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Abstract

:

In the current super-aging society, the establishment of methods for prevention and treatment of Alzheimer’s disease (AD) is an urgent task. One of the causes of AD is thought to be a decrease in the revel of nerve growth factor (NGF) in the brain. Compounds showing NGF-mimicking activity and NGF-enhancing activity have been examined as possible agents for improving symptoms. In the present study, sunflower seed extract was found to have neurite outgrowth-promoting activity, which is an NGF-enhancing activity, in PC12 cells. To investigate neurite outgrowth-promoting compounds from sunflower seed extract, bioassay-guided purification was carried out. The purified active fraction was obtained by liquid-liquid partition followed by some column chromatographies. Proton nuclear magnetic resonance and gas chromatography-mass spectrometry analyses of the purified active fraction indicated that the fraction was a mixture of β-sitosterol, stigmasterol and campesterol, with β-sitosterol being the main component. Neurite outgrowth-promoting activities of β-sitosterol, stigmasterol, campesterol and cholesterol were evaluated in PC12 cells. β-Sitosterol and stigmasterol showed the strongest activity of the four sterol compounds (β-sitosterol ≈ stigmasterol > campesterol > cholesterol), and cholesterol did not show any activity. The results indicated that β-sitosterol was the major component responsible for the neurite outgrowth-promoting activity of sunflower seeds. Results of immunostaining also showed that promotion by β-sitosterol of neurite formation induced by NGF was accompanied by neurofilament expression. β-Sitosterol, which showed NGF-enhancing activity, might be a candidate ingredient in food for prevention of AD.
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1. Introduction


Alzheimer’s disease (AD) is a global health challenge, and the number of patients with AD has been increasing worldwide [1]. It is expected that the number of AD patients will continue to increase with the aging of the world population, and it is estimated that the number will reach 115 million by 2050 [1]. Patients with AD have reduced activity of acetylcholine, deposition of amyloid β and a decrease in the revel of nerve growth factor (NGF) in the brain, but the exact cause of AD has not been clarified [2]. Acetylcholinesterase inhibitors are used for relieving symptoms in AD patients. However, the effects of treatment with these inhibitors are transient and moderate [3]. Therefore, new radical treatments for AD have been needed.



It is thought that NGF is the key to amelioration of cognitive function since NGF supports survival, differentiation and maintenance of neurons [4]. It was reported that hippocampal NGF levels were reduced in aged rats [5]. It was also reported that continuous infusion of NGF to the brain can improve retention of spatial memory in behaviorally impaired elderly rats [6]. The results of those studies suggest that NGF administration might be effective for improving the condition of AD patients. However, the application of NGF as a medicine for AD is difficult because NGF cannot pass through the blood–brain barrier (BBB) due to its physicochemical properties [7,8]. To solve this problem, considerable efforts have been made to find low-molecular-weight and lipophilic compounds that have neurotrophic properties similar to those of NGF and can pass through the BBB [8]. It has been reported that lindersin B, a lipophilic triterpenoid that was isolated from Lindernia crustacea, induced neurite outgrowth in PC12 cells [9]. It was also reported that isofuranodiene, which is the major constituent of essential oil of wild celery (Smyrnium olusatrum L., Apiaceae), has neurite outgrowth-promoting activity in the presence of NGF in PC12 cells [10]. These compounds with NGF-mimicking or NGF-enhancing effects are likely to be able to pass the BBB since they are low-molecular-weight and lipophilic compounds. Hence, it is speculated that the use of low-molecular-weight and lipophilic compounds with NGF-mimicking or NGF-enhancing activity is an effective approach for AD treatment.



