15

added to the cultures at the indicated time points after addition of LPS. Nitrite accumulation in the
supernatants at 24 h of culture was measured using the Griess reagent. The results are expressed as
means + SEM from three-well cultures. The error bars are too small to be distinguishable in the
figure (numeric data from the left bar: 3.75 £ 0.18, 5.07 £ 0.22, 4.22 £ 0.07, 5.69 + 0.12, 10.38 = 0.06,
15.00 £ 0.05, and 25.20 + 0.28).' *P < 0.001 vs. LPS-stimulated cells without PDTC. Data shown

are representative of two—three separate experiments.

Fig. 4. LPS stimulation down-regulates a-arrestin 2 expression. RAW264, RAWar, and RAWarr2
cells were stimulated with LPS, and the protein levels of a-arrestin 2 and GAPDH (upper panel) and
mRNA expressions of a-arrestin 2 and 18S rRNA (middle panel) were analyzed as in Fig. 1A. Bar
graphs show the relative intensity of the band from three separate experiments (mean + SEM) (lower

panel). *P<0.01vs.0h.

Fig.5. Forced o-arrestin 2 expression suppresses NO production and NOS I expression.

(A) Cells were stimulated with LPS for 24 h, and nitrite accumulation in the supernatants was
measured using the Griess reagent. The results are expressed as means = SEM from three-well
cultures. *P < 0.001 vs. LPS-stimulated RAW264 cells. (B) The protein levels of NOS II and
GAPDH (left panel) and mRNA expressions of NOS II and 18S rRNA (light upper panel) were
analyzed as in Fig. 1A. Bar graphs show the relative intensity of the PCR bands from three separate
experiments (mean + SEM) (right lower panel). *P < 0.01 vs. corresponding RAW264 cells. Data

shown are representative of three—four separate experiments.

Fig. 6. a-arrestin 2 interacts with cytosolic IoBa. Before and after stimulation with LPS for 6 h,
cells were lyzed and immunoprecipitated with anti-o-arrestin 2 Abs. Western blotting analysis was
performed using anti-IoBaw Abs (upper panel). The protein levels of GAPDH in equal amounts of

lyzates were used for control (lower panel).

Fig. 7. Cross-talk between 0, AR and TLRs signaling pathways.

(A) AR agonists suppress NF-oB activation by increasing cytoplasmic o-arrestin 2, which
stabilizes the NF-oB/IcBo. complexes in cytoplasm (a) or by activating CREB which
competes CBP with NF-oB in the nucleus (b). (B) TLR4-dependent signals lead to the
following steps both in the presence or absence of m,AR agonists: (D TLR4-dependent
down-regulation of 0,AR expression, @ down-regulation of o-arrestin 2, @ release of

NF-oB/IoBo complexes in the cytoplasm, @ degradation of IoBar, and ® translocation of
NF-oB to the nucleus and transcription of its target genes.
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Figure 5
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Peripheral ethanolamine plasmalogen deficiency:
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Takashi Morihara,55 Masatoshi Takeda,’8 and Paul L. Wood '™t

Phenomenome Discoveries, Inc.,* Saskatoon, Saskatchewan, Canada; PrecisionMed, Inc.,t San Diego, CA;
Bioserve, Inc.,$ Boston, MA; Sun Health Research Institute,** Sun City, AZ; Case Western Reserve
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Abstract Although dementia of the Alzheimer’s type (DAT)
is the most common form of dementia, the severity of de-
mentia is only weakly correlated with DAT pathology. In con-
trast, postmortem measurements of cholinergic function
and membrane ethanolamine plasmalogen (PIsEm) content
in the cortex and hippocampus correlate with the severity of
dementia in DAT. Currently, the largest risk factor for DAT
is age. Because the synthesis of PIsEtn occurs via a single
nonredundant peroxisomal pathway that has been shown
to decrease with age and PlsEtn is decreased in the DAT
brain, we investigated potential relationships between
serum PIsEtn levels, dementia severity, and DAT pathology.
In total, serum PIsEtn levels were measured in five inde-
pendent population collections comprising >400 clinically
demented and >350 nondemented subjects. Circulating
PIsEtm levels were observed to be significantly decreased in
serum from clinically and pathologically diagnosed DAT
subjects at all stages of dementia, and the severity of this
decrease correlated with the severity of dementia. Further-
more, a linear regression model predicted that serum PlsEtn
levels decrease years before clinical symptoms.fil The puta-
tive roles that PISEtn biochemistry play in the etiology of
cholinergic degeneration, amyloid accumulation, and demen-
tia are discussed.—Goodenowe, D. B., L. L. Cook, J. Liu,
Y. Lu, D. A. Jayasinghe, P. W. K Ahiahonu, D. Heath, Y.
Yamazaki, J. Flax, K. F. Krenitsky, D. L. Sparks, A. Lerner,
R. P. Friedland, T. Kudo, K. Kamino, T. Morihara, M.
Takeda, and P. L. Wood. Peripheral ethanolamine plasma-
logen deficiency: a logical causative factor in Alzheimer’s
disease and dementia. J. Lipid Res. 2007. 48: 2485-2498.
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The most severe consequence of the aging brain is de-
mentia. The number of elderly people is increasing rap-
idly within our society, and as a consequence, dementia is
growing into a major health problem. It has been esti-
mated that 25% of the population older than 65 years
has some form of dementia (1) and that the cumulative
incidence of dementia in individuals living to the age of
95 years is >80% (2, 3).

