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10 Abstract

11 Background: Docosahexaenoic acid (DHA, C22:6, n-3) ameliorates the memory-related learning deficits of Alzheimer's disease (AD), which is characterized by
12 fibrillar amyloid deposits in the affected brains. Here, we have investigated whether DHA-induced inhibition of Amyloid β-peptide25-35 (Aβ25-35) fibrillation
13 limits or deteriorates the toxicity of the human neuroblastoma cells (SH-S5Y5).
14 Experimental methods: In vitro fibrillation of Aβ25-35 was performed in the absence or presence of DHA. Afterwards, SH-S5Y5 cells were incubated with Aβ25-

15 35 in absence or presence 20 μM DHA to evaluate its effect on the Aβ25-35-induced neurotoxicity by MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
16 bromide)]-redox and TUNEL (TdT-mediated dUTP-biotin nick end-labeling) assay and immunohistochemistry. The level of Aβ25-35-induced lipid peroxide (LPO)
17 was determined in the absence or presence of oligomer-specific antibody. Fatty acid profile was estimated by gas chromatography.
18 Results: DHA significantly reduced the Aβ25-35 in vitro fibrillation, as indicated by fluorospectroscopy and transmission electron microscopy. Aβ25-35 decreased
19 the MTT-redox activity and increased the apoptotic damage and levels of LPO when compared with those of the controls. However, when the SH-SY5Y cells were
20 treated with Aβ25-35 in the presence of DHA, MTT redox potential significantly increased and the levels LPO decreased, suggesting an inhibition of the Aβ25-35-
21 induced neurotoxity. DHA improved the Aβ25-35 induced DNA damage and axodendritic loss, with a concomitant increase in the cellular level of DHA, suggesting
22 DHA protects the cell from neurotoxic degeneration.
23 Conclusion: DHA not only inhibits the in vitro fibrillation but also resists the Aβ25-35-induced toxicity in the neuronal cells. This might be the basis of the DHA-
24 induced amelioration of Aβ-induced neurodegeneration and related cognitive deficits.
25 © 2010 Published by Elsevier Inc.

26
27 Keywords: Aβ25-35 fibrillation; Docosahexaenoic acid; Neurotoxicity; SH-S5Y5 cells

28

29 1. Introduction

30 Docosahexaenoic acid (DHA, C22:6, n-3), the predominant
31 synaptosomal plasma membrane polyunsaturated fatty acid (PUFA)
32 of the brain, is gaining ever more attention because of its protective
33 [1] and preventive [2] effects on the impairments of memory-related
34 learning ability in the Alzheimer's disease (AD) model animals
35 including rats [1,2] and mice [3]. Epidemiological study also supports
36 that plasma concentration of DHA is correlated with the AD
37 symptoms [4]. AD is pathologically characterized by neuritic plaques
38 and neurofibrillar tangles of amyloid beta peptides (Aβs) such as
39 Aβ1-42 and Aβ1-40 [5]. After the proteolytic cleavage from membrane-
40 bound amyloid precursor proteins (APP), the Aβ1-42 is deposited
41 largely in the brain tissues of affected patients, while Aβ1-40 is

42concentrated predominantly in the cerebrospinal fluids [6]. Though
43they are considered as the principal forms of Aβs, however, other
44short fragments of the Aβs might be involved in the pathogenesis of
45AD. Among them the short fragment Aβ25-35 is of particular interest.
46This short sequence has been identified in the brains of aged patients
47Aβ1-40 [7]. Aβ25-35 is thus biologically active fragment of Aβ [8],
48indicating this short filament can render toxicity to neurons.
49Xu et al. [9] reported that this truncated amyloid can exhibit equal
50potencies to that of the Aβ1-40. What's more important is that Aβ25-35,
51as being the terminal sequence of the Aβ1-40 and/orAβ1-42, itmay help
52in the understanding of themechanism of fibrillation of the full length
53Aβs. We have recently reported in vitro studies that Aβ25-35 is able to
54form fibrils [10] analogous to that of the full-length Aβ1-40 [11] and
55that DHA can inhibit the fibrillation of both Aβ25-35 [10] and Aβ1-40

56[11], thus suggesting Aβ25-35 peptide can confer toxicity analogous to
57that of the full-length peptide in neurons. This toxicity may underlie
58the learning-related memory impairments of mice after the cerebro-
59ventricular infusion of Aβ25-35 [12]. We recently found that DHA
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60 inhibits the Aβ25-35 fibrillation [10]; however, DHA produced diffused
61 and amorphous-type conformations. The question thus that remains
62 to be confirmed whether these amorphous conformation further
63 intoxicates the neuronal cells or whether inhibits the toxicity of these
64 cells. The brain utilizes large amounts of DHA [13–15] and the level of
65 DHA decreases in the hippocampus of AD patients [16,17], thus
66 demonstrating that DHA have a significant role in the nurture of brain
67 functions. Neuron lacks the ability to biosynthesize adequate DHA,
68 thus DHA is taken into the neural cells from the extraneuronal
69 medium after its release from the astroglial/cerebral capillary
70 endothelial cells [18,19]. Thus, it is very likely that DHA inexorably
71 endures an interaction with the extra-neuronally deposited amyloid
72 fibrillar species, which render toxicity to neurons leading to
73 neurodegenerations. Therefore, the study on the effect of DHA on
74 the Aβ25-35-fibriltion-induced neurotoxicity is of special significance.
75 In this study we intended to prove whether the DHA-induced
76 inhibition positively and/or negatively impacts the toxicity in the
77 SH-S5Y5 neuroblastoma cells.

