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Abstract
To explore the hypothesis that alterations in cellular membrane lipids are present at the stage of
preclinical Alzheimer’s disease (AD) (i.e., cognitively normal at death, but with AD
neuropathology), we performed targeted shotgun lipidomics of lipid extracts from postmortem
brains of subjects with preclinical AD. We found sulfatide levels were significantly lower in
subjects with preclinical AD compared to those without AD neuropathology. We also found that
the level of ethanolamine glycerophospholipid was marginally lower at this stage of AD, whereas
changes of the ceramide levels were undetectable with the available samples. These results
indicate that cellular membrane defects are present at the earliest stages of AD pathogenesis and
also suggest that sulfatide loss is among the earliest events of AD development, while alterations
in the levels of ethanolamine glycerophospholipid and ceramide occur relatively later in disease.
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Alzheimer’s disease (AD) is a progressive neurodegenerative disorder characterized
clinically by progressive cognitive impairment (Waldemar et al. 2007) and
neuropathologically by the appearance of extracellular amyloid-beta (Aβ), neuritic plaques,
and intraneuronal neurofibrillary tangles (Montine et al. 2012). The failures of several trials
of disease-modifying therapeutics, including several targeting the amyloid precursor protein
(APP) and its cleavage product Aβ, have highlighted our incomplete knowledge of both
cognitive impairment and the pathogenesis of AD (Mangialasche et al. 2010, Salomone et
al. 2012). Although the causes of sporadic AD are not known, there are profound
biochemical alterations in multiple pathways in the AD brain including membrane lipid
dysregulation and defects in synaptic neurotransmission in addition to the changes in Aβ
metabolism and tau phosphorylation. Recent pathological, biochemical, and genetic studies
have led to major insights into AD pathogenesis (Jones et al. 2010). Consistent with those
genetic studies, the occurrence of alterations in cellular membrane lipids has been found at
the earliest clinically recognizable stage of AD (Han 2005).
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Although general cellular membrane defects occur in advanced AD (Han 2005), our
lipidomics analysis has demonstrated the presence of subtle changes of sulfatide and
ceramide, as well as of deficiency in ethanolamine plasmalogen (a subclass of ethanolamine
glycerophospholipid (PE)) at the earliest clinically recognizable stage (i.e., MCI) of AD
(Han et al. 2001, Han et al. 2002). These changes are specific relative to other classes of
lipids (Han 2005) whereas depletion of sulfatides in AD is also specific relative to other
neurological complications (Cheng et al. 2003). The levels of these lipids are also changed
in plasma or cerebrospinal fluid of patients (Han et al. 2003b, Goodenowe et al. 2007, Han
et al. 2011).

Our mechanistic study has demonstrated that sulfatide metabolism is regulated through the
metabolism and trafficking of apolipoprotein E (apoE) in an isoform-dependent manner
(Han et al. 2003a), while apoE is the major genetic risk factor for AD (Holtzman et al.
2012). The depletion of sulfatides is tightly associated with Aβ pathology (Han 2010) and
may be linked to the white matter abnormality in AD (Bozzali et al. 2002, Yoshiura et al.
2006, Medina et al. 2006, Xie et al. 2006, Zhang et al. 2009) since sulfatide is exclusively
synthesized in oligodendrocytes, is largely present in myelin sheath, and plays an essential
role in myelin function in the CNS (Marcus et al. 2006, Takahashi & Suzuki 2012).

Deficiency in plasmalogen PE may affect synaptic function and structure, leading to
cholinergic system dysfunction in AD since synaptic vesicles are very enriched in
plasmalogen PE containing polyunsaturated fatty acids (i.e., over 60 mol% of plasmalogen
PE in total PE) as previously discussed (Han et al. 2001). A recent study has further showed
that plasmalogen may directly involve the processing of amyloid precursor protein
metabolism by directly affecting γ-secretase activity, thereby resulting in a vicious cycle: Aβ
reduces plasmalogen levels and reduced plasmalogen levels directly increase γ-secretase
activity leading to an even stronger production of Aβ peptides (Rothhaar et al. 2012).

