Hypoglycemic Constituents Isolated from Trapa natans L. Pericarps
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ABSTRACT: Trapa natans L., commonly known as the water chestnut or water caltrop, is an aquatic floating plant. Its fruits are widely used as food. Two new tannins, 1 and 2, one new neolignan, 14, one new norlignan, 17, and twenty known compounds, 3–13, 15–16, and 18–24 were isolated from T. natans pericarps in this study. The structures of 1, 2, 14, and 17 were elucidated using spectroscopic and spectrometric methods, including 1D and 2D NMR experiments. A series of hydrolysable tannins, 1–8, a lignin, 13, a flavonoid, 16, a norlignan, 17, and phenolic compounds, 18, 20, 21, and 24 resulted in the enhanced glucose uptake activity in C2C12 myotubes. Compounds 4 and 5 significantly increased GLUT4 protein expression in C2C12 myotubes. In addition, 4 and 5 increased the phosphorylation of AMPK, AKT(S473), and AKT(T308). The involvement of AMPK and P13K in the mechanism of action of compounds 4 and 5 was confirmed by use of AMPK and PI3K inhibitors, which completely suppressed the 4- and 5-mediated activities of glucose uptake in C2C12 myotubes. Furthermore, we demonstrated that 4 and 5 could increase GLUT4 protein levels in plasma membranes.
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■ INTRODUCTION
Trapa natans L., commonly known as the water chestnut or water caltrop, is an aquatic floating plant native to Eurasia, Africa and Asia. It is grown as a food product or medicinal plant in Taiwan, China and parts of Southeast Asia.1 It belongs to the Trapaceae family and grows in shallow water fields, ponds, swamps and tanks. During the postharvest period, the pericarps (outer shell; husk) of the water caltrops change colors from pink to dark brown. The kernel of the water chestnut is a source of valuable nutrients, including starch, proteins and significant amounts of vitamins. Its pericarp is rich in dietary fiber and polyphenols.2,3 The kernel is usually steamed or boiled before consumption, and the pericarp is abandoned as agricultural waste or used as a fertilizer in Asian countries.4 Pharmacological investigations have indicated that different parts of the water chestnut possesses broad biological activities, such as analgesic, antibacterial, antidiabetic, anti-inflammatory, antiulcer, antimicrobial, anti-oxidative, morpho-physiological, nootropic, neuroprotective, immunomodulator and enzymatic activities.5-7 The pericarp extract of water chestnuts contains polyphenols, such as hydrolysable tannins,2 which are bioactive compounds believed to be involved in anti-diabetic,8 antioxidant4 and hepatoprotective activities.9 A previous study revealed a high content of hydrolysable tannins, including eugeniin, 1,2,3,6-tetra-O-galloyl--D-glucopyranose, and trapain, as well as good antioxidant and anti-diabetic activities of the pericarps of T. japonica.2 Triterpenoids, oleanolic acid and ursolic acid from the pericarps of Trapa acornis expressed α-glucosidase inhibitory effect.10 However, there are few studies on the chemical composition and bioactive compounds of the pericarps of T. natans. There are advantages to utilizing the waste materials from chestnut pericarps as sources of valuable products, which includes decreasing the negative environmental impacts of these waste products. 
Diabetes has become one of the most serious chronic diseases in the world. It includes type 1 diabetes and type 2 diabetes,11,12 of which type 2 diabetes accounts for more than 90% of the diabetic population. Diabetes is characterized by impaired blood glucose homeostasis.13,14 Insulin, which is released by pancreatic β cells, plays an important role in blood glucose homeostasis.15 Most of the recently used anti-diabetic medications still result in serious side effects.13 Therefore, the isolation of novel anti-diabetic agents from natural products is an important area of study. 
T. natans (Trapaceae) is a common food in Asia. Recent studies have shown that the methanol extract of pericarps and roots of T. natans exhibit anti-diabetic activity.8,16 However, the mechanism behind the anti-diabetic effect of T. natans remains unclear. Therefore, the aim of this study was to identify and characterize the active components of T. natans pericarps and investigate the mechanism of action for their glucose uptake enhancing effects.

· MATERIALS AND METHODS
General Experimental Procedures. Optical rotations were measured by a DIP-180 digital polarimeter (JASCO Inc., Tokyo, Japan). IR spectra were recorded on a 983G spectrometer  (PerkinElmer, Beaconsfield, UK). 1H and 13C NMR and 2D NMR spectra were obtained using Avance DRX 500 MHz spectrometers (Bruker Instruments, Karlsruhe, Germany) with tetramethylsilane (TMS) as an internal standard. HRESIMS data were obtained using a maXis impact Q-TOF mass spectrometer (Bruker Daltonik, Bremen, Germany). Extracts were purified by silica gel column chromatography (230-400 mesh) (Merck & Co., Inc., NJ, U.S.) and on a semi-preparative reversed-phase HPLC column [phenomenex Luna (Phenomenex Inc. Torrance, CA), C18, 250 × 10 mm i.d., 5 m, flow rate: 3.0 mL/min] that was monitored with a RID-10A refractive index detector (Shimadzu Co., Kyoto, Japan). 