78 2. Materials and methods

79 2.1. Materials

80 Aβ25-35 was purchased from the Peptide Institute (Osaka, Japan); thioflavin T (ThT)
81 was purchased from Sigma-Aldrich (St. Louis, MO, USA); mouse antitubulin antibody
82 (Tuj1) from the R&D Systems, USA). Apoptosis Detection Kit, Millipore, USA). Alexa
83 488-conjugated secondary antibody and Rabbit polyclonal anti-oligomer antibody
84 (A11) were purchased from Invitrogen (Carlsbad, CA, USA). All other chemicals were of
85 analytical grade.

86 2.2. Aβ25-35 preparation

87 Aβ25-35 was dissolved in 1,1,1,3,3,3- hexafluoro-2-propanol (HFP) at concentration
88 of 500 μM to produce uniform, non-aggregated Aβ and immediately stored at −80°C
89 after N2 bath until use. At the day of use, the HFP-dissolved amyloid samples were
90 initially spun down at 13,800×g, if any, then was blown by N2 gas at ice-cold
91 temperature and re-dissolved in the assembly buffer for aggregation study.

92 2.3. Preparation of DHA

93 Fifty milligrams of DHA dissolved in 200 μl ethanol (commercially available;
94 Cayman Chemical, Arbor, MI, USA) was stored (in 5.0-μl aliquots) at−80°C until use. It
95 was directly suspended in ultrapure water and used at desired concentration
96 containing 0.002% ethanol. Only freshly prepared DHA was used.

97 2.4. Aβ25-35 fibrillation

98 Prior to use in the cell culture, in vitro Aβ25-35 fibrillation was carried out as
99 described previously [10,11] with some modifications. Hexafluoropropanol was
100 blown from the Aβ25-35 stock-aliquot, and the peptide was immediately suspended
101 in a desired volume of assembly buffer [(100 μl of 50 mM Tris-HCl buffer (pH 7.4)
102 containing 100 mM NaCl, 0.01% sodium azide)] at final concentration of 50 μM of
103 Aβ25-35 with or without DHA. The final concentration of DHA was 20 μM. The reaction
104 mixture was taken into oil-free polymerase chain reaction tubes (Takara Shuzo, Otsu,
105 Japan), flushed with nitrogen gas to obviate any effect of atmospheric oxygen, and
106 incubated at 37°C for 24 h. The incubation was stopped by placing the tubes on ice
107 and then subjected to thioflavin T fluorescence spectroscopy.

108 2.5. Thioflavin T fluorescence assay of Aβ25-35

109 After 24 h of incubation at 37°C for fibrillation, 40-μl aliquots from each tube were
110 gently removed and mixed with 210 μl of 5 μM thioflavin T (ThT) in 50 mM glycine-
111 NaOH buffer (pH 8.5) and subjected to fluorescence measurements (Hitachi F-2500
112 fluorescence spectrophotometer) at excitation (λex) and emission (λem) wavelengths
113 of 448 and 487 nm, respectively.

114 2.6. Transmission electron microscopy

115 After completion of Aβ25-35 fibrillation for 24 h at 37°C with or without DHA, an
116 aliquot was used for electronmicroscopy. In brief, a 4-μl sample was placed on a copper
117 grid, stained with 1% uranyl acetate, excess uranyl acetate was then removed from the
118 grid using distilled water. Afterwards, the grid was air dried and examined under a
119 Hitachi H-7000 transmission electron microscope with an operating voltage of 75 kV.

1202.7. Cell culture

121Human SH-SY5Y neuroblastoma cells were obtained from the European Collection
122Cell Culture and originally maintained in Ham's F12: Minimum Essential Medium Eagle
123(Sigma-Aldrich) (1:1) containing 15% fetal bovine serum, 50 IU/ml penicillin G and 50
124mg/ml streptomycin in 6 cm culture dish (Corning, Corning, NY, USA) at a density of
1252×105 cells per dish. The cells were passaged and cultured in 96-well plate at a density
126of 1×104 cells per well for 2 days. The culture mediumwas replaced to serum-free Opti-
127MEM (Gibco) supplemented with or without Aβ25-35 and 0.5 μM DHA. After 2 days of
128treatment, cells were used for MTT assay and immunofluorescence microscopy. We
129chose to conduct our in vitro studies in the absence of bovine serum albumin (BSA),
130because preliminary experiments showed that the presence of physiologic concentra-
131tions of BSA (i.e., 100 μg/ml or 0.01%) prevented the toxicity of Abeta treatment.