The clinical manifestation of dementia can result from
neurodegeneration [e.g., dementia of the Alzheimer’s
type (DAT), dementia with Lewy bodies, and frontotem-
poral lobe dementia], a vascular event (e.g., multi-infarct
dementia) or anoxic event (e.g., cardiac arrest), brain
trauma [e.g., dementia pugilistica (boxer’s dementia)], or
exposure to an infectious agent (e.g., Creutzfeldt-Jakob
disease) or a toxic agent (e.g., alcohol-induced dementia)
(4). Given that dementia can result from diverse neuro-
logical insults, the biochemical mechanism of dementia
is likely to be separate and distinct from these precipitat-
ing events.

The differential diagnosis of the types and causes of
dementia is not straightforward. A prospective study of the
prevalence of DAT in people older than 85 years indicated
that more than half of the individuals with neuropatho-
logical criteria for DAT were either nondemented or
incorrectly diagnosed with vascular dementia. As well, 35%
of the clinically diagnosed DAT subjects did not exhibit
neuropathological features sufficient to support the diag-
nosis (5). Clearly, dementia can arise from multiple patho-
logical states that are often clinically indistinguishable.
Because DAT is the most common type of dementia and

Abbreviations: PtdCho, phosphatidylcholine.
! To whom correspondence should be addressed.
e-mail: d.goodenowe@phenomenome.com
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the percentage of dementias that is DAT increases with
increasing age (2), DAT is the obvious model system in
which to study the putative underlying biochemical mech-
anisms of dementia in humans.

Previous studies have shown that ethanolamine plasma-
logen (PIsEtn) is depleted in the brains of subjects with
DAT (6-9). To determine whether decreased brain levels
of PIsEtn in DAT are purely a centrally mediated effect
caused by amyloid- (AB) accumulation or whether much
broader systemic changes are at play, we investigated the
effects of age, dementia severity, and AB pathology on
serum PlsEtn levels in subjects with various levels of DAT
dementia and pathology and a representative healthy gen-
eral population cohort aged 50 to 95 years.

METHODS

Sample extraction

Serum and plasma samples were stored at —80°C until thawed
for analysis. All extractions were performed on ice. The phospho-
lipids were extracted from serum/plasma using 1% ammonium
hydroxide and ethyl acetate (EtOAc) three times using a serum/
plasma: ammonium hydroxide: EtOAc ratio of 1:1:5, followed
by two extractions with 0.33 % formic acid and EtOAc using a
serum/plasma: formic acid: EtOAc ratio of 1:1:5. Samples were
centrifuged between extractions at 4°C for 10 min at 3,500 rpm,
and the organic layers were combined. Individual 1.0 ml aliquots of
this ethyl acetate extract were then stored at —80°C until analysis.

