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Abstract

Background: Astrocytes do not only maintain homeostasis of the extracellular milieu of the neurons, but also play an active role in modulating synaptic transmission. Palmitic acid (PA) is a saturated fatty acid which, when being excessive, is a significant risk factor for lipotoxicity. Activation of astrocytes by PA has been shown to cause neuronal inflammation and demyelination. However, direct damage by PA to astrocytes is relatively unexplored. The aim of this study was to identify the mechanism(s) of PA-induced cytotoxicity in rat cortical astrocytes and possible protection by (+)-catechin. 

Methods: Cytotoxicity and endoplasmic reticulum markers were assessed by MTT assay and western blotting, respectively. Cytosolic Ca2+ and mitochondrial membrane potential (MMP) were measured microfluorimetrically using fura-2 and rhodamine 123, respectively. Intracellular reactive oxygen species (ROS) production was assayed by the indicator 2’-7’-dichlorodihydrofluorescein diacetate. 

Results: Exposure of astrocytes to 100 M PA for 24 h resulted in apoptotic cell death. Whilst PA-induced cell death appeared to be unrelated to endoplasmic reticulum (ER) stress and perturbation in cytosolic Ca2+ signaling, it was likely a result of ROS production and subsequent MMP collapse, since ascorbic acid (anti-oxidant, 100 M) prevented PA-induced MMP collapse and cell death. Co-treatment of astrocytes with (+)-catechin (300 µM), an anti-oxidant found abundantly in green tea, significantly prevented PA-induced ROS production, MMP collapse and cell death. 
Conclusion: Our results suggest that PA-induced cytotoxicity in astrocytes may involve ROS generation and MMP collapse, which can be prevented by (+)-catechin.
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Introduction

Astrocytes not only provide scaffolding and nourishing support for neurons but also metabolize neurotransmitters and maintain ionic homeostasis of the extracellular environment of neurons [1,2]. Astrocytes communicate with neurons at synapses where they, via release of gliotransmitters, modulate information flow from pre-synaptic to post-synaptic neurons [3]. Thus, astrocytes are not merely supporting cells but actively ensure temporal and spatial fidelity of neuronal signaling. This notion of tight neuron-astrocyte interaction is substantiated by the possession of multiple receptors for neurotransmitters in astrocytes [3,4].
When the storing capacity of adipocytes has reached its maximum, lipids spill over to other organs causing lipotoxicity. Excessive lipid accumulation thus promotes the onset of type 2 diabetes mellitus and obesity [5,6]. Palmitic acid (PA) is a saturated free fatty acid which, when being excessive, account for lipotoxicity. For example, increased pro-apoptotic protein Bcl-2 and reactive oxygen species (ROS) production have been attributed to mitochondria-dependent cell death in PA-treated skeletal muscle cells [7]. PA caused mitochondria membrane potential (∆ψm) collapse in pancreatic beta cells [8]. Conditioned medium from PA-treated astroctyes caused amyloidogenesis in neurons [9]. It was later found that serine palmitoyltransferase was responsible for ceramide generation and subsequent cytokine production in PA-treated astroctyes [10]. PA appears to trigger brain inflammatory response by causing astrocytes to release TNF-α and IL-6 [11]. Direct damage by PA to astrocytes is relatively unexplored. A recent work by Wang et al showed that PA induced ROS formation and apoptosis in astrocytes and that such cytotoxicity could be prevented by melatonin [12].
Catechins, a group of compounds belonging to the polyphenol family, are the major components in green tea extract [13,14]. Catechins have been shown to be potent antioxidants through direct scavenge of ROS. Cytoprotective effect of catechins has been shown in neuropathological disease models. For instance, cell death caused by 1-mythl-4-phenyl-1,2,3,4-tetrahydropyridine (MPTP) was prevented after treatment with (-)-epigallocatechin-3-gallate in rat PC12 cells [14,15]. Epicatechin has been shown to offer neuroprotection in a mouse stroke model [16]. The aim of this study was to identify the mechanism(s) of PA-induced cell death in rat cortical astrocytes and examine whether (+)-catechin could offer protection against PA-induced cytotoxicity.