1322.8. MTT assay

133The cytotoxicity of Aβ25-35 peptide was assessed by measuring cellular MTT [3-
134(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)]-redox activity, which
135detects active mitochondrial dehydrogenases of living cells to reduce MTT to a water
136insoluble blue formazan products. Cells at a density of 1×104/well were placed in 96-
137well plates with 100 μl of fresh medium. After 24 h, the medium was replaced with
138100 μl of OPTI-MEM (Gibco BRL) serum-free medium and 10 μM Aβ25-35 peptide. The
139cells were incubated at 37°C in 5% CO2 for 48 h, afterwards 10 μl ofMTT (Dojudo) (5mg/
140ml) was added to each well and the plate was incubated at 37°C for 4 h. The MTT
141solution was then removed, DMSO Q2(100 μl) was added, and the plate was shaken for a
142fewmin and read at 550 nmwith an enzyme-linked immunosorbent assay plate reader.

1432.9. TUNEL assay

144The apoptotic nuclei containing free 3′-OH termini were detected by using a TUNEL
145(TdT-mediated dUTP-biotin nick end-labeling) assay kit (ApopTag Red in situ,
146Apoptosis Detection Kit, Millipore) according to the manufacturer's protocol with
147slight modifications. Aβ25-35-incubated cells with (Aβ25-35+DHA) or without (DHA)
148were fixed with 1% paraformaldehyde in phosphate-buffered saline (PBS), pH 7.4 and
149post-fixed with ethanol:acetic acid (2:1, v:v) for 5 min at -20°C. After incubating with
150the TUNEL reaction mixture, anti-digoxigenin conjugated with rodamine was added.
151The TUNEL-positive cells were detected by fluorescent microscope.

1522.10. Cellular morphology study

153For morphological immunofluorescence microscopy, cultured cells were fixed with
1544% paraformaldehyde for 30 min at room temperature, washed with 0.1 M Tris-
155buffered solution (TBS; pH 7.5), blocked with 3% normal goat serum (Dako Cytomation,
156Carpinteria, CA, USA) in TBS containing 0.3% Triton X-100 at room temperature for
15760 min, and incubated with primary antibodies at 4°C overnight. The primary antibody
158was mouse anti-neuron-specific class III beta-tubulin (Tuj-1, 1:1000, R&D Systems).
159The cells were washed with TBS and incubated with Alexa Fluor 488-conjugated
160secondary antibody (1:1000, Invitrogen, Carlsbad, CA, USA) at room temperature for
16160 min. To visualize nuclei, the cells were counterstained with 2 μg/ml propidium
162iodide (Dojindo laboratories). Finally, the cells were mounted with 80% glycerol,
163visualized under a fluorescent laser microscope (CLMS FV300, Olympus, Tokyo, Japan).

1642.11. SH-S5Y5 cell preparation for lipid analyses

165The cells were harvested and washed thrice with PBS containing protease
166inhibitors cocktail. Afterwards, the pellets were homogenized using 10 strokes in a
167dounce homogenizer and 10 passages through a 22-gauge syringe on ice. The
168samples were then directly used for the fatty acid composition and lipid peroxide
169(LPO) analyses.

1702.12. Fatty acid composition

171Fatty acid composition was determined by the one-step analysis of Lepage and Roy
172(1986) [20] as described previously [1,2,11] using gas liquid chromatography.

1732.13. LPO levels and protein

174LPO concentration was assessed by the thiobarbituric acid reactive substances
175assay of Ohkawa et al. [21], as described previously [22]. Protein concentration was
176estimated by the method of Lowry et al. [23].

1772.14. Statistical analyses

178Results are expressed as means±S.E.M. For two-group differences, data were
179analyzed by Student's t test. For more than two groups, the data were subjected to one-
180way analysis of variance (ANOVA), followed by Bonferroni post hoc comparisons. The
181statistical programs used were GBSTAT 6.5.4 (Dynamic Microsystems, Silver Spring,
182MD, USA) and StatView 4.01 (MindVision Software; Abacus Concepts, Berkeley, CA,
183USA). Pb.05 was considered statistically significant.
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184 3. Results

185 3.1. Effects of DHA on in vitro Aβ25-35 fibrillation and fiber morphology

186 Formation of Aβ25-35 fibers at 50 μM was measured, alone and in
187 the presence of 20 μM DHA. We found that Aβ25-35 monomer at
188 final concentrations of 50 μM incubated for 24 h in the assembly
189 buffer had significantly higher thioflavin T fluorescence intensity.
190 When the fibrillation was commenced in the presence of DHA
191 (20 μM), the degree of fibrillation significantly decreased by about
192 43% (Fig. 1).
193 To confirm the inhibitory effect of DHA on the Aβ25-35 fibrillation,
194 Aβs fibrils with or without DHA (20 μM) were viewed under a
195 transmission electron microscope. The control samples (Aβ25-35

196 alone) exhibited abundant aggregated Aβ25-35 fibrils both with a
197 ribbonic and roundmorphology. Consistent with the ThT fluorescence
198 data, the Aβ1-42+DHA samples contained only very small amount of
199 poorly defined fibrils, if at all. In the presence of DHA, the fibril
200 contents were practically very poor and appeared as densely
201 amorphous conformations (Fig. 1). The lengths of the Aβ25-35 fibers
202 were not determinable due to extensive branching; however, the
203 widths were 5–6 nm.

