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Background: Plasmalogens, which are key structural phospholipids in brain membranes, are decreased in the brain and serum of pa-
tients with Alzheimer disease (AD). We performed this pilot study to evaluate the relation between the levels of circulating plasmalogens
and Alzheimer Disease Assessment Scale—Cognitive (ADAS-Cog) scores in patients with AD. Methods: We evaluated participants’
ADAS-Cog scores and serum plasmalogen levels. For the 40 included AD patients with an ADAS-Cog score between 20 and 46, we
retested their ADAS-Cog score 1 year later. The levels of docosahexaenoic acid plasmalogen were measured by use of liquid
chromatography—-tandem mass spectrometry. Results: We found that the ADAS-Cog score increased significantly in AD patients with
circulating plasmalogen levels that were < 75% of that of age-matched controls at entry into the study. There was no change in score
among participants with normal serum plasmalogen levels at baseline (> 75%). Limitations: This was a pilot study with 40 patients, and
the results require validation in a larger population. Conclusion: Our study demonstrates that decreased levels of plasmalogen precur-
sors in the central nervous system correlate with functional decline (as measured by ADAS-Cog scores) in AD patients. The use of both
ADAS-Cog and serum plasmalogen data may be a more accurate way of predicting cognitive decline in AD patients, and may be used to

decrease the risk of including patients with no cognitive decline in the placebo arm of a drug trial.

Introduction

Decreases in brain ethanolamine plasmalogens,'” one of the
earliest biochemical changes detected in Alzheimer disease
(AD), are specific to brain regions with AD pathology.”
These changes are disease specific; they are not present in
Parkinson substantia nigra or Huntington caudate.” Observa-
tions in transgenic mouse models of plasmalogen deficiency™
are characterized by a number of pathological features ex-
pressed in AD,** including astrogliosis, microgliosis and de-
myelination. These data suggest that a decrease in the level of
plasmalogen in the central nervous system (CNS) could be a
focal point that leads to a number of the reported neuro-
pathological features of AD.

Plasmalogens and plasmalogen precursors are supplied to
the brain by the liver, bound to transport proteins.” In the hu-
man CNS, ethanolamine plasmalogens constitute 30 mol% of

total phospholipids and 90 mol% of ethanolamine glyc-
erophospholipids in neuronal cell membranes.! Decreases in
these critical structural phospholipids, and the associated in-
creases in membrane cholesterol, result in reduced membrane
fluidity,® ion channel function,” membrane-bound enzyme ac-
tivity,*" diffusion of signal-transduction molecules, such as
nitric oxide,” and vesicular fusion.” The decreased neurotrans-
mitter release associated with abnormal membrane phospho-
lipid content can be corrected in aged rats with a diet enriched
in docosahexaenoic acid (DHA) phospholipids.” Both basal
and KCl-stimulated acetylcholine release were augmented in
the hippocampus of these DHA-treated aged rats.™
Plasmalogens are key regulators of cholesterol dynamics.
Plasmalogen-deficient cells,” transgenic mouse models of
plasmalogen deficiency,** Alzheimer brain membranes'* and
tissues from patients with peroxisomal disorders (i.e., de-
creased plasmalogen synthesis)’ show elevated levels of
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membrane cholesterol and/or decreased amounts of mem-
brane cholesterol esters. We previously reported that circulat-
ing levels of ethanolamine plasmalogens are decreased in pa-
tients with AD."” To determine if these decreases predict a
functional decline in AD patients, we monitored changes in
patients” scores on the Alzheimer Disease Assessment
Scale-Cognitive (ADAS-Cog) instrument® in 40 patients
1 year after their initial evaluation.

Methods
Participants

We recruited study participants by use of newspaper adver-
tisements. We excluded people with potential neuropsychi-
atric disease. We included white people with probable AD
(diagnosed based on criteria from the National Institute of
Neurological and Communicative Diseases and Stroke
—Alzheimer’s Disease and Related Disorders Association
[NINCDS-ADRDAY]). Brain imaging (computed tomography
or magnetic resonance imaging) demonstrated cerebral atro-
phy and no evidence of ischemic stroke, brain tumours or hy-
drocephalus. We found no evidence of bipolar disorder,
Parkinson disease, multi-infarct dementia, drug intoxication,
thyroid disease, pernicious anemia, luetic brain disease,
chronic infections of the nervous system, occult hydro-
cephalus, Huntington disease, Creutzfeldt-Jakob disease or
brain tumours in any of the participants. We enrolled 40 peo-
ple with AD with entry ADAS-Cog scores between 20 and 46
(Table 1).