Plant Material. The pericarps of T. natans were collected from Guantian Dist., Tainan City, Taiwan, in September 2011. The plant was identified by Dr. Shy-Yuan Hwang at the Endemic Species Research Institute. A voucher specimen of T. natans (No.CMR2011TN01) was deposited to the Department of Chinese Pharmaceutical Sciences and Chinese Medicine Resources, China Medical University, Taichung, Taiwan.
Extraction and Isolation. The pericarps of T. natans (10.1 kg) were sectioned and extracted by soaking the material in 95% EtOH (3 × 20 L, each extraction 72 h) at room temperature. The 95% EtOH extract was dried under reduced pressure at 45 °C to yield a brown syrup (ca. 972.4 g). The combined extracts were suspended in H2O and partitioned with EtOAc (3 times). The EtOAc layer (210.9 g) was subjected to a Dianion column (43.0 ×9.5 cm i.d.), which was eluted with MeOH/H2O in a gradient manner to give six fractions (Frs. 1-6). Fr. 5 (4.27 g) was subjected to silica gel column (30.0 × 5.0 cm i.d.) using CH2Cl2/MeOH (20:1 to 1:1, v/v) in a gradient to yield 17 subfractions (frs. 5-1~17). Fr. 5-2 (130.5 mg) was purified using HPLC with isocratic MeOH/H2O (40:60, v/v) to yield 13 (5.3 mg) and 19 (10.7 mg). Fr. 5-3 (102.5 mg) was chromatographed using HPLC with MeOH/H2O (50:50, v/v) to yield 9 (12.8 mg), 11 (5.6 mg), 23 (2.1 mg) and 24 (3.6 mg). Fr. 5-4 (125.8 mg) was separated using HPLC, eluted with MeOH/H2O (40:60, v/v), to yield 15 (8.7 mg), 16 (62.0 mg) and 22 (3.1 mg). Fr. 5-5 (172.3 mg) was chromatographed using HPLC with MeOH/H2O (50:50, v/v) to yield 17 (2.0 mg) and 12 (1.5 mg). Fr. 5-6 (247.3 mg) was separated using HPLC with isocratic MeOH/H2O (50:50, v/v) to afford 10 (151.5 mg) and 14 (1.3 mg). Fraction 2 (15.02 g) was subjected to Sephadex LH-20 column (80 × 3 cm i.d.) chromatography eluted with MeOH/H2O (70:30, v/v) to yield 22 subfractions (frs. 2-1~22), which included compounds 6 (732.6 mg) and 8 (657.1 mg). HPLC purification of fr. 2-2 (45.0 mg) was accomplished by elution with MeOH/H2O (30:70, v/v) and afforded compounds 1 (3.5 mg), 2 (1.7 mg) and 7 (16.0 mg). Fr. 2-4 (63.7 mg) was chromatographed using HPLC with MeOH/H2O (30:70, v/v), which yielded compounds 18 (4.1 mg), 20 (14.9 mg), and 21 (2.0 mg). From fr. 2-7 (184.1 mg), 5 (27.1 mg) was isolated using HPLC with MeOH/H2O (25:75, v/v). Fr. 2-8 (1.17 g) was subjected to HPLC with MeOH/H2O (25:75, v/v) to afford 3 (29.3 mg) and 4 (95.9 mg).
Spectroscopic Data for the New Compounds. 1,6-di-O-Galloyl-2-O-E-caffeoyl--D-
glucopyranoside, 1: colorless powder. [] -39.4 (c 0.1, MeOH); UV (MeOH) λmax (log ε) 229 (4.4), 284 (3.9) nm; IR (KBr) νmax 3302, 2924, 1709, 1697, 1614, 1539, 1456, 1338, 1205, 1070, 1033, 867 and 763 cm-1; See Table 1 for 1H and 13C NMR spectroscopic data; HRESIMS m/z 669.1062 [M+Na]+ (calcd. for C29H26O17Na, 669.1068).
1,6-di-O-Galloyl-2-O-nicotinoyl--D-glucopyranoside, 2: colorless powder. [] -11.8 (c 0.1, MeOH); UV (MeOH) λmax (log ε) 248 (5.2) and 292 (3.4) nm; IR (KBr) νmax 3402, 2920, 2850, 1716, 1595, 1458, 1377, 1101, 1080, and 954 cm-1; See Table 1 for 1H and 13C NMR spectroscopic data; HRESIMS m/z 590.1136 [M+H]+ (calcd. for C26H24NO15, 590.1140).
(8S)-3,3’-Dimethoxy-4-O-(2-glyceroxyl)-8-O-4’-neolignan-9,9’-diol, 14: colorless powder. [] +16.4 (c 0.1, MeOH); UV (MeOH) λmax (log ε) 238 (3.9) and 278 (3.7) nm; IR (KBr) νmax 3361, 2920, 1610, 1506, 1456, 1417, 1394, 1373, 1261, 1138, 1029, and 947 cm-1; See Table 2 for 1H and 13C NMR spectroscopic data; HRESIMS m/z 459.1989 [M+Na]+ (calcd. for C23H32O8Na, 459.1995).
1-(3,4-Dihydroxyphenyl)-3-p-hydroxyphenyl-pent-4-en-1-one, 17: pale yellow amorphous powder. [] -12.4 (c 0.1, MeOH); UV (MeOH) λmax (log ε) 235 (4.1), 277 (3.6), and 309 (3.4) nm; IR (KBr) νmax 3271, 2954, 2920, 1651, 1593, 1512, 1438, 1261, 1168, 1105, 990 and 918 cm-1; See Table 2 for 1H and 13C NMR spectroscopic data; HRESIMS m/z 307.0941 [M+Na]+ (calcd. for C17H16O4Na, 307.0946). 
HPLC Proﬁle of the Bioactive EtOAc Fraction Isolated from the Pericarp of T. natans. The active fraction (5.0 mg/mL) and isolated compounds (1.0 mg/mL) were prepared by dissolving the sample in MeOH (1.0-5.0 mg/mL). All solutions were filtered through a filter cartridge (pore size of 0.22 m) prior to analyses. The HPLC system consisted of a Shimadzu HPLC system equipped with a LC-20AT pump, SIL-20 auto sampler, and SPD-M20A detector. The HPLC profiles of EtOAc fraction and the isolated compounds were performed on a RP-18 column (Cosmosil 5C18-AR-II, 250 x 4.6 mm i.d., 5m) at a flow rate of 1.0 mL/min and were detected at 254 nm. The injection volume was 5 L. The separation was performed using a mixture of 0.1% trifluoroacetic acid (TFA) water solution (A) and methanol (B) with the following gradient elution program: 0–120 min from 5% B to 55% B. 
