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ABSTRACT 

Amyloid β (Aβ)1-42 fibrillation is a crucial step in 
the development of pathological hallmarks, such 
as neuritic plaques and neurofibrillary tangles, 
of Alzheimer’s disease (AD). In this study, we 
evaluated the effects of free docosahexaenoic 
acid (DHA), an essential brain polyunsaturated 
fatty acid (PUFA), on the inhibition of Aβ1-42 fib- 
rillation by fluorescence correlation spectros- 
copy (FCS), a technique capable of detecting 
molecular movements and interactions in solu- 
tion. We also examined whether free arachidonic 
acid (AA), eicosapentaenoic acid (EPA), and 
metabolites of DHA, including neuroprotectin D1 
(NPD1, 10S, 17S-dihydroxy-DHA), resolvin D1 
(RvD1, 7S, 8R, 17S-trihydroxy-DHA), and didoco- 
sahexaenoyl glycerol (diDHA), affect Aβ1-42 po- 
lymerization. The results of the FCS study reveal 
that DHA and AA significantly reduced the diffu- 
sion time of TAMRA (5-carboxytetramethylrhoda- 
mine)-Aβ1-42 by 28% and 31%, respectively, while 
EPA, NPD1, RvD1, and diDHA had no effects on 
diffusion time. These results indicate that DHA 
and AA inhibited Aβ1-42 polymerization and that 
their inhibitory effects occurred at the initial 
stage of Aβ1-42 polymerization. This study will 
advance the research on PUFAs in preventing 
AD progression. 
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1. INTRODUCTION 

Alzheimer’s disease (AD) is a progressive neurode- 

generative disease characterized by the deposition of 
amyloid β (Aβ) peptides in neuritic plaques and neurofi- 
brillar tangles in the affected brain regions [1]. Aβ1-42, 
which is proteolytically released from membrane-bound 
amyloid precursor proteins [2], constitutes the foremost 
component of neuritic plaques and tangles of the affected 
brains [3] and plays an important role in neurobehavioral 
impairments in AD [4]. Formation of fibers is thus cen- 
tral to AD pathogenesis, and a great deal of work using 
various techniques, including transmission electron mi- 
croscopy [5], atomic force microscopy [6-8], circular di- 
chcoism [9], polyacrylamide gel electrophoresis (PAGE) 
[10-12], size-exclusion chromatography [13,14], and 
quantitative fluorimetry [5,15], has been performed to 
delineate the mechanism. Consistent with the findings of 
other studies [16-19], we have previously reported that 
Aβ1-42 fibrillation involves conformational changes from 
α helix to β sheet and passes through various phases of 
fibrillation, including the formation of dimers, trimers, 
tetramers, oligomers, and finally matured fibrils, using 
thioflavin T fluorospectroscopy, PAGE, western blot, 
fluorescence microscopy, and transmission electron mi- 
croscopy [20-23]. The natural plant compounds include- 
ing curcumin, epigallocatechin-3-gallate and/or Ginkgo 
biloba extract and also fish oil components such as 
docosahexaenoic acid (DHA) were reported to inhibit 
amyloid formation [24-26]. Among these compounds, 
DHA is the most abundant n-3 polyunsaturated fatty acid 
(PUFA) in the mammalian brain [27-29], and deficiency 
of DHA is associated with memory impairment in AD 
model rats [30] and AD patients [31]. Oral administration 
of DHA decreases the amyloid burden in the brains of 
AD model rats [30] and mice [32], with a concomitant in 
vitro inhibition of the amyloid fibril formation, by acting 
at various stages of polymerization [20-23]. As one of 
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the mechanism(s) of DHA action, we have previously 
shown that DHA inhibits in vitro Aβ1-42 fibrillation at the 
trimer/tetramer level, and thereby inhibits further pro- 
gression of lateral stacking of these intermediates and 
finally prevents mature amyloid fibril formation [20,21]. 
Thus, DHA is suggested to be a potent therapeutic and 
preventive agent against Aβ-induced AD. However, the 
exact mechanisms of action of DHA remain unclear. 
Thus, in the present investigation, we have used fluores- 
cence correlation spectroscopy (FCS) to delineate the 
temporal resolution of DHA-induced mechanisms of 
inhibition of amyloid fibrillation.  