Materials and Methods

Materials

Palmitic acid (PA), (+)-catechin, salubrinol, rotenone, ascorbic acid, carbonyl cyanide 4-trifluoromethoxy phenylhydrazone (FCCP) and cyclopiazonic acid (CPA) were from Sigma-Aldrich (MO, USA). Fura-2AM and rhodamine-123 were purchased from Invitrogen (Oregon, USA).

Cell culture

Cortical astrocytes were prepared from 1 to 2-day-old Sprague Dawley rats purchased from Bio Lasco Co. Ltd (Taiwan). Rats were capitalized by sterilized scissors, and cerebral cortices were carefully removed. The experimental procedures were approved by the China Medical University Animal Care and Use Committee. The tissues were then trypsinized (0.05%) and cells were seeded in a 75-cm2 flask coated with poly-D-lysine (10 μg/ml; Sigma Aldrich). Cultures were enriched in a normal Dulbecco’s modified eagle medium (DMEM; Carlsbad, CA) supplemented with 1% penicillin-streptomycin (100 units/ml; 100 μg/ml; Invitrogen, Carlsbad, CA) and 10% fetal bovine serum (Invitrogen). Fresh culture medium was replenished every 3 day, and cultures were treated with L-Leucinemethyl ester hydrochloride (LME; Sigma Aldrich, Steinheim, Germany) to remove cells other than astrocytes. Cultures were grown at 37°C in a humidified 5% CO2 atmosphere. Primary astrocytes were confirmed by GFAP staining with over 97% purity.
Cell viability assay

Cell viability was measured using tetrazolium salt, 3-(4,5-Dimethylthiazol-2- yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma-Aldrich, Steinheim, Germany) assay. Cells were seeded at 1.5 x 104/150 µl in 96-well plates and then treated with PA and/or other drugs for 24 h. DMSO was added to dissolve the insoluble crystals. The absorbance of colored solutions was quantified by spectrophtotmeter with an excitation wavelength of 595 nm (iMark Microplate Reader; Bio Rad, CA). 

TUNEL assay

Apoptosis was detected using deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay (Roche, Mannheim, Germany). Astrocytes were treated with PA and/or drugs for 24 h. Subsequently, cells were fixed in 4 % paraformaldehyde and washed twice in phosphate buffered saline (PBS) and resuspended in PBS containing 0.1 % Triton X-100 for 15 min at 4°C. Cells were incubated in 50 μl of solution containing terminal deoxynucleotidyl transferase (TdT) and FITC-conjugated dUTP deoxynucleotide (1:10) for 60 min at 37°C and washed twice with PBS. Cells were stained against anti-GFAP (1:1000; Millipore, MA, USA) conjugated with goat anti-rabbit (1: 300, Jackson, Pennsylvania, USA) and the slides were mounted in antifade reagent (Invitrogen, Oregon, USA). All images were captured through Viewfinder 3.0 (Pixera, Fukuoka, Japan), and fluorescence intensity was quantified by Image J V 1.46 (National Institute of Heath, MA, USA).

Measurement of cytosolic Ca2+ level ([Ca2+]i)

Cytosolic Ca2+ measurement was performed with a calcium-sensitive fluorescence dye, fura-2AM. Primary astrocytes were seeded on glass coverslips coated with poly-D-lysine in 3.5-cm dishes. Cells were incubated with 5 μM fura- 2AM at 37°C for 45 min. Cells were then washed twice with physiological buffer solution containing (in mM): 140 NaCl, 4 KCl, 1 MgCl, 2 CaCl2, 10 HEPES (pH7.4 adjusted with NaOH). EGTA (20 μM) were substituted for 2 mM CaCl2 when Ca2+-free buffer solution was used. Cells were excited with dual wavelengths (340 nm and 380 nm) by using optical filter changer (Lambda 10-2, Shutter Instruments). The fluorescence at two wavelengths was collected at 500 nm and images were captured through a CCD camera (CoolSnap HQ2, Photometrics, Tucson, AZ) linked to Nikon TE 2000-U microscope. Experiments were performed at room temperature (25°C). 