204 3.2. Effect of DHA on Aβ25-35 induced cytoxicity

205 As shown in the Fig. 2, DHA alone had increased the MTT-
206 redox potential as compared to that of the vehicle treated

207controls. The Aβ25-35 significantly decreased (by N22%) the MTT-
208redox potential in the SH-S5Y5 cells, whereas DHA had inhibitory
209effect on toxicity when fibrillation of Aβ25-35 occurred in its
210presence, as indicated by the increase of MTT-redox potential in
211the Aβ25-35+DHA cells.

Fig. 1. Representative transmission electron micrograph of the effects of DHA on the Ab25-35 fibril morphology. Aβ25-35 peptide (50 μM)was incubated in the absence (A) or presence
(B) of 20 μM DHA for 24 h at 37°C; 4-μl of samples was subjected to 400-mesh grid, dried for 1 min, stained with 1% uranylacetate and subjected to visualization by electron
microscope. The morphology of the control fibrils was structured and clear (A and its inset A1), while those of the DHA-treated samples had highly unstructured (B and its inset B1)
and mostly amorphous type consistency.

Fig. 2. The cytotoxicity of Aβ25-35 was assessed by measuring MTT-redox activity. The
MTT assay measures cell survival. Cells were used at a density of 1×104/well. The
absorbance of the untreated cells read at 550 nm was normalized to 100%. Data shown
were from four experiments in quadruplicate determinations (Pb.05).
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212 3.3. Effect of DHA on the Aβ25-35-induced apoptosis

213 Aβ25-35-induced apoptosis in the SH-S5Y5 cells, as indicated by the
214 increased abundance of TUNEL-positive nuclei in these cells (Fig. 3).
215 The characteristic nuclear fragment of the apoptotic cells was clearly
216 observed in the SH-S5Y5 cells. In addition, condensed nuclei and
217 nuclear fragements were also found. The TUNEL-positive nuclei were
218 significantly lower in the DHA+Aβ25-35-treated cells. Also, the
219 TUNEL-stained nuclei were comparable between DHA-alone treated
220 and the untreated control cells, indicating DHA did not induce an
221 extra apoptotic stress in the SH-S5Y5 cells.

222 3.4. Effect of DHA on the Aβ25-35 toxicity-induced cellular morphology

223 As shown in the Fig. 4, DHA alone significantly ameliorated the
224 morphology of the SH-S5Y5 cells, as compared to the vehicle-
225 treated cells. The DHA-treated cells had well-viewed morphology
226 with healthy axodendritic processes. However, a 48-h treatment of
227 the Aβ25-35 prompted dramatic alterations in neuronal morphology.
228 Most of the cells tended to lose their characteristic shape, acquiring
229 an unnatural shape and showing few or no neuritic processes. They
230 had lost the axodendritic processes. However, when the Aβ25-35-
231 treated SH-S5Y5 cells were examined after coincubation with DHA,
232 the loss of axodendritic processes recovered with the appearance of
233 well-defined sprouting processes (lower right), indicating an
234 addition of DHA to the Aβ25-35+SH-S5Y5 cells prevented the
235 toxicity of Aβ25-35.

2363.5. Effect of DHA on the fatty acid profile

237As shown in the Table 1, the levels of saturated fatty acids
238palmitic and stearic acid and monounsaturated fatty acid oleic acid
239were not altered in either of the DHA or DHA+Aβ-treated cells in
240the absence or presence of oligomer-specific antibody (A11), when
241compared to those of the untreated controls. The levels of linoleic
242acid, arachidonic acid were significantly increased in the Aβ-treated
243cells. The levels of linolenic, eicosapentaenoic and docosapentaenoic
244acid were not affected. As expected, the levels of DHA were
245significantly increased in both the DHA and DHA+Aβ25-35-treated
246cells either in the absence (Aβ25-35+DHA) or presence of oligomer
247antibody (Aβ25-35+DHA+A11 cells). Finally, changes in the fatty
248acid profile resulted in a significant increase in the unsaturation
249index (USI) of DHA-treated cells.