FCS is a correlation analysis of fluctuations in the 
fluorescence intensity of fluorescent compounds excited 
by a sharply focused laser beam in a very tiny space, i.e., 
the so-called confocal volume. The fluorescence inten- 
sity fluctuates because of Brownian motion of the fluo- 
rescent particles. In other words, the number of particles 
in the confocal volume is randomly changing around the 
average number. This analysis gives the average number 
of fluorescent particles and average diffusion time when 
particles are passing through the tiny confocal volume. In 
practice, the fluorescence of dye-labeled amyloid Aβ1-42 
changes because of diffusion in the confocal volume, 
thus the diffusion time in the presence or absence of 
DHA might provide greater insight into the effects of 
DHA on the molecular interactions of amyloid species 
undergoing fibrillogenesis. In addition, the effects of 
other PUFAs such as eicosapentaenoic acid (EPA), a 
precursor for DHA, and arachidonic acid (AA), the abun- 
dant n-6 PUFA in the brain, on amyloid polymerization 
are also unknown and thus might be studied using this 
technique. The DHA/AA ratio has been shown to have a 
significantly negative correlation with long-term memory 
in Aβ peptide-infused AD model rats [30] and normal 
rats [33]. Recently, inflammation was also shown to con- 
tribute to the amyloid pathogenesis of AD, and metabo- 
lites of DHA including neuroprotectin D1 (NPD1) and 
resolvin D1 (RvD1) were reported to promote anti-in- 
flammation and provide beneficial effects [34]. didoco- 
sahexaenoyl phosphopilid species [35-37] are abundant 
in the brain, and thus, whether the bulky diDHA inhibits 
Aβ1-42 polymerization was also tested in the present ex- 
periment. Finally, the appearance of Aβ aggregates in 
solution [38] and the cerebrospinal fluid of AD patients 
[39] on FCS has been reported. Therefore, the present 
investigation could be considered of significant interest 
because it involves use of FCS, an ultrasensitive and 
non-invasive detection method capable of single-mole- 
cule and real-time resolution, for determining whether 
DHA, AA, EPA, DHA metabolites NPD1 and RvD1, and 
diDHA inhibit Aβ polymerization in a single experiment- 
al setting.  

2. MATERIALS AND METHODS 

2.1. Materials 

The chemical structures of the compounds used in this 
experiments are indicated in Figure 1. Aβ1-42 was pur- 
chased from the Peptide Institute Inc. (Osaka, Japan). 
DHA (4Z, 7Z, 10Z, 13Z. 16Z, 19Z-Docosahexaenoic 
acid), EPA (Icosapentaenoic acid), AA (5, 8, 11, 14-ico- 
satetraenoic acid), NPD1 [Neuroprotectin D1; 10, 17 (S)- 
dihydro(pero)xydocosahexa-4Z, 7Z, 11E, 13Z, 15E, 19Z- 
enoic acid], and RvD1 [17 (S)-Resolvin D1; 7S, 8R, 
17S-trihydroxy-4Z, 9E, 11E, 13Z, 15E, 19Z-docosahex- 
aenoic acid] were purchased from Cayman Chemical 
Company (MI, USA). diDHA [didocosahexaenoyl glyc- 
erol; Didocosahexaenoin (4, 7, 10, 13, 16, 19, -all cis)] 
was purchased from Larodan Fine Chemicals AB 
(Malmö, Sweden). Fluorescently labeled Aβ1-42 [TAM 
RA (5-carboxytetramethylrhodamine)-Aβ1-42; TAMRA-la 
beled β-amyloid1-42] was purchased from AnaSpec Inc. 
(CA, USA). All other chemicals were of analytical grade. 

2.2. Aβ1-42 Peptide Preparation for Analysis 
by FCS 

Aβ1-42 peptide was dissolved in 1,1,1,3,3,3-hexafluo- 
ro-2-propanol (HFIP) at a concentration of 100 μM to 
produce uniform, non-aggregated Aβ and stored at −30˚C 
until use. On the day of use, the HFIP-dissolved amyloid 
was blown with N2 gas at ice cold temperature and re- 
dissolved in the assembly buffer [phosphate buffered 
saline (pH 7.4) containing 0.05% Tween 20]. 