LC-MS/MS flow injection analysis

High-throughput screening was performed with a linear ion-
trap mass spectrometer (4000 Q TRAP; Applied Biosystems)
coupled with the Agilent 1100 LC system. Samples were prepared
by adding 15 ul of internal standard (5 ug/ml [24-'3C]cholic
acid [Cambridge Isotope Laboratories, Andover, MA] in methanol)
to 120 pl of ethyl acetate fraction of each sample. A 100 pl sam-
ple was injected by flow injection analysis and monitored under
negative atmospheric pressure chemical jonization mode. The
method was based on multiple reaction monitoring (MRM) of one
parent/fragment transition for each metabolite and [24-'*C]cholic
acid. Each transition was scanned for 70 ms. Ten percent ethyl
acetate in methanol at a flow rate of 360 pl/min was used as the
mobile phase. The source parameters were set as follows: curtain
gas, 10.0; collision-activated dissociation gas, 8; nebulizing cur-
rent, —4.0; temperature, 400; ion source gas 1, 30; ion source gas
2, 50; interface heater on. The compound parameters were set as
follows: declustering potential, —120.0; entrance potential, —10;

nebulizing current, —4.0; collision energy, —40; collision cell exit
potential, —15. Table 1 lists the transitions that were used. A
standard curve was generated for all analytes to verify instrument
linearity from 100% to 10% of normal serum levels by serial
dilution of a healthy normal serum extract with constant concen-
tration of [24-'*C]cholic acid. All samples were analyzed in a ran-
domized blinded manner and were bracketed by known serum
standard dilutions. All standard curves had r” values of >0.98.

LCMS + MS/MS chromatographic conditions

PlsEtn was confirmed to be present and decreased in DAT
subjects using an Agilent 1100 HPLC system connected to an
Applied Biosystems QSTAR XL mass spectrometer. Normal
phase chromatography using an Agilent Zorbax RX-SIL (4.6 X
150 mm, 5 pm) column was used under isocratic conditions
[mobile phase (55:40:5 isopropanol-hexane-water) at a flow rate
of 1.0 ml/min for a total run time of 15 min]. A column temper-
ature of 35°C and an injection volume of 10 pl were used. Or-
ganic solvent extracts (ethyl acetate) of samples were evaporated
to dryness under nitrogen gas, and the residue was reconstituted
in 100 pl of 55:40:5 isopropanol-hexane-water solution before
injection. The QSTAR XL instrument was equipped with an
atmospheric pressure chemical ionization (heated nebulizer)
source operating in negative mode. Values of the major instru-
ment parameters were as follows: declustering potential, —60; FP,
—265; DP2, —15; ion source gas 1, 75; ion source gas 2, 15; cur-
tain gas, 30; nebulizing current, —3; temperature, 400°C; scan
range, 50-1,500 amu; accumulation time, 1 s.

Known standard evaluation

Pure standard of PlsEwn 18:0/20:4 was obtained from Avanti
Polar Lipids (Alabaster, AL). The retention time and MS/MS
spectra of this standard were compared with those of serum ex-
tracts from DAT and cognitively normal subjects (Fig. 1). The
MS/MS spectra of PlsEm 18:0/20:4 [1-0-1-(Z)-octadecenyl-2-
arachidonoyl-sn-glycero-3-phosphoethanolamine] revealed two
principal fragments resulting from the loss of the sn-2 acyl group:
m/z 303, which corresponds to arachidonic acid, and m/z 464 as
the ketone (Table 2). Considering that all PlsEtn have the same
basic chemical structure and differ only by different fatty acid
side chains and that the principal fragment is the sn-2 fatty acid,
the theoretical LC-MS/MS parent fragment transitions for eight
PIsEtn were determined (Table 1) and confirmed to be present
in human serum.

Quantitative analytical validation of PlsEtm in
human serum

Validation of the flow injection methodology was performed
using a subset of subjects (12 DAT and 12 cognitive normals
comprising six male and six female subjects in each set). Three

TABLE 1. Molecular formulae and MS/MS transitions for the PIsEtn studied

PlsEtn Molecular Formula Isotopic Mass (M-H-) Mass Fragment Formula Fragment Mass MS/MS Transition
16:0/18:1 C39H76N107P1 701.53591 700.5 C18H3302 281 700.5/281.2
16:0/18:2 C39H74N107P1 699.52026 698.5 C18H3102 279 698.5/279.2
16:0/20:4 C41H74N107P1 723.52026 722.5 C20H3102 303 722.5/303.2
16:0/22:6 C43H74N107P1 747.52026 746.5 C22H3102 327 746.5/327.2
18:0/18:1 C41H80N107P1 729.56721 728.5 C18H3302 281 728.5/281.2
18:0/18:2 C41H78N107P1 727.55156 726.5 C18H3102 279 726.5/279.2
18:0/20:4 C43H78N107P1 751.55156 750.5 C20H3102 303 750.5/303.2
18:0/22:6 C45H78N107P1 775.55156 7745 C22H3102 327 774.5/327.2
Free 22:6 C22H3202 328.24022 327.2 C21H31 283 327.2/283.2

