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Abstract

Background: Altered plasma levels of sphingolipids, including sphingomyelins (SM), have been
found in mouse models of Alzheimer’s disease (AD) and in AD patient plasma samples.

Objective: This study assesses fourteen plasma SM species in a late-onset AD (LOAD) patient
cohort (n=138).

Methods: Specimens from control, preclinical, and symptomatic subjects were analyzed using
targeted mass-spectrometry-based metabolomic methods.

Results: Total plasma SM levels were not significantly affected by age or cognitive status.
However, one metabolite that has been elevated in manifest AD in several recent studies, SM
OHC14:1, was reduced significantly in pre-clinical AD and MCI relative to normal controls.

Conclusion: We recommend additional comprehensive plasma lipidomics in experimental and
clinical biospecimens related to LOAD that might advance the utility of plasma sphingomyelin
levels in molecular phenotyping and interpretations of pathobiological mechanisms.
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SUPPLEMENTARY MATERIAL
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INTRODUCTION

Alzheimer’s disease (AD) is the most common cause of dementia [1], affecting over

5 million Americans each year. To date there are no marketed and validated disease
modifying therapies, and the basic science community still strives to clarify the pathogenic
mechanism(s) of AD. A class of phospholipids, sphingolipids, has been identified as
dysregulated in several metabolomic studies and implicated as biologically relevant in AD.
Sphingolipids are highly enriched in the central nervous system (CNS), in both grey and
white matter [2, 3]. Sphingomyelins are a sphingolipid that contains a phosphocholine
group that is catalytically exchanged with hydrogen to produce ceramides (Cers) by
sphingomelinases (SMases) (Supplementary Figure 1). Elevation of Cers in AD in plasma
[4-7], serum [8, 9], and brain [10-13] is relatively well-established, and has been associated
with apoptotic cell death. However, findings on alterations in SMs between phenotypic
controls and AD subjects have been much less consistent (Supplementary Table 1). SM
levels fluctuate with age, and several reports have found that the effect of SM levels on
AD risk may differ by sex and, apolipoprotein E (APOE) genotype [6, 14, 15]. Treatment
of AD mouse models with intraperitoneal injection of liposomes containing cholesterol
and sphingomyelins (SMs) [16] has been shown to reduce plaque pathology and delay
the onset of cognitive impairment. These studies have motivated the investigation of lipid
based dietary interventions, such as the LipiDiDiet [17] for prevention of AD. A number
of metabolomic investigations have identified systemic lipid dysregulation in AD patients
during the preclinical stages of disease [18].

In this study, we attempted to clarify whether plasma SM levels are altered pre-clinically
or after manifest AD symptoms develop in a LOAD cohort. We investigated SM chain
lengths varying from C14 to C26, including saturated and unsaturated, hydroxyllated and
non-hydroxylated species. Our study cohort included both male (54) and female (87)
subjects, allowing us to investigate whether there was sex-specific enrichment of SMs

in control, pre-clinical, or manifest AD groups. We further investigated whether APOE
genotype has an impact on plasma SM levels in our cohorts.

MATERIALS AND METHODS

Participants

Our study subjects represent a subset cohort selected from a larger observational study
group; the Rochester/Orange County Aging Study (R/OCAS) [19, 20]. This cohort features
otherwise healthy, community-dwelling seniors followed yearly for signs of transition to
clinical stages of LOAD. Study protocols and informed consent documents were reviewed
and approved by institutional review boards (IRBs) at the participating institutions, including
the University of Rochester (UR), the University of California Irvine (UCI), Georgetown
University (GU), the National Institute of Neurology and Neurosurgery in Mexico City
(INNN), and the University of California at Los Angeles (UCLA). Written informed
consent was obtained from all participating subjects according to the Declaration of
Helsinki. All study participants underwent neuropsychological testing and blood draws
per respective protocols. All study participants had agreed that their de-identified clinical
information and specimens could be involved in future investigations, including analyses
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of neuropsychological information, blood specimens (including genetic testing and other
analyses), and other clinically relevant information. All blood specimens were de-identified
at the original study sites, and the bio-marker and metabolomic teams associated with this
study were blinded as to individual subject identities.