Plant seeds are rich in oil and are used as foods worldwide. Sunflower (Helianthus annuus L.) seeds are nutritious and are used as cooking oil and as roasted or salted snacks. It was reported that administration of oil obtained from sunflower seeds increased the amount of phosphatidylcholine in the rat brain [11]. Phosphatidylcholine is used as a material for myelin-supporting synapse formation [12]. Also, acetylcholine, a neurotransmitter, is synthesized from phosphatidylcholine to help transmission of information and improvement of memory in the brain [13]. Phosphatidylcholine is synthesized in neuronal cells during neurite outgrowth [14,15], and a lack of phosphatidylcholine induces apoptosis in PC12 cells [16,17]. Accordingly, it has been considered that ingestion of phosphatidylcholine would improve cognitive function and prevent dementia [18]. Despite reports of these effects, NGF-mimicking or NGF-enhancing activity of sunflower seeds has not been investigated.



This study aims to isolate and identify compounds showing neurite outgrowth-promoting activity, which is an NGF-enhancing effect, from sunflower seed extract. Active compounds were purified by activity-guided fractionation and analyzed by proton nuclear magnetic resonance (1H-NMR) and gas chromatography-mass spectrometry (GC-MS). Herein, the purification and identification of compounds showing neurite outgrowth-promoting activity, and the structure–activity relationship of related compounds, are reported. In addition, it is shown that the promoting activity of the most potent compound is neurite formation with expression of neurofilaments.




2. Results and Discussion


2.1. Isolation of β-Sitosterol from Sunflower Seeds


Sunflower seeds (164.69 g) were extracted with acetone-methanol (8/2, v/v), and the extract showed neurite outgrowth-promoting activity in the presence of NGF or dibutyryl cyclic AMP (Bt2cAMP) in PC12 cells (Figures S1 and S2 in the Supplementary Materials, published with this article online). NGF binds to the tropomyosin receptor kinase A receptor and extends neurites via a signaling cascade that includes extracellular signal-regulated kinase (ERK) [19,20]. As another signal pathway, NGF increases intracellular cAMP concentration, which induces neurite formation [21]. Bt2cAMP, which is a membrane-permeable cAMP derivative, is metabolized intracellularly to cAMP and shows a neurite formation effect [22]. Therefore, in order to efficiently evaluate the neurite outgrowth-promoting activity in a short time and to purify the active compounds, Bt2cAMP was applied as a neurite formation inducer in PC12 cells.



The sunflower seed extract was separated between hexane and methanol after concentration, and then the hexane layer was chromatographed on a Wakogel C-200 column twice and on a TOYOPEARL HW-40F, by active-guided fractionation, to obtain a white powder (123.1 mg). It was thought that the white powder was a sterol compound since the 1H-NMR data of the white powder were similar to those of β-sitosterol in previous reports [23,24,25] (Figure 1). However, the 1H-NMR spectrum of the purified compound contained small signals on δ 4.9–5.2, which were not observed in the 1H-NMR spectrum of β-sitosterol. The signals at δ 5.00 and δ 5.14 seemed to be consistent with two characteristic signals of trans-olefinic protons at the C22 and C23 positions of stigmasterol. The integral value of the signals that are thought to be derived from two protons at the C22–C23 positions of stigmasterol was 0.36, whereas the integral value of the signal of a proton at the C6 position on sterols was 1.00 (Figure 1). The 1H-NMR data suggested that the purified fraction was a mixture of β-sitosterol and stigmasterol, which contained β-sitosterol as the main compound.



To clarify the ingredients of the fraction, the fraction showing neurite outgrowth-promoting activity in the presence of Bt2cAMP in PC12 cells was analyzed by GC-MS. The GC-MS data indicated that the active fraction was a mixture of three compounds (compounds 1, 2 and 3) and that the retention times of compounds were approximately 16.2, 16.5 and 17 min, respectively (Figure 2a). The retention times of compounds 1, 2 and 3 were in good accordance with those of the standards of campesterol, stigmasterol and β-sitosterol, respectively (Figure 2a). In addition, the molecular ions and fragment ions of compounds 1, 2 and 3 agreed fairly well with those of the standards of campesterol, stigmasterol and β-sitosterol, respectively (Figure 2b). GC-MS also showed that the peak-area ratio of campesterol, stigmasterol and β-sitosterol was about 1:2:7 (Figure 2a). Therefore, these results showed that the fraction was a mixture of β-sitosterol, stigmasterol and campesterol, the main component of which is β-sitosterol.



