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Abstract: Brain is a lipid-rich tissue, and fatty acids (FAs) play a crucial role in brain function,
including neuronal cell growth and development. This study used GC-MS to survey all detectable
FAs in the human parietal cortex (Brodmann area 7). These FAs were accurately quantified in 27
cognitively normal age-matched controls, 16 cases of moderate Alzheimer’s disease (AD), 30 severe
AD, and 14 dementia with Lewy bodies (DLB). A total of 24 FA species were identified. Multiple
comparison procedures, using stepdown permutation tests, noted higher levels of 13 FAs but the
majority of changes were in moderate AD and DLB, rather than severe AD. Subjects with moderate
AD and DLB pathology exhibited significantly higher levels of a number of FAs (13 FAs and
12 FAs, respectively). These included nervonic, lignoceric, cis-13,16-docosadienoic, arachidonic,
cis-11,14,17-eicosatrienoic, erucic, behenic, a-linolenic, stearic, oleic, cis-10-heptanoic, and palmitic
acids. The similarities between moderate AD and DLB were quite striking—arachidic acid was the
only FA which was higher in moderate AD than control, and was not similarly affected in DLB.
Furthermore, there were no significant differences between moderate AD and DLB. The associations
between each FA and a number of variables, including diagnosis, age, gender, A plaque load, tau
load, and frontal tissue pH, were also investigated. To conclude, the development of AD or DLB
pathology affects brain FA composition but, intriguingly, moderate AD neuropathology impacts
this to a much greater extent. Post-mortem delay is a potential confounding factor, but the findings
here suggest that there could be a more dynamic metabolic response in the earlier stages of the
disease pathology.

Keywords:  fatty acid; GC-MS; Alzheimer’s disease; dementia with Lewy bodies;
metabolomics; lipidomics
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1. Introduction

Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by progressive memory
loss and deteriorating cognitive abilities in older populations. Dementia currently affects around
820,000 people in the United Kingdom, and the estimated cost of the condition to the economy is
£24 billion per annum [1]. Global projections suggest that the number of people affected by AD will
triple to 115 million by the year 2050 [1]. The main pathological hallmarks of AD are the accumulation
of 3-amyloid plaques and neurofibrillary tangles [2,3]. There has been a concerted effort to investigate
these two histological features, but the exact causes and pathological consequences of AD remain to
be elucidated.

Metabolomics is the investigation of small, often chemically diverse molecules, including lipids,
saccharides, steroids, bile acids, and amino acids [4,5]. Lipidomics is a subdiscipline of metabolomics
focusing entirely on the measurement of lipid and lipid-like molecules. Profiling of the lipidome
has revealed alterations in (i) lipid metabolism [4,6,7]; (ii) lipid-mediated signaling processes [4,8,9];
and (iii) biochemical interactions with other lipids, proteins, and metabolites [10,11]. Ultimately,
these techniques could lead to new discoveries in terms of disease pathogenesis and pharmacological
targets [12,13]. Lipid profiling techniques are increasingly being employed in AD in the hope that
they might provide new mechanistic insights or novel diagnostic biomarkers [4]. The most common
approach has been the profiling of fatty acids (FAs) by either GC-MS or LC-MS. There are clear reasons
for applying precise lipid profiling techniques in an AD context. The brain is one of the most lipid-rich
tissues in the human body [14] and, also, the earliest reports of AD pathology noted the occurrence
of “fat inclusions” or “lipid granules” in the brain. Around 50% of neuronal cell membranes are
composed of fatty acids (FA) that are polyunsaturated [15]. These FAs appear to be incorporated into
membrane phospholipids and secondary signaling messengers, which modulate oxidative stress and
inflammatory processes in neurons [15].

It is surprising that FA profiling techniques have shown relatively subtle changes in brain FA
composition [16]. This, in part, can be attributed to current technical limitations, which makes it
difficult to detect changes in the subcellular distribution of FAs. However, it is clear that the brain
concentrations of a small number of FAs are affected by the development of AD pathology [16].
Altered levels of stearic acid, arachidonic acid, and oleic acid have been observed in the frontal and
temporal cortex of human cases of AD [16]. This investigation also showed that the parietal cortex
is comparably much less affected [16]. Currently, it is a major challenge to distinguish between FA
alterations that are secondary to the development of AD, and those that which may contribute to the
disease process. Progress in this area is hampered by the fact that most studies (including our own)
have not specifically determined how the severity of AD pathology affects the FA profile [12,13,16,17].
There is a need for more research in this area. Recent metabolomic studies profiling APP/PS1 mice
found that metabolites, including many lipid species, are affected by the development of AD pathology.
However, the disturbances are transient in nature, not occurring in either a persistent or progressive
manner [18]. Lipid disturbances in both brain and plasma appear to be highly dependent on the
disease stage/severity, and many lipids differ much less in the later stages of the pathology [18].

This study investigated how exactly human brain FA profiles are affected by the extent of
neuropathological change. The parietal cortex was selected because it is not the primary site of
AD pathology and, also, because FA composition is largely unaffected in AD. We used a fatty acid
methyl ester (FAME) methodology to survey all detectable FA species present in this brain region.
A quantitative method was established for 24 of these. A full range of analytical FAME standards and
internal standards were employed to quantify FAs in pathologically and clinically confirmed cases of
AD and dementia with Lewy bodies (DLB), in addition to normal age-matched control cases. To assess
the influence of AD severity on FAs, the cases of AD were classified as either moderate (“intermediate”
AD neuropathological change, Braak tangle stage III-1V) or severe (“high” AD neuropathological
change, Braak tangle stage V-VI).
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2. Results

Initial survey of the FA composition of human post-mortem parietal cortex identified 24
quantifiable (calibration curves for FAMEs with R? values of <0.98 were deemed inadmissible)
individual FAME peaks that were consistently present in all subject groups. The potential for
there to be differences between subject groups was immediately evident from relative peak intensity
data. FAME peak identities were assigned by mass spectrometry and subsequently confirmed using
FAME analytical standards. Typical total ion chromatograms (TICs) for specimens from cases of
moderate and severe AD, DLB, and age-matched control subjects, are shown in Figure 1. Initially
the Kruskal-Wallis test was used to shortlist those FAs presenting at least one statistically significant
difference between any of the 4 subgroups (p < 0.05; FDR < 0.05) (Table 1). A total of 13 FAs differed,
including (i) 4 saturated FAs: lignoceric acid (C24:0), behenic acid (C22:0), arachidic acid (C20:0), and
stearic acid (C18:0); (ii) 5 monounsaturated FAs: nervonic acid (C24:1A15), oleic acid (c-C18:1A9),
cis-10-heptadecanoic acid (C17:1A10), palmitic (c-C18:1A9), and erucic acid (C22:1A130); and (iii)
4 polyunsaturated FAs; cis-13,16-docosadienoic acid (C22:2A13,16), arachidonic acid (C20:4A5,8,11,14),
cis-11,14,17-eicosatrienoic acid (C20:3A11,14,17), and «-linolenic acid (C18:3A9,12,15) (Table 1).
Multiple comparison procedures using stepdown permutation p-values, on the ranked data, were
used to investigate the nature of group differences for variables, with a false discovery rate of 0.05 or
less (Table 2). This revealed that only one FA (oleic acid (c-C18:1A9)) significantly differed between
severe AD and control samples (Table 2). Contrastingly, a total of 12 and 13 FAs were significantly
(p < 0.05) elevated in DLB and moderate AD, respectively, compared with control. The levels of 5 FAs
differed between severe AD and DLB: arachidonic acid (C20:4A5,8,11,14), cis-11,14,17-eicosatrienoic
acid (C20:3A11,14,17), erucic acid (C22:1A130), behenic acid (C22:0), and linolenic acid (C18:3A9,12,15)
(Table 2). The profile of moderate and severe AD samples differed markedly, with 9 FAs being
significantly lower in severe AD (Figure 2). Significant differences were found for Total FA, Total
SFA, Total monounsaturated FA (MUFA), Total polyunsaturated FA (PUFA), but not for either Omega
3/Omega 6 ratio or 16:1/16:0 ratio (Table S2). No significant associations were detected between any
FA and the subject age, frontal tissue pH, and beta-amyloid levels (Table S3). Only linoleic acid differed
between male and female subjects (41% higher in females). Six FAs (lignoceric acid, arachidonic acid,
cis-11,14,17-eicosatrienoic acid, linolenic acid, arachidic acid, and stearic acid) negatively correlated
with post-mortem delay. Three FAs (cis-11,14,17-eicosatrienoic acid, erucic acid, and linoelaidic acid)
negatively correlated with levels of tau protein.