Microfluorimetric measurement of mitochondrial membrane potential (∆ψm)
Cells were loaded with 5 μM rhodamine-123 for 40 min and excited with a single wavelength (500 nm) and emission was collected at 542 nm. Images were captured through a CCD camera (CoolSnap HQ2, Photometrics, Tucson, AZ) linked to Nikon TE 2000-U microscope. Experiments were performed at room temperature (25°C).

Western blots

Cells were washed with cold PBS and lysed for 30 min on ice with radioimmunoprecipitation assay buffer (Sigma-Aldrich) containing protease inhibitors. Protein sample were separated by gradient sodium dodecyl sulfate precast polyacrylamide gels, and electrophoretically transferred to polyvinylidenedifluoride membranes. The membranes were blocked with TBST buffer containing 5% skim milk and then probed with primary antibodies: anti-β-actin (1:5000; Millipore, MA, USA), anti-eIF2α (1:1000; Cell Signaling, NY, USA), anti-p-eIF2α (1:1000; Cell Signaling, NY, USA) and anti-CHOP (1:1000, Cell Signaling, MA, USA) overnight. The membranes were subsequently incubated with goat-anti-rabbit or goat-anti-mouse peroxidase-conjugated secondary antibodies (1:10000; Sigma-Aldrich, MO, USA). Blots were visualized using an enhanced chemiluminescence (ECL) detection system (Image Quant LAS 4000 mini; GE Healthcare, USA).

Reactive oxygen species (ROS) assay

Cells were seeded onto coverslips and exposed to vehicle (0.1% DMSO) or different combinations of reagents for 30 min or 1 h. Cells were then washed by PBS and incubated with 50 µM 2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA; Merk) at 37°C for 30 min at room temperature. Cells were fixed on slides with 70% glycerol, excited with 488 nm and emission collected at 525 nm by using an Olympus Model BX 40F4 microscope (Olympus Optical Co. Ltd., Japan). All images were captured through Viewfinder 3.0 (Pixera, Fukuoka, Japan), and fluorescence intensity was quantified by Image J V 1.46 (National Institute of Heath, MA, USA).

Statistical analysis

Results are expressed as means ± SEM. The unpaired or paired Student’s t-test was used for two groups. For comparison amongst multiple groups, one-way ANOVA with Tukey’s HSD post hoc test was used to determine statistical significance. A value of p< 0.05 is considered statistically significant.

Results

PA-induced cell death and protection by (+)-catechin

Results in Fig. 1A show the concentration-dependent cytotoxic effect of a 24-h PA exposure; at 100 μM, PA caused approximately 50% cell death. (+)-Catechin (50-300 μM) exhibited a concentration-dependent cytoprotective effect (Fig.1B). TUNEL assay revealed that PA-induced cell death was apoptotic, as indicated by the green fluorescence of apoptotic cells (Fig.2). Apoptosis could be prevented by (+)-catechin (300 μM).