Cell Culture. C2C12 myoblasts from the American Type Culture Collection (ATCC) were cultured in Dulbecco’s minimal essential medium (DMEM) with 1% streptomycin, 1% penicillin, 1% nonessential amino acid and 10% fetal bovine serum (FBS) and incubated at 37 °C and 5% CO2. C2C12 myoblasts were induced to form C2C12 mature differentiated myotubes by culturing them in differentiation medium (DMEM containing 2% horse serum) for 5–7 days. The cells expressed the myotube morphologies and were ready for use in experiments.
2-Deoxyglucose Uptake Assay. C2C12 myoblasts were incubated in 24-well plates (5 x 104 cell/well) and differentiated into myotubes over 5-8 days. A non-metabolizable radiolabeled analog of D-glucose with radiation, [14C]2-deoxy-D-glucose, was used to measure glucose uptake in C2C12 myotubes. C2C12 myotubes were incubated in 10% charcoal-dextran treated FBS (CD-FBS) DMEM medium with compounds 1–13, 16–18, 20, 21, and 24 in different doses for 24 h. The C2C12 myotubes were incubated for 3 h with a transport buffer (10 mM HEPES, 137 mM NaCl, 4.7 mM KCl, 1.2 mM MgSO4, 1.2 mM KH2PO4, 2.5 mM CaCl2, and 4 mM glutamate, pH 7.2). After the transport buffer was removed, the C2C12 myotubes were then incubated in a transport buffer containing 0.2 µCi [14C]2-deoxy-D-glucose (0.1 mCi/mL) (American Radiolabeled Chemicals, St. Louis, MO) and 0.1 mM 2-deoxy-D-glucose for 5 min. The transport buffer was then removed again and the cells were washed three times with cold PBS. Lysis buffer (1% SDS in 0.1N NaOH) was added in each well. Finally, radioactivity was detected using a scintillation counter (TopCount, Packard BioSciences, Meriden, CT, USA) and protein concentrations were measured using a BCA protein assay kit (Pierce, Rockford, IL, USA).17
Cell Viability Assay. C2C12 myoblasts were incubated in 96-well plates with DMEM medium containing 10% FBS for 24 h. C2C12 myoblasts were incubated in charcoal-dextran treated FBS (CD-FBS) with compounds 4–8 in different doses for 24 h. Cell viability was measured with a Cell Counting Kit-8 (CCK-8) (Dojindo Laboratories, Japan).
Western Blot Analysis. C2C12 cells were seeded in 12-well plates and induced to form C2C12 myotubes before treatment with compounds 4, 5 and insulin. The cells were washed with cold PBS, lysed in 0.1 mL of lysis buffer (150 mM NaCl, 1% NP-40, 0.1% SDS, 50 mM Tris-HCl/pH 7.6, 10 mM EDTA, 1 mM phenylmethane sulfonylfluoride (PMSF), 0.5% deoxycholate, 1 mM Na3VO4, 10 mM NaF, 10 mM β-glycerophosphate, 10 μg/mL phosphatase inhibitor) and treated with a protease inhibitor cocktail for 10 min at 4 °C. Each sample was prepared by adding an equal amount of protein (30 μg) and separating the sample using 10% sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis (PAGE). Polyvinylidene difluoride (PVDF) transfer membranes (Millipore, Bedford, MA, USA) were used for gel transblotting. After blocking with 5% nonfat milk in 1% Tween-20 in 1X PBS, protein on PVDF transfer membranes were immunoblotted using primary antibodies for GLUT4 (R＆D systems), pThr172 AMPK, AMPK, pSer473 AKT, pThr308 AKT, AKT (Cell Signaling), and β-actin (Chemicon). A luminescent image analyzer LAS-3000 (Fuji Photo Film Co., Ltd. Takyo, Japan) was used to detect the immunoblots signals on the PVDF transfer membranes using an enhanced chemiluminescence kit (ECL). Quantitative immunoblots analyses were performed using AlphaDigiDoc 1000 (Alpha Innotech Corp., San Leandro, CA) software version 3.2.3.  
Preparation of Plasma Membrane Fractions. After C2C12 myotubes exposure to compounds 4 and 5 for 4 h, the cells were scraped with 0.1% (v/v) Nonidet P-40 (NP-40) in buffer A (50 mM Tris and 0.5 mM dithiothreitol, pH=8.0) containing protease inhibitors and were homogenated on ice. The homogenated cells were centrifuged at 1,000 g for 10 min, and the supernatant was gently removed to obtain a precipitate. We further suspended the precipitate in buffer A containing protease inhibitors on ice. After 10 min, the suspension was centrifuged at 1,000 g for 10 min and the precipitate was collected. The precipitate was suspended again with 1.0% (v/v) NP-40 in buffer A containing protease inhibitors on ice. After 1 h, the suspension was centrifuged at 16,000 g for 20 min and the supernatant plasma membrane fraction (PM fraction) was further analyzed for GLUT4 protein using western blot analysis.18 Na+/K+-ATPase was used for the plasma membrane load control.19
Statistical Analysis. Experimental data were expressed as mean ± S.E.M. of at least three independent experiments. A value of P <0.05 was considered to be statistically significant.