Accumulating evidence indicates that AD neuropathologic changes are present in the brain
several years before the onset of clinical symptoms (Price et al. 2009, Montine et al. 2012).
In the presymptomatic stage of AD, biomarkers (CSF Aβ42 and pTau, and PET-amyloid
imaging) may indicate the presence of AD neuropathologic change (Fagan et al. 2006). We
hypothesized that alterations in sulfatide, plasmalogen PE, and ceramide, which are present
at the earliest clinically recognizable stage of AD, could also exist at the stage of preclinical
AD. In this study, we utilized multi-dimensional mass spectrometry-based shotgun
lipidomics (MDMS-SL) (Yang et al. 2009, Han et al. 2012) to test the hypothesis and
determine the mass levels of individual molecular species of these lipid classes with the
available subjects. We found significant reduction of the mass levels of sulfatide species in
subjects with preclinical AD, whereas plasmalogen PE and ceramide species were
marginally changed or not changed at the stage. These results indicate that cellular
membrane defects are present at the earliest stages of AD pathogenesis and that sulfatide
depletion occurs prior to the other lipid abnormalities.

MATERIALS AND METHODS
Participants and clinical assessments

The participants came from a sample of community dwelling volunteers enrolled in a
longitudinal study of healthy aging and AD conducted by the Washington University
Alzheimer’s Disease Research Center (ADRC), St Louis, Missouri. Participants in this
longitudinal study are 60 years or older and in good general health and have (other than AD)
no neurologic, psychiatric, or systemic medical illness that could contribute substantially to
dementia. All procedures were approved by the university’s Institutional Review Board
(IRB), and written informed consent was obtained from the participants and their informants
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or collateral sources for participation in the longitudinal study and consent for autopsy.
Briefly, at enrollment and annual follow-up, experienced clinicians determined the cognitive
status of participants using a clinical battery that included the Clinical Dementia Rating
(CDR) (Morris 1993).

Neuropathologic assessment
Brain tissue samples were obtained from the Knight ADRC Neuropathology Core,
Washington University in St. Louis. At autopsy, the left hemibrain was preserved in 10%
buffered formalin for neuropathologic assessment. The right cerebral hemisphere was sliced
coronally at 1 cm intervals and snap frozen by contact with liquid nitrogen vapor-cooled
Teflon-coated aluminum plates and stored in air-tight bags at −80°C until dissected.
Formalin-fixed tissue samples from 15 standard cortical and subcortical regions were
embedded in paraffin wax and sections cut at 7 μm as previously described (Cairns et al.
2010). Only brain tissue samples collected within the previous 5 years of the study were
used. The cases were assessed using established rating scales and neuropathologic
diagnostic criteria for AD (Braak & Braak 1991, Braak et al. 2006, Mirra et al. 1991, NIA-
Reagan Institute 1997, Montine et al. 2012). The cases used in this study excluded any case
with a clinical history of trauma or any neuropathologic evidence of chronic traumatic
enecphalopathy or traumatic brain injury. Also, no case had evidence of neuroinflammation
caused by any process other than the neurodegeneration of AD.

Preparation of lipid extracts from postmortem brain tissues
All brain samples (~ 1 g each) were dissected from superior frontal gyrus region and run
blinded. A protein assay on the homogenate of each tissue (~ 25 mg) from individual
dissected brain sample was performed with a bicinchoninic acid protein assay kit (Pierce,
Rockford, IL, USA) using bovine serum albumin as standard. Lipids were extracted from
individual homogenates after protein assay by a modified Bligh and Dyer technique (Cheng
et al. 2010b) in the presence of internal standards. A portion of each individual lipid extract
was treated with lithium methoxide and followed by being washed with hexane as
previously described (Jiang et al. 2007). The treated lipid samples were used for the analysis
of the sphingolipidome of each individual brain sample.

Control of neuronal cell population of samples
One of the concerns in lipidomic analysis of human brain samples is the consistency of the
neuronal cell population of individual samples. Our previous studies demonstrated that such
a consistency could be controlled through measurement of an ion intensity ratio of two PE
species at m/z 726.5 (18:1-18:1 plasmalogen PE) and 790.4 (18:0-22:6 PE) in the negative-
ion electrospray ionization mass spectra of brain PE species (Han et al. 2001). A ratio of not
greater than 0.12 as a criterion in the current study on gray matter samples was used. In case
of that a ratio of > 0.12 from any prepared sample was determined from the mass spectrum,
a new piece of tissue (~ 20 mg) from the dissected superior frontal gyrus sample was taken
and a lipid extraction was prepared again as described above. In addition, gray matter
classification generally also meets the following criteria: (1) the mass content of the
plasmalogen PE species at m/z 726 is lower than 3% of total PE content; and (2) the total
plasmalogen PE mass content is not higher than 45% of the total PE content.