The demographic and clinical characteristics of our study cohort are presented in Table

1. Nearly two thirds of participants were female. Patients for whom age, gender, or

mild cognitive impairment (MCI)/AD diagnosis was not available were excluded from
analysis. Demographic information including age, education level, and Mini-Mental State
Examination (MMSE) is available for all participants, with MMSE values declining in
the symptomatic clinical stages (MCI/AD). In the initial study design, subjects in each
group (NC, Converterpre (Cpre), and MCI/LOAD) were matched for education, age, and
gender. MCI and AD groups were subsequently analyzed separately; ANOVA revealed no
significant differences between these groups in education, age, or gender.

In this investigation 138 subjects from the R/OCAS cohort were phenotypically divided into
three groups via longitudinal neuropsychological examinations using previously reported
cognitive measures [20]. Subject groups were as follows: normal controls (NC), n= 67;
Cpre, 7= 28; and amnestic MCI (aMCI)/AD, n= 43 (including MCI, n=12, AD, n=31)

a total of 138 subject specimens for analysis. Detailed cognitive assessments in this cohort
in each of these groups are previously published, including composite scores for attention,
executive function, language, visuoperceptual function, and memory [20]. The primary
assessment of memory used was the Rey Auditory Visual Learning Test. The test was

used to generate three sub-scores: learning, retrieval, and retention. These three scores were
converted to an empirical Z-score by subtracting the sample mean and dividing by sample
standard deviation. The three Z-scores were then averaged to obtain a composite memory
Zmem Score. The Zmem score was adjusted for age, gender, education, and visit using linear
generalized estimating equation models, using a homoscedastic working independence
covariance matrix. The aMCI/AD group was defined to be those whose adjusted Zmem
score on the last available visit was at least 1 interquartile range (IQR) below the median.
The participants with aMCI and mild AD were combined into a single group (aMCI/AD)
because aMCl is thought to reflect the earliest clinically detectable stage of AD [21].
Converters were defined as the subgroup of aMCI/AD patients whose Zyem Score at baseline
was no more than 1 IQR below the median. The NC group was defined as participants
whose first and last visits both had central scores.

Genetic testing

Members of the R/IOCAS cohort provided coded, de-identified blood specimens from which
leuko-cyte DNA was extracted using a QlAamp DNA Mini Kit and a QlAcube (Qiagen, Inc,
Valencia, CA, USA). From the extracted DNA, APOE genotypes were determined with a
TagMan® SNP Genotyping Assay using manufacturer’s protocol (Applied Biosystems, Inc.,
Warrington, Cheshire, UK), as previously described [22-24].
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Metabolomic analyses

All blood specimens from the RFOCAS were collected according to protocol and shipped to
the GU Biomarker Laboratory and Biorepository for processing and storage as previously
reported [20]. All quantitative targeted metabolomic analyses were carried out at the

GU Metabolomics Shared Resource Facility by one of our collaborators using described
methods [20]. Lipids were extracted by mixing 25 uL of plasma with 175 pL of extraction
buffer (25% acetonitrile in 40% methanol and 35% water) containing internal standards:
debrisoquine, 4-nitrobenzoic acid, ceramide, and LPA. Samples were incubated on ice for
10 min and centrifuged at 14,000 rpm at 4°C for 20 min. Supernatant was transferred

to a fresh tube, dried under vacuum, and reconstituted in buffer containing 5% methanol,
1% acetonitrile, and 94% water. The samples were centrifuged at 13,000 rpm 4°C for 20
min, and supernatant was transferred to a glass vial. Targeted metabolomic measures were
accomplished on a triple quadrupole mass spectrometer (Xevo TQ-S, Waters Corp., Milford,
MA, USA) coupled with an Acquity ultraperformance liquid chromatography (UPLC)
system (Waters Corp., Milford, MA, USA) operating in multiple-reaction-monitoring
(MRM) mode. This approach is based on electrospray ionization liquid chromatography—
mass spectrometry (ESI-LC-MS/MS), with tandem MS (MS/MS) measurements using