The 1H-NMR and GC-MS data allowed unequivocal identification of these compounds, β-sitosterol, stigmasterol and campesterol, in the purified active fraction. The identification of these compounds was supported by a report of the material composition in sunflower oil [26]. β-Sitosterol, stigmasterol and campesterol are well-known compounds, and it was previously reported that these compounds, which are phytosterols, are abundant in plants, fruits and seeds [27,28,29]. It was reported that a phytosterol was effective for lowering low density lipoprotein cholesterol in patients with type 2 diabetes [30]. It was also reported that the amount of phytosterols intake was associated with improved survival in hypertensive rats [31]. However, neurite outgrowth-promoting activities of these compounds have not been reported.




2.2. Promoting Activity of Sterols in Neurite Formation Induced by Bt2cAMP in PC12 Cells


A mixture of β-sitosterol, stigmasterol and campesterol, which was composed mainly of β-sitosterol, was purified from sunflower seed extract as neurite outgrowth-promoting active compounds in the presence of Bt2cAMP in PC12 cells. The structures of β-sitosterol and campesterol have an ethyl group and a methyl group respectively, at the C24 position of the cholesterol skeleton (Figure 3). Stigmasterol has an unsaturated double bond at the C22 position of the β-sitosterol structure (Figure 3). It is known that sunflower oil includes a small amount of cholesterol in addition to β-sitosterol, stigmasterol and campesterol [26]. Hence, to compare the strengths of the neurite outgrowth-promoting activities of β-sitosterol, stigmasterol, campesterol and cholesterol, four sterols were evaluated in the presence of Bt2cAMP in PC12 cells.



The intensities of neurite outgrowth-promoting activities of β-sitosterol and stigmasterol, and those of β-sitosterol, campesterol and cholesterol, were compared. The activities of β-sitosterol and stigmasterol were significant at 0.5–5 μM, and the intensities of the activities of β-sitosterol and stigmasterol were similar (Figure 4a). Campesterol showed significant activity at 0.5 μM, but the activity of campesterol was weaker than that of β-sitosterol (Figure 4b). Cholesterol did not show activity at any of the tested concentrations (Figure 4b). Evaluation of the activities of the four sterols, β-sitosterol, stigmasterol, campesterol and cholesterol, revealed relationships between the structures and active intensities of the sterols. β-Sitosterol and stigmasterol showed similar significant activities (Figure 4a), indicating that introduction of a carbon–carbon double bond to the C22–C23 position of β-sitosterol did not affect its activity. Moreover, the intensities of the activities of β-sitosterol, campesterol and cholesterol were in the order of β-sitosterol, campesterol and cholesterol (Figure 4b). Therefore, it was thought that the activity was enhanced depending on the length of the side chain attaching to the C24 position of cholesterol. The results indicated that β-sitosterol and stigmasterol had the strongest neurite outgrowth-promoting activities of the four sterols evaluated and that the intensities of activities of β-sitosterol and stigmasterol were similar. Additionally, the active purified fraction, which was mixture of β-sitosteol, stigmasterol and campesterol, was revealed by 1H-NMR and GC-MS analyses to have β-sitosterol as the main component (Figure 1 and Figure 2). Therefore, the results suggested that β-sitosterol was the main compound with neurite outgrowth-promoting activity in the fraction purified from sunflower seed extract.



β-Sitosterol, which is the main compound showing neurite outgrowth-promoting activity in sunflower seed extract, is one of the well-known plant sterols and is found in avocados, soybeans and corn [32,33]. It was reported that β-sitosterol has cholesterol metabolic action, antibacterial action and anticancer action [34,35,36]. However, neurite outgrowth-promoting activity of β-sitosterol has not been reported.