Quantitative analyses of lipids
A triple-quadrupole mass spectrometer (Thermo Scientific TSQ Vantage, San Jose, CA,
USA) equipped with an automated nanospray apparatus (i.e., Nanomate HD, Advion
Bioscience Ltd., Ithaca, NY, USA) and Xcalibur system software were utilized in the study
as described (Yang et al. 2009). The individual molecular species corresponding to each of
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the ion peaks was identified using MDMS through building block analyses (Yang et al.
2009). Plasmalogen PE species were identified as previously described (Yang et al. 2007).
The identified species were quantified using a two-step approach as previously described
(Yang et al. 2009, Yang & Han 2011). Matrix-assisted laser desorption/ionization-time-of-
flight (MALDI-TOF) MS analysis of sulfatide species was performed by using a Bruker
Microflex LRF mass analyzer (Bruker Daltonics Inc., Billerica, MA, USA) with 9-AA as
matrix as described previously (Cheng et al. 2010a).

Statistical analysis
Quantitative data were normalized to protein content to minimize the effects of neuron and
synapse loss upon quantitative analyses of phospholipids and were presented as the means ±
SD. Differences between mean values were determined by a Mann Whitney test, where *p <
0.05 and **p < 0.01 compared to controls.

RESULTS
MALDI-TOF/MS analyses of lipid extracts from those with intermediate or high likelihood
AD changes (Braak tangle stage > II) showed significant reduction of sulfatide levels in
comparison to those who were with no or low likelihood AD changes (Braak tangle stage ≤
II) (Fig. 1). These results were further confirmed by MDMS-SL (Jiang et al. 2007).
Specifically, the total sulfatide levels decreased from 6.79 ± 1.68 nmol/mg protein in
controls to 4.39 ± 1.26 nmol/mg protein in those with preclinical AD (a reduction of 35%, p
< 0.01) (Fig. 1a); the levels of the predominant sulfatide species (i.e., N-(OH)24:0 sulfatide,
the ion at m/z 906.7) reduced from 1.19 ± 0.19 nmol/mg protein in controls to 0.71 ± 0.21
nmol/mg protein with preclinical AD (a reduction of 40%, p < 0.005) (Fig. 1c). The levels of
other sulfatide species were also lower to a certain degree in samples of preclinical AD
subjects (Fig. 1). To further determine the relationship of the sulfatide levels with Braak
tangle stages, a linear regression analysis was performed. We found that sulfatide mass
levels were correlated very well with Braak tangle stages with a correlation coefficient of
−0.8286.

MS analysis of sulfatide profiles present in superior frontal gyrus revealed two obvious
differences in comparison to those of middle frontal gyrus, which are previously analyzed
(Han et al. 2002). First, the sulfatide species containing hydroxy fatty amide chain (e.g., the
ion clusters at m/z 906.67 and 932.68) were more abundant in the superior frontal gyrus
samples compared to those from the middle frontal gyrus as reported previously (Han et al.
2002). Second, the levels of sulfatides in the superior frontal lobe region (Fig. 1a) were
much lower than those in the middle frontal region (Han et al. 2002) (i.e., 6.79 ± 1.68 vs.
39.2 ± 10.4 nmol/mg protein), which was consistent with the greater abundance of axons in
the latter.

PE and ceramide were not significantly changed with preclinical AD
In contrast to the reduction in the levels of sulfatide species in subjects with preclinical AD,
we only detected the levels of three PE species reduced significantly by MDMS-SL,
including 18:1-18:1 plasmalogen PE (p = 0.041), and 18:0-22:5 and 18:0-22:6 diacyl PE (p
= 0.018 and 0.020, respectively). Nevertheless, there was a tendency towards reduced levels
of the entire PE class in subjects with preclinical AD (p = 0.059) (Fig. 2a), largely
contributed from the plasmalogen PE species.

Our previous study demonstrated that the ceramide mass levels of subjects at the earliest
clinically recognizable stages of AD (MCI) were at the highest in comparison to other stages
(Han et al. 2002). We predicted that the mass levels of ceramides could even be higher at the
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preclinical AD stage than the MCI stage of AD. In contrast, MDMS-SL analysis of ceramide
species did not detect the level of any ceramide species in the brain region from the subjects
with preclinical AD as higher than that of controls (p = 0.755) (Fig. 2b).

To further confirm the specificity of sulfatide deficiency relative to other lipid classes as
previously observed (Han et al. 2002, Han 2005), we also determined the levels of other
lipid classes including cholesterol, sphingomyelin, cerebroside, and phosphatidylcholine.
We did not find any significant differences of the mass levels of these lipid classes between
the groups.