2503.6. Effect of DHA on the lipid peroxide levels of SH-S5Y5 cells

251The level of lipid peroxide (LPO) significantly decreased in the
252DHA-treated cells (∼26%) when compared to those in the untreated
253controls. The level of LPO was significantly increased (N15%) in the
254Aβ25-35-alone-treated cells while the levels of LPO further increased
255(41%) in the Aβ25-35+DHA cells (Fig. 6A).
256When the SH-S5Y5 cells were incubated with Aβ25-35 in the
257presence of A11 (oligomer-specific antibody), the levels of LPO
258reverted to those of the untreated controls, and significantly
259decreased when compared with those of the Aβ25-35+DHA cells.
260The LPO level also decreased in the presence of A11 (in the Aβ25-35

Fig. 3. Effect of DHA on the Aβ25-35-induced apoptosis. Representative fluorescence images of control (vehicle-treated) cells (upper left) and DHA-treated (0.5 μM) cells (upper right).
TUNEL-stained nuclei (red) were increased after the treatment of SH-SY5Y cells with Aβ25-35 for 48 h, whereas, the DHA treatment of the cells (Aβ25-35+DHA) significantly reduced
apoptosis, as indicated by the reduced number TUNEL-stained cells.
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261 +DHA+A11 cells). A11 alone did not have any significant effect on
262 oxidative stress. An alteration of the level of LPO was not significantly
263 associated with the unsaturation index (Fig. 6B).

264 4. Discussion

265 The purpose of the current study is to evaluate whether DHA can
266 successfully inhibit the Aβ25-35-induced toxicity in the human

267neuroblastoma cells (SH-S5Y5). The observation that DHA inhibits
268the Aβ1-40-induced neurotoxicity and thememory impairments of the
269Aβ1-40-infused Alzheimer's disease model rats [11] led us to
270hypothesize that DHA would ameliorate toxicity produced by the
271Aβ25-35 peptide. While this is a hypothesis, currently, there is no
272direct experimental evidence to support the outcome of DHA on
273neurotoxicity and morphological deteriorations. Thus, we directly
274commenced Aβ25-35 fibrillation in the cell culture media in the
275presence of DHAwhether it positively impacts the neurotoxicity. DHA
276inhibited the in vitro fibril formation. Although the TEM data
277presented in Fig. 2 illustrate that in the presence of DHA the Aβ25-35

278is transformed into an amorphous conformation rather than a fibril
279form, these amorphous structures, however, are not toxic; instead
280they render Aβ25-35 less toxic; and otherwise, DHA could not
281have inhibited the toxicity in the SH-S5Y5 cells. Here, we clearly
282demonstrate that that DHA inhibits the in vitro fibrillation of Aβ25-35

283with a concomitant inhibition of fibrillation-induced neurotoxicity of
284the SH-S5Y5 cells.
285Neurotoxicity in AD results from enhanced cellular processing of
286APP, interactions of Aβ with cell membranes itself, generations of
287reactive oxygen species and abnormality in the protective response to
288oxidant stress and/or susceptibility to apoptotic stimuli [24–29].
289Therefore, we carried out two experiments to study the Aβ25-35-
290induced cellular perturbation: suppression of cellular capacity to
291reduce MTT and induction of apoptosis. The MTT assay estimates the
292mitochondrial redox potential of live cells, in this case SH-S5Y5 cells,
293and thus monitors cell condition and the cells in good physical shape
294reduce MTT, turning the redox dye from yellow to purple/blue,

Fig. 4. Fluorescence images of control (vehicle-treated) cells (upper left) and DHA-treated (0.5 μM) SH-S5Y5 cells (upper right). Altered neuritic sprouting with dystrophic
axodendritic systems are clearly observed after treatment with Aβ25-35 for 48 h (lower left). DHA inhibited the toxicity; however, (as determined by the MTT assay in Fig. 5) with the
appearance of well-defined axodendritic sprouting processes (lower right). Fluorescent signals were then visualized by the confocal laser microscope system (CLSM FV300, Olympus,
Tokyo, Japan) and processed by Adobe Photoshop (Adobe Systems, Mountain View, CA, USA).

Fig. 5. The effect of DHA on in vitro fibrillation of Aβ25-35. For fibril formation, Aβ25-30

peptides (50 μM) were incubated at 37°C for 24 h in the presence or absence of 20 μM
of DHA. After completion of fibrillation, 40 μl of the sample was added to 210 μl of 5 μM
ThT in glycine buffer (pH 8.5), and fluorescence intensity was measured at excitation
and emission wavelengths of 448 and 488 nm, respectively. Results are means±S.E.M.
(n=5). Significant difference at ⁎Pb.05 (unpaired Student's t test).
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295 whereas unhealthy cells show less of a color changes. DHA alone
296 significantly increased the MTT-redox efficiency in the SH-S5Y5 cells
297 when compared with that of the DHA-untreated cells, suggesting
298 DHA can boost up the redox potential of the cells (Fig. 2). The
299 decreased MTT redox levels in the Aβ25-35-treated SH-S5Y5 cells are
300 consistent with other studies reporting that Aβ25-35 inhibits the
301 cellular reduction of MTT [30]. Considering it a measure of cell
302 viability, the percent reduction of MTT was found to be significantly
303 higher in the Aβ25-35+DHA cells than in Aβ25-35-incubated cells,
304 indicating that the higher redox activity could be ascribed to DHA in
305 the Aβ25-35+DHA cells. Then, we carried out whether Aβ25-35-induces