the Biocrates Absolute-/DQ™ P180 (BIOCRATES Life Sciences AG, Innsbruck, Austria)
kit. This validated targeted assay [24] utilizes MRM for simultaneous detection and
quantification of 144 lipid species, using small plasma volumes in a high-throughput (96-
well plate) format. For the calculation of metabolite concentrations, internal standards serve
as a reference. Levels of several phospholipid species from this MS analysis, including
phosphatidlycholines and lyso-phosphatidylcholines, have previously been published and
validated as a panel of predictive biomarkers for LOAD [19, 20]. In this study due to high
interest and promising literature in the field we specifically examined SM species. Fourteen
distinct SM species were quantified: SM (OH) C14:1; SM (OH) C16:1; SM (OH) C22:1;
SM (OH) C22:2; SM (OH) C24:1; SM C16:0; SM C16:1; SM C18:0; SM C18:1; SM
C20:2; SM C24:0; SM C24:1; SM C26:0; and SM C26:1, for each of our study participants.
Quantitative levels of SM species determined to be above the level of detection (LOD) and
are defined in micromolar (UMol/L) units.

Data analysis

Plasma lipids concentrations were quantified in units of uMol/L, and statistical analyses
were performed using STATA Data Analysis and Statistical Software and IBM SPSS.

Total SM analysis

Values for total SM were calculated by adding the sum of all SM species measured. Shapiro-
Wilk test was performed to confirm that total SM values for all subjects were normally
distributed. ANOVA analysis stratified by group (NC, Cpre, MCI/AD) was performed, with
covariates of age and gender. Significance of the overall ANOVA model was determined

by a value of p< 0.05. If significance was reached, we then analyzed the variables in the
ANOVA model and report which two variables were significantly different with a separate p
value.
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Gender analysis

A statistically significant effect for gender was observed in total SMs, therefore plasma
levels of each individual sphingomyelin species were compared between male and female
subjects in each group. Two-tailed student’s 7-tests were performed, and significance was
determined using Bonferroni correction for multiple comparisons.

Analysis of SMs with age

Total SMs were plotted by age in all patients and in male and female patients separately.
Linear regression was performed to determine whether there was a significant trend with age
and a significant difference in trend between males and females.

Analysis of hydroxylated and individual SM species

Total SM was divided into hydroxylated (OH) and unhydroxylated (no-OH) species.
ANOVA was performed to analyze whether group impacts levels of OH or no-OH species.
The ratio of all OH/no-OH species was also calculated from these subgroups and analyzed
by ANOVA. As an exploratory sub-analysis to guide future studies, abundance of each of the
fourteen individual SM species measured was analyzed by group stratified ANOVA. Linear
modeling corrected for age and gender was used for pairwise comparisons to examine the
differences between groups for individual SM species.

APOE SM analysis

Subjects who carried at least one copy of APOEZ (2/2 or 2/3) or APOE4 (4/4 or 3/4) were
grouped into APOEZ or APOE4 categories respectively. APOE3 represents patients with
APOE 3/3, and APOE 2/4 patients were excluded from analysis. Total SMs for APOEZ,
APOES3, and APOE4 subjects was analyzed by ANOVA.

RESULTS

Plasma SM concentrations for each group are summarized in Table 2. The sum of all SM
species was normally distributed and passed the Shapiro-Wilk test for normality (W = 0.986)
(Supplementary Figure 2). ANOVA was used to determine whether plasma levels of all

SM species measured differed between groups. After adjusting for age and gender effects,
ANCOVA revealed no significant effect of group on total SM levels (Fig. 1A). ANCOVA
analysis of each gender separately also revealed no significant effect of group on total SM
levels (Fig. 1B). When SM species were divided into subgroups of OH and no-OH species,
ACNOVA adjusted for age and gender revealed no significant differences between group in
OH species, No-OH species, or the OH/no-OH ratio (Table 2).