PA-induced cell death was abrogated by ascorbic acid but not salubrinal

To examine whether ROS formation (oxidative stress) or endoplasmic reticulum (ER) stress contributed to PA-induced cell death, astrocytes were co-treated with PA (100 μM) and an anti-oxidant, ascorbic acid (AA; 100 μM) or salubrinal (SAL; 30 and 100 μM), an ER stress inhibitor. Cell death caused by PA was significantly prevented by co-treatment with AA, suggesting that oxidative stress may account for PA-induced cell death (Fig.3). Co-incubation of PA with 30 M salubrinal did not prevent cell death. Cells treated with both 100 M PA and 100 M salubrinal had viability higher than that with PA alone; however, this is unlikely a specific protective effect of salubrinal against PA cytotoxicity via suppressing ER stress, since 100 M salubrinal alone caused cell proliferation. Taken together with the results in Fig.5, the data suggest PA toxicity did not involve ER stress.  
PA elicited reactive oxygen species (ROS) formation

PA-elicited ROS formation was previously demonstrated in β-cell lines and the rat skeletal muscle [7,8]. The effect of PA on astrocyte ROS production was tested. Cells were exposed to 100 μM PA, 300 μM (+)-catechin, or 100 μM PA plus 300 μM (+)-catechin for 30 min. Results indicate that 100 μM PA significantly raised ROS production, which was largely prevented by 300 μM (+)-catechin (Fig.4A-E). Co-treatment with rotenone (a mitochondria transporter complex I inhibitor) was found to prevent PA-induced ROS production (Fig.4F), suggesting that mitochondria were the source of ROS formation.

PA did not appear to cause endoplasmic reticulum (ER) stress

We examined whether PA directly caused ER stress in astrocytes. Cells were treated with 100 or 300 µM PA for 5 h. Levels of ER stress markers, namely p-eIF2α and CHOP, were not enhanced (Fig. 5). Treatment with CPA (positive control) caused an enhanced level of CHOP, but not p-eIF2α. CPA might activate other signal molecules upstream of CHOP, such as p-JNK and ATF6; these possibilities warrant further investigation.


PA did not cause [Ca2+]i elevation or intracellular calcium store depletion

Whether PA triggered a Ca2+ signal was next investigated. Acute application of 300 μM PA did not affect [Ca2+]i (Fig.6A-B). Cells exposed to 300 μM PA for 24 h had [Ca2+]i similar to that of control cells (Fig.6C). To examine whether PA would cause intracellular Ca2+  store depletion, cells were pretreated with PA (300 μM) for 12 h and [Ca2+]i was examined under Ca2+-free bath solution. CPA, an inhibitor of ER Ca2+ pump, was deployed to discharge ER Ca2+ pools. PA-pretreated cells showed CPA-induced Ca2+ release comparable to that of control cells (Fig.6D-F). Hence, chronic PA treatment did not seem to cause Ca2+ store depletion and [Ca2+]i elevation.  

PA caused mitochondrial membrane potential collapse

Saturated fatty acids have been shown to perturb mitochondria membrane potential (∆ψm) in pancreatic beta cells [8]. We then examined whether PA affected astrocyte ∆ψm. Either vehicle or 100 μM PA did not cause any acute change in ∆ψm (Fig.7A-C). FCCP was used as a positive control to collapse ∆ψm. Treatment of cells with PA for 2 h, however, resulted in significant depolarization (collapse of ∆ψm) (Fig.7D). Such collapse was prevented by (+)-catechin. It is important to determine whether or not PA-elicited ROS generation (Fig.4) occurred upstream of ∆ψm collapse. Results show that the latter could be prevented by ascorbic acid (Fig.7E), suggesting that ROS generation might mediate ∆ψm collapse.