· RESULTS AND DISCUSSION 
Isolation and Identiﬁcation of Compounds Isolated from T. natans. T. natans pericarps (10.1 kg) were extracted using 95% EtOH and dried in a vacuum to afford a brown syrupy residue. This brown syrupy residue was partitioned in successive steps using EtOAc and H2O. The EtOH extract and EtOAc layer significantly enhanced glucose uptake in C2C12 myotubes (Figure 1). The most active EtOAc layer was further subjected to a combination of chromatographic techniques to afford two new tannins, 1 and 2, one new neolignan, 14, one new norlignan, 17, along with several known compounds, including six tannins, 3–8, five lignans, 9–13, two flavonoids, 15–16, and seven phenolic compounds, 18–24 (Figure 2). 
Compound 1 was obtained as a colorless powder with a molecular formula of C29H26O17, which was determined using a combination of 13C NMR spectroscopic data and positive-ion HRESIMS. The IR spectrum of 1 showed the characteristic absorption bands of hydroxyl (3302 cm-1) groups and benzene (1614 and 1539 cm-1) groups.20 The 1H spectrum of 1 (Table 1) indicated the presence of two galloyl groups, as revealed by two 2H-singlets (H 7.11 and 7.05), one caffeoyl group, as revealed by one ABX-type coupling system signals [H 6.99 (s), 6.90 (d, J = 8.1 Hz) and 6.75 (d, J = 8.1 Hz)] in the aromatic region, and a pair of trans-olefinic protons [H 7.57 (d, J = 15.8 Hz) and 6.26 (d, J = 15.8 Hz)]. In addition, the presence of one sugar moiety was also suggested based on the presence of an anomeric proton [H 5.88 (d, J = 8.3 Hz, H-1)] and six oxygenated methine signals [H 5.16 (dd, J = 9.2, 8.3 Hz), 4.59 (d, J = 12.0 Hz), 4.48 (dd, J = 12.0, 5.4 Hz), 3.84 (t, J = 9.2 Hz ), 3.81 (m), and 3.67 (t, J = 9.2 Hz)], which were confirmed by 1H–1H COSY analysis. The chemical shifts of four aliphatic signals exhibiting lower chemical shifts were different from those of normal D-glucopyranoside protons and indicated that the signals resulted from attachment to the galloyl and caffeoyl groups, which were revealed from the downfield shifts of the corresponding sugar signals.20 D-Glucose was obtained upon acidic hydrolysis of 1 with 5% H2SO4, as indicated by a reverse-phase HPLC analysis of its O-tolylthiocarbamate.21 The glucosyl anomeric proton configuration was concluded to be an -axial configuration, attributed to the larger coupling constant (J = 8.3 Hz) of this proton.22
The downfield signals at H-1 (H 5.88) and H2-6 (H 4.59, 4.48) were considered to be a result of a connection to galloyl ester or caffeoyl ester groups. The position of the galloyl ester moieties was further confirmed by the long-range correlation of H 7.05 (H-2', 6'), 5.88 (H-1)/C 166.5 and H 7.11 (H-2''', 6'''), 4.59 (H-6), 4.48 (H-6)/C 168.2 in the HMBC spectrum. The remaining caffeoyl group was shown to be attached at C-2-O due to the H-2 showing a downfield shift compared to the corresponding proton in general glucoside units and HMBC correlations of H 7.57 (H-7''), 6.26 (H-8''), 5.16 (H-2)/C 168.3 (C-9''). Based on the analysis described above, the structure of 1 was concluded to be 1,6-di-O-galloyl-2-O-E-caffeoyl--D-glucopyranoside. 
Compound 2 was isolated as a colorless powder. The molecular formula was established as C26H23NO15 by HRESIMS. The IR spectrum showed absorption bands resulting from hydroxy (3402 cm-1), carbonyl (1716 cm-1) and aromatic (1595 and 1458 cm-1) groups. By comparing compounds 2 and 1, two galloyl moieties were found to be located on C-1 and C-6 of the glucopyranoside of 2. Figure 3 shows observations of their COSY and HMBC correlations. Further inspection of their NMR data disclosed that they differed in the substituent at the C-2 position, where the caffeoyl moiety in 1 was replaced by a nicotinoyl group in 2. The observation of four downfield aromatic protons at H 9.11 (1H, d, J = 1.7 Hz), 8.70 (1H, d, J = 4.9 Hz), 8.40 (1H, dd, J = 8.0, 1.7 Hz) and 7.53 (1H, dd, J = 8.0, 4.9 Hz) and the 13C signals at C 165.7, 154.3, 151.3, 139.2, 127.7 and 125.4 corroborated the presence of the aforementioned nicotinoyl group.23 The HMBC correlations of H 8.40 (H-6'') to C 165.7 and H 5.29 (H-2) to C 165.7 indicated that the nicotinoyl group was attached at the C-2-O position (Figure 3). Thus, the structure of 2 was elucidated as 1,6-di-O-galloyl-2-O-nicotinoyl--D-glucopyranoside.