2.3. Promoting Activity of β-Sitosterol on Neurite Formation Induced by NGF in PC12 Cells


The NGF-enhancing effect of β-sitosterol was shown by confirming the promoting activity of β-sitosterol on neurite formation induced by NGF in PC12 cells. In a bioassay, β-sitosterol showed significant neurite outgrowth-promoting activities at 0.5 and 1 μM in the presence of NGF in PC12 cells (Figure 5). It was proved that β-sitosterol can promote neurite outgrowth induced by NGF as well as Bt2cAMP.



Next, neuronal differentiation in NGF-induced neurite formation enhanced by β-sitosterol in PC12 cells was observed by immunocytochemical analysis. Neurofilaments are type IV intermediated filaments that are expressed specifically in nerve cells and are involved in the maintenance of nerve thickness. β-Sitosterol showed significant activities at 0.5 and 1 μM, and the activity of β-sitosterol at 0.5 μM was stronger than that at 1 μM (Figure 5). Expression of neurotrophy of PC12 cells stimulated by 0.5 μM of β-sitosterol in the presence of NGF was assessed by using a fluorescence microscope (Figure 6). Neurite outgrowth in PC12 cells and expression of neurofilaments at the cell body by stimulation with β-sitosterol were confirmed by immunocytochemical analysis. The results suggested that neuronal differentiation induced by NGF in PC12 cells was promoted by stimulation with β-sitosterol. To our knowledge, this is the first report showing a novel function of β-sitosterol as an NGF action enhancer. Acetylcholinesterase inhibitory activity of β-sitosterol was previously reported [37]. It was also shown that β-sitosterol can prevent the accumulation of amyloid peptide, which is thought to be one of the causes of AD [38]. It was also reported that β-sitosterol can pass through the BBB and accumulate in the murine brain cells [39]. In addition to these reports, the new finding of neurite outgrowth-promoting activity of β-sitosterol in this study indicates that β-sitosterol is a more effective candidate for the prevention of AD.





3. Materials and Methods


3.1. Materials


Sunflower seeds (Sunny Kids) were purchased from Sakata Seed Corporation (Kanagawa, Japan). Acetone, methanol, ethanol, hexane, ethyl acetate (EtOAc), chloroform-d (CDCl3), giemsa stain solution, 25% glutaraldehyde solution, polyoxyethylen (20) sorbitan monolaurate (Tween 20) and cholesterol were obtained from FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan). RPMI-1640 medium, dibutyryl cyclic AMP (Bt2cAMP), anti-Rabbit IgG (whole molecular)-fluorecein isothiocyanate (FITC) antibody produced in a goat (Batch No. 073M4789), Triton X-100 and anti-neurofilament 200 IgG fraction of antiserum (Lot. 091K4832) were purchased from Sigma-Aldrich Japan (Tokyo, Japan). Penicillin-streptomycin mixed solution, sodium dihydrogenphosphate dihydrate, di-sodium hydrogenphosphate, paraformaldehyde and bovine serum albumin (BSA) were obtained from Nacalai Tesque (Kyoto, Japan). Fetal bovine serum (FBS) (Lot. 42F9155K) and horse serum (HS) (Lot. 1517707) were obtained from Gibco (Waltham, MA, USA). Cellmatrix type I-P (collagen) was purchased from Nitta Gelatine (Osaka, Japan). Ninety-six-well plates (167008, Nunc) were obtained from Thermo Fisher Scientific K.K. (Tokyo, Japan). β-Sitosterol, stigmasterol and campesterol were purchased from Tama Biochemical Co., Ltd. (Tokyo, Japan). 4′,6-Diamino-2-phenylindole (DAPI)-Fluoromount-G was purchased from Cosmo Bio Co., Ltd. (Tokyo, Japan). γγβ-NGF (Lot. XF8314021) (NGF) was purchased from R&D SYSTEMS (USA). Wakogel C-200 (FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan) and TOYOPEARL HW-40F (Tosoh Corporation, Tokyo, Japan) were used for column chromatography. A 1H-NMR spectrum was obtained on a JEOL NMR system (ECZ400) 400 MHz instrument. Gas chromatography-mass spectrometry (GC-MS) was performed using a GC-2030 Nextis (Shimadzu Corporation, Kyoto, Japan) with a GCMS-QP2020 NX (Shimadzu Corporation), an AOC-20i Plus automatic injector (Shimadzu Corporation) and an HP-5MS capillary column of 30 m in length, 0.25 mm in internal diameter, and 0.25 μm in film thickness (Agilent Technologies, Santa Clara, CA, USA). Helium 99.999% was used as the carrier gas at a constant flow rate of 3 mL/min.