PisEtn, ethanolamine plasmalogen.
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Fig. 1. LCMS and MS/MS analyses of ethanolamine plasmalogen (PIsEtn) 18:0/20:4. Al: Extracted ion chromatogram of mass 750 (M-H-)
of a pure standard. A2: MS/MS spectra of parent ion m/z 750 at retention time 4.8-5.0 min. B1: Extracted ion chromatogram of 750 from a
cognitively normal subject. B2: MS/MS spectra of m/z 750 at 4.8-5.0 min. Cl: Extracted ion chromatogram of 750 from a dementia of
the Alzheimer's type (DAT) subject. C2: MS/MS spectra of m/z 750 at 4.8-5.0 min.

analytical methods were compared: fullscan LC time of flight
analysis using the above chromatographic conditions (QSTAR
XL) and the peak area of the extracted parent ion mass as listed
in Table 1; MRM LC-MS/MS analysis (4000 Q TRAP) using the
above chromatographic conditions and the peak area of the
MRM transitions listed in Table 1; and flow injection analysis
(4000 Q TRAP) as described above and using the peak area of the
MRM transitions listed in Table 1. The results of this comparison
are described in Table 3. The robustness and reproducibility of
the flow injection analysis method are exemplified by the lower
t-test P values obtained by this method.

Clinical sample information

For serum collection (PrecisionMed, Bioserve, Case Western,
Sun Health), informed consent was obtained from all subjects
studied. Serum was collected using standard clinical chemistry
practices. No special handling was performed (Table 4).

Cognitive normal subjects (PrecisionMed). Subjects were con-
firmed to have no neuropsychiatric disease, no family history of
DAT, and a Mini Mental State Examination score = 28. All sub-
jects were of Caucasian descent.

TABLE 2. MS/MS fragmentation interpretation of PIsEtn 18:0/20:4

m/z Formula Molecular Fragment Fragment Loss
750 C4sH77NO,P OYC19H31 H*
ofo L o
HNT P SENC 6Hn
o
464 H,4,NO, OH
CasH,;NOGP oLo L o Ox CigHa1
NN \7/ \/\015H33
o
303 CooH3:0; Ox _CagHa1 @
Y “2N/\/0\7/0\/\/0\/\°1s“33
o
o-
259 CigHs, . = N 303 - COq
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TABLE 3. Crossvalidation of analytical methodology

PlsEwn 16:0/18:1

PisEtn 16:0/18:2

PIsEtn 16:0/20:4

PlsEtn 16:0/22:6

Method Ratio +-Test Ratio t-Test Rato t-Test Rado t-Test
QTRAP-FIA 0.51 7.5E-08 0.43 4.1E07 0.33 8.1E-09 0.23 1.3E-05
QTRAP-LC 0.32 1.5E-04 0.33 4.0E-05 0.26 2.1E-04 0.22 2.6E-04
QSTAR-LC 0.25 1.1E-04 0.40 4.9E-04 0.27 1.8E-04 0.19 1.1E-04
PIsEtn 18:0/18:1 PlsEwn 18:0/18:2 PisEtn 18:0/20:4 PIsEtn 18:0/22:6
Method Ratio t-Test Rato t-Test Ratio t-Test Ratio t-Test
QTRAP-FIA 0.41 2.4E07 0.40 3.0E07 0.30 4.5E-08 0.21 3.2E05
QTRAP-LC 0.31 1.7E05 0.34 8.3E-06 0.26 9.0E-06 0.22 2.7E05
QSTAR-LC 0.36 2.7E-04 0.40 3.2E04 0.27 4.3E-05 0.22 2.1E-05

Comparison of three analytical methods as described in the text. Ratio = mean dementia of the Alzheimer’s type (DAT)/mean cognitively

normal. FIA, flow injection analysis.