SM levels were significantly higher in females than in males in eleven out of the fourteen
species measured (Table 3) and were higher in females than in males in each group (Fig.
1B). Linear regression revealed no significant trend in total SM levels with age in males,
females, or all subjects combined, and no significant difference in trend with age between
males and females (Fig. 1C-E).
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1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fote et al.

Page 6

We performed exploratory analysis to investigate differences in any of the fourteen
individual SM species that were measured. This included SM acyl chains ranging from

14 to 26 carbons long, with four saturated and ten unsaturated species with up to two
double bonds. After correcting for age and gender, SM OHC14:1 is significantly altered (p
= 0.02) when groups are analyzed with MCI and AD groups combined (Fig. 2). Pairwise
comparison revealed that this difference is explained by the significant decrease in Cppe (0=
0.005) relative to control. When MCI and AD groups were separated, ANCOVA revealed a
marginally significant group effect (o = 0.055), and comparison between each group using
a linear model revealed significantly reduced levels of SM OHC14:1 in the MCI group
compared to normal controls (p= 0.02). There is also a significant effect of gender on this
SM species (Table 3), with higher levels in females.

APOE allele genotypes (2/2, 2/3, 3/3, 3/4, 412, and 4/4) were determined. The majority

of subjects had APOE 3/3, but the APOE4 allele was over-represented in disease, with
APOE 3/4 comprising 39% of the MCI/AD group, compared to only 23% in the NC group
and 26.9% of the total subjects. ANOVA analysis revealed no significant effect of APOE
genotype on total SM levels when all subjects are analyzed together or separated by gender
(Supplementary Figure 3).

DISCUSSION

In this study, plasma SM levels were assessed in a cohort of normal control, pre-conversion,
and MCI/AD patients. We found no significant difference in SM levels between these
groups, however levels of one species, SM OHC14:1, were reduced in the Cpye and MCI
groups relative to control subjects.

There is a substantial body of literature suggesting that sphingolipids may be dysregulated
in AD (Supplementary Table 1). Recent studies have generated a consensus that SM levels
may be elevated in AD [8, 25-27], and the ratio of SMs to Cers decreased in AD blood
plasma [7, 28] and brain tissue [11]. However, SMs were reduced in one instance in late
onset Alzheimer’s disease (LOAD) patient plasma [29]. In LOAD patient brain, SMs were
reduced in one study [30] and increased in another [31]. In cerebrospinal fluid (CSF), SMs
have been reported either increased [32, 33], or reduced [8, 34]. In FAD rodent models,
SMs are altered in brain depending on the region studied or specific SM species, with an
increase in saturated species in the cortex and cerebellum and a decrease in unsaturated
species in the hippocampus [35]. SMs have also been found to be increased [36] or reduced
in plasma [37, 38]. These inconsistencies in the literature may be due to several factors,
including model or patient samples used, which tissue is studied, demographics of the

study subjects, or exact timing of sample collection [39]. The aforementioned publications
showing SM dysregulation in AD led our group to revisit a dataset previously used for
discovery and validation of a panel of lipid biomarkers predictive of LOAD [19, 20] to
specifically analyze SM levels. Our finding of reduced SM OHC14:1 in Cpre and MCI
groups suggests that SMs in plasma may be most dysregulated immediately before symptom
onset and re-equilibrate to control levels later in disease. Previous metabolomics studies
have suggested that elevation of several SM species predicts conversion from MCI to AD
[26, 27]. This is consistent with the trend observed in our study of a non-significant increase

J Alzheimers Dis. Author manuscript; available in PMC 2022 December 23.
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in SM OHC14:1 and total SMs in the AD group compared to Cpre and MCI groups, which
may suggest an increasing trend as symptoms progress.

A similar reduction of plasma lipid levels in the Cpye subjects, but not MCI/AD, has been
noted in a separate metabolomic analysis in this same cohort [20] and others [40]. The Cpye
state in the LOAD cohort includes patients within 2 to 5 years of phenoconversion to a state
of cognitive impairment. This may be a critical period during which dysregulation of CNS
metabolic pathways may present as alterations in plasma metabolites. While CSF offers the
most direct information regarding dysregulation of metabolites during disease in the CNS,
CSF collection can be painful and subjects patients to the risk of complications. Plasma
could feasibly be collected regularly from the same patient to monitor metabolite changes
over time.