As age-matched controls, we included white people whose
cognitive status was normal and who had no family history

Table 1: Demographic characteristics of participants with Alzheimer
disease (n = 40), grouped based on their initial serum plasmalogen
levels relative to those of healthy controls (n = 66)

PlsEtn level Sex Age,yr ApoE | PIsEtnlevel Sex Age,yr ApoE

<25% F 89 E3/4 F 89 E4/4
M 89 E2/3 F 81 E3/4
M 81 E3/4 F 80 E3/3
M 72 E3/4 51%—75% M 78 E4/4
F 80 E3/4 F 82 E3/4

26%—-50% F 82 E3/4 F 86 E3/4
F 78 E2/3 M 89 E3/3
F 92 E2/3 M 89 E4/4
F 91 E3/4 M 74 E3/3
F 82 E2/3 M 78 E3/4
F 83 E3/4 M 95 E3/3
F 85 E2/3 F 81 E3/4
F 74 E3/4 M 80 E4/4
M 7 E4/4 F 71 E4/4
F 84 E3/4 M 92 E3/3
M 80 E2/3 >75% M 81 E4/4
F 81 E4/4 M 90 E3/4
F 88 E3/4 F 83 E3/3
F 82 E3/4 F 68 E4/4
M 89 E3/3 F 87 E2/3

ApoE = apolipoprotein; F = female; M = male; PIsEtn = ethanolamine plasmalogen.

of AD and a Mini Mental State examination" score greater
than 28. We included 66 controls (40 women and 26 men)
with a mean age of 77 (standard deviation [SD] 6, range
67-89) years.

The protocol received ethics approval (Western internal re-
view board), and all participants or caregivers signed in-
formed consent forms for blood sample collection, cognitive
testing and medical evaluation.

Plasmalogen measurements

Blood samples were collected from all participants by Preci-
sion Medica (San Diego, California). Serum ethanolamine
plasmalogen levels were measured by liquid chromatography—
mass spectrometry, as reported previously.”

Data analysis

We analyzed the data using paired ¢ tests (one-tail) with
p < 0.05 used for significance.

Results

The rate of cognitive decline over 12 months in 40 partici-
pants with AD was determined by use of the ADAS-Cog in-
strument. Overall, participants experienced a significant de-
cline in cognition (increased ADAS-Cog from 30.4 [SD 7.4] to
44.6 [SD 16.7]).

To determine if there was a relation between serum
ethanolamine plasmalogen levels and the rate of cognitive
decline, the level of ethanolamine plasmalogens was com-
pared among AD patients and controls (Table 1). The pa-
tients with AD were grouped based on the degree of deple-
tion of ethanolamine plasmalogens relative to controls:
normal (> 75% of control), mild depletion (50%—75% of con-
trol), moderate depletion (25%-50% of control) or severe de-
pletion (< 25% of control).

We found no cognitive decline among AD participants
with normal plasmalogen levels (Fig. 1). Participants with
mild, moderate or severe ethanolamine plasmalogen deple-
tion had significant cognitive decline (Fig. 1). There was no
correlation between apolipoprotein genotype and circulating
plasmalogen levels.

Discussion

It has been established that DHA"* and DHA-containing
ethanolamine plasmalogens'*" are decreased in the serum
and brains of AD patients. These decreases in key structural
phospholipids result in many detrimental effects on neuronal
function®" that presumably underlie the cognitive decline in
AD patients. Although the specificity of the decrease in corti-
cal plasmalogens in AD has been shown,” we continue to ex-
plore the specificity of the decrease in circulating plasmalogen
levels noted in AD patients.

The current gold standard for monitoring cognitive decline
in AD patients is the ADAS-Cog instrument.” The expected
1-year increase in ADAS-Cog score for an AD patient with a
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baseline score of 25-35 would be 10-15 units,*? which was
observed in this study. All patients with this level of cogni-
tive decline had serum plasmalogen levels less than 75% of
the average for age-matched controls. These data suggest
that, as we move ahead in the evaluation of dosing with plas-
malogen precursors in AD patients, the focus should be on
AD patients with this biochemical deficit. Those patients with
no decrease in serum plasmalogens may be a different dis-
ease subset with another cause.