Probable DAT subjects (PrecisionMed). Subjects had been diag-
nosed with probable Alzheimer’s disease according to the criteria
from the National Institute of Neurological and Communicative
Diseases and Stroke/Alzheimer’s Disease and Related Disorders
Association (NINCDS-ADRDA). Brain imaging (computed to-
mography or MRI) showed cerebral atrophy and no evidence of
significant ischemic stroke, brain tumor, or hydrocephalus. No
evidence of bipolar disorder, Parkinson’s disease, multi-infarct
dementia, drug intoxication, thyroid disease, pernicious anemia,
luetic brain disease, chronic infections of the nervous system,
occult hydrocephalus, Huntington’s disease, Creutzfeldt-Jakob
disease, or brain tumors was present in any of the subjects stud-
ied. All subjects were of Caucasian descent.

Healthy population normal subjects (Bioserve). Serum samples were
collected from healthy subjects not currently diagnosed with a neu-
rological disease or cancer. No further selection criteria were used.

Premortem DAT subjects (Case Western). Serum samples were
collected between 1995 and 2001. Fifty subjects were used in this
analysis. At the time the serum samples were collected, 13 sub-
jects were diagnosed as having possible DAT, 36 as having prob-
able DAT, and 1 as “other.” The time interval from sample
collection to death ranged from 0.6 to 12.1 years, with a mean of
4.3 years. The pathological diagnosis was definite for Alzheimer’s
in all subjects. All subjects were of Caucasian descent.

Postmortem sample information (Sun Health). Samples of post-
mortem serum were obtained from individuals well characterized
clinically for cognitive function as part of the brain bank program
at the Sun Health Research Institute. The postmortem interval
was <4 h in all cases. All control subjects had a Consortium to
Establish a Registry for Alzheimer’s Disease (CERAD) score of 0.
All Alzheimer’s disease subjects had CERAD scores of C, definite
Alzheimer’s disease.

Japanese DAT subjects (Osaka). Plasma was collected from 80 sub-
jects diagnosed with probable DAT using NINCDS-ADRDA cri-
teria and 80 healthy age-matched normal subjects who were
confirmed to be free of cognitive impairment. All subjects were
of Japanese origin and were living in Japan at the time of clinical
evaluation and sample collection.

RESULTS

Effect of dementia severity on serum plasmalogen levels

The effect of dementia severity was determined using
324 subjects (176 female, 148 male) aged 56 to 95 years
comprising 68 cognitively confirmed nondemented subjects
and 256 subjects currently diagnosed as having probable

TABLE 4. Summary of clinical data

Mini Mental State

Age Gender Examination ADAS-cog

Cohort Mean SEM Male Female Number Mean SEM Mean SEM
Cognitively normal 77.2 0.8 32 36 68 29.4 0.1

DAT (All) 79.9 0.5 116 140 256

ADAS 5-19 (low) ' 79.3 0.8 40 38 78 17.4 0.5 15.2 0.4
ADAS 20-39 (moderate) R 79.1 0.7 58 54 112 16.7 0.4 27.3 0.5
ADAS 40-70 (severe) 82.1 1.0 18 48 66 4.7 0.6 56.2 1.2
Postmortem control (CERAD 0) 81.0 1.3 10 9 19

Postmortem DAT (CERAD C) 78.9 1.0 10 10 20

Population normals (50-59) 54.1 0.3 43 35 78

Population normals (60-69) 64.1 0.3 33 37 70

Population normals (70-95) 77.4 0.7 34 27 61

Osaka normals 70.3 0.8 50 )r30 80

Osaka DAT 72.2 0.9 51 29 80

Case Western CDR 1 72.6 2.1 12 1 13

Case Western CDR 2 73.7 1.8 6 8 14

Case Western CDR 3 76.9 2.1 11 12 23

Case Western CDR 1-3 74.9 1.2 29 21 50

ADAS-cog, Alzheimer’s Disease Assessment Scale — Cognitive Subscale.

2488 Journal of Lipid Research Volume 48, 2007

—257—

8002 ‘11 YoJep uo Kieigi saouaiog 8)1 Alisieaun exesQ (692 xog Od (NO) ngnxeb je 6o mmm woy pepeojumod



JOURNAL OF LIPID RESEARCH

b

DAT. Subjects were grouped into one of four dementia
severity cohorts: cognitively normal (CN; Mini Mental State
Examination score = 28) or low [Alzheimer’s Disease
Assessment Scale — Cognitive Subscale (ADAS-cog score
5-19)], moderate (ADAS-cog 20-39), or severe {ADAS-cog
40-70) cognitive impairment (Table 4). Mean serum levels
of eight PIsEtn and free docosahexaenoic acid (DHA; 22:6)
were determined for each group (Fig. 2). All eight PlsEtn
in all dementia subgroups were observed to be signifi-
cantly reduced relative to cognitive controls (24 pair-wise
comparisons, t-test Pvalues of 2.6 X 107210 2.0 X 10719
median = 3.0 X 107°). Free DHA was significantly de-
creased only in moderately and severely demented sub-
jects (P < 0.05).