306an apoptosis via DNA fragmentation and whether such an apoptotic
307effects also could be intervened by DHA with the use of TUNEL assay.
308As shown in the Fig. 3, Aβ25-35 induced severe apoptosis. The
309Aβ25-35(alone)-treated cells underwent nuclear condensation and
310segmentation, as indicated by the increased DNA strand breaks,
311which were detected by enzymatically labeling the 3-OH termini
312with modified nucleotides in TUNEL assay. These new DNA ends
313were typically localized in morphologically identifiable nuclei, and
314hence the numbers of the TUNEL-dye positive cells were higher in
315the Aβ25-35-treated cells. Cultures exposed to DHA showed inhibition
316of Aβ25-35-induced apoptosis, as indicated by the reduced number of
317TUNEL-positive nuclei in the Aβ25-35+DHA cells. These findings thus
318further support the MTT data that DHA inhibits the Aβ25-35-induced
319toxicity/apoptosis of the SH-S5Y5 cells. The result of the decreased
320number of TUNEL-positive nuclei in the DHA-treated cells also is
321qualitatively consistent with our previous in vivo investigation [1],
322where we reported that dietary administration of DHA decreases
323apoptosis marker such as histone-associated DNA fragmentations in
324the cortical tissues of the Aβ1-40-infused AD model rats.
325With these aforementioned evidences of the inhibitory effects of
326DHA on the Aβ25-35-induced cellular toxicity, we also have used
327immunohistochemical assays for the neuronal marker such as class III
328β-tubulin that takes part in the maintenance and changing of cell
329morphology. The DHA-incubated cells (DHA alone) demonstrated
330clearer axodendritic features with a healthier morphology than the
331vehicle-treated cells (controls). Aβ25-35 caused severe axodendritic
332loss; also, floating debris in the culture media was more abundant,
333suggesting the degeneration of the cells (Fig. 4). The toxic effect of
334Aβ25-35 is consistent with those of the Xu et al. [9] who also reported
335that Aβ25-35 causes breakdown and dissolution of oligodendritic
336cellular processes and appearance of shrunken cell bodies. The
337coincubation of DHA with Aβ25-35+SH-S5Y5 cells clearly improved
338the morphological features of the cells. All these morphological
339results are thus, again, compatible with those of the MTT and TUNEL
340data that the Aβ25-35-induced neurotoxicity is attenuated in the
341presence of DHA.
342The content of DHA in SH-SY5Y cells shown in Table 1 was 2.15
343±0.25 mol%, which is considerably lower than in normal neuronal
344cells where DHA accounts for N10% of total fatty acids. The
345discrepancy of the lower basal DHA level in the SH-S5Y5 cells may
346relate to the conditions of the cell culture, the differences in the innate
347capability of DHA to be incorporated into the membrane and the
348activities of the proteins/enzymes responsible for the translocation of
349DHA from the site of synthesis, the peroxisome. Reynolds et al. [31]
350have reported a highly significant deficit of DHA in SH-S5Y5
351compared with that in normal neuronal cells (rat synaptosomes, rat
352cerebellum and human cerebellum contain 15%, 20% and 18% DHA vs.
3536% DHA in SH-S5Y5 cells). The lower level of DHA in the cells of our
354study might be considered consistent with the fact that human
355neuroblastoma cells are profoundly deficient in DHA compared with

Table 1t1:1

Effects of DHA (0.5 μM)-treatment on the fatty acid profile (μg/mg) of the SH-S5Y5 cells with or without Aβ25-35-oligomer-antibodyt1:2

t1:3 PLA STA OLA LLA LNA AA EPA DPA DHA USI

t1:4 Control 30±2.5a 22±2.4 28±2.7 0.97±0.2b 0.1±0.0 7.2±0.5a 0.6±0.1 1.0±0.1b 2.3±0.3d 81±1.3b

t1:5 DHA 24±2.7b 21±2.0 24±2.0 1.3±0.1a,b 0.1±0.0 5.5±0.4 b 0.5±0.06 1.2±0.15a,b 5.0±0.05a,b 97±5.8a

t1:6 Aβ25-35 29±1.7 b 19.±1.9 28±1.5 1.7±0.2a 0.09±0.0 7.5±0.7 a 0.6±0.10 1.2±0.1a,b 2.2±0.15c,d 86±3.0b

t1:7 Aβ25-35+DHA 26±1.0b 18±1.8 24±0.5 0.8±0.3b 0.1±0.0 5.7±0.4b 0.6±0.10 1.3±0.1a,b 4.3±0.4b 96±3.0a

t1:8 Aβ25-35+A11 27±1.1b 18±0.5 26±1.0 1.3±0.2a,b 0.1±0.0 7.2±0.5a,b 0.4±0.02 1.3±0.02a,b 2.8±0.06c 85±2.8b

t1:9 Aβ25-35+DHA+A11 25±2.5b 19±.3 27±1.8 1.0±0.0a,b 0.09±0.0 6.3±0.9a,b 0.6±0.1 1.6±0.1a 5.7±0.4a 105±5.0a