It was recently found in several studies that SM OHC14:1 was significantly increased in
AD [26, 27, 41], and alterations in SMs with C18, 22, and 24 have also been found [7,

25, 32, 42] in AD patients. To determine whether any particular SM species had an impact
on SM dysregulation, we investigated changes in plasma levels of each of the fourteen
SM species measured between groups. SM OHC14:1 was significantly reduced in the Cpre
group compared to normal controls, and when MCI and AD were examined separately
pairwise comparisons revealed SM OHC14:1 was significantly lower in MCI relative to
normal controls. Future studies will be necessary to determine what makes this particular
hydroxylated, unsaturated species significant in AD pathology.

Although future investigation will be required to clarify the biological mechanisms of
dysregulation SM OHC14:1, previous work suggests that SMases may be activated to
convert SMs to Cers in AD, [43, 44] potentially contributing to lower SM levels in the Cpre
or MCI groups. Several previous investigations have found a reduced SM/Cer ratio in AD

[7, 11, 28], and Cers are consistently increased in AD [4-9, 11-13, 28, 45]. Ceramides
promote AP generation by stabilizing p-secretases and may contribute to AD pathology

by depolarizing mitochondria, increasing production of reactive oxygen species [46] and
exosomes [47], modulating apoptotic signaling [48], and causing dysregulated autophagy
and reduced lysosomal biogenesis [49, 50]. Paradoxically, while SMases and ceramides have
been noted to be elevated in AD, several studies have shown that SM synthases can increase
AP [51, 52] and that accumulation of SMs impairs lysosomal degradation of ABPP [53],
further demonstrating the complexity of sphingolipid imbalance in AD. This study did not
include measures of SMase activity or levels of Cers, and future work is needed to determine
the scope of sphingolipid dysregulation in Cp patients.

Plasma SM levels are consistently higher in healthy women than in men [14, 54]. In our
cohort, SMs were significantly higher in females than in males in eleven out of the fourteen
species measured (Table 3). Mielke et al. have shown that in men, high levels of SMs
increase risk of AD, whereas in women high levels of SMs reduced risk of AD [6]. In

this study, when males and females were analyzed separately, no significant difference was
observed in SM levels in the Cpye state, however on average in the males had decreased SMs
and females had increased SMs in the Cpy state.

J Alzheimers Dis. Author manuscript; available in PMC 2022 December 23.
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Previously, Mielke et al. have found that in healthy subjects, levels of some SM species
increased with age, and other species increased until a decline began at age 70-80 in both
males and females [14]. Couttas et al. found that in males, SM was positively associated
with aging, whereas in females no such correlation existed [15]. In our cohort, linear
regression revealed no significant difference in trend of total SMs with age between males
and females, and no significant trend in total SM levels with age in all subjects, males, or
females (Fig. 2). This may be because the subjects in our study were older, with average age
of 81, whereas subjects in Mielke et al. had an average age of 63.

APOE4 is the greatest genetic risk factor for LOAD [55] and has previously been reported
to decrease SM levels in AD brain tissue [30]. In Mielke et al., the apparent protective effect
of SM enrichment in women was most pronounced in APOE4 carriers [6]. Reducing SM
reduces APOE secretion from macrophages, suggesting that altered sphingolipid balance
may impair APOE mediated lipid transport [56]. No significant effect of APOE genotype on
SM levels was observed in our cohort (Supplementary Figure 3). Future studies including a
larger number of APOE 2/2 and APOE 4/4 individuals may reveal APOE genotype effects
on SM levels.

In conclusion, SM OHC14:1 is reduced in pre-clinical LOAD and MCI. Future metabolomic
and biochemical studies will be necessary to further clarify the temporal and gender-specific
pattern of SM dysregulation in AD, and the effect of SM dysregulation on AD-related
biological processes. These studies of plasma lipid levels have great potential to move

the field towards discovery of lipid dyshomeostasis preceding AD symptoms that may be
targeted to develop novel, disease-modifying therapeutics.