To investigate whether the observed decrease in serum
PIsEtn was attributable to reduced peroxisomal function,
increased oxidative stress, or a generalized reduction in
phosphatidylglycerylethanolamine (PtdEtn) synthesis,
we measured and compared the serum levels of PtdEtn
16:0/18:0, PIsEtn 16:0/22:6, and plasmanylglyceryletha-
nolamine (PakEtn) 16:0/22:6, the immediate metabolic
precursor of PIsEtn 16:0/22:6. Because the sn-1 position of
PakEtn 16:0/22:6 is a simple ether bond and not a vinyl
ether bond, as is present in PlsEtn 16:0/22:6, it is not
susceptible to oxidative stress. It was observed that the
peroxisome-derived PlsEtn 16:0/22:6 and PakEtn 16:0/22:6
were both significantly and equally reduced in all stages of
dementia. Nonperoxisomal PtdEtn 16:0/18:0 was not af-
fected, even in severe dementia (Fig. 2C). These data strongly
suggested that the observed decrease in serum PlsEtn is
likely attributable to either a decreased peroxisomal syn-
thesis capacity or an upregulation of plasmalogen-selective
phospholipase Ay (PIsEtn-PLAj) (10, 11) and is less likely

to be the result of central nervous system (CNS)-mediated
oxidative degradation resulting from AB accumulation.

Linear extrapolation of disease progression and serum
plasmalogen depletion

The data in Fig. 2 further indicated that decreased
serum PlsEtn correlated with advancing dementia. To in-
vestigate this concept in detail, we performed a linear re-
gression analysis using the mean serum PlsEtn 16:0/22:6
level (normalized to CN) of each of the dementia cohorts
and the average ADAS-cog score for each of these three
cohorts (Fig. 3). A very high correlation was observed be-
tween the mean serum PIsEtn 16:0/22:6 level and the mean
ADAS-cog scores of the three dementia cohorts (r? = 0.99).
However, this linear decrease did not extrapolate back to
the CN group (Fig. 3, X vs. CN). Assuming a clinical DAT
progression of 7.5 ADAS-cog units per year, this extrapo-
lation predicted that PlsEtn 16:0/22:6 levels began to de-
cline at least 7 years before clinical cognitive impairment
(ADAS-cog 15) was evident. These data are consistent with
the recent findings of Amieva et al. (12), in which a 9 year
prodromal phase of DAT was observed.

The effect of chronological age on serum
DHA-plasmalogen levels

To investigate whether the linear regression model pre-
diction could be verified experimentally, we measured the
serum PIsEtn 16:0/22:6 levels in 209 healthy subjects aged
50-95 years of unknown cognitive status but not currently
diagnosed with dementia. These subjects were divided
into three groups according to age: 50-59, 60-69, and
70-95 years, and compared with the clinically diagnosed
DAT and CN cohorts. The results of this analysis revealed

A White Matter PisEtn B Gray Matter PisEtn c PtdEtn vs. PisEtn vs. PakEtn
1.10 1.10
1.00 1.00 1 . R
0.90 2 . 0.80 £ " § :
5 N
0.80 0.80 N 1 § :
Py N '3 \
0.70 0.70 1 .: ] §
0.60 0.60 N S [a. § § W
\ : 3
0.50 0.50 § : %
N: N
N: )
0.40 0.40 § : §
- Low Modersts  Severs oN Low Modersts  Severs oN Low  Moderate Severs
—0—10:0M8:1 - O~ 18:0/18:2 —0— 16:0/20:4 -~ 4+ 15:022:8 EPuiELn (16:0/18:0) SPisEmn (18:022:8)
= 18:018:1 - B- 18:018:2 :Q'x_;;:'m‘ - ®- 18:022¢ £ PekEtn (18:0022:6)