Discussion

Perturbations in Ca2+ signaling and induction of ER stress have been demonstrated in PA-challenged neurons and β-cells [17,18]. Such perturbations in Ca2+ signaling after treatment with PA include ER Ca2+ depletion and cytosolic [Ca2+] elevation. Over-activation of inositol-1,4,5-trisphosphate receptors and impairment of ER Ca2+ pump have been implicated in PA-induced toxic effects [17,18]. Wang et al [12] showed that PA (200 M) elicited an acute [Ca2+]i elevation in murine astrocytes. By contrast, our present work shows that acute or chronic treatment with PA (concentration as high as 300 M) did not cause [Ca2+]i elevation, nor did it cause Ca2+ store depletion (Fig.6), suggesting such cytotoxicity in astrocytes is unrelated to Ca2+ overload or reduction in Ca2+ pool size. The reason for such a discrepancy is unknown but could be due to the difference in species used. That PA did not cause Ca2+ store depletion is in concordance with the observation that PA did not induce ER stress (Fig.5). CPA was used as a positive control to cause ER stress; however, it induced appearance of CHOP but not the upstream p-eIF2α. A possible explanation is that CPA induced the expression of other upstream molecules such as ATF-6 [19].
Mitochondria membrane potential depolarization was observed after 2 h of PA challenge whereas acute PA administration did not affect ∆ψm (Fig.7). Significant ROS production was observed after 30 min treatment with PA (Fig.4), suggesting that ROS might be upstream signals of ∆ψm collapse. The latter notion is supported by the abrogation of ∆ψm collapse by ascorbic acid (Fig.7E). In line with this, ROS have been shown to cause ∆ψm collapse in monocytes [20]. The abolition of ROS production by rotenone (Fig.4) suggests that mitochondria were the source of ROS. The causal link between PA-induced ROS formation and apoptotic death is established by the abrogation of PA-induced cell death by ascorbic acid, an anti-oxidant (Fig.3).

The observation that salubrinol did not rescue PA-induced cell death (Fig.3) is consistent with the failure of PA to induce ER stress (Fig.5). The effect of salubrinal at a concentration as high as 100 M is unlikely a protective action since it alone caused cell proliferation (Fig.3). Taken together, PA-induced astrocyte cell death did not appear to involve ER stress, although the latter was shown to be involved in PA-induced cytotoxicity in neurons and beta cells [17,18]. 

Opening of mitochondrial permeability transition pore was noted in PA-treated beta cells [8]. ROS formation via mitochondrial electron transport chain and NADPH oxidase has been observed in PA-treated skeletal muscle cells [7]. PA is also expected to be directly metabolized by beta-oxidation in the mitochondria of astrocytes. This is in concordance with the finding in this report that mitochondria were the source of ROS generation in PA-challenged astrocytes (Fig.4F).