Results are mean±SEM (n=3) of triplicate determinations. Values in the same column that do not share a common superscripta-c are significantly different at Pb.05 (one-way ANOVA
followed by Bonferroni post hoc test).t1:10

PLA, palmitic acid (C16:0); STA, stearic acid (C18:0); OLA, oleic acid (C18:1, n-9); LLA, Linoleic acid (C18:2, n-6); LNA, Linolenic acid (C18:3, n-3); AA, Arachidonic acid (C20:4, n-6);
EPA, Eicosapentaenoic acid (C20:5, n-3); DPA, Docosapentaenoic acid (C22:5, n-3);t1:11

Unsaturation index was calculated as [( mole% of each (poly)unsaturated fatty acid X number of double bond(s) per fatty acid].t1:12

Fig. 6. (A) Effect of DHA in the presence of oligomers' conformation-specific antibody
(A11). Results are mean±S.E.M., n=3 each with triplicate determinations. Bars with
different letters are significantly different at a-cPb.05 (One-way ANOVA). B: Correlation
between LPO content and USI of SH-S5Y5 cells.
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356 nontransformed neuronal tissue. In our study, the level of DHA
357 increased ∼3 times after supplementation with DHA, which is also
358 consistent with the 3 times increase in DHA reported by Reynolds
359 et al. [31].
360 It is unclear what concentration of free DHA might be routinely
361 found in the brain or CSF; however, Pilitsis et al. [32] reported that the
362 concentration of DHA in human cerebrospinal fluid is ∼0.2 μM DHA.
363 This is in the range of the 0.5 μM used to inhibit the amyloid-toxicity
364 in the present in vitro SH-S5Y5 experiments. Therefore, it (0.5 μM of
365 DHA) could be presumed to act in the same way in the physiological
366 condition. While this physiologically-relevant concentration of DHA
367 (i.e. 0.5 μM of DHA) significantly inhibited the Aβ25-35-induced
368 toxicity in the SH-S5Y5 cells, it did not, however, significantly affect in
369 vitro Aβ25-35 fibrillation and 10–20 μM of DHA was required to
370 significantly inhibit it. This may relate to the differences in the in vivo
371 and in vitro cell culture conditions and those of the environments,
372 while DHA is directly incubated with Aβ25-35 only. However the exact
373 mechanisms required to be clarified.
374 DHA is a highly PUFAwith six double bonds along its long axis. The
375 unsaturation index was significantly increased in the DHA-treated
376 cells (Table 1). The presence of double bonds in DHA renders it
377 extremely sensitive to free radical damage during oxidative stress
378 [33]. A DHA-enriched diet increases peroxidation in plasma and
379 several tissues [34]. In contrast, DHA-supplemented human lympho-
380 cytes are less vulnerable to oxidative damage [35]. DHA at high doses
381 (25–150 μM) shows anticancer effects in SH-S5Y5 cells primarily by
382 inducing oxidative stress (Lindskog et al. [36]). In the present study,
383 we used 0.5 μM of DHA and demonstrated that SH-S5Y5 cells respond
384 differently to varying concentrations of DHA. In PC12 neuroblastoma
385 cells DHA prevents apoptosis by down-regulating the caspase3 gene
386 (Kim et al. [37]). Thus, the relation between DHA levels and oxidative
387 stress remains controversial [38]. In the current study, the levels of
388 LPOwere significantly decreased in the DHA-treated cell as compared
389 with those in the untreated control (Fig. 6A) and the USI, which was
390 significantly increased in the DHA-treated cells, was not correlated
391 with the LPO (r=0.03, P=.85) (Fig. 6B). The oxidative stress imparted
392 to SH-S5Y5 cells may be attributable more to the oxidative effects of
393 Aβ25-35 than to the DHA-induced increase in the degree of unsatura-
394 tion. We reported that DHA increases the Tuj1-positive cells in the
395 primary neuron culture, during in vivo adult brain neurogenesis [39]
396 and stem cell culture [40]. If DHA could have increased the oxidative
397 stress, DHA would definitely reduce the number of Tuj-positive cells
398 (if oxidative stress is attributed to neurodegeneation); rather, it
399 increased; demonstrating DHA did not introduce toxic oxidative
400 insult in the present experimental condition. Consistent with this
401 data, we also previously reported that DHA increases antioxidative
402 enzymes such as catalase, glutathione peroxidase, glutathione
403 reductase and reduced glutathione levels in the rat brain after dietary
404 chronic administration of DHA [22]. A 2-day incubation of DHA
405 significantly enriched this fatty acid in the SH-S5Y5 membranes with
406 a concomitant antiapoptic effect on them. Our results are consistent
407 with those of the Kim et al. [41], who reported that DHA's
408 antiapoptotic effect on mouse neuroblastoma cells apparently
409 requires that it accumulates in cellular lipids. In contrast, addition
410 of DHA and its increase in neuronal lipids augmented lipid radical
411 formation and often enhanced susceptibility to oxidative stress
412 [42,43]. However, our present results show that for SH-S5Y5 cells,
413 the protective effect of DHA prevailed, with its addition preventing
414 oxidative-stress–induced apoptosis. Rostein et al. [44] reported that
415 DHA inhibits the oxidative stress-induced apoptosis by activating the
416 antiapoptotic proteins of Bcl-2 family.
417 The mechanism by which DHA ameliorates the Aβ25-35-induced
418 neurotoxicity is not clearly understood. Amyloid-induced oxidative
419 stress is a prominent feature of Aβ-mediated neuronal death [45].
420 Methionine (Met35) residue of full-length amyloids is highly sensitive