Fig. 2. Effects of dementia severity on serum PIsEtn levels. A: Monounsaturated and diunsaturated PlsEtn. B: Polyunsaturated PlsEtn and
free docosahexaenoic acid (DHA) (22:6). C: Effects of dementia severity on serum levels of phosphatidylglycerylethanolamine (PtdEtn),
PIsEtn, and plasmanylglycerylethanolamine (PakEtn). PIsEtn abbreviations read as follows: fatty acid carbons:double bonds, not including
the vinyl ether double bond; position on the glycerol backbone as shown as sn-1/sn-2. 22:6 represents free DHA. Values are normalized to
cognitively normal (CN) levels and expressed as means * SEM (n = 66-112). * P < 0.01, ** P < 0.001.
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Fig. 3. Linear regression analysis of disease severity [Alzheimer’s

Disease Assessment Scale — Cognitive Subscale (ADAS-cog)] and

serum PIsEtn 16:0/22:6 levels in 256 DAT subjects. X = predicted

initiation of PIsEm depletion. Values are expressed as means * SEM

(n = 66-112). Clinical progression assumes 7.5 ADAS-cog points
per year.

that the serum levels of PisEtn 16:0/22:6 in clinically diag-
nosed DAT subjects were significantly lower than those of
all three nondemented age groups. Although there was no
statistical difference between the PlsEtn 16:0/22:6 levels

CN DAT 5059 6063 7085

between the three age cohorts, the 60-69 year age group
had significantly lower levels than the CN group (Fig. 4A).
It was also observed that the percentage of subjects with
very low serum PIsEtn 16:0/22:6 (defined as <50% of CN
levels) in the 60-69 year cohort was more than double
that observed in either the age 50-59 year cohort or the
70-95 year cohort (Fig. 4B). Considering that the in-
cidence of dementia in the general population begins to
increase dramatically after the age of 70 years (1), these
data supported the linear extrapolation prediction that
serum PIsEtn begins to decrease before the onset of de-
mentia. These data further indicated that a decline in
serum PIsEtn 16:0/22:6 was not a general aging phenome-
non but that a significant subpopulation exhibited a dra-
matic decline between the ages of 50 and 69 years, whereas
a second subpopulation showed little decline with age.
To investigate the plausibility of this hypothesis, we first
assumed that subjects with low plasmalogen levels had a
significantly shorter life expectancy than subjects with nor-
mal levels. This assumption is supported by the high mor-
tality rate both in DAT (13) and in peroxisomal disorders,
in which plasmalogens are abnormally low (14). There-
fore, a mortality rate of 75% in 10 years was used. Our
second assumption was that the low PlsEtn subpopulation
is derived from the normal PIsEtn population. We then
applied these assumptions to a hypothetical starting popu-
lation of 1,000 subjects aged 50-59 years (Fig. 4C). An un-
anticipated result from this analysis was that for the age
70-95 year cohort to become enriched with normal PIsEtn

A T . B Experimental Data
I
: % of Subjects With Serum PIsEtn 16:0/22:6 Levels
] <50% of CN
3
3 3
2 : 40%
E, 17% 16%
9 é ms EESNAREEEES M SSEISEREARS 70-95 a8
g n=78 n=70 n=61
5 y C Model Data
w
% q K Total Subjects 1000 us ., 872 (262) 610
&
3 Normal PisEtns 307 (37%) 12%
ii Subjects with {70 . 349 > 98
Low PisEtns 12000 “’m
Decoasod Decease

d

Fig. 4. Proposed model of serum PIsEtn levels as a function of age. A: Serum PisEtn 16:0/22:6 levels in DAT, CN, and general popu-
lation subjects (by age decade). B: Experimental data indicating what percentage of average risk nondemented subjects have low
serum PIsEtn levels by age. C: Hypothetical model showing how an age-related transition from normat to low PIsEtn in combination with
a reduced survival benefit of low PIsEtn could explain the observed experimental data. Values are expressed as means * SEM (n = 61-256).

* P < 0.0001, ** P < 0.005 versus DAT.

2490  Journal of Lipid Research Volume 48, 2007

~259—

800Z ‘L1 YoJeW uo AlRigr S8duaS 8y A)ISIBAlUN BXESO (692 X0og Od (NO) nanxeb| je Bi0°J|[-mmm wosy papeojumoq



JOURNAL OF LIPID RESEARCH

b

relative to the 60—69 year population, the rate of transi-
tion from normal to low PIsEtn status must peak in the
55—65 year range and then decrease dramatically and al-
most stop after age 70 years. This is particularly interesting
in that advancing age at death has been shown to be neg-
atively correlated with plaque density in DAT (15).