We observed dysregulation of SM OHC14:1 in the Cpre group compared to NC; however,
it is not clear whether this dysregulation has a causal relationship to the disease state

that follows, or whether there are additional confounding factors that affect both risk

for AD and levels of SMs. For example, hyperlipidemia (elevated blood low density
lipoprotein) may affect both risk of developing AD and sphingomyelin levels. However,
while hyperlipidemia at midlife is associated with higher risk of developing AD [57, 58],
it is associated with increased SM levels [59]. We observed reduced SM OHC14:1 levels
in the Cpre group, opposite what would have been predicted if hyperlipidemia caused the
dysregulation. However, a limitation of this study is that blood LDL, HDL, and triglyceride
levels were unknown, groups were not matched for LDL and triglyceride levels, and LDL
and triglycerides were not used as covariates in our analyses.

An additional factor affecting AD, hyperlipidemia, and SM levels, is vitamin D status.
Vitamin D deficiency is associated with hyperlipidemia [60] and AD [61]. Vitamin D
deficiency is also associated with lower SM levels in serum and higher levels of Cers

[62], and vitamin D supplements conversely increase serum levels of SM [63]. This is
consistent with the reduced SMs we found in the Cpe group. Thus, vitamin D deficiency
may contribute to both SM reduction and pre-clinical AD. A limitation of this study is that
we have no data on vitamin D levels.

J Alzheimers Dis. Author manuscript; available in PMC 2022 December 23.
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Our study utilized a targeted metabolomic approach to investigate plasma SMs. Our targeted
approach allowed quantitative assessment of only 14 SM species, the only SM analytes
currently available in the targeted analytic kit, and significantly fewer than the total number
present in plasma. In addition, the targeted kit did not provide the option for examination

of plasma levels of associated Cer or related sphingolipid species. We expect that broader
targeted metabolomic options will address these issues in the near future. An untargeted
metabolomic approach, while providing a more complicated analysis, would have afforded a
less biased and more comprehensive comparison of annotatable plasma SM and Cer analytes
between groups, and a more thorough understanding of the sphingolipidome. Despite these
constraints, we believe that the targeted approach provided useful comparisons of SM
species in this LOAD cohort.

As with many clinical studies, an additional limitation to our analysis is the relatively
small number of subjects in both preclinical and clinical groups. It is clear to us that
additional comprehensive metabolomic investigations of SM and Cer species (as well as
other metabolites) in other LOAD and familial AD cohorts are necessary to further confirm
pre-clinical SM dysregulation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGMENTS

We thank Eileen Johnson, RN, and Dana Greenia, RN, for blood collections; R. Padilla, I. Conteh, J. McCann,

and D. Phelps for their assistance in cataloging, processing, and storage of the blood specimens at Georgetown
University in preparation for metabolomic analyses. We also thank R. Singh and P. Kaur at Georgetown University
for technical assistance in developing the metabolomics data. Research support for this project was provided in

part by NIA (K08 AG-22228 and F30 AG-060704), the Dominantly Inherited Alzheimer Network (NI1A U19
AG032438), the UCLA Clinical Translational Research Institute (LUL1-RR033176), the Alzheimer’s Disease
Research Center Grants (P50 AG-16570 and P50 AG-005142), the General Clinical Research Centers Program
(M01-RR00865), the NIH (NIA R01 AG030753); the Patricia J. Harvey Current Use Research Fund at Georgetown
University to MS Fiandaca; and the Department of Defense of the United States (W81 XWH-09-1-0107) to HJ
Federoff.

Authors’ disclosures available online (https://www.j-alz.com/manuscript-disclosures/20-0871r2).