 

 

Figure 1. The chemical structures of the compounds used in the 
experiments. 
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2.3. Preparation of DHA, EPA, AA, NPD1, 
RvD1 and diDHA 

DHA, EPA, AA, NPD1, and RvD1 dissolved in etha- 
nol were stored at −80˚C, and diDHA dissolved in chlo- 
roform was stored at −30˚C until use. On the day of use, 
DHA, EPA, AA, and diDHA were mixed with assembly 
buffer at a final concentration of 20 μM, and NPD1 and 
RvD1 were mixed at a final concentration of 50 nM. 
Only freshly prepared DHA, EPA, AA, NPD1, RvD1, 
and diDHA were used. 

2.4. FCS Measurement 

In the present experiment, the FCS measurements 
were performed on a Fluoro Point Light (Olympus, To- 
kyo, Japan) at room temperature using the on-board 543- 
nm helium/neon laser at a laser power of 100 μW for 
excitation. TAMRA-Aβ1-42 dissolved in 1% NH4OH was 
stored at −30˚C. On the day of use, it was re-dissolved in 
assembly buffer at 1 nM, with or without DHA, EPA, AA, 
NPD1, RvD1, and diDHA, and quickly mixed with 
non-labeled Aβ1-42. Free rhodamine was used as a refer- 
ence dye. The measurements were performed in a sample 
volume of 50 μL in a 384-well glass-bottomed micro- 
plate. The samples were sequentially and automatically 
loaded into the device, the optical system of which was 
also automatically adjusted for each measurement. Ini- 
tially, the samples were subjected to FCS measurement at 
zero time. Afterward, the samples were incubated at 
37˚C for 1 h, followed by a second reading using the 
Fluoro Point Light device. All experiments were per- 
formed under identical conditions, with a data acquisi- 
tion time of 10 s per measurement, and measurements 
were repeated five times per sample. Only freshly pre- 
pared TAMRA-Aβ1-42 was used.  

2.5. Statistical Analysis 

Results are expressed as means ± S.E. The data were 
analyzed by unpaired Student’s t-test and one-way 
ANOVA. ANOVA followed by Dunnett’s test was used 
for post hoc comparisons. The statistical program used 
was PASW Statistics 18.0 (IBM-SPSS, Inc., USA). Sta- 
tistical significance was set at P < 0.05. 

3. RESULTS 

3.1. Effect of Various DHA Concentrations 
on Diffusion Time of Aβ1-42  

Figure 2 shows the results of FCS studies of the dose- 
dependent effect of DHA on Aβ polymerization using 
rhodamine-labeled Aβ1-42 (TAMRA-Aβ1-42). One-way 
analysis of diffusion time of Aβ1-42 showed that DHA 
inhibited Aβ1-42 polymerization in a concentration-de- 
pendent manner. DHA (10 and 20 μM) significantly in- 

hibited Aβ1-42 polymerization (Figure 2), as indicated by 
the decreased diffusion times, compared with the con- 
trol (Aβ1-42 alone) without DHA. 

3.2. Effect of DHA, AA, and EPA on Diffusion 
Time of Aβ1-42 

After observing an inhibitory effect with 20 μM DHA, 
which decreased the diffusion time of Aβ1-42 by 28%, we 
decided to use 20 μM concentrations of AA and EPA for 
our next experiments. Addition of 20 μM AA decreased 
the diffusion time of Aβ1-42 by 31%, but the addition of 
20 μM EPA did not significantly affect the diffusion time, 
demonstrating that AA inhibited Aβ1-42 polymerization 
but EPA did not (Figure 3). 

3.3. Effect of DHA Metabolites NPD1 and 
RvD1 on Diffusion Time of Aβ1-42 

In our experiment, 50 - 500 nM NPD1 and 50 - 500 
 

 

Figure 2. The effect of DHA concentrations on Aβ1-42 po- 
lymerization examined by FCS. TAMRA-Aβ1-42 was dis- 
solved in assembly buffer at 1 nM (final concentration) 
with (1 - 20 μM) (n = 5) or without (control) (n = 5) DHA 
and quickly mixed with 10 μM non-labeled Aβ1-42. Data 
were analyzed by ANOVA followed by Dunnett’s test. 
Asterisks * indicate a significant difference (P < 0.05). 
 