Compound 14 was obtained as a colorless powder and gave an [M+Na]+ peak at m/z 459.1989 (calc. 459.1995) in HR-ESI-MS. This corresponded to the molecular formula C23H32O8 and indicated eight degrees of unsaturation. The IR spectrum exhibited absorptions of phenyl (1610 and 1506 cm-1) and hydroxy (3361 cm-1) groups. The 1H NMR spectrum (Table 2) showed signals of two sets of ABX-type aromatic protons at H 6.98 (1H, d, J = 8.0 Hz, H-5), 6.90 (1H, d, J = 1.7 Hz, H-2), 6.77 (1H, dd, J = 8.0, 1.7 Hz, H-6), 6.80 (1H, d, J = 1.7 Hz, H-3'), 6.78 (1H, d, J = 8.1 Hz, H-5'), and 6.67 (1H, dd, J = 8.1, 1.7 Hz, H-6'), which were ascribed to two 1,3,4-trisubstituted benzene rings. In addition, four groups of oxygenated methylene protons at H 3.73 (4H, d, J =5.0 Hz, H2-11, H2-12), 3.64 (1H, dd, J = 12.0, 5.0 Hz, H-9a), 3.63 (1H, dd, J = 12.0, 4.6 Hz, H-9b), and 3.54 (2H, t, J = 6.5 Hz, H2-9'), two oxygenated methine protons at H 4.36 (1H, m, H-8) and 4.15 (1H, ddd, J =5.0, 5.0, 5.0 Hz, H-10), three methylene protons at H 2.96 (1H, dd, J = 14.0, 6.0 Hz, H-7a), 2.93 (1H, dd, J = 14.0, 6.6 Hz, H-7b), 2.59 (2H, t, J = 7.8 Hz, H2-7'), and 1.79 (2H, m, H2-8') and two methoxy groups at H 3.79 (3H, s) and 3.78 (3H, s) were also observed. The 1H and 13C NMR spectra of 14 were found to be quite similar to that of ligraminol D,24 except for the observation of additional signals corresponding to a glyceroyl group at H 4.15 (1H, ddd, J = 5.0, 5.0, 5.0 Hz, H-10) and H 3.73 (4H, J = 5.0 Hz, H2-11 and H2-12) in compound 14.25 The position of the glycerol group was determined as C-4 by the HMBC correlation between H-10 (H 4.15) and C-4 (C 147.3). The absolute configurations of C-8 was deduced from the chemical shift and splitting pattern of H-7 and from its CD curve.24 The chemical shift and coupling constant of H-7 [H 2.96 (dd, J = 14.0, 6.0 Hz) and 2.93 (dd, J = 14.0, 6.6 Hz)] and the CD spectrum (positive at 228 nm), established the configuration at C-8 to be S. Based on these observations, 14 was established as (8S)-3,3'-dimethoxy-4-O-(2-glyceroxyl)-8-O-4'-neolignan-9,9'-diol and was trivially named as trapanatanol A.
Compound 17 was isolated as a pale yellow amorphous powder with a molecular formula of C17H16O4, which was calculated using HRESIMS data. The IR spectrum showed absorption bands at 3271 and 1651 cm-1, indicating hydroxyl and a conjugated ketone groups, respectively. The 13C NMR spectrum of 17 (in CD3COCD3) showed 15 carbon signals (including two symmetric carbon signals, δC 129.6 and 116.1), which were differentiated using DEPT experiments into two sp3 carbon signals, including one methine (δC 45.2), one methylene (δC 44.2) and thirteen sp2 carbon signals. The lower IR absorption (1651 cm-1) and UV λmax (235 and 277) nm absorptions, along with a higher shift in the ketone signal at δC 197.0, indicated the presence of a benzoyl moiety. ABX-type aromatic protons at δH 7.47 (1H, dd, J = 8.8, 1.9 Hz, H-6'), 7.46 (1H, br s, H-2') and 6.88 (1H, d, J = 8.8 Hz, H-5') exhibited two hydroxyl groups located at the C-3' and C-4' positions of the benzoyl moiety. Additional A2X2 type aromatic protons at δH 7.11 (2H, d, J = 8.4 Hz, H-2'', 6'') and 6.75 (2H, d, J = 8.4 Hz, H-3'', 5'') could be assigned to a 4-alkylphenol moiety. A vinyl group was revealed from the presence of two sp2 carbon signals at δC 143.1 and 113.9 and three olefinic protons at δH 4.98 (dd, J = 17.0, 1.1, H-5a), 4.94 (dd, J = 10.0, 1.1, H-5b) and 6.02 (ddd, J = 17.0, 10.0, 7.0, H-4). The connectivity of two aromatic groups was further supported based on the HMBC spectrum, which showed a correlation between H-6' and H-2' with C-1 and between H-2'' and H-6'' with C-3. The chemical shifts of the methylene protons at δH 3.30 (dd, J = 16.0, 7.0 Hz) and 3.27 (dd, J = 16.0, 7.0 Hz) were assigned to C-2, which was neighboring a ketone. The sequential connection of a spin system that was connected from H2-2 to H2-5, in conjunction with the HMBC correlations observed from H-3 to C-1'', C-2'' and C-6''. The configuration at C-3 of 17 was elucidated as R by comparison of the optical rotation data with that of (R)-1,3-bis(4'-methoxyphenyl)pent-4-en-1-one.26 Thus, the structure of 17 was established as (R)-1-(3,4-dihydroxyphenyl)-3-p-hydroxyphenyl-pent-4-en-1-one. 
The known isolated compounds were identified as 1,3,6-tri-O-galloyl--D-glucopyranoside, 3, 1,2,6-tri-O-galloyl--D-glucopyranoside, 4, 1,2,3-tri-O-galloyl--D-glucopyranoside, 5,27 1,2,3,6-tetra-O-galloyl--D-glucopyranoside, 6, 1,2,3,4,6-penta-O-galloyl--D-glucopyranoside, 7,28 tellimagrandin II, 8,29 (7R,8S)-dihydrodehydrodiconiferyl alcohol, 9, (7S,8R)-dihydrodehydrodiconiferyl alcohol-9--D-glucopyranoside, 10, (7S,8R)-dihydrodehydrodiconiferyl alcohol-9'--D-glucopyranoside, 11, (7S,8R)-urolignoside, 12,30 (+)-isolariciresinol, 13,25 naringenin, 15,31 naringenin 7-O--D-glucopyranoside, 16,32 4-hydroxybenzoic acid, 18,23 gallic acid, 19,33 methyl gallate, 20,34 ethyl gallate, 21,35 trans-p-hydroxycinnamic acid, 22, caffeic acid, 23,36 and 4-allyl-2-methoxyphenyl--D-glucopyranoside, 24.37 These compounds were identified by comparing their spectroscopic and physical data with those reported in the literature. Known compounds 3, 5, 7, 9–13, 15, 16, 18, 20–22, and 24 were isolated for the first time from the Trapa genus. 20 and 21 may be artifacts produced by treatment of hydrolysable tannins with methanol or ethanol.38 We also studied the HPLC ﬁngerprinting proﬁle (Figure 4) of the active EtOAc fraction using HPLC and identiﬁed 18 main peaks by comparing the retention times with those of the reference compounds. 