The scores plot generated by unsupervised principal component analysis (PCA) showed only very
weak separation between the 4 groups (Figure S1). The PCA results showed that the first component
(PC1) explained 36.3% of the variation. Although there was overlap among the 4 groups, it was
noteworthy that moderate AD and DLB cases were distributed at the extreme end of PC1.
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Figure 1. GC-MS detection of brain fatty acids. A typical total ion chromatogram (TIC) of fatty acid methyl esters (FAMEs) from post-mortem brain tissue. The peaks
were identified as 1. lauric acid, 2. pentadecanoic acid, 3. palmitic acid, 4. palmitoleic acid, 5. heptadecanoic acid, 6. cis-10-heptadecanoic acid, 7. stearic acid, 8. oleic
acid, 9. linolelaidic acid, 10. linoleic acid, 11. arachidic acid, 12. cis-11-eicosanoic acid, 13. linolenic acid, 14. heneicosanoic acid, 15. cis-8,11,14-eicosatrienoic acid,
16. erucic acid, 17. cis-11,14,17-eicosatrienoic acid, 18. cis-11,14-eicosadienoic acid, 19. behenic acid, 20. arachidonic acid, 21. tricosanoic acid, 22. cis-13,16-docosadienoic
acid, 23. lignoceric acid, 24. nervonic acid, 25. docosahexaenoic acid.
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Figure 2. Brain fatty acids (g/kg) significantly altered across moderate Alzheimer’s disease (AD), severe AD, and dementia with Lewy bodies (DLB) groups. A total of

13 brain fatty acid (FA) species were found to be significant across the 4 groups. FA species concentrations are displayed as box-and-whisker plots with maximum and
minimum values.



Metabolites 2018, 8, 69

6 of 16

Table 1. Fatty acid measurements in post-mortem brain samples of Brodmann 7 region from control, moderate stage AD, full/late stage AD, and DLB subjects.

FA concentrations (g/kg dry weight) displayed as mean =+ standard deviation (SD), 1st Quartile (Q1), median, and 3rd Quartile (Q3). The adjusted false discovery rate
(FDR) value of p < 0.05 generated from the Kruskal-Wallis (KW) tests was deemed to be significant. Total FA was calculated based on all 24 measured FAs.

Fatty Acid Control Moderate AD

Name Lipid No. RT Mass Mean + SD Q1 Median Q3 Mean + SD Q1 Median Q3
Docosahexanoic Acid C22:6A4,7,10,13,16,19 45.01 342.51 24.77 + 6.695 18.830 24.640 30.200 30.184 + 4.215 27.600 28.540 33.130
Nervonic Acid C24:1A15 40.68 380.65 3.925 + 1.527 3.331 3.686 5.014 5.517 + 2.549 4.795 5.706 7.311
Lignoceric Acid C24:0 39.55 382.66 0.767 + 0.317 0.657 0.756 0.851 1.187 £+ 0.256 1.003 1.126 1.404
cis-13,16-Docosadienoic acid C22:2A13,16 38.89 350.58 0.103 4+ 0.052 0.065 0.091 0.125 0.146 4+ 0.044 0.122 0.156 0.178
Arachidonic acid C20:4A5,8,11,14 38.08 318.49 10.81 £+ 3.309 8.280 10.270 13.600 14.04 £ 1.244 12.950 14.480 15.050
Tricosanoic Acid C23:0 37.42 368.64 0.165 + 0.140 0.024 0.138 0.248 0.218 + 0.207 0.014 0.285 0.417
cis-11,14,17-Eicosatrienoic acid C20:3A11,14,17 28.93 320.51 0.565 £+ 0.292 0.322 0.656 0.807 1.098 £ 0.242 0.937 1.139 1.294
Erucic acid C22:1A13 35.60 352.59 0.409 4+ 0.188 0.260 0.427 0.514 0.627 4+ 0.145 0.539 0.653 0.720
cis-8,11,14-Eicosatreinoic acid C20:3A8,11,14 37.05 320.51 1.010 4+ 0.389 0.729 1.031 1.245 1.253 +0.523 1.262 1.295 1.519
Behenic acid C22:0 35.18 354.61 0.160 + 0.085 0.095 0.177 0.211 0.273 + 0.060 0.222 0.258 0.323
cis-11,14-Eicosadienoic acid C20:2 A11,14 35.18 308.50 0.549 4+ 0.482 0.253 0.357 0.629 0.534 + 0.411 0.242 0.449 0.648
Heneicosanoic acid C21:0 34.39 340.58 0.018 4 0.007 0.011 0.020 0.024 0.026 4+ 0.009 0.022 0.026 0.030
Linolenic acid C18:3A9,12,15 34.20 294.26 3.514 + 1.315 2.469 4.067 4.613 5.401 + 1.048 4.564 5.209 6.059
cis-11-Eicosanoic acid C20:1 A11 33.45 310.50 2.010 + 0.803 1.539 2.016 2.597 2.616 + 1.266 2.075 2.905 3.513
Arachidic acid C20:0 32.85 326.56 0.200 4+ 0.070 0.165 0.216 0.247 0.292 4+ 0.047 0.259 0.288 0.315
Linoleic acid c-C18:2A9,12 32.38 294.47 0.702 4+ 0.478 0.386 0.777 1.012 0.941 4+ 0.593 0.751 0.989 1.327
Linolelaidic acid t-C18:2A9,12 31.29 294.47 0.019 + 0.009 0.012 0.016 0.024 0.023 £ 0.011 0.014 0.023 0.029
Oleic acid c-C18:1A9 30.82 297.49 2292 + 6.249 19.400 23.560 27.370 30.664 £+ 4.219 27.490 29.960 33.460
Stearic acid C18:0 29.79 298.50 20.37 4+ 5.037 15.730 21.290 23.950 25.985 + 2.407 24.770 26.170 26.770
cis-10-Heptadecanoic acid C17:1A10 29.30 284.48 2.275 + 0.918 1.720 2.144 2.537 3.054 + 0.485 2.631 2.965 3.532
Heptadecanoic acid C17:0 28.21 283.48 0.308 + 0.104 0.254 0.300 0.366 0.366 + 0.035 0.344 0.372 0.396
Palmitoleic acid C16:1A9 27.77 270.45 0.842 4+ 0.322 0.653 0.790 1.062 1.046 4+ 0.221 0.928 1.113 1.186
Palmitic acid C16:0 26.60 270.45 18.09 4 4.308 14.450 18.110 21.500 22.670 £ 1.848 21.080 22.680 23.820
Pentadecanoic acid C15:0 2491 256.42 0.159 + 0.061 0.118 0.165 0.184 0.174 + 0.028 0.154 0.184 0.192
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Fatty Acid Severe AD DLB p-Value