3.2. Isolation of β-Sitosterol from Sunflower Seed Extract


Sunflower seeds (887.28 g) were milled and extracted with 4436.4 mL of acetone-methanol (8/2, v/v). The acetone-methanol extract was then evaporated to dryness to obtain a crude extract (164.69 g, oil wt.). The extract was dissolved in 700 mL of methanol and partitioned with 700 mL of hexane three times. The separated layers were then evaporated to dryness (hexane layer: 159.25 g, methanol layer: 7.64 g). Next, the hexane layer from the extract of sunflower seeds was chromatographed on Wakogel C-200 (Ø 7.0 × 29.2 cm) and eluted with a stepwise hexane/EtOAc gradient (10/0, 9.5/0.5, 9/1, 8/2, 7/3 each 1680 mL and 5/5, v/v, 2240 mL). The 80% hexane/EtOAc eluents were combined, and then the active combined fractions (1.62 g) were chromatographed on Wakogel C-200 (Ø 3.2 × 29.0 cm) again and eluted with a stepwise hexane/EtOAc gradient (10/0, 9.5/0.5, 9/1, 8.5/1.5, 8/2, 7.5/2.5, 7/3, v/v, 280 mL each). The eluted fractions in hexane/EtOAc (8.5/1.5, v/v) were combined, and the combined fractions showed significant activity. Moreover, the combined fractions (416.6 mg) were purified by using TOYOPEARL HW-40F (Ø 2.5 × 82.5 cm) with 810 mL of EtOH to obtain 100 fractions. Fractions 33–35 (123.1 mg), which showed significant activity, were isolated as a white powder. The purified active fraction from sunflower seed extract was analyzed by 1H-NMR spectroscopy (CDCl3, 400 MHz). The chemical structures of the compounds in the fraction were determined by GC-MS analysis. The purified fraction and sterol specimens (campesterol, stigmasterol and β-sitosterol) were dissolved in chloroform to a concentration of 1 mg/mL each and used for GC-MS analysis. The inlet temperature was kept at 320 °C and the injection volume was 1 μL with a splitless time of 1.0 min. The initial column temperature was 180 °C and the temperature was kept at 180 °C for 1.0 min. Then, the temperature was ramped up to 320 °C at a rate of 10 °C/min. The total run time was 30 min. The interface temperature was 260 °C and the ion trap temperature was 200 °C. The ion trap was operated with electron ionization (EI) at 70 eV in scan mode between ions of m/z 35 and 500 with a solvent delay of 1.1 min.