Hypoglycemic Activities of the Isolate Compounds from T. natans. [14C]2-deoxy-D-glucose in C2C12 myotubes was analyzed to evaluate the effects of compounds 1–13, 16–18, 20, 21, and 24 on glucose uptake for 24 h at concentrations of 50 μg/mL (Figure 5). Compounds 1–8, 13, 16–18, 20–21, and 24 significantly enhanced glucose uptake in C2C12 myotubes (1: 117.7% of control, P<0.001; 2: 144.8% of control, P<0.01; 3: 127.1% of control, P<0.001; 4: 188.7% of control, P<0.001; 5: 168.3% of control, P<0.001; 6: 160.6% of control, P<0.001; 7: 270.7% of control, P<0.001; 8: 223.4% of control, P<0.001; 13: 155.9% of control, P<0.001; 16: 141.5% of control, P<0.001; 17: 220.1% of control, P<0.001; 18: 115.4% of control, P<0.05; 20: 163.5% of control, P<0.001; 21: 303.9% of control, P<0.001; 24: 138.3% of control, P<0.001). Compounds 9, 11, and 12 had decreased effects on glucose uptake (9: 84.3% of control, P<0.05; 11: 77.7% of control, P<0.001; 12: 64.2% of control, P<0.001), and compound 10 had no effect on glucose uptake. 
Increase in GLUT4 Protein Expression by Compounds 4 and 5. GLUT4 protein is an important glucose transporter for glucose uptake regulation in C2C12 myotubes.39 We analyzed GLUT4 protein expression to evaluate the GLUT4 relationship with 4- and 5-enhanced glucose uptake in C2C12 myotubes. After treatment with 4 and 5 individually for 2, 4, 6, 12, and 24 h in C2C12 myotubes at a concentration of 50 μg/mL, GLUT4 protein levels gradually increased from 6 to 24 h (4: from 189.5% to 210.4%, P<0.05; 5: from 224.2 to 291.9%, P<0.01) (Figure 6).
AMPK and PI3K-AKT Pathways Involved in 4- and 5-Enhanced Glucose Uptake. AMPK and PI3K-AKT are the main signaling pathways for glucose uptake regulation in myotubes and adipocytes.40–41 We analyzed AMPK and AKT phosphorylation to study the signaling pathway involvement for 4- and 5-enhanced glucose uptake in C2C12 myotubes. For a time-course study, 4 gradually increased the AMPK and AKT(S473) phosphorylation levels for 2, 4, and 6 h of treatment and gradually increased the AKT(308) phosphorylation level for 4 and 6 h of treatment (Figure 7). In addition, 5 increased the AMPK and AKT(S473) phosphorylation levels for 4 and 6 h of treatment and also increased the AKT(308) phosphorylation level for 2 and 6 h (Figure 8).
To further confirm the AMPK and PI3K signaling pathways involvement in 4- and 5-enhanced glucose uptake, we used specific kinase inhibitors; AMPK inhibitor compound C and PI3K inhibitor LY294002 were used to pre-treat the C2C12 myotubes for 1 h. We then treated 4 and 5 individually for 4 h and the inhibitors still remained in the medium during treatment. Figure 9 demonstrates that compound C and LY294002 could significantly inhibit glucose uptake enhancement upon treatment with 4 and 5 treatment (51.1% for compound C and 55.3% for LY294002 of 4 alone, P<0.01; 61.4% for compound C and 63.8% for LY294002 of 5 alone, P<0.001). Based on the above results, we demonstrated that both the AMPK and PI3K-AKT signaling pathways were significantly involved in 4- and 5-enhanced glucose uptake. 
Increase in GLUT4 Protein Levels in Plasma Membranes by Compounds 4 and 5. Because activated AMPK and PI3K/Akt are both reported to be involved in glucose uptake and GLUT4 translocation stimulation from the cytosol into the plasma membrane in myotubes and adipocytes, the GLUT4 protein content in plasma membranes were analyzed.38–39 After treatment with compounds 4 and 5 (50 μg/mL) individually for 4 h, the plasma membrane fractions were extracted and analyzed for their GLUT4 contents using western blot analysis. Figure 10 shows that 4 and 5 increased GLUT4 protein levels in plasma membranes (4: 183.1% of control, P<0.01; 5: 173.2% of control, P<0.05).