Name Lipid No. RT Mass Mean + SD Q1 Median Q3 Mean + SD Q1 Median Q3 KW FDR
Docosahexanoic Acid C22:6A4,7,10,13,16,19  45.01 34251 27.694 +9.311 20.090 26970 34.740 32.329 +£9.102 26.010 31.960 36.140 0.0328 0.0525
Nervonic Acid C24:1A15 40.68 380.65  4.352 +2.385 2.747 4.633 5.775 5.348 + 2.763 4417 5.547 6.530 DLB 0.0251
Lignoceric Acid C24:0 39.55 382.66 0.942 4 0.442 0.576 0.924 1.125 1.023 £+ 2.384 0.846 0.990 1.243  0.0009 0.0027
cis-13,16-Docosadienoic acid C22:2A13,16 38.89 350.58  0.116 £ 0.059 0.084 0.102 0.140 0.144 £+ 0.049 0.114 0.129 0.161 0.0014 0.0034
Arachidonic acid C20:4A5,8,11,14 38.08 31849 10.83 +4.169 7.929 10.660 13.790 14.43 £ 5.755 12.040 14.930 16.070 0.0008 0.0027
Tricosanoic Acid C23:0 3742 368.64 0.219 £+ 0.154 0.139 0.209 0.336 0.238 4+ 3.177 0.011 0.292 0.391 0.5651 0.5651
cis-11,14,17-Eicosatrienoic acid C20:3A11,14,17 2893 32051 0.684 + 0.508 0.299 0.527 1.008 1.105 £ 7.267 0.942 1.042 1.267  0.0001 0.0006
Erucic acid C22:1A13 35.60 35259 0421 +£0.217 0.276 0.429 0.559 0.633 £+ 5.170 0.517 0.636 0.707  0.0001 0.0006
cis-8,11,14-eicosatreinoic acid C20:3A8,11,14 37.05 32051 1.193 +£0.371 0.990 1.227 1419 1.211 £ 4.636 0.969 1.176 1.531 0.0535 0.0755
Behenic acid C22:0 35.18 354.61 0.202 4 0.098 0.142 0.207 0.266 0.258 4 8.088 0.213 0.255 0.325 0.0001 0.0006
cis-11,14-eicosadienoic acid C20:2 A11,14 35.18 308.50 0.687 4 0.629 0.222 0.429 1.083 0.856 £ 9.508 0.435 0.859 1.369 0.2064 0.2431
Heneicosanoic acid C21:0 3439 34058  0.021 £ 0.008 0.015 0.021 0.026 0.023 £ 8.009 0.017 0.024 0.028 0.0312 0.0525
Linolenic acid C18:3A9,12,15 3420 29426 3.954 4+ 1.650 2.722 3.979 4.928 5.195 + 9.834 4.679 5.519 5.528 0.0001 0.0006
cis-11-Eicosanoic acid C20:1 A11 33.45 31050 1.842 +1.316 0.377 1.975 2.640 2137 + 2.357 1.123 2.669 2.845 0.1439 0.1919
Arachidic acid C20:0 32.85 32656 0.224 £+ 0.079 0.169 0.239 0.266 0.250 £ 9.088 0.216 0.257 0.287  0.0005 0.0020
Linoleic acid c-C18:2A9,12 3238 29447 0.641 = 0.576 0.016 0.743 0.988 0.720 +9.747 0.020 0.730 1.283 0.3740 0.3903
Linolelaidic acid t-C18:2A9,12 31.29 29447 0.017 £ 0.010 0.011 0.041 0.019 0.021 £ 1.009 0.013 0.020 0.028 0.2111 0.2413
Oleic acid c-C18:1A9 30.82 29749 26.416 +8.524 21.350 28.260 32480 30.818 £8.451 28.110 29.720 31.870 0.0003 0.0014
Stearic acid C18:0 29.79 29850 22.679 £5.695 17.820 23.630 25.710 25.708 £ 6.692  23.420 24.240 25.580 0.0011 0.0029
cis-10-Heptadecanoic acid C17:1A10 29.30 28448 2932 4+1.470 1.874 2.621 3.898 3.177 + 5.925 2.671 2.826 3444 0.0021 0.0046
Heptadecanoic acid C17:0 28.21 28348  0.320 £ 0.094 0.248 0.321 0.397 0.375 + 5.073 0.333 0.366 0.386  0.0448 0.0672
Palmitoleic acid C16:1A9 27.77 27045  0.855 £ 0.409 0.647 0.895 1.098 0.760 £ 1.489 0.289 0.722 1.282 0.1736 0.2193
Palmitic acid C16:0 26.60 27045 20953 £5.023 17.150 21.220 23.920 22929 +£7.392 20.150 22.230 24.660 0.0036 0.0072
Pentadecanoic acid C15:0 2491 25642  0.165 £ 0.051 0.133 0.163 0.199 0.187 4 3.048 0.152 0.173 0.223 0.2345 0.2558
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Table 2. Fatty acids significantly higher in post-mortem brain tissue from subjects with moderate AD, severe AD, or DLB pathology. Following the Kruskal-Wallis
tests, multiple comparison procedures using stepdown permutation p-values on the ranked data were used to investigate the nature of group differences for variables
with a false discovery rate of 0.05 or less.

p-Values
Fatty Acid Control vs. Control vs. Control vs. Moderate AD vs. Moderate AD Severe AD vs.
Moderate AD Severe AD DLB Severe AD vs. DLB DLB
Nervonic acid (mono) 0.0453 0.7397 0.0453 0.1811 0.9578 0.1811
Erucic acid (mono) 0.0011 1 0.0011 0.0022 1 0.0022
Oleic acid (mono) 0.0006 0.0337 0.0011 0.1912 0.8664 0.1917
cis-10-Heptanoic acid (mono) 0.0049 0.0899 0.0068 0.3476 0.8887 0.3476
cis-13,16-Docosadienoic acid (poly) 0.0036 0.5416 0.0104 0.0331 0.7307 0.0707
Arachidonic acid (poly) 0.0094 1 0.0094 0.0128 1 0.0128
cis-11,14,17-Eicosatrienoic acid (poly) 0.0001 0.4203 0.0001 0.0004 0.9930 0.0004
Linolenic acid (poly) 0.0003 0.6126 0.0004 0.0029 0.8786 0.0039
Lignoceric acid (saturated) 0.0004 0.1263 0.0333 0.0514 0.4317 0.4317
Behenic acid (saturated) 0.0002 0.1151 0.0006 0.0186 0.7104 0.0455
Arachidic acid (saturated) 0.0001 0.3774 0.0783 0.0046 0.2069 0.3774
Stearic acid (saturated) 0.0006 0.2969 0.0344 0.0344 0.3416 0.3416
Palmitic acid (saturated) 0.0065 0.0902 0.0143 0.4114 0.7813 0.4832

Number of FAs significantly different 13 1 12 9 0 5
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3. Discussion

This study accurately quantified the FA composition of post-mortem human brain tissue from
87 subjects: control subjects (n = 27); moderate AD (n = 16), severe AD (n = 30), and DLB (n = 14).
A key strength of this study is its focused approach to brain FA measurements. It represents the widest
brain FA coverage measured, thus far, in AD or other forms of dementia. Previous studies have found
gender-related differences in brain FA content in AD [12], but this was not evident in the present study.
Other studies typically measure a much narrower range of FAs, of perhaps 14 or 16 FAs at most [16,19].
We compared the measured brain FA levels as percentage % of total FA content, and found them to be
broadly comparable with a number of other studies [16,17,20-26]. In general, the findings indicate that,
in parietal cortex, there is a trend for higher FA levels in moderate AD, but not in cases of severe AD.
Several FAs where significantly affected, including lignoceric acid, cis-13,16-docosadienoic, arachidonic
acid, cis-11,14,17-eicosatrienoic acid, erucic acid, linolenic acid, and stearic acid. This is not the first
time that FA concentrations have been shown to be higher in AD [20], however, these earlier changes
suggest mechanisms involving lipid metabolism in response to the development of disease pathology.
It has previously been suggested that the relatively higher brain FA content may be due to ceramide
accumulation due to the activation of sphingomyelinase in oligodendrocytes, induced by increases in
amyloid beta peptide levels [20].