REFERENCES

[1]. Schneider JA, Arvanitakis Z, Bang W, Bennett DA (2007) Mixed brain pathologies account for
most dementia cases in community-dwelling older persons. Neurology 69, 2197-2204. [PubMed:
17568013]

[2]. Norton WT, Abe T, Poduslo SE, Devriest GH (1975) The lipid composition of isolated brain cells
and axons. J Neurosci Res 1, 57-75. [PubMed: 1223319]

[3]. Martinez-Gardeazabal J, Gonzalez de San Roméan E, Moreno-Rodriguez M, Llorente-Ovejero A,
Manuel I, Rodriguez-Puertas R (2017) Lipid mapping of the rat brain for models of disease.
Biochim Biophys Acta Biomembr 1859, 1548-1557. [PubMed: 28235468]

[4]. Kim SH, Yang JS, Lee JC, Lee J-Y, Lee J-Y, Kim E, Moon MH (2018) Lipidomic alterations in
lipoproteins of patients with mild cognitive impairment and Alzheimer’s disease by asymmetrical
flow field-flow fractionation and nanoflow ultrahigh performance liquid chromatography-tandem
mass spectrometry. J Chromatogr A 1568, 91-100. [PubMed: 30007793]

[5]. Kim M, Nevado-Holgado A, Whiley L, Snowden SG, Soininen H, Kloszewska |, Mecocci
P, Tsolaki M, Vellas B, Thambisetty M, Dobson RJB, Powell JF, Lupton MK, Simmons A,

J Alzheimers Dis. Author manuscript; available in PMC 2022 December 23.


https://www.j-alz.com/manuscript-disclosures/20-0871r2

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fote et al.

Page 10

Velayudhan L, Lovestone S, Proitsi P, Legido-Quigley C (2017) Association between plasma
ceramides and phosphatidylcholines and hippocampal brain volume in late onset Alzheimer’s
disease. J Alzheimers Dis 60, 809-817. [PubMed: 27911300]

[6]. Mielke MM, Haughey NJ, Han D, An Y, Bandaru VVR, Lyketsos CG, Ferrucci L, Resnick SM
(2017) The association between plasma ceramides and sphingomyelins and risk of Alzheimer’s
disease differs by sex and APOE in the Baltimore Longitudinal Study of Aging. J Alzheimers Dis
60, 819-828. [PubMed: 28035934]

[7]. Han X, Rozen S, Boyle SH, Hellegers C, Cheng H, Burke JR, Welsh-Bohmer KA, Doraiswamy
PM, Kaddurah-Daouk R (2011) Metabolomics in early Alzheimer’s disease: Identification of
altered plasma sphingolipidome using shotgun lipidomics. PLoS One 6, €21643. [PubMed:
21779331]

[8]. Torretta E, Arosio B, Barbacini P, Casati M, Capitanio D, Mancuso R, Mari D, Cesari M, Clerici
M, Gelfi C (2018) Particular CSF sphingolipid patterns identify iNPH and AD patients. Sci Rep
8, 13639. [PubMed: 30206302]

[9]. Mielke MM, Bandaru VVR, Haughey NJ, Xia J, Fried LP, Yasar S, Albert M, Varma V, Harris
G, Schneider EB, Rabins PV, Bandeen-Roche K, Lyketsos CG, Carlson MC (2012) Serum
ceramides increase the risk of Alzheimer disease: The Women’s Health and Aging Study I1.
Neurology 79, 633-641. [PubMed: 22815558]

[10]. Filippov V, Song MA, Zhang K, Vinters HV, Tung S, Kirsch WM, Yang J, Duerksen-Hughes
PJ (2012) Increased ceramide in brains with Alzheimer’s and other neurodegenerative diseases. J
Alzheimers Dis 29, 537-547. [PubMed: 22258513]

[11]. He X, Huang Y, Li B, Gong C-X, Schuchman EH (2010) Deregulation of sphingolipid
metabolism in Alzheimer’s disease. Neurobiol Aging 31, 398-408. [PubMed: 18547682]

