycin) at 37 °C in a 5% CO2 humid atmosphere. The medium was changed every 3 day to remove the non-adherent cells.




3.7. C2C12 Cell Culture


The C2C12 cell line was purchased from the American Type Culture Collection. Cells were cultured in basal medium, constituted with DMEM containing 10% fetal bovine serum (FBS, Gibco, Carlsbad, CA, USA) and 1% antibiotics (100 units/mL penicillin and 100 μg/mL streptomycin), for incubation at 37 °C in a 5% CO2 humidified atmosphere.




3.8. Cell Viability Assay


Cells were seeded in a 96-well plate at a density of 5 × 103 cells/well. The total volume was adjusted to 100 μL with growth medium. 24 h after the seeding, the cells were exposed to the phenolics or resveratrol (positive drug) of different concentrations. At two days after treatment, cell viability was examined using a standard MTT method [34]. Drug effect was expressed as percentage relative to the controls.




3.9. Alkaline Phosphatase (ALP) Activity


Cells were cultured in DMEM with 10% FBS and 1% antibiotic (100 units/mL penicillin and 100 μg/mL streptomycin) at 37 °C in a humid atmosphere containing 5% CO2. 1 mL of 5 × 104 cells/well of osteoblastic cells was seeded in 48-well plates. After 24 h, the culture medium with the phenolics or resveratrol (positive drug) at concentrations of 0, 3.125, 6.25, 12.5, 25 and 50 µg/mL was added.



The ALP activity of the samples was determined by a colorimetric assay [35]. At 7 days after treatment, cells seeded in 48-well plates were washed twice with 50 mM PBS (pH 7.4) and kept in 0.1% Triton X-100 lysis buffer overnight at –20 °C. The cells were later thawed. 300 µL of substrate buffer (6.7 mmol/L disodium p-nitrophenylphosphate hexahydrate, 25 mmol/L diethanolamine and 1 mmol/L MgCl2) was added in. After the mixtures were incubated at 37 °C for 30 min, we measured the absorbance at 405 nm.




3.10. Osteocalcin Assay


Osteoblastic cells (2 mL, 1 × 105 cells/well) were seeded in 6-well plates. After 24 h, the culture medium with the phenolics or resveratrol (positive drug) at 0, 3.125, 6.25, 12.5, 25, and 50 µg/mL concentrations was added in. Fourteen days after treatment, the conditioned media were collected for assessment. The concentration of the free osteocalcin was measured by radioimmunoassay (RIA) according to the manufacturer’s instructions (Tian Jin Nine Tripods Medical and Bioengineering Co, Ltd., Tianjin, China).




3.11. Hydroxyproline Assay


Osteoblastic cells (2 mL, 1 × 105 cells/well) were seeded in 12-well plates. After 24 h, the culture medium with the phenolics or resveratrol (positive drug) at 0, 1.5625, 3.125, 6.25, 12.5, and 25 µg/mL concentrations was added. Twenty two days after treatment, cell samples were hydrolyzed in 6 N HCl (final concentration) for 12 h at 110 °C. The samples were filtered and vacuum dried. The residue was dissolved in water (200 µL). The hydroxyproline content was assayed according to the manufacturer’s instructions (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).




3.12. Determination and Quantification of Mineralized Bone Nodules


Osteoblastic cells (2 mL, 1 × 105 cells/well) were seeded in 12-well plates. After 24 h, osteogenic medium (10 mM L-glycerophosphate, 50 µg/mL ascorbic acid) with the phenolics or resveratrol (positive drug) was added. On Day 20, cells seeded in 24-well plates were fixed in 95% ethanol for 15 min and the mineralized bone nodules were visualized by alizarin red staining techniques [36]. The cells were stained with alizarin red (40 mM, pH 7.2) for 10 min and then rinsed them with PBS. Nodules were visualized using an inverted microscope. The area of mineralized nodules was quantified by the Image-Pro Plus 6.0 Software.




3.13. Flow Cytometric Analysis for Apoptosis


To investigate the protective effects of the new flavane on H2O2-induced cytotoxicity, C2C12 mouse myoblast cells were cultured in the presence of 100 μM H2O2 with or without treatment with the phenolics or quercetin (positive drug). Apoptosis was examined by Annexin V-fluorescein isothiocyanate staining (Beyotime Institute of Biotechnology, Jiangsu, China) according to the manufacturer’s instructions. Cells were seeded in 6-well plates. Two days after treatment, the cells were harvested by trypsinization, rinsed twice with PBS, and suspended in 500 µL of binding buffer. The suspended cells were incubated for 15 min at 4 °C with 5 µL Annexin V-FITC solution, and incubated for another 5 min at 4 °C after adding 10 µL of PI solution. The FITC fluorescence intensity of 10,000 cells was measured with a flow cytometer (Beckman-Coulter, Inc., Indianapolis, IN, USA). The apoptosis was expressed as the ratio of apoptotic cell count to total cell count.




3.14. DPPH Radical Scavenging Assay


The effect of the new flavane on DDPH radical was determined according to the method reported by Yen and Chen [37]. DPPH (50 mg/L) was dissolved in MeOH. The samples were dissolved in DMSO. The DPPH solution (995 μL) was mixed with 5 μL of the samples. The mixture was shaken and allowed to stand at room temperature in the dark for 20 min. The absorbance of the resulting solution was measured spectrophotometrically at 517 nm.




3.15. Statistical Analysis


All data were expressed as mean ± S.D. from at least three independent experiments, each performed in quintuplicate. The statistical significance among groups were performed by the SPSS 19.0 software and evaluated using variance (ANOVA) with Fisher’s PLSD test. The probabilities (P) less than 0.05 were considered statistically significant.





4. Conclusions


The findings of the present study showed that the phenolics in L. chinensis were able to activate simultaneously the rat osteoblastic cells at three phases. Phenolics 1–3 significantly promoted osteogenic proliferation, differentiation, and mineralization. ROS are also involved in bone resorption with a direct contribution of osteoclast-generated superoxide to bone degradation [8]. Oxidative stress is a pivotal pathogenic factor for age-related bone loss in mice, leading to an increase in osteoblast and osteocyte apoptosis and a decrease in osteoblast number and the rate of bone formation [38,39]. In addition, osteoblasts produce antioxidants such as glutathione peroxidase to protect against ROS [38,39]. The present study evaluated the antioxidative activity of phenolics through evaluating protecting activity against H2O2-induced apoptosis in C2C12 myogenic cells and DPPH free radical-scavenging activity. And it indicated that anti-osteoporosis effect of the phenolics isolated from the roots of L. chinensis might be linked to a reduction of oxidative stress. Further investigations are desirable to confirm this hypothesis based on findings of our current in vitro study.
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