The pericarps extract from water chestnuts was used to investigate its anti-diabetic activity.2,5,7,8 However, the active constituents of this extract were still unknown. Thus, to search for the potential anti-diabetic components isolated from T. natans pericarps, the compounds isolated in this study were assessed for their effects on glucose uptake in C2C12 myotubes. Hydrolysable tannins, 1–8, (+)-isolariciresinol, 13, naringenin 7-O--D-glucopyranoside, 16, norlignan, 17, 4-hydroxybenzoic acid, 18, methyl gallate, 20, ethyl gallate, 21, and allyl-2-methoxyphenyl--D-glucopyranoside, 24, displayed enhancements in the glucose uptake of C2C12 myotubes. Although a number of studies examined the anti-diabetic activities of flavonoids and phenolic compounds, few studies reported on the hypoglycemic effects of hydrolysable tannins.42–44 We found that a series of hydrolysable tannins, 1–8, exhibited potent glucose uptake enhancement activity (Figure 5). 		
We further evaluated the structure–activity relationship of the hypoglycemic effect of hydrolysable tannins. The active hydrolysable tannins, compounds 1–8, possessed galloyl, caffeoyl, or nicotinoyl ester moieties at different positions of 1-galloyl--glucopyranoside. The missing galloyl group adjacent to a hydrogen, caffeoyl, or nicotinoyl group at the C-2 position of the glucopyranosyl unit in hydrolysable tannins 1–3 may have partially reduced glucose uptake in C2C12 myotubes. The structurally related hydrolysable tannins, 4–8, demonstrated that the galloyl substitutions at C-1 and C-2 of the glucopyranosyl units could enhance glucose uptake in C2C12 myotubes. Among the hydrolysable tannins, compound 7, which has a 1,2,3,4,6-penta-O-galloyl structure, exhibited the highest increase in glucose uptake. This is the first account demonstrating that the number of galloyl groups was related to their biological activities. This study reveals advanced mechanistic explanations for the increase in glucose uptake in 4 and 5. They significantly increased GLUT4 protein expression in C2C12 myotubes, and increased the phosphorylation of AMPK, AKT(S473), and AKT(T308). The involvement of AMPK and PI3K in the action mechanism of 4 and 5 were further confirmed through AMPK and PI3K inhibitors, which completely suppressed the 4- and 5-mediated activities. We further demonstrated that 4 and 5 could increase GLUT4 protein levels in plasma membranes.
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FIGURE CAPTION
Figure 1. EtOH extract (100 μg/mL), EtOAc layer (100 μg/mL) and H2O layer (100 μg/mL) from T. natans pericarps and their resulting stimulated glucose uptake in C2C12 differentiated myotubes after 24 h of treatment. The positive control was treated with insulin (100 nM). Data represent mean ± S.E.M (n=6). **P＜0.01 and ***P＜0.001 compared to control sample.
Figure 2. Structures of isolated compounds 1−24 from T. natans pericarps.
Figure 3. 1H-1H COSY and selected HMBC correlations for 1, 2, 14, and 17.
[bookmark: _GoBack]Figure 4. The HPLC fingerprint chromatogram of the active EtOAc fraction from T. natans pericarps at 254 nm. The peaks were compared with the retention times (Rt) of the isolated compounds: 1 (Rt= 81.8 min), 3 (Rt= 63.4 min), 4 (Rt= 60.5 min), 5 (Rt= 43.7 min), 6 (Rt= 74.7 min), 7 (Rt= 88.0 min), 8 (Rt= 66.3 min), 9 (Rt= 98.7 min), 10 (Rt= 87.1 min), 11 (Rt= 89.0 min), 12 (Rt= 86.5 min), 13 (Rt= 77.2 min), 17 (Rt= 102.2 min), 20 (Rt= 26.4 min), 21 (Rt= 53.8 min), 22 (Rt= 62.1 min), 23 (Rt= 69.0 min), and 24 (Rt= 90.1 min).
Figure 5. Glucose uptake stimulation by compounds 1–24 in C2C12 myotubes in 50 μg/mL after 24 h of treatment. The positive control was treated with insulin (100 nM). Data represent mean ± S.E.M (n=6). **P＜0.01 and ***P＜0.001 compared to control sample.
Figure 6. A. Effects of 4 and 5 on time-course study of GLUT4 protein expression levels and GLUT4 translocation in C2C12 myotubes. Data represent mean ± S.E.M (n=3). *P＜0.05, ** P＜0.01, and ***P＜0.001 compared to 0 h sample. B. 4- and 5-enhanced GLUT4 translocation in C2C12 myotubes. Data represent mean ± S.E.M (n=3). * P＜0.05 and **P＜0.01 compared to control sample.
Figure 7. Time-course study of the phosphorylation of 4-treated C2C12 myotubes. Data represent mean ± S.E.M (n=3). *P＜0.05, ** P＜0.01, and ***P＜0.001 compared to 0 h treatment sample.
Figure 8. Time-course study of the phosphorylation of 5-treated C2C12 myotubes. Data represent mean ± S.E.M (n=3). *P＜0.05 and ** P＜0.01 compared to 0 h treatment sample.
Figure 9. Involvement of AMPK and PI3K pathways in 4-induced glucose uptake and 5-induced glucose uptake in C2C12 myotubes. Data represent mean ± S.E.M (n=6). ** P＜0.01 and ***P＜0.001 compared to control sample. 
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Table 1. 1H NMR (500 MHz) and 13C (125 MHz) Spectroscopic Data for 1 and 2 in CD3OD.
	