 

Figure 3. The effect of polyunsaturated fatty acids DHA, 
EPA, and AA on Aβ1-42 polymerization examined by FCS. 
The diffusion time of 10 μM Aβ1-42 alone (n = 6 - 7) and 
with 20 μM DHA (n = 7), AA (n = 6), or EPA (n = 7). Data 
were analyzed by ANOVA followed by Dunnett’s test. 
Asterisks * indicate a significant difference (P < 0.05). 
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nM RvD1 did not affect the diffusion time of Aβ1-42 

(Figure 4), indicating that DHA metabolites did not have 
any effect on Aβ1-42 polymerization. 

3.4. Effect of diDHA on Diffusion Time of 
Aβ1-42 

The diffusion time of Aβ1-42 was not increased by the 
addition of 20 μM diDHA (Figure 5), indicating that the 
bulky DHA did not affect Aβ1-42 polymerization within 1 
h. 

4. DISCUSSION 

In these experiments, using FCS, we examined the ef- 
fect of PUFAs, such as DHA, AA, and EPA, diDHA, and 
the DHA metabolites NPD1 and RvD1, on Aβ1-42 polym- 
erization within 1 h of the start of fibrillation. In the pre- 
sent experimental paradigm, we mixed TAMRA-labeled 
Aβ1-42 with unlabeled Aβ1-42 such that the fluorescent 
label would be co-assembled into the fibers. The process 
enabled TAMRA-Aβ1-42 to continue to fluoresce and pro- 
vide information on its molecular interactions in terms of 
the diffusion time in the confocal volume, and therefore  

 

 

Figure 4. The effect of the DHA metabolites NPD1 and RvD1 
on Aβ1-42 polymerization examined by FCS. The diffusion time 
of 10 μM Aβ1-42 alone (n = 6 - 7) and with 50 and 500 nM 
NPD1 (n = 6) or RvD1 (n = 7). Data were analyzed by ANOVA 
followed by Dunnett’s test. 

 

 

Figure 5. The effect of diDHA on Aβ1-42 polymerization exam- 
ined by FCS. The diffusion time of 10 μM Aβ1-42 alone (n = 7) 
and with 20 μM diDHA (n = 7). Data were analyzed by un- 
paired Student’s t-test. 

on the effect(s) of DHA on their dynamic interactions. 
This means that Aβ1-42 molecules, before being interca- 
lated into the amyloid fibers, existed in a different con- 
formation, and this conformation is most probably a 
monomer with a smaller diffusion time. However, after 1 
h of incubation of the amyloid samples, the monomeric 
conformation of Aβ1-42 was changed to a higher molecu- 
lar species such as Aβ1-42 fibers. The speculation is based 
on the fact that after 1 h of incubation, the samples 
showed a longer diffusion time, thus again indicating that 
amyloid peptides were transformed into fibers and/or 
other molecular species such as dimers/trimmers etc, 
which exhibit a different fluorescence fluctuation on FCS. 
However, transformation of the monomers was disturbed 
by DHA, implying that the monomer to fibril transfor- 
mation was inhibited. DHA inhibited Aβ1-42 polymeriza- 
tion by 28% within 1 h, suggesting that the inhibitory 
effect of DHA on Aβ1-42 polymerization occurred at the 
initial stage, earlier than the trimer/tetramer level that 
was suggested by the thioflavin T fluorescence spectros- 
copy experiment [21]. In AD model rats, DHA prevented 
learning deficits and the impairment of spatial cognition 
ability. DHA also inhibited Aβ1-42 polymerization in vitro 
[21,30,40]. These results further support the inhibitory 
effect of DHA on Aβ1-42 polymerization and indicate the 
possibility that the DHA might exert the inhibitory effect 
at the primary steps of fibrillation during the initial onset 
of AD. 