3.3. Neurite Outgrowth-Promoting Activity


PC12 cells were purchased from RIKEN BRC Cell Bank (Tsukuba, Japan). PC12 cells were grown in RPMI-1640 supplemented with 10% HS, 5% FBS, 100 U/mL penicillin G and 100 μg/mL streptomycin at 37 °C in a humidified atmosphere of 95% air/5% CO2. Samples were dissolved in DMSO (final concentration: 0.5%), and then diluted with the basal culture medium. PC12 cells from stock cultures were suspended in the medium and plated at 4.0 × 103 cells/90 μL/well (for evaluation in the presence of Bt2cAMP) or 2.0 × 103 cells/90 μL/well (for evaluation in the presence of NGF) in 96-well plates coated with collagen and incubated in a humidified atmosphere of 5% CO2 at 37 °C. After 24 h, 5 μL of Bt2cAMP at 10 mM (final concentration: 0.5 mM) or NGF at 200 ng/mL (final concentration: 10 ng/mL) and 5 μL of each sample (final concentration of sterol compounds: 0.05–5 μM) or control (medium only) were added to the culture medium. At 24 h after the addition of Bt2cAMP and samples, or at 48 h after the addition of NGF and samples, the medium was aspirated, and PC12 cells were fixed with phosphate buffer (pH 7.2, 100 mM) containing 1% glutaraldehyde solution and stained by giemsa stain solution. Then, the 96-well plates were washed twice with Milli-Q grade water. The number of cells bearing neurites longer than twice the diameter of one cell body after treatment was divided by the total number of cells, which amounted to 300–400 cells per well.




3.4. Immunocytochemical Analysis


PC12 cells from stock cultures were suspended in the medium and plated at 2.0 × 103 cells/90 μL/well in 96-well plates that were pre-coated with collagen and incubated in a humidified atmosphere of 5% CO2 at 37 °C for 24 h. Then, 5 μL of NGF at 200 ng/mL and 5 μL of β-sitosterol at 10 μM were added to the culture medium. The cells were incubated in a humidified atmosphere of 5% CO2 at 37 °C for 48 h. Then, the cells cultured on the 96-well plate were fixed with 100 μL of 4% paraformaldehyde in phosphate buffer (pH 7.4, 100 mM) for 30 min at room temperature. After 4% paraformaldehyde had been removed and the cells had been washed three times with phosphate buffer saline (PBS(-)) (pH 7.4), the fixed cells were permeabilized with 100 μL of 0.4% Triton X-100/PBS(-) for 10 min at room temperature. The permeabilized cells were blocked with 100 μL of 2.5% BSA/PBS(-) for 1 h at room temperature. After removal of 2.5% BSA/PBS(-), 100 μL of anti-neurofilament 200 IgG fraction of antiserum (primary antibody) in 2.5% BSA/PBS(-) (1/80, v/v) was added to each well and incubated for 2 h at room temperature. After the primary antibody solution had been removed and the cells had been washed three times with PBST (PBS(-) containing 0.05% Tween 20), 100 μL of anti-Rabbit IgG (whole molecule)-FITC antibody produced in a goat (secondary antibody) in blocking solution (1/80, v/v) was added to each well and incubated for 1 h at room temperature in the dark. Then, the secondary antibody solution was removed, and the cells were washed three times with PBST. Then, 100 μL of DAPI-Fluoromount-G/PBS(-) (8/2, v/v) was added and incubated for 10 min, and the PC12 cells were washed once with PBST and air-dried. The samples were observed by using a fluorescence microscope (BZ-X700, KEYENCE) (DAPI: Ex., 360/40 nm; Em., 460/50 nm; FITC: Ex., 470/40 nm; Em., 525/50 nm).