In addition to the astrocyte lethality caused by PA, PA-induced astrocytic dysfunction, which indirectly causes neuronal cell death, has been reported. For instance, PA triggers in astrocytes de novo synthesis of ceremide and subsequent cytokine production, which promotes β-site amyloid precursor protein-cleaving enzyme 1 expression in neurons, eventually causing beta amyloid production and neuronal degeneration [10]. 
Up-regulation of superoxide dismutase 1 (SOD-1), leading to reduction of ROS formation, has been observed in endothelial cells treated with catechins [21]. In the present work, results suggest that apoptotic death of astrocyte could be prevented by (+)-catechin, possibly through inhibition of ROS generation and protection on mitochondrial functional integrity. Remarkably, levels of Cu-, Zn- and Mn-SOD mRNA were increased after 2-7 days of incubation with catechin in astrocytes [22]. Protective effects of catechins on neurons have also been demonstrated. For example, -amyloid-induced ROS production could be prevented by (-)-epigallocatechin-3-gallate in rat cortical neurons [23]. Neuroprotection by (+)-catechin or other related catechins is rendered feasible as these compounds could readily penetrate the blood-brain barrier [24,25]. 
The present study provides further insights into PA-induced lipotoxic effects in astrocytes: excessive PA leads to ROS formation, mitochondrial membrane potential collapse, and eventually apoptosis in astrocytes; our data excluded the involvement of ER stress in PA toxicity. Further, this is the first report to show that (+)-catechin offers protection against PA-induced lipotoxicity in astrocytes. Maintaining astrocytic functional integrity may offer a potential therapeutic strategy for neurodegeneration.
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Legends
Fig. 1. Protection effect of catechin on PA-induced cytotoxicity in astrocytes. (A) Cortical astrocytes were treated with different concentrations of PA for 24 h before cell viability was measured; DMSO (0.1%) was used as a vehicle control. (B) (+)-Catechins (CH) showed protective effect in a concentration-dependent manner. Data are means ± SEM from 4 to 5 independent experiments. *p< 0.05 when compared with control; # p< 0.05 when compared with PA alone.
Fig. 2. Catechin protected astrocytes from PA-induced apoptosis. Cortical astrocytes were treated with 0.1 % DMSO (A, as control), 300 μM (+)-catechin (B), 100 μM PA (C) or 100 μM PA with 300 μM catechin (D) for 24 h before they were subjected to TUNEL assay for apoptosis. The degree of apoptosis was indicated by intensity of green fluorescence of dUTP. Data are means ± SEM from 3 independent experiments. *p< 0.05 compared with control. # p< 0.05 when compared with PA alone.
Fig. 3. PA-induced cell death was abrogated by ascorbic acid. Cortical astrocytes were treated with 0.1% DMSO, PA (100 µM), ascorbic acid (AA; 100 µM), salubrinal (SAL; 30 and 100 µM), PA (100 µM) with AA (100 µM), and PA (100 µM) with SAL (30 and 100 µM) for 24 h before cell viability was measured. Data are means ± SEM from 4 independent experiments. *p< 0.05 when compared with control. # p< 0.05 when compared with PA alone.
Fig. 4. PA-elicited ROS production was prevented by catechin and rotenone. Cortical astrocytes were treated with 0.1% DMSO and 0.6 % ethanol (A), 300 µM (+)-catechin (B), 100 µM PA (C) or 300 µM (+)-catechin with 100 µM PA (D) for 30 min and ROS production was then quantified by measuring fluorescence intensity of H2DCFDA. (E) Results of (A)-(D) are quantified. (F) Astrocytes were treated with 100 µM PA and/or 10 µM rotenone (RO) for 1 h and ROS was quantified. Data are means ± SEM of 45-98 cells from 3 to 5 independent experiments. *p< 0.01 compared with control. # p< 0.05 when compared with PA alone.
Fig. 5. PA did not induce endoplasmic reticulum (ER) stress. Cortical astrocytes were treated with 50 M CPA, 100 or 300 μM PA for 5 h. Protein levels of CHOP, eIF2α, p-eIF2α, and actin were analyzed by western blotting. Data are means ± SEM from 3 independent experiments.
Fig. 6. PA did not cause [Ca2+]i elevation and calcium store depletion. (A) In the presence of extracellular Ca2+, PA (300 μM) did not cause any acute change in [Ca2+]i. (B) Results in (A) are quantified. (C) Cell were treated in the absence or presence of PA (300 μM) for 24 h, and [Ca2+]i was measured in Ca2+-containing bath solution. Cells were treated with DMSO (D) or 300 μM PA (E) for 12 h and then assayed for [Ca2+]i in Ca2+-free bath solution. CPA (50 μM) was used to deplete Ca2+ store. (F) Quantification of data in (D) and (E). Data are means ± SEM of 15-53 cells from 3 to 8 independent experiments.   
Fig. 7. PA caused a collapse in mitochondrial membrane potential (∆ψm). Mitochondrial membrane potential was measured flourmetrically using rhodamine 123 as dye. (A) Addition of solvent (DMSO) control did not alter ∆ψm; subsequent exposure to 1 µM FCCP was used as a positive control to collapse ∆ψm. (B) PA (100 µM) did not cause an acute change in ∆ψm. (C) Quantification of result in (A) and (B). ∆ψm collapse was observed in astrocyte treated with PA (100 µM) for 2 h; such collapse could be prevented by (+)-catechin (300 µM) (D) or AA (100 µM) (E). Data are means ± SEM of 54-107 cells from 3 to 8 independent experiments. *p< 0.05 compared with control. # p< 0.05 when compared with PA alone.
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