	1
	
	
	
	2
	

	no.
	H multi (J in Hz)
	C
	
	no.
	H multi (J in Hz)
	C

	1
	5.88 d (8.3)
	94.0
	
	1
	5.99 d (8.3)
	94.0

	2
	5.16 dd (9.2, 8.3)
	73.9
	
	2
	5.29 dd (9.4, 8.3)
	75.7

	3
	3.84 t (9.2)
	76.4
	
	3
	3.91 t (9.4)
	75.5

	4
	3.67 t (9.2)
	71.2
	
	4
	3.68 t (9.4)
	71.5

	5
	3.81m
	75.6
	
	5
	3.87 ddd (9.4, 4.6, 1.8)
	76.8

	6
	4.59 d (12.0)
4.48 dd (12.0, 5.4)
	64.1
	
	6
	4.57 dd (12.4, 1.8)
4.46 dd (12.4, 4.6)
	64.3

	1'
	
	119.9
	
	1'
	
	120.0

	2'
	7.05 s
	110.5
	
	2'
	6.98 s
	110.6

	3'
	
	146.4
	
	3'
	
	146.6

	4'
	
	140.5
	
	4'
	
	140.8

	5'
	
	146.4
	
	5'
	
	146.6

	6'
	7.05 s
	110.5
	
	6'
	6.98 s
	110.6

	7'
	
	166.5
	
	7'
	
	166.5

	1''
	
	127.5
	
	1''
	
	127.7

	2''
	6.99 s
	115.8
	
	2''
	9.11 (d, 1.7)
	151.3

	3''
	
	147.7
	
	3''
	
	

	4''
	
	149.5
	
	4''
	8.70 d (4.9)
	154.3

	5''
	6.75 d (8.1)
	116.4
	
	5''
	7.53 dd (8.0, 4.9)
	125.4

	6''
	6.90 d (8.1)
	123.1
	
	6''
	8.40 dd (8.0, 1.7)
	139.2

	7''
	7.57 d (15.8)
	146.6
	
	7''
	
	165.7

	8''
	6.26 d (15.8)
	115.1
	
	
	
	

	9''
	
	168.3
	
	
	
	

	1'''
	
	121.1
	
	1'''
	
	121.4

	2'''
	7.11 s
	110.1
	
	2'''
	7.10 s
	110.4

	3'''
	
	146.4
	
	3'''
	
	146.7

	4'''
	
	139.8
	
	4'''
	
	140.1

	5'''
	
	146.4
	
	5'''
	
	146.7

	6'''
	7.11 s
	110.1
	
	6'''
	7.10 s
	110.4

	7'''
	
	168.2
	
	7'''
	
	168.4




Table 2. 1H NMR (500 MHz) and 13C (125 MHz) Spectroscopic Data for 14 and 17.
	
	14 
	
	
	
	
	       17
	
	

	no.
	H multi (J in Hz) 
	C
	
	
	no.
	H multi (J in Hz) 
	C

	
	in CD3OD
	
	
	
	
	in CD3COCD3
	

	1
	
	134.1
	
	
	1
	
	197.0

	2
	6.90 d (1.7)
	115.3
	
	
	2
	3.30 dd (16.0, 7.0)
	44.2

	3
	
	151.9
	
	
	
	3.27 dd (16.0, 7.0)
	

	4
	
	147.3
	
	
	3
	3.98 q (7.0)
	45.2

	5
	6.98 d (8.0)
	119.2
	
	
	4
	6.02 ddd (17.0, 10.0, 7.0)
	143.1

	6
	6.77 dd (8.0, 1.7)
	123.2
	
	
	5
	4.98 dd (17.0, 1.1)
4.94 dd (10.0, 1.1)
	113.9


	7
	2.96 dd (14.0, 6.0) 
	38.0
	
	
	
	
	

	
	2.93 dd (14.0, 6.6)
	
	
	
	1'
	
	131.1

	8
	4.36 m
	83.4
	
	
	2'
	7.46 br s
	115.8

	9
	3.63 dd (12.0, 4.6)
	64.0
	
	
	3'
	
	145.9

	
	3.64 dd (12.0, 5.0)
	
	
	
	4'
	
	151.1

	10
	4.15 ddd (5.0, 5.0, 5.0)
	83.3
	
	
	5'
	6.88 d (8.8)
	115.6

	11
	3.73 d (5.0)
	62.1
	
	
	6'
	7.47 dd (8.8, 1.9)
	122.5

	12
	3.73 d (5.0)
	62.1
	
	
	1''
	
	135.2

	1'
	
	137.8
	
	
	2''
	7.11 d (8.4)
	129.6

	2'
	
	114.2
	
	
	3''
	6.75 d (8.4)
	116.1

	3'
	6.80 d (1.7)
	151.9
	
	
	4''
	
	156.8

	4'
	
	147.0
	
	
	5''
	6.75 d (8.4)
	116.1

	5'
	6.78 d (8.1)
	118.7
	
	
	6''
	7.11 d (8.4)
	129.6

	6'
	6.67 dd (8.1, 1.7)
	121.9
	
	
	
	
	

	7'
	2.59 t (7.8)
	32.8
	
	
	
	
	

	8'
	1.79 m
	35.6
	
	
	
	
	

	9'
	3.54 t (6.5)
	62.3
	
	
	
	
	

	OCH3
	3.78 s
	56.5
	
	
	
	
	

	OCH3
	3.79 s
	56.6
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