AA also reduced the Aβ1-42 diffusion time by 31% 
within 1 hour of fibrillation, suggesting that AA also had 
an inhibitory effect on Aβ1-42 polymerization. Kotani et al. 
(2006) suggested that DHA and AA supplementation 
improves cognitive dysfunction by improving membrane 
fluidity that affects the neurogenesis and/or synapto- 
genesis [41]. Hashimoto et al. (2002) showed that the 
pre-administration of DHA to AD model rats suppressed 
the increase in lipid peroxide and reactive oxygen spe- 
cies levels that accompanied a decrease in the amounts of 
AA in the cerebral cortex and hippocampus [30]. We 
showed the inhibitory effect of AA on Aβ1-42 polymeriza- 
tion for the first time. Further investigations will be 
needed to explore the role of AA in AD. On the other 
hand, the EPA did not affect the Aβ1-42 polymerization, as 
indicated by the lack of effect on the diffusion time of 
amyloid peptides in the FCS. As reported previously, 
EPA attenuated the IL-1β induced-impairment of spatial 
memory by the modulation of noradrenergic and sero- 
tonergic systems, and EPA protected against Aβ-induced 
memory deficit in AD model rat by decreasing oxidative 
stress and increasing the expression of synaptic plastic- 
ity-related proteins after being converted into DHA 
[42,43]. When ethyl-EPA was administered to rats and 
dogs, DHA concentrations in the brain increased in a 
time-dependent manner, with a concomitant decrease in 
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EPA concentrations [44]. These results suggested that the 
beneficial effects of EPA on AD occurred after EPA was 
transformed into DHA.  

Being the member of the same n-3 PUFA family, EPA 
and DHA have recently been claimed to influence vari- 
ous biological functions, including depression [45], 
which are initiated ultimately by the brain. The different- 
tial effect of DHA versus EPA on Aβ1-42 polymerization 
also remains to be clarified. According to molecular dy- 
namics simulations, DHA exhibits high conformational 
flexibility and undergoes rapid interconversion between 
torsional states, including extended and bent conforma- 
tion [46]. According to computational analyses of fatty 
acids containing 20 and 22 carbons, DHA, AA, and EPA 
form ball-shaped curves [47,48]. DHA and AA have six 
and four double bonds, respectively, in their carbon 
skeleton, and these double bonds may face each other. 
EPA, which has five (an odd number) double bonds, may 
have double bonds that do not face each other while it 
interacts with amyloid peptides. These results and possi- 
bilities might relate to the differences between the in- 
hibitory effects of DHA, AA, and EPA on Aβ1-42 polym- 
erization. Previous studies have shown that NPD1, a 
DHA metabolite that is generated during the resolution 
phase of acute inflammatory actions, has anti-apoptotic 
and anti-inflammatory effects and represses Aβ1-42-trig- 
gered activation of proinflammatory genes [49-51]. 
RvD1, another DHA metabolite, is also produced during 
inflammation [52]. Inflammation also contributes to AD 
pathogenesis [34]. We examined whether DHA metabo- 
lites had an inhibitory effect on Aβ1-42 polymerization. 
NPD1 and RvD1 did not affect Aβ1-42 polymerization. 
These results suggest that DHA itself inhibited Aβ1-42 
polymerization before being converted to its metabolites, 
including NPD1 and RvD1. DHA has been shown to be 
rapidly incorporated into various cells, primarily into 
phospholipids [46]. High concentration of DHA is found 
in retinal rod outer segment membranes [53], sperm [54], 
and synaptosomes [55], and didocosahexaenoyl phos- 
pholipid species have been isolated from several tissues 
[35-37]. In this experiment, diDHA did not affect Aβ1-42 
polymerization, suggesting that free DHA, but not di- 
docosahexaenoyl glycerol, exerted the inhibitory effect 
on Aβ1-42 polymerization. 

5. CONCLUSION 

Using FCS, we showed that DHA and AA inhibit 
Aβ1-42 polymerization within short period of time. This 
provides new insight into the function of DHA and AA at 
the initial stage of Aβ1-42 polymerization. Finally, the 
results of the present study demonstrate that continuous 
intake of DHA might delay the onset and progression of 
AD initiated by the earlier deposition of Aβ1-42 fibers. 
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