A particular limitation of the present study was that post-mortem delay was significantly longer
in cases of severe AD, compared with cases of moderate AD. In general, the post-mortem delay
durations for the brain specimens obtained were relatively long. In our tissue requests, we did our
best to obtain samples with as short a delay as possible, to minimize tissue degradation/oxidation
which, in turn, could affect the FA composition. Where possible, we attempted to match groups as
much as possible with respect to post-mortem delay. This was performed within the constraints of
the available tissue with the appropriate pathological characteristics. It is possible that post-mortem
delay is a confounding factor which explains significant differences for some FAs between Severe
and Moderate AD groups. An in-depth analysis finds that there is some support for this—there were
modest but significant associations between the duration of post-mortem delay and concentrations
of six individual FAs. All of these were negative associations, suggesting that longer post-mortem
delay may decrease these FAs. Five of the six FAs where among the 13 shortlisted as differing between
groups. Furthermore, it is also clear that there were group differences as far as aggregated FA levels
are concerned (total FA, total saturated, total monounsaturated, or total polyunsaturated). For this
reason, the findings here should be interpreted with a degree of care because post-mortem delay is an
uncontrolled variable.

Nervonic acid is a product of the desaturation and elongation processes of several fatty acids,
including palmitic acid, stearic acid, and oleic acid. Through the action of stearoyl CoA desaturase
(SCD) enzyme, these fatty acids undergo a series of elongation steps prior to the production of nervonic
acid. Higher concentrations of these fatty acids, in moderate AD pathology, could be attributed to
the increased activity of SCD itself. A recent study has demonstrated that nervonic acid and several
mono-unsaturated fatty acids produced by SCD are markedly upregulated in brain samples of AD
patients [27]. Higher FA levels and SCD activity have been shown to correlate closely with cognitive
impairment [27]. Although our findings contrast with that of Astarita et al. [27], SCD activity does
provide a potential pathogenic mechanism.

Higher palmitic acid concentrations in moderate AD pathology indicate damaging effects on the
brain. Palmitic acid has been shown to induce tau hyperphosphorylation and to elevate (3-secretase
activity in embryonic rat cortex cultures [28]. Furthermore, the trend for palmitic acid is in keeping
with the plasma levels observed in another study [19]. The case is also similar for oleic and stearic
acid plasma levels in AD patients recently reported in a longitudinal population-based study by
Ronnema et al. (2012) [29]. It is interesting to note that only oleic acid was found to be significantly
elevated when Control was paired with Severe AD (Figure 2). Another study reported similar finding,
but uniquely in the white brain matter of AD patients [17].
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Omega-3 and -6 (n-3/n-6) fatty acids are referred to as essential fatty acids. synthesized from
dietary linolenic or linoleic acids through series of saturation and elongation reactions [30]. Both 1-3
and n-6 fatty acids have been implicated in the modulation of brain inflammatory processes [30-32].
Fatty acids, such as arachidonic acid (AA), eicosapentanoic acid (EPA; C20:5), and DHA are thought
to modulate the severity and duration of AD inflammatory processes [33,34]. These fatty acids exert
their inflammatory function through their conversion to potent eicosanoids, such as prostaglandins,
thromboxanes, and leukotrienes (by AA), or resolvins and docosatrienes (by EPA and DHA) by means
of cyclooxygenase (COX) and/or lipoxygenase (LOX) enzymes [29,35].

In the present study, DHA did not differ between any of the 4 groups, a finding which is consistent
with several previous studies [16,17,36]. Other reports, on the other hand, showed lower levels
in AD brain subjects [13,19,21,22,37]. Snowden and colleagues found DHA levels in individuals
with significant AD neuropathology to be unchanged in both the inferior temporal gyrus and the
cerebellum, but it was elevated in middle frontal gyrus [38]. For linolenic acid (a precursor of
DHA as well as EPA) however, we did detect higher levels in moderate AD. Linolenic acid is an
omega-3 FA with anti-inflammatory activity [37,38]. The elevated linolenic acid (in moderate AD)
observed, here, may constitute an anti-inflammatory to the development of early AD disease pathology.
Interestingly, arachidonic acid was higher in moderate AD. Eicosanoids derived from arachidonic acid
are typically pro-inflammatory agents. It has been demonstrated that arachidonic acid is converted
by the enzymatic activity of COX and LOX on increased levels of pro-inflammatory cytokines and
activation of neutrophils, resulting from eicosanoid biosynthesis from enzymatic activity of COX and
LOX on arachidonic acid [39]. Our study showed decreased levels of both linolenic acid and arachidonic
acid (Figure 2). While the reason for such occurrences in the brain are yet to be fully determined, the
trend, however, was found to be in keeping with plasma levels of recently studied AD patients [40].
The decreasing trend of AA and LA seen in plasma AD patients was indicative of a deficiency in
neuroprotective elements against the pathology of the disease, and the excessive inflammation that
was occurring [40]. Furthermore, the significantly higher cis-13,16-docosadienoic concentrations in
moderate AD group could form part of an anti-inflammatory response to the development of AD.
Higher levels of cis-13,16-docosadienoic concentrations could provide neuroprotection by blockading
COX enzyme activity [34]. The overlapping levels of fatty acids seen and described earlier in
age-matched Controls with moderate and severe AD subjects, provide a unique profile which may
serve as indicating potential biomarkers of the disease.

Dementia with Lewy bodies (DLB) is the second major type of senile, degenerative dementia after
AD. It is characterized by the presence of cytoplasmic inclusions of highly conserved amyloidogenic
a-synuclein [41] protein that mirrors tau proteins in AD. It is localized, in part, to presynaptic terminals
where it loosely associates with synaptic vesicles [42,43]. Numerous studies have been conducted on
its structural organization at various stages of fibrillation and inclusion formation.

Fatty acids have been found to play an important role in the conversion of normal, soluble
a-synuclein to insoluble and potentially cytotoxic forms. In vitro studies of mouse embryonic stem
cells (MES) neurons showed PUFA promotes the appearance of oligomeric forms of a-synuclein in
a time-dependent manner [44], while increasing the degree of unsaturation of fatty acids strikingly
enhanced the amount of soluble forms [44]. It is further noted that higher levels of x-synuclein in DLB
brains may be linked to the changes in the composition of endogenous brain fatty acid species. Sharon
et al. (2003) reported a consistently lower linolenic acid and higher DHA levels in frontal cortex of
DLB brains [45]. In contrast to their findings, our results indicate higher concentrations of linolenic
acid when DLB are either paired with Control or severe AD groups (Figure 2; Table 2).

In addition, the study also found no changes or significant alterations in arachidonic acid levels,
as well as other MUFAs [45]. We, however, saw higher concentrations of such species in both
Control, and few in severe AD-paired groups. Furthermore, the higher abundance of saturated fatty
acids, including palmitic acid, stearic acid, behenic acid, and lignoceric acid, observed in our study,
may suggest a protective mechanism by counterbalancing the oligomeric formation of a-synuclein
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by eicosatrienoic, linolenic, and arachidonic acid in DLB brains (Figure 2; Table 2). One study
demonstrated the impact of DHA and arachidonic acids imposing conformational changes in the
structure of x-synuclein, whereas the action of palmitic and arachidic acids remained unchanged [46].
To the best of the author’s knowledge, this is the first study that directly compares brain fatty acid
profiles of Alzheimer’s disease and DLB. Despite the fact that the overlapping FA species between
severe AD and Control with DLB are relatively unknown, with regards to their individual function,
it still highlights the probability of such fatty acids being used as potential biomarkers to distinguish
the differences between these groups. Principal component acids in both healthy control, moderate,
and severe AD groups could serve as potential biomarkers that warranted further functional studies.
Particular attention, in future, should be paid to controlling the controlling of post-mortem delay. While
most FAs mentioned above played intrinsic roles in the inflammatory /anti-inflammatory processes of
AD, some remained to be understood, given the discrepancies and limited data available in the current
literature. The FA profiles of AD and DLB are very similar, perhaps reflecting common progression of
the disease, but conclusions such as this require additional studies. This paper provides an insight into
the changes of FA metabolism in the development of AD, as well differences that can be observed in
the profiles of DLB subjects.