421to oxidation [45,46]. The Aβ25-35 also contains a Met35 at the C-
422terminal end. In an independent set of experiments, thus, we
423evaluated whether Aβ25-35 and/or DHA induces the oxidative
424stress in the Aβ25-35+DHA cells with the use of oligomer-antibody
425A11 (Fig. 7). A11 specifically binds with the conformation-specific
426oligomers, the on-pathway (during momomer into fibril transforma-
427tion) intermediate amyloid toxic species. Aβ25-35 again increased
428while DHA decreased the levels of LPO in the SH-S5Y5 cells. In the
429Aβ25-35+A11 or Aβ25-35+DHA+A11 cells, the levels of LPO were
430significantly reduced to those of the controls. Thus, the increase in the
431LPO in the Aβ25-35+DHA cells could not be ascribed to the effect
432(presence) of DHA rather it was due to Aβ25-35, demonstrating toxic
433Aβ25-35 oligomers contributed to the production of LPO. Notably, the
434antibody-alone did not have effect on the LPO levels of SH-S5Y5 cells,
435thus confirming the effect of Aβ25-35 on the oxidative stress. These
436findings thus rule out the possibility that DHA acts as a pro-oxidant in
437the present experimental condition rather it ameliorated the
438neurotoxicity mediated by the oxidative stress. Lukiw et al. [19]
439reported that DHA-derived docosahexatriene, namely, neuroprotec-
440tin D1, rather inhibits neurotoxicity induced by Aβ1-42, which itself
441has strong oxidative potential [41,42]. Our results are also quantita-
442tively consistent with those of Florent et al. [47] who reported that
443pretreatment with DHA reduces neuronal apoptosis in response to
444soluble Aβ1-40. We point to the fact that DHA reduces the fibrillation
445of Aβ1-40 [11] and Aβ25-35 [10] by inhibiting at the levels of soluble
446oligomers of these amyloids. Amyloid oligomers but not the fibers
447correlate better with the neurodegeneration and symptoms of AD-
448related pathology [48]. Therefore, by inhibiting the formation and
449elongation of toxic Aβ25-35-oligomers, DHA inhibits their oxidative
450insult and resultant neurotoxicity.
451To examine whether the inhibitory effect of fatty acid on the
452Aβ25-35 fibrillation is specific to DHA, we also evaluated the effect of
453stearic, arachidonic acid on fibrillation. Stearic acid increased amyloid
454polymerization (Fig. 7). Arachidonic acid reduced polymerization but
455the reducing effect was lower than that of DHA, suggesting that DHA
456is more potent than arachidonic acid in inhibiting Aβ25-35 fibrillation.
457Thus, it is noted that the effect of fatty acids on Aβ25-35 fibrillation is
458not specific to DHA. However, the (inhibitory) effect of other fatty
459acids on the Aβ25-35-induced toxicity in SH-S5Y5 cells needs to be
460determined. In summary, DHA is an essential brain nutrient and is
461required through out life for the well being of the brain functions.
462Deficiency of this PUFA declines the memory-related learning ability
463of the AD. Thus, the outcome of the effect of DHA on Aβ25-35-induced

Fig. 7. Effects of fatty acids on the degree of amyloid fibrillation. STA, Stearic acid; AA,
arachidonic acid; DHA, docosahexaenoic acid. Results are mean±S.E.M., each with
duplicate determinations. Aβ25-30 fibril formationwas conducted similarly as described
in the Fig. 1. Bars with different letters are significantly different at a-dPb.05 (One-way
ANOVA).
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464 neurotoxicty has positive impact because Aβ25-35 retains the
465 characteristics of its full length amyloids with regard to toxicity and
466 the process of fibrillogenesis. Finally, the results of the present study
467 clearly demonstrate that DHA inhibits the Aβ25-35-induced neurotox-
468 icity of SH-S5Y5 cells and could thus be used to protect the
469 neurodegeneration caused by cleavage products of full length
470 amyloids such as Aβ25-35.
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