4. Conclusions


A fraction showing neurite outgrowth-promoting activity in the presence of Bt2cAMP in PC12 cells was purified from sunflower seed extract. It was clarified by 1H-NMR and GC-MS analyses that the active fraction was a mixture of β-sitosterol, stigmasterol and campesterol, with β-sitosterol being the main component (Figure 1 and Figure 2). Next, the neurite outgrowth-promoting activities of β-sitosterol, stigmasterol, campesterol and cholesterol in the presence of Bt2cAMP were compared. β-Sitosterol and stigmasterol showed the strongest activity among the four sterols (β-sitosterol ≈ stigmasterol > campesterol > cholesterol), and cholesterol did not show any activity (Figure 4). Since the purified fraction from sunflower seed extract contained β-sitosterol as the main component, and β-sitosterol as well as stigmasterol showed the strongest activity of the four sterols that were evaluated, it was speculated that β-sitosterol was the main component showing neurite outgrowth-promoting activity in the purified fraction. In addition, the relationships between the structures and activities of the four sterols revealed that introduction of a carbon–carbon double bond at the C22–C23 position of β-sitosterol did not affect the activity, and that the length of the side chain at the C24 position of sterols was important for the activity. Moreover, β-sitosterol exhibited promoting activity for neurite formation with neurofilament expression induced by NGF in PC12 cells (Figure 6). A previous study showing that β-sitosterol can penetrate the BBB indicates the possibility of improving AD by ingestion of β-sitosterol. Our results provide evidence that β-sitosterol is a candidate substance in food for the prevention of AD.
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Figure 1. 1H-NMR spectrum of the purified fraction. The 1H-NMR spectrum showed that the purified fraction was sterol. The arrows show two characteristic signals of trans-protons attached to the C22–C23 double bond of stigmasterol. 
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Figure 2. GC-MS chromatograms of the purified fraction and standards of campesterol, stigmasterol and β-sitosterol. (a) Total ion chromatograms of campesterol, stigmasterol, β-sitosterol and purified fraction. (b) GC-MS fragment ions of the purified fraction and standards of campesterol, stigmasterol and β-sitosterol. 
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Figure 3. Structures of purified compounds and cholesterol. 
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Figure 4. Neurite outgrowth-promoting activities of sterols in the presence of Bt2cAMP in PC12 cells. (a) Promotion by β-sitosterol and stigmasterol of neurite formation induced by Bt2cAMP in PC12 cells. (b) Promotion by β-sitosterol, campesterol and cholesterol of neurite formation induced by Bt2cAMP in PC12 cells. PC12 cells were plated at 4.0 × 103 cells/well and cultured with the samples at 0.05–5 μM in the presence of 0.5 mM of Bt2cAMP. The extent of neurite outgrowth was measured at 24 h and is expressed as the mean percentage of 300–400 cells. The data represent means ± standard deviation (SD) from three independent experiments. * p < 0.05, ** p < 0.01 (Dunnett’s test) as compared with control (0.5 mM Bt2cAMP only). 
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Figure 5. Neurite outgrowth-promoting activity of β-sitosterol in the presence of NGF in PC12 cells. PC12 cells were plated at 2.0 × 103 cells/well and cultured with the samples at 0.05–5 μM in the presence of 10 ng/mL of NGF. The extent of neurite outgrowth was measured at 48 h and is expressed as the mean percentage of 300–400 cells. The data represent means ± SD from three independent experiments. * p < 0.05, ** p < 0.01 (Dunnett’s test) as compared with control (10 ng/mL of NGF only). 
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Figure 6. Immunostaining of neurofilaments of PC12 cells with differentiated neurites stimulated by β-sitosterol in the presence of NGF. PC12 cells were incubated for 48 h without or with NGF (10 ng/mL) and β-sitosterol (0.5 μM) or with NGF (10 ng/mL) alone. Immunostaining was performed with rabbit anti-neurofilament antibody, followed by treatment with fluorescein isothiocyanate-conjugated goat anti-rabbit IgG. The nuclei of PC12 cells were treated with 4′,6-diamidino-2-phenylindole (blue) and examined under a fluorescence microscope. (a) Phase contrast, (b) DAPI-treated nuclei, (c) green fluorescence for FITC-treated neurofilaments and (d) merged images. Scale bar = 50 μm. 






Figure 6. Immunostaining of neurofilaments of PC12 cells with differentiated neurites stimulated by β-sitosterol in the presence of NGF. PC12 cells were incubated for 48 h without or with NGF (10 ng/mL) and β-sitosterol (0.5 μM) or with NGF (10 ng/mL) alone. Immunostaining was performed with rabbit anti-neurofilament antibody, followed by treatment with fluorescein isothiocyanate-conjugated goat anti-rabbit IgG. The nuclei of PC12 cells were treated with 4′,6-diamidino-2-phenylindole (blue) and examined under a fluorescence microscope. (a) Phase contrast, (b) DAPI-treated nuclei, (c) green fluorescence for FITC-treated neurofilaments and (d) merged images. Scale bar = 50 μm.