4. Materials and Methods

4.1. Reagents and Analytical Standards

The following fatty acid and fatty acid methyl ester standards were purchased from Sigma Aldrich
(Gillingham, Dorset, UK): tricosanoic acid (C23:0), behenic acid (C22:0), cis-11,14-eicosadienoic acid
(C20:2 A11,14), heptadecanoic acid (C17:0), cis-10-pentadecanoic acid (C15:1A10), pentadecanoic acid
methyl ester (C15:0) (PDA), palmitic acid methyl ester (C16:0), palmitoleic acid methyl ester (C16:1A9),
cis-10-heptadecanoic acid methyl ester (C17:1A10), stearic acid methyl ester (C18:0), elaidic acid methyl
ester (t-C18:1A9), oleic acid methyl ester (C18:1A9), linolelaidic acid methyl ester (t-C18:2 A9, 12)
linoleic acid methyl ester (C18:2 A9,12), arachidic acid methyl ester (C20:0), linolenic acid methyl ester
(C18:3 A9,12,15), heneicosanoic acid methyl ester (C21:0), all-cis-11,14,17-eicosatrienoic acid methyl
ester (C20:3 A11,14,17), arachidonic acid methyl ester (C20:4 A5,8,11,14), all-cis-13,16-docosadienoic
acid methyl ester (C22:2 A13,16), lignoceric acid methyl ester (C24:0), nervonic acid methyl ester (C21:1
A15), docosahexanoic acid methyl ester (C22:6 A4,7,10,13,16,19) (DHA), all-cis-8,11,14-eicosaterinoic
acid methyl ester (C20:3 A8,11,14), erucic acid methyl ester (C22:1 A13). All solvents used (methanol
n-hexane and dichloromethane) were CHROMASOLV HPLC grade (Sigma Aldrich, UK). Hydrogen
chloride (1.25 M) in methanol was purchased from Fluka Analytical (UK).

4.2. Human Post-Mortem Tissue

As previously described by Graham et al. (2014) [47], post-mortem tissue samples (parietal
neocortex, Brodmann area 7) were obtained from pathologically and clinically confirmed cases of AD
(n = 46), DLB (n = 14), and normal age-matched controls (n = 27) [47] (Table S1). The parietal cortex
(Brodmann 7) region was selected as it not the primary site of AD pathology. Studies have shown
that FA composition of the parietal cortex is less affected than other brain regions, such as the frontal
or temporal cortex [16]. The AD was classified as moderate (“intermediate” AD neuropathological
change [48], and also Braak tangle stage III-IV; n = 16) or severe (“high” AD neuropathological
change [48], and also Braak tangle stage V-VI; n = 30). Mixed pathology cases were excluded from the
study. Cases were geographically spread across the United Kingdom (Bristol, Newcastle, and London)
and were obtained through the Brains for Dementia Research (BDR; see acknowledgements). Sample
selection did not control for post-mortem delay, and there was a significantly difference between
Severe AD and Moderate AD (p = 0.03). The neuropathological diagnoses were made using widely
accepted criteria [48,49], uniformly applied according to a standardized protocol by members of the
BDR Neuropathology Group. DLB was diagnosed on the basis that (i) there was a clinical diagnosis
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of dementia, (ii) some Lewy bodies were present in the neocortex [50]. Consent and ethical approval
for the use of tissue were obtained by individual brain banks, all of which are licensed by the Human
Tissue Authority (UK). Consent and ethical approval for the use of tissue was obtained by individual
brain banks, all of which are licensed by the Human Tissue Authority. The study was conducted in
accordance with the Declaration of Helsinki, and the protocol was reviewed by the School Research
Ethics Committee (Biological Sciences, Queen’s University Belfast) (0512-GrahamS).

4.3. Sample Preparation and GC-MS Analysis

Frozen tissue samples stored at —80 °C were initially lyophilized by placing them in a freeze-drier
at —50 °C. Following the complete removal of moisture tissue specimens, they were placed into a
cryogenic grinder (Model 6850, SPEX SamplePREP, UK), which uses liquid nitrogen as a coolant
throughout the milling process and, thus, avoids heat generation which could affect the concentration
of metabolites in the brain tissue samples. Once milled, all samples were stored at —80 °C. Lipids were
extracted from tissue by the Folch extraction method [51]. Briefly, 50 mg of powder (weighed out into
sterile Eppendorf tubes (2 mL) chilled on ice). Methanol/water (50% v/v; 1 mL) was added to each
sample and shaken for 10 min using a Minimix Standard Shaker (Merris Engineering, Maidenhead,
Berkshire). Samples were then sonicated for 15 min. Protein was removed by centrifugation at
16,000% g at 4 °C for 20 min. To assess the recoveries of FA species, lauric acid (C12:0) was selected
as an internal standard, as it was found to be completely absent in all the post-mortem human brain
samples. Lauric acid was added to each sample pellet (100 ng/pL) and FAs were extracted in 1 mL of
DCM, transferred to sterile test tubes, and evaporated to dryness under nitrogen. FAs were derivatized
to fatty acid methyl esters (FAMEs) by reconstituting the dried extracts in 2 mL hydrogen chloride
in methanol. Samples were subsequently cooled, and 1 mL of water was added. The FAMEs were
extracted in 1 mL of hexane and subsequently analyzed using an Agilent GC (model 7890, Wilmington,
DE, USA) coupled to an MS detector (Agilent model 5975C, Wilmington, DE, USA). The FAMEs
procedure creates methyl esters from free fatty acids, but also from esterified fatty acids and, therefore,
measurements reflect the total levels of unesterified and esterified fatty acids.

Samples were injected (inlet temp 220 °C, split-mode ration of 15:1) onto a CP-Sil88 fused silica
capillary column (100 m x 0.25 mm x 0.25 5 pm) (Agilent, UK) with helium as the carrier gas at a
constant flow of 1 mL/min. The initial temperature gradient began at 100 °C, increasing at 4 °C/min
to 220 °C/min, and held for 5 min. Following this, the gradient increased at 4 °C/min to 240 °C/min,
and was held for 8 min. The mass selective detector (MSD) operated at 70 eV in dual scan/single ion
monitoring (SIM) mode; source temp 230 °C, quad temp 150 °C and the interface temp 225 °C. The full
scan ranged from m/z 50 to 550, whilst SIM mode targeted the molecular ion and another appropriate
ion selected from the fragmentation pattern, each ion having a dwell time of 100 ms. All FAMEs
were confirmed using purchased analytical-grade standards. Quantification was based on a linear
regression model formed from a five-point calibration curve from the individual FAMEs, which were
acquired at a low (0-20 ng/mL) or high concentration range (0-300 ng/mL). FFA concentrations are
reported as g/kg post-mortem human brain dry weight, and corrected to the internal standard. Fatty
acids with calibration curves (1 = 3) of poor linearity of (R? < 0.9) were not quantified

4.4. Data Analysis

Normality of distribution was assessed using the Anderson-Darling test. Nonparametric methods
were used since the assumption that FA concentrations were normally distributed was not satisfied
for many variables. The four groups were compared on metabolite levels using Kruskal-Wallis tests.
Elaidic and cis-10-pentadeconaic acid were excluded, given the large prevalence of values of 0. Given
the large number of variables tested, false discovery rates were computed based on the p-values
from the Kruskal-Wallis tests on the remaining 24 variables. Multiple comparison procedures using
stepdown permutation p-values, on the ranked data, were used to investigate group differences
for variables with a false discovery rate of 0.05 or less. Statistical analysis used the SAS System
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for Windows version 9.3 (Cary, NC, USA). All tests were two-sided, and p < 0.05 was considered
statistically significant. Graphical representations of the data were produced using Prism (GraphPad
5.0, La Jolla, CA, USA). Group comparisons of patient characteristics (age, % female, and post-mortem
delay) were compared by parametric one-way ANOVA. Associations between FAs and continuous
variables (age, post-mortem delay, beta-amyloid, or tau) were tested by Spearman’s rank correlation
coefficient. The relationship between FA levels and gender were carried out by dividing subjects into
male and female and conducting a Mann-Whitney U ¢-test for each FA. PCA was completed using
Simca P (v14.1; Umetrics, Umea, Sweden) using mean centered and log transformed data.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com /2218-1989/8/4/69/s1,
Table S1: Descriptive characteristics of the study population by group, Table S2: Aggregated fatty acid
concentrations and ratios, Table S3: Associations between fatty acids and clinical variables (age, gender,
post-mortem delay, frontal tissue pH, beta-amyloid, tau); Figure S1. Principal component analysis (PCA) of fatty
acid concentrations in post-mortem human brain specimens.