Postmortem Alzheimer’s disease pathology and serum
DHA-plasmalogen levels

To determine the direct effect of Alzheimer’s disease
pathology status on serum plasmalogen levels, postmor-
tem serum was collected from subjects who were patho-
logically confirmed to have either Alzheimer’s disease
pathology (n = 20) or little to no Alzheimer’s disease
pathology (n = 19) (Table 4). The average postmortem
time interval was 2.8 h. Serum levels of PIsEtn 16:0/22:6
were observed to be significantly reduced in the postmor-
tem Alzheimer’s disease subjects (55% of control levels;
P= 4.7 X 107%) (Fig. 5).

Serum DHA-plasmalogen levels in clinically diagnosed
DAT subjects who were later confirmed to have DAT by
postmortem examination

Serum from 50 clinically diagnosed DAT subjects
[Clinical Dementia Rating (CDR) 1-3], who were later
confirmed to have DAT upon postmortem examination,
was analyzed to determine whether serum plasmalogens
were decreased in these subjects at the time of their diag-

1.20

1.10 I

-

Q

o
4

)
o
8

o
8

0.70 1

Serum PisEtn 16:0/22:6 (Ratio to CN
o
3

CERAD 0 CERAD C

Fig. 5. Serum levels of PIsEtn 16:0/22:6 at time of death in sub-
Jjects with confirmed amyloid deposits (CERAD C) versus age-matched
controls confirmed to have little or no amyloid pathology (CERAD 0).
Values are expressed as means * SEM (n = 19-20). * P < 0.005.
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nosis. Subjects were grouped into three cohorts according
to their CDR rating (Table 4). The time to death was sig-
nificantly shorter in the CDR 3.0 subjects versus the CDR
1.0 subjects (3.1 vs. 5.2 years; P = 4.7 X 1073) (Fig. 6A).
Each of three CDR groups had significantly decreased se-
rum levels of PlsEtn 16:0/22:6 relative to controls (Fig. 6B).
Overall, the serum levels of PlsEtn 16:0/22:6 in confirmed
DAT subjects were 47% of those of the normal subjects
(P = 3.1 X 107%). Serum levels of PlsEtn 16:0/22:6 were
significantly lower in CDR 3.0 subjects than in CDR
1.0 subjects (P = 7.5 X 10™%) (Fig. 6B).

Effect of ethnic or environmental differences on serum
DHA-plasmalogen levels in DAT

To determine whether geographical location, dietary
habits, or ethnicity affected serum plasmalogen levels in
DAT, plasma was collected from 80 probable Japanese DAT
subjects (NINCDS-ADRDA criteria) and 80 nondemented
Japanese subjects living in Japan. Serum PisEtn 16:0/22:6
levels were significantly reduced in the DAT subjects rela-
tive to the controls (Fig. 7).

DISCUSSION

It has been recognized that aging, Alzheimer’s disease,
and dementia are intricately linked; however, direct causal
relationships have yet to be established between them. The
prevalence of dementia and Alzheimer’s disease increases
with advancing age, but all elderly people do not exhibit
dementia or develop Alzheimer’s disease. Alzheimer’s dis-
ease neuropathologies do not develop in every elderly
person. For those who do develop Alzheimer’s disease
pathology, this does not guarantee the onset of dementia.
Dementia can arise from numerous neurological condi-
tions, but signs of dementia do not automatically develop
with advancing age. At this time, the only known causal
relationship in dementia is that decreased cognitive func-
tion is the result of decreased postsynaptic cholinergic
function. With this background in place, the following
sections each addresses a fundamental component of late-
onset dementia in relation to the data reported here and
the relevant literature.

Plasmalogens and CNS function

PisEwn play a number of roles in human health and dis-
ease [see Farooqui and Horrocks (16) and Nagan and
Zoeller (17) for reviews]. In the CNS, their primary func-
tion is structural. PIsEtn constitute >80 mol% of the
ethanolamine phospholipid pool in nonneuronal brain
membranes and >60 mol% in neurons and synaptosomes
(7). PIsEtn found in white matter contain predominantly
18:1, 20:1, and 22:4 fatty acids at the s»-2 position, whereas
in gray matter, 22:6, 20:4, and 22:4 are found in the highest
concentrations (18). These differences result in dramati-
cally different membrane structures. A high percentage of
monounsaturates at sn-2 results in very compact and stable
membrane conformations (19, 20), consistent with the
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