These data also suggest that replacing deficient plasmalo-
gen precursors in the serum may restore brain plasmalogens
and improve neuronal and, hence, cognitive function in AD
patients. The advantages of augmenting brain plasmalogen
levels, in addition to normalizing neuronal membrane func-
tion, potentially include augmentation of cholinergic neuro-
transmission and normalization of myelin dysfunction. De-
creased myelin volumes in the brain of AD patients are more
consistent than atrophy of the substantia innominata (nu-
cleus basalis)® and extend even to the optic nerve, which is
also enriched in DHA-containing plasmalogens.*

The structural alterations in the brains of AD patients, as a
result of decreased membrane plasmalogens, increased mem-
brane cholesterol and hypomyelination, probably underlie
the decline in cognitive function in this complex disease.
Restoring normal neuronal membranes and brain connectiv-
ity should offer a potential disease-modifying therapy for
AD. In this regard, DHA ethyl ester has been shown to im-
prove myelination and cognition in some patients with per-
oxisomal disorders,” and liver transplants have been re-
ported to improve myelination and cognition in patients with
viral hepatitis.* Liver transplant corrects many metabolic im-
balances and leads to normalization of the liver’s ability to
supply plasmalogen precursors to the brain.

The synthesis of plasmalogens is critically dependent on
peroxisomes to generate 1-alkyl-glyceryl ether lipid precur-
sors; however, peroxisomal function decreases during aging.”
To bypass this potentially rate-limiting step, investigators

have shown that 1-alkyl-glyceryl ether lipid precursors (Fig. 2)
can be processed by the endoplasmic reticulum of rodents
and humans to generate tissue plasmalogens.”* We are
currently developing a more stable and bioavailable alkyl-
glyceryl ether lipid analog for evaluation in AD. Monitoring
serum plasmalogens will provide initial indices of the phar-
macokinetic and pharmacodynamic efficacy of this approach
and the ADAS-Cog will provide evidence of clinical efficacy.

Limitations

This was a pilot study with 40 AD patients, and the results
require validation in a larger population.

Conclusion

The data from these studies allow for 2 conclusions that re-
quire validation in a larger population. First, AD patients

Peroxisome Endoplasmic reticulum
DHAP 1-Alkyl-2-acyl-G-3-P
1-Acyl-DHAP 1-Alkyl-2-acyl-glycerol
1-Alkyl-DHAP 1-Alkyl-2-acyl-GPE
(plasmanyl)
1-Alkyl-G-3-P
1-Alkenyl-2-acyl-GPE
(plasmenyl)

Fig. 2: Plasmalogen biosynthesis and the point of entry of 1-alkyl-2-
acyl-glycerol ethers (underlined) into the pathway. DHAP = dihy-
droxyacetone phosphate; G = glycerol; GPE = glycerylphospho-
ethanolamine; P = phosphate.
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Fig. 1: Box plots of the progression of Alzheimer Disease Assessment Scale—Cognitive (ADAS-Cog) scores over a 1-year period among 40 pa-
tients with Alzheimer disease. Patients were grouped based on their initial serum plasmalogen level (month 0) relative to that of age-matched
controls (> 75%, < 25%, 26%—50% or 51%—75%). The boxes represent the 25th and 75th percentiles, and the bars represent the 10th and 90th
percentiles. Serum plasmalogen levels are given in brackets; control serum plasmalogen levels were 1.0, standard deviation 0.45 (n = 66). The
1-year change in ADAS-Cog scores (mean [SD]) are included in the boxes. SD = standard deviation.
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with ADAS-cog scores in the 25-35 range, as recruited in
most drug studies, and serum plasmalogen levels less than
75% of the level of controls reliably progress into cognitive
decline. This biochemical parameter may be used to reduce
the risk of including in clinical trials participants whose cog-
nitive function is unlikely to deteriorate, making the results
from trials of AD drugs much more reliable. Second, the re-
supply of plasmalogen precursors to AD patients has the po-
tential to correct a major structural defect in AD brain mem-
branes. This may have positive effects on other aspects of AD
pathology and function.
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