Author Contributions: Conceptualization, B.M., PP, CH., SEG., PGK. and B.D.G.; Formal analysis, M.L.N., X.P.
and S.FE.G.; Funding acquisition, B.M., PP, CH., S.EG., PG.K. and B.D.G.; Methodology, M.L.N., X.P. and S.EG.;
Project administration, B.D.G.; Software, M.L.N. and X.P.; Supervision, S.F.G. and B.D.G.; Writing—original draft,
M.L.N.; Writing—review & editing, X.P., BM., PP, CH., SEG., PGK. and B.D.G.

Funding: Studies into Alzheimer’s disease have been supported by grants from Alzheimer’s Research UK
[ARUK-NCH2012B-5; ARUK-PPG2011B-8 and ARUK-Network2012-11]. The authors” work is also supported by
a Proof of Concept grant from Invest Northern Ireland [INI-PoC406].

Acknowledgments: We would like to thank Rachael Hill for her invaluable assistance, both for her help with the
sample preparation and mass spectral analyses. We would like to thank all the staff of the regional brain banks
of Brains for Dementia Research for their advice, assistance and co-ordination; in particular we thank Laura E.
Palmer and Hannah Tayler (Bristol), Maria Monteiro (Newcastle) and Richard Hudspith (London). Brain tissue
was provided by the South West Dementia Brain Bank (SWDBB), Newcastle Brain Tissue Resource (NBTR) and
King’s College London (KCL) who are members of the Brains for Dementia Research (BDR) Network.

Conflicts of Interest: The authors have no conflict of interest to declare.

References

1. Prince, M.; Bryce, R.; Albanese, E.; Wimo, A.; Ribeiro, W.; Ferri, C.P. The global prevalence of dementia:
A systematic review and metaanalysis. Alzheimers Dement. 2013, 9, 63-75. [CrossRef] [PubMed]

2. Karran, E.; Mercken, M.; De Strooper, B. The amyloid cascade hypothesis for Alzheimer’s disease: An appraisal
for the development of therapeutics. Nat. Rev. Drug Discov. 2011, 10, 698-712. [CrossRef] [PubMed]

3. Ittner, L.M.; Gotz, J. Amyloid-beta and tau-a toxic pas de deux in Alzheimer’s disease. Nat. Rev. Neurosci.
2011, 12, 65-72. [CrossRef] [PubMed]

4. Touboul, D.; Gaudin, M. Lipidomics of Alzheimer’s disease. Bioanalysis 2014, 6, 541-561. [CrossRef]
[PubMed]

5. Abu-Saad, K; Shahar, D.R,; Vardi, H.; Fraser, D. Importance of ethnic foods as predictors of and contributors
to nutrient intake levels in a minority population. Eur. J. Clin. Nutr. 2010, 64, S88-594. [CrossRef] [PubMed]

6. Cutler, R.G; Kelly, J.; Storie, K.; Pedersen, W.A.; Tammara, A.; Hatanpaa, K.; Troncoso, ].C.; Mattson, M.P.
Involvement of oxidative stress-induced abnormalities in ceramide and cholesterol metabolism in brain
aging and Alzheimer’s disease. Proc. Natl. Acad. Sci. USA 2004, 101, 2070-2075. [CrossRef] [PubMed]

7. Yanagisawa, K.; Odaka, A.; Suzuki, N.; Ihara, Y. GM1 ganglioside-bound amyloid beta-protein (A beta):
A possible form of preamyloid in Alzheimer’s disease. Nat. Med. 1995, 1, 1062-1066. [CrossRef] [PubMed]

8.  Berridge, M.J. Inositol trisphosphate and calcium signaling. Ann. N. Y. Acad. Sci. 1995, 766, 31-43. [CrossRef]
[PubMed]

9. Yuan, Q.; Zhao, S.; Wang, F; Zhang, H.; Chen, Z.].; Wang, J.; Wang, Z.; Du, Z; Ling, E.A; Liu, Q.; et al.
Palmitic acid increases apoptosis of neural stem cells via activating c-Jun N-terminal kinase. Stem Cell Res.
2013, 10, 257-266. [CrossRef] [PubMed]

10. Takenawa, T.; Itoh, T. Phosphoinositides, key molecules for regulation of actin cytoskeletal organization and
membrane traffic from the plasma membrane. Biochim. Biophys. Acta 2001, 1533, 190-206. [CrossRef]


http://www.mdpi.com/2218-1989/8/4/69/s1
http://dx.doi.org/10.1016/j.jalz.2012.11.007
http://www.ncbi.nlm.nih.gov/pubmed/23305823
http://dx.doi.org/10.1038/nrd3505
http://www.ncbi.nlm.nih.gov/pubmed/21852788
http://dx.doi.org/10.1038/nrn2967
http://www.ncbi.nlm.nih.gov/pubmed/21193853
http://dx.doi.org/10.4155/bio.13.346
http://www.ncbi.nlm.nih.gov/pubmed/24568356
http://dx.doi.org/10.1038/ejcn.2010.217
http://www.ncbi.nlm.nih.gov/pubmed/21045858
http://dx.doi.org/10.1073/pnas.0305799101
http://www.ncbi.nlm.nih.gov/pubmed/14970312
http://dx.doi.org/10.1038/nm1095-1062
http://www.ncbi.nlm.nih.gov/pubmed/7489364
http://dx.doi.org/10.1111/j.1749-6632.1995.tb26646.x
http://www.ncbi.nlm.nih.gov/pubmed/7486679
http://dx.doi.org/10.1016/j.scr.2012.11.008
http://www.ncbi.nlm.nih.gov/pubmed/23319068
http://dx.doi.org/10.1016/S1388-1981(01)00165-2

Metabolites 2018, 8, 69 14 of 16

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Wenk, M.R.; De Camilli, P. Protein-lipid interactions and phosphoinositide metabolism in membrane traffic:
Insights from vesicle recycling in nerve terminals. Proc. Natl. Acad. Sci. USA 2004, 101, 8262-8269. [CrossRef]
[PubMed]

Nasaruddin, M.L.; Holscher, C.; Kehoe, P; Graham, S.E,; Green, B.D. Wide-ranging alterations in the brain
fatty acid complement of subjects with late Alzheimer’s disease as detected by GC-MS. Am. |. Transl. Res.
2016, 8, 154-165. [PubMed]

Martin, V,; Fabelo, N.; Santpere, G.; Puig, B.; Marin, R.; Ferrer, I; Diaz, M. Lipid alterations in lipid rafts from
Alzheimer’s disease human brain cortex. J. Alzheimers Dis. 2010, 19, 489-502. [CrossRef] [PubMed]

Wood, PL. Lipidomics of Alzheimer’s disease: Current status. Alzheimers Res. Ther. 2012, 4, 5. [CrossRef]
[PubMed]

Wang, D.C.; Sun, C.H.; Liu, L.Y,; Sun, X.H.; Jin, X.W.; Song, W.L.; Liu, X.Q.; Wan, X.L. Serum fatty acid
profiles using GC-MS and multivariate statistical analysis: Potential biomarkers of Alzheimer’s disease.
Neurobiol. Aging 2012, 33, 1057-1066. [CrossRef] [PubMed]

Fraser, T.; Tayler, H.; Love, S. Fatty Acid Composition of Frontal, Temporal and Parietal Neocortex in the
Normal Human Brain and in Alzheimer’s Disease. Neurochem. Res. 2010, 35, 503-513. [CrossRef] [PubMed]
Igarashi, M.; Ma, K.; Gao, F; Kim, HW.; Rapoport, S.I; Rao, J.S. Disturbed choline plasmalogen and
phospholipid fatty acid concentrations in Alzheimer’s disease prefrontal cortex. J. Alzheimers Dis. 2011, 24,
507-517. [CrossRef] [PubMed]