DISCUSSION
To explore the hypothesis that alterations in lipid content in neural cellular membranes and
signaling might occur as one of the earliest events in AD pathogenesis, we performed a
targeted determination of the mass levels of sulfatide, plasmalogen PE, and ceramide species
in postmortem gray matter of superior frontal gyrus from subjects with preclinical AD since
we have previously revealed that the mass levels of these lipid classes were substantially and
specifically altered at the earliest clinically-recognizable stages of AD (Han et al. 2001, Han
et al. 2002). We found that sulfatide mass levels were significantly lower in subjects with
preclinical AD compared to controls. We also found that the mass levels of PE tended to be
lower at this stage of AD while changes of the ceramide levels were undetectable with this
size of samples. This study is significant in two respects: (1) significant brain cellular
membrane changes occur in cognitively normal individuals with AD neuropathology, and
(2) sulfatide depletion occurs earlier than the changes in plasmalogen PE and ceramide.

Our previous mechanistic studies have not found any significant dysregulation of sulfatide
biosynthesis and degradation in AD subjects, but have identified the tight association of
sulfatide metabolism with apoE metabolism depending on the expression levels, turnover
rates, and isoforms of apoE (Han et al. 2002, Han et al. 2003a, Han 2007, Cheng et al.
2010b, Kiebish et al. 2012). Thus, we performed some targeted studies on apoE metabolism
in the current study. We attempted to determine the relationship of the apoE isoforms with
sulfatide changes and found the correlation was insignificant, possibly due to the small
number of samples. We also determined the levels of apoE in the brain samples by Western
blot analysis but could not detect significant difference between the groups. Unfortunately, it
is not feasible to perform apoE turnover studies with postmortem brain samples.
Collectively, the efforts to identify mechanisms leading to sulfatide loss at the preclinical
AD stage were inconclusive. However, enhanced apoE metabolism and Aβ clearance during
the development of AD neuropathology is a likely early mechanism we previously proposed
(Han 2010).

In summary, we performed a targeted lipidomics analysis of clinically and
neuropathologically well-characterized brain tissue from cognitively normal participants
with or without AD neuropathology and found that sulfatide levels were significantly lower
in those with AD neuropathology. The results provide strong evidence that membrane
defects are an early event in AD pathogenesis and that sulfatide may play an important role.
Theses data indicate that sulfatide may be a potential biomarker of disease and a potential
target for therapeutic intervention.
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Figure 1.
Significant depletion of sulfatide in preclinical AD. The boxplots illustrate the levels of total
sulfatide (A), N-24:0 sulfatide (B), and N-(OH)24:0 sulfatide (C), which are significantly
lower in preclinical AD (Braak tangle > II, n = 6) compared to the controls (Braak tangle >
II, n = 8). The levels of individual sulfatide species in lipid extract of brain samples were
determined by MALDI-TOF/MS and presented after normalization to the protein content of
each tissue sample.
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Figure 2.
Comparison of total ethanolamine glycerophospholipid and ceramide content in brain
samples of subjects between controls and those at preclinical AD. The total levels of PE
(Panel A) or ceramide (Panel B) in brain samples of subjects of controls or at preclinical AD
were determined by MDMS-SL. The levels were normalized to the protein content of each
tissue sample and are individually presented. Each bar represents the mean value of the
levels of the group.
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Table 1

Clinical and demographic characteristics of subjects

Characteristics Control Preclinical AD

Clinical dementia rating 0 0

Cases (Sex) 8 (2 M, 6 F) 6 (2 M, 4 F)

Age at death (mean ± SD (range) (years)) 90.5 ± 3.9 (85 - 96) 89.7 ± 8.2 (78 - 104)

Post-mortem interval (mean ± SD (range) (hours)) 11.6 ± 5.1 (6 - 20) 11.2 ± 2.7 (7 - 15)

AD neuropathologic changes*
No AD (5), low likelihood
AD (3)

Intermediate (5), high
likelihood AD (1)

Neurofibrillary tangle stage**
2 (0; 1 M, 1 F), 2 (I; 1 M, 1
F), 4 (II; 4 F)

3 (III; 1 M, 2 F), 1 (IV; 1
F), 2 (V; 1 M, 1 F)

Ab plaque stage**
5 (0; 2 M, 3 F), 2 (A; 2 F), 1
(C; 1 F) 3 (B; 3 F), 3 (C; 2 M, 1 F)

*
Note: Criteria for the neuropathologic diagnosis of AD (low, intermediate, and high) (NIA-Reagan Institute 1997)

**
Neuropathologic staging of AD lesions: Braak neurofibrillary tangle stages: 0, I to VI and Aβ plaque stages: 0, A to C (Braak et al. 2006).
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