[image: Molecules 25 04748 g006]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  molecules-25-04748


  
    		
      molecules-25-04748
    


  




  





media/file8.jpg
*ok

20

v =] )

SIPLINIU YIIM S[[3D JO 0,

10

0.1

Concentration (uM)





media/file11.png
(a) Phase (b) DAPI (c) FITC (d) Merge

NGF + B-sitosterol





media/file6.jpg
@

9% of cells with neurites

~O-Stigmasterol

20

& pSitosterol

(®)

&~ Cholesterol -@-Campesterol
o~ p-Sitosterol

o1 1

Concentration (M)

0 o1 1 10
Concentration (uM)





media/file1.png
1.0

2.0

3.0

4.0

5.0





media/file10.jpg
(a) Phase (b) DAPI (c) FITC (d) Merge

NGF + B-sitosterol





media/file7.png
(a)

% of cells with neurites

—{}Stigmasterol —@—-Sitosterol

20

10

e

(b)

——Cholesterol —l-Campesterol
—@— [3-Sitosterol
20 -

13

10

% of cells with neurites

0.1 1

Concentration (nM)

10 0 0.1 1 10
Concentration (uM)





media/file9.png
L

SOILINIU Y)IM S[[92 JO 9

10

0.1

Concentration (uM)





media/file5.png
HO

Campesterol Stigmasterol B-Sitosterol Cholesterol
(Compound 1) (Compound 2) (Compound 3)





media/file3.png
—
Q)
S—
s

B-Sitosterol

Stigmasterol

Campesterol

=

Detector response

Ui}

F Ly

10.0

(b)

Campesterol

12.0

14.0

16.0

Retention time (min)

20.0

g Ppns . e 1B

a, T

400

43 315 - f
= | 289 i 167 ?
& 2 == L5
| |T T 145 161 {86 R ETI 233 T | s | || | 498
o | i || i . I.“ I|-I dil il u L il L | | 1 i il 457 472 :
(] = Ll el ¢ Fin ™3 ] amlw = I =i md w ari
Compound 1
. 315 T ]
vy 43 81 95 107 : o 2
- 145 =] 289 382
B | | 161 731 255 | 67 [
i K | ! -I l?ﬂ 7 |
I | | | 341 429 191 |
e W T " Al e ¥ w.e .1 ’ T e 0 T C AT ' n CT R T '
Stigmasterol
l_._.,-! M, Bass Saes  BORC B R
412
w 55
83 255
w5 | 300
il 11 R L w28 | 31437 : ) 446 470
=0 ¥ Ve ™ Zin A . i i P ¥ e n e ¥ " B A ]
Compound 2
l_“h-q.ﬂlr 55 n I 2 sim Hush” ;,.l-l
rr:é 255 !
| 213 351
| 199 °|° 229
lﬂ: ] :! I "Ei : .*1-" 3 9
W " el i ¥ . e " o Ee l.w S ¥ [ Wiy
[3 Sitosterol
15, ) s~ LY D,
414
e
329
w43 i 03| e
i e T P W R N TR TN T T
i i Jl J_I_l |IIII AL |-|l i | Lid L- i L, 7 g 288 |I pilli| I ] 432 4. 4 i
N rI'l. T [ | aud B T = I L) £ 1) ™ =l § oL 1 ars
Cnmpound 3
e i > ’
r.?l-'; 329 |
396 |
|
334 L 432 446 47 )
LA ] LA = C . Mq






media/file4.jpg
Campesterol Stigmasterol p-Sitosterol Cholesterol
(Compound 1) (Compound 2) (Compound 3)





media/file0.jpg
B





media/file2.jpg
e |

o

=
-

Retention ime (min)