Pan, X.; Nasaruddin, M.B.; Elliott, C.T.; McGuinness, B.; Passmore, A.P.; Kehoe, P.G.; Holscher, C.;
McClean, P.L.; Graham, S.E; Green, B.D. Alzheimer’s disease-like pathology has transient effects on the
brain and blood metabolome. Neurobiol. Aging 2016, 38, 151-163. [CrossRef] [PubMed]

Cunnane, S.C.; Schneider, J.A.; Tangney, C.; Tremblay-Mercier, J.; Fortier, M.; Bennett, D.A.; Morris, M.C.
Plasma and brain fatty acid profiles in mild cognitive impairment and Alzheimer’s disease. ]. Alzheimers Dis.
2012, 29, 691-697. [CrossRef] [PubMed]

Roher, A.E.; Weiss, N.; Kokjohn, T.A.; Kuo, Y.M.; Kalback, W.; Anthony, J.; Watson, D.; Luehrs, D.C.; Sue, L.;
Walker, D.; et al. Increased A beta peptides and reduced cholesterol and myelin proteins characterize white
matter degeneration in Alzheimer’s disease. Biochemistry 2002, 41, 11080-11090. [CrossRef] [PubMed]
Soderberg, M.; Edlund, C.; Kristensson, K.; Dallner, G. Fatty-Acid Composition of Brain Phospholipids in
Aging and in Alzheimers-Disease. Lipids 1991, 26, 421-425. [CrossRef] [PubMed]

Wang, G.; Zhou, Y.; Huang, EJ.; Tang, H.D.; Xu, X.H.; Liu, ].J.; Wang, Y.; Deng, Y.L.; Ren, R.J.; Xu, W.; et al.
Plasma metabolite profiles of Alzheimer’s disease and mild cognitive impairment. J. Proteome Res. 2014, 13,
2649-2658. [CrossRef] [PubMed]

Skinner, E.R.; Watt, C.; Besson, J.A.; Best, P.V. Differences in the fatty acid composition of the grey and white
matter of different regions of the brains of patients with Alzheimer’s disease and control subjects. Brain 1993,
116, 717-725. [CrossRef] [PubMed]

Corrigan, EM.; Horrobin, D.E,; Skinner, E.R.; Besson, J.A.; Cooper, M.B. Abnormal content of n-6 and n-3
long-chain unsaturated fatty acids in the phosphoglycerides and cholesterol esters of parahippocampal
cortex from Alzheimer’s disease patients and its relationship to acetyl CoA content. Int. ]. Biochem. Cell Biol.
1998, 30, 197-207. [CrossRef]

Pamplona, R.; Dalfo, E.; Ayala, V.; Bellmunt, M.].; Prat, J.; Ferrer, I.; Portero-Otin, M. Proteins in human
brain cortex are modified by oxidation, glycoxidation, and lipoxidation: Effects of Alzheimer disease and
identification of lipoxidation targets. J. Biol. Chem. 2005, 280, 21522-21530. [CrossRef] [PubMed]

Guan, Z.Z.; Soderberg, M.; Sindelar, P.; Edlund, C. Content and fatty acid composition of cardiolipin in the
brain of patients with Alzheimer’s disease. Neurochem. Int. 1994, 25, 295-300. [CrossRef]

Astarita, G.; Jung, K.M.; Vasilevko, V.; Dipatrizio, N.V.; Martin, S.K,; Cribbs, D.H.; Head, E.; Cotman, CW.;
Piomelli, D. Elevated stearoyl-CoA desaturase in brains of patients with Alzheimer’s disease. PLoS ONE
2011, 6, €24777. [CrossRef] [PubMed]

Patil, S.; Chan, C. Palmitic and stearic fatty acids induce Alzheimer-like hyperphosphorylation of tau in
primary rat cortical neurons. Neurosci. Lett. 2005, 384, 288-293. [CrossRef] [PubMed]

Ronnemaa, E.; Zethelius, B.; Vessby, B.; Lannfelt, L.; Byberg, L.; Kilander, L. Serum fatty-acid composition
and the risk of Alzheimer’s disease: A longitudinal population-based study. Eur. J. Clin. Nutr. 2012, 66,
885-890. [CrossRef] [PubMed]


http://dx.doi.org/10.1073/pnas.0401874101
http://www.ncbi.nlm.nih.gov/pubmed/15146067
http://www.ncbi.nlm.nih.gov/pubmed/27069549
http://dx.doi.org/10.3233/JAD-2010-1242
http://www.ncbi.nlm.nih.gov/pubmed/20110596
http://dx.doi.org/10.1186/alzrt103
http://www.ncbi.nlm.nih.gov/pubmed/22293144
http://dx.doi.org/10.1016/j.neurobiolaging.2010.09.013
http://www.ncbi.nlm.nih.gov/pubmed/20980076
http://dx.doi.org/10.1007/s11064-009-0087-5
http://www.ncbi.nlm.nih.gov/pubmed/19904605
http://dx.doi.org/10.3233/JAD-2011-101608
http://www.ncbi.nlm.nih.gov/pubmed/21297269
http://dx.doi.org/10.1016/j.neurobiolaging.2015.11.014
http://www.ncbi.nlm.nih.gov/pubmed/26827653
http://dx.doi.org/10.3233/JAD-2012-110629
http://www.ncbi.nlm.nih.gov/pubmed/22466064
http://dx.doi.org/10.1021/bi026173d
http://www.ncbi.nlm.nih.gov/pubmed/12220172
http://dx.doi.org/10.1007/BF02536067
http://www.ncbi.nlm.nih.gov/pubmed/1881238
http://dx.doi.org/10.1021/pr5000895
http://www.ncbi.nlm.nih.gov/pubmed/24694177
http://dx.doi.org/10.1093/brain/116.3.717
http://www.ncbi.nlm.nih.gov/pubmed/8513399
http://dx.doi.org/10.1016/S1357-2725(97)00125-8
http://dx.doi.org/10.1074/jbc.M502255200
http://www.ncbi.nlm.nih.gov/pubmed/15799962
http://dx.doi.org/10.1016/0197-0186(94)90073-6
http://dx.doi.org/10.1371/journal.pone.0024777
http://www.ncbi.nlm.nih.gov/pubmed/22046234
http://dx.doi.org/10.1016/j.neulet.2005.05.003
http://www.ncbi.nlm.nih.gov/pubmed/15939536
http://dx.doi.org/10.1038/ejcn.2012.63
http://www.ncbi.nlm.nih.gov/pubmed/22713770

Metabolites 2018, 8, 69 15 of 16

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Schmitz, G.; Ecker, J. The opposing effects of n-3 and n-6 fatty acids. Prog. Lipid Res. 2008, 47, 147-155.
[CrossRef] [PubMed]

Wall, R.; Ross, R.P,; Fitzgerald, G.F.; Stanton, C. Fatty acids from fish: The anti-inflammatory potential of
long-chain omega-3 fatty acids. Nutr. Rev. 2010, 68, 280-289. [CrossRef] [PubMed]

Patterson, E.; Wall, R.; Fitzgerald, G.F; Ross, R.P.; Stanton, C. Health implications of high dietary omega-6
polyunsaturated Fatty acids. J. Nutr. Metab. 2012, 2012, 539426. [CrossRef] [PubMed]

Sanchez-Mejia, R.O.; Mucke, L. Phospholipase A2 and arachidonic acid in Alzheimer’s disease.
Biochim. Biophys. Acta 2010, 1801, 784-790. [CrossRef] [PubMed]

Serhan, C.N.; Arita, M.; Hong, S.; Gotlinger, K. Resolvins, docosatrienes, and neuroprotectins, novel
omega-3-derived mediators, and their endogenous aspirin-triggered epimers. Lipids 2004, 39, 1125-1132.
[CrossRef] [PubMed]

Youdim, K.A.; Martin, A ; Joseph, J.A. Essential fatty acids and the brain: Possible health implications. Int. J.
Dev. Neurosci. 2000, 18, 383-399. [CrossRef]

Brooksbank, B.W.; Martinez, M. Lipid abnormalities in the brain in adult Down’s syndrome and Alzheimer’s
disease. Mol. Chem. Neuropathol. 1989, 11, 157-185. [CrossRef] [PubMed]

Prasad, M.R.; Lovell, M.A.; Yatin, M.; Dhillon, H.; Markesbery, W.R. Regional membrane phospholipid
alterations in Alzheimer’s disease. Neurochem. Res. 1998, 23, 81-88. [CrossRef] [PubMed]

Lukiw, W.J.; Cui, J.G.; Marcheselli, V.L.; Bodker, M.; Botkjaer, A.; Gotlinger, K.; Serhan, C.N.; Bazan, N.G.
A role for docosahexaenoic acid-derived neuroprotectin D1 in neural cell survival and Alzheimer disease.
J. Clin. Investig. 2005, 115, 2774-2783. [CrossRef] [PubMed]

Hong, S.; Gronert, K.; Devchand, PR.; Moussignac, R.L.; Serhan, C.N. Novel docosatrienes and 175-resolvins
generated from docosahexaenoic acid in murine brain, human blood, and glial cells. Autacoids in
anti-inflammation. J. Biol. Chem. 2003, 278, 14677-14687. [CrossRef] [PubMed]

Bagga, D.; Wang, L.; Farias-Eisner, R.; Glaspy, ].A.; Reddy, S.T. Differential effects of prostaglandin derived
from omega-6 and omega-3 polyunsaturated fatty acids on COX-2 expression and IL-6 secretion. Proc. Natl.
Acad. Sci. USA 2003, 100, 1751-1756. [CrossRef] [PubMed]

Lucke, C; Gantz, D.L.; Klimtchuk, E.; Hamilton, J.A. Interactions between fatty acids and alpha-synuclein.
J. Lipid Res. 2006, 47, 1714-1724. [CrossRef] [PubMed]

George, ].M; Jin, H.; Woods, W.S.; Clayton, D.F. Characterization of a novel protein regulated during the
critical period for song learning in the zebra finch. Neuron 1995, 15, 361-372. [CrossRef]

Hashimoto, M.; Masliah, E. Alpha-synuclein in Lewy body disease and Alzheimer’s disease. Brain Pathol.
1999, 9, 707-720. [CrossRef] [PubMed]

Sharon, R.; Bar-Joseph, I.; Frosch, M.P.; Walsh, D.M.; Hamilton, J.A.; Selkoe, D.J. The formation of highly
soluble oligomers of alpha-synuclein is regulated by fatty acids and enhanced in Parkinson’s disease. Neuron
2003, 37, 583-595. [CrossRef]

Sharon, R.; Bar-Joseph, I.; Mirick, G.E.; Serhan, C.N.; Selkoe, D.J. Altered fatty acid composition of
dopaminergic neurons expressing alpha-synuclein and human brains with alpha-synucleinopathies. J. Biol.
Chem. 2003, 278, 49874-49881. [CrossRef] [PubMed]

Broersen, K.; van den Brink, D.; Fraser, G.; Goedert, M.; Davletov, B. Alpha-synuclein adopts an alpha-helical
conformation in the presence of polyunsaturated fatty acids to hinder micelle formation. Biochemistry 2006,
45,15610-15616. [CrossRef] [PubMed]

Graham, S.F.,; Nasaruddin, M.B.; Carey, M.; Holscher, C.; McGuinness, B.; Kehoe, P.G.; Love, S.; Passmore, P;
Elliott, C.T.; Meharg, A.A.; et al. Age-associated changes of brain copper, iron, and zinc in Alzheimer’s
disease and dementia with Lewy bodies. J. Alzheimers Dis. 2014, 42, 1407-1413. [CrossRef] [PubMed]
Montine, T.J.; Phelps, C.H.; Beach, T.G.; Bigio, E.H.; Cairns, N.J.; Dickson, D.W.; Duyckaerts, C.; Frosch, M.P;
Masliah, E.; Mirra, S.S.; et al. National Institute on A and Alzheimer’s A. National Institute on
Aging-Alzheimer’s Association guidelines for the neuropathologic assessment of Alzheimer’s disease:
A practical approach. Acta Neuropathol. 2012, 123, 1-11. [CrossRef] [PubMed]

McKeith, I.G.; Dickson, D.W.; Lowe, ].; Emre, M.; O’Brien, ].T.; Feldman, H.; Cummings, J.; Duda, J.E.;
Lippa, C.; Perry, E.K,; et al. Diagnosis and management of dementia with Lewy bodies: Third report of the
DLB Consortium. Neurology 2005, 65, 1863-1872. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.plipres.2007.12.004
http://www.ncbi.nlm.nih.gov/pubmed/18198131
http://dx.doi.org/10.1111/j.1753-4887.2010.00287.x
http://www.ncbi.nlm.nih.gov/pubmed/20500789
http://dx.doi.org/10.1155/2012/539426
http://www.ncbi.nlm.nih.gov/pubmed/22570770
http://dx.doi.org/10.1016/j.bbalip.2010.05.013
http://www.ncbi.nlm.nih.gov/pubmed/20553961
http://dx.doi.org/10.1007/s11745-004-1339-7
http://www.ncbi.nlm.nih.gov/pubmed/15726828
http://dx.doi.org/10.1016/S0736-5748(00)00013-7
http://dx.doi.org/10.1007/BF03160049
http://www.ncbi.nlm.nih.gov/pubmed/2534986
http://dx.doi.org/10.1023/A:1022457605436
http://www.ncbi.nlm.nih.gov/pubmed/9482271
http://dx.doi.org/10.1172/JCI25420
http://www.ncbi.nlm.nih.gov/pubmed/16151530
http://dx.doi.org/10.1074/jbc.M300218200
http://www.ncbi.nlm.nih.gov/pubmed/12590139
http://dx.doi.org/10.1073/pnas.0334211100
http://www.ncbi.nlm.nih.gov/pubmed/12578976
http://dx.doi.org/10.1194/jlr.M600003-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/16687662
http://dx.doi.org/10.1016/0896-6273(95)90040-3
http://dx.doi.org/10.1111/j.1750-3639.1999.tb00552.x
http://www.ncbi.nlm.nih.gov/pubmed/10517509
http://dx.doi.org/10.1016/S0896-6273(03)00024-2
http://dx.doi.org/10.1074/jbc.M309127200
http://www.ncbi.nlm.nih.gov/pubmed/14507911
http://dx.doi.org/10.1021/bi061743l
http://www.ncbi.nlm.nih.gov/pubmed/17176082
http://dx.doi.org/10.3233/JAD-140684
http://www.ncbi.nlm.nih.gov/pubmed/25024342
http://dx.doi.org/10.1007/s00401-011-0910-3
http://www.ncbi.nlm.nih.gov/pubmed/22101365
http://dx.doi.org/10.1212/01.wnl.0000187889.17253.b1
http://www.ncbi.nlm.nih.gov/pubmed/16237129

Metabolites 2018, 8, 69 16 of 16

50. Hansen, L.A,; Daniel, S.E.; Wilcock, G.K.; Love, S. Frontal cortical synaptophysin in Lewy body diseases:
Relation to Alzheimer’s disease and dementia. J. Neurol. Neurosurg. Psychiatry 1998, 64, 653-656. [CrossRef]
[PubMed]

51. Folch, J.; Lees, M.; Sloane-Stanley, G.H. A simple method for the isolation and purification of total lipides
from animal tissues. J. Biol. Chem. 1957, 226, 497-509. [PubMed]

® © 2018 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/).



http://dx.doi.org/10.1136/jnnp.64.5.653
http://www.ncbi.nlm.nih.gov/pubmed/9598683
http://www.ncbi.nlm.nih.gov/pubmed/13428781
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Reagents and Analytical Standards 
	Human Post-Mortem Tissue 
	Sample Preparation and GC-MS Analysis 
	Data Analysis 

	References