[12]. Cutler RG, Kelly J, Storie K, Pedersen WA, Tammara A, Hatanpaa K, Troncoso JC, Mattson
MP (2004) Involvement of oxidative stress-induced abnormalities in ceramide and cholesterol
metabolism in brain aging and Alzheimer’s disease. Proc Natl Acad Sci U S A 101, 2070-2075.
[PubMed: 14970312]

[13]. Han X, M. Holtzman D, W. McKeel D, Kelley J, Morris JC (2002) Substantial sulfatide
deficiency and ceramide elevation in very early Alzheimer’s disease: Potential role in disease
pathogenesis. J Neurochem 82, 809-818. [PubMed: 12358786]

[14]. Mielke MM, Bandaru VVR, Han D, AnY, Resnick SM, Ferrucci L, Haughey NJ (2015) Factors
affecting longitudinal trajectories of plasma sphingomyelins: The Baltimore Longitudinal Study
of Aging. Aging Cell 14, 112-121. [PubMed: 25345489]

[15]. Couttas TA, Kain N, Tran C, Chatterton Z, Kwok JB, Don AS (2018) Age-dependent changes
to sphingolipid balance in the human hippocampus are gender-specific and may sensitize to
neurodegeneration. J Alzheimers Dis 63, 503-514. [PubMed: 29660940]

[16]. Mancini S, Balducci C, Micotti E, Tolomeo D, Forloni G, Masserini M, Re F (2017)
Multifunctional liposomes delay phenotype progression and prevent memory impairment in a
presymptomatic stage mouse model of Alzheimer disease. J Control Release 258, 121-129.
[PubMed: 28501671]

[17]. Janickova H, Rudajev V, Dolejsi E, Koivisto H, Jakubik J, Tanila H, El-Fakahany E, Dolezal
V (2015) Lipid-based diets improve muscarinic neurotransmission in the hippocampus of
transgenic APPswe/PS1dE9 mice. Curr Alzheimer Res 12, 923-931. [PubMed: 26502816]

[18]. Jiang Y, Zhu Z, Shi J, An 'Y, Zhang K, Wang Y, Li S, Jin L, Ye W, Cui M, Chen X (2019)
Metabolomics in the development and progression of dementia: A systematic review. Front
Neurosci 13, 343. [PubMed: 31031585]

[19]. Fiandaca MS, Zhong X, Cheema AK, Orquiza MH, Chidambaram S, Tan MT, Gresenz CR,
FitzGerald KT, Nalls MA, Singleton AB, Mapstone M, Federoff HJ (2015) Plasma 24-metabolite
panel predicts preclinical transition to clinical stages of Alzheimer’s disease. Front Neurol 6, 237.
[PubMed: 26617567]

[20]. Mapstone M, Cheema AK, Fiandaca MS, Zhong X, Mhyre TR, MacArthur LH, Hall WJ,
Fisher SG, Peterson DR, Haley JM, Nazar MD, Rich SA, Berlau DJ, Peltz CB, Tan MT, Kawas
CH, Federoff HJ (2014) Plasma phospholipids identify antecedent memory impairment in older
adults. Nat Med 20, 415-418. [PubMed: 24608097]

J Alzheimers Dis. Author manuscript; available in PMC 2022 December 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fote et al.

[21].

[22].

[23].

[24].

[25].

[26].

[27].

[28].

[29].

[30].

[31].

[32].

[33].

[34].

Page 11

Morris JC, Storandt M, Miller JP, McKeel DW, Price JL, Rubin EH, Berg L (2001) Mild
cognitive impairment represents early-stage Alzheimer disease. Arch Neurol 58, 397-405.
[PubMed: 11255443]

Rodriguez-Rodriguez E, Infante J, Llorca J, Mateo I, Sdnchez-Quintana C, Garcia-Gorostiaga I,
Séanchez-Juan P, Berciano J, Combarros O (2009) Age-dependent association of KIBRA genetic
variation and Alzheimer’s disease risk. Neurobiol Aging 30, 322-324. [PubMed: 17707552]

Chen J, Lipska BK, Halim N, Ma QD, Matsumoto M, Melhem S, Kolachana BS, Hyde TM,
Herman MM, Apud J, Egan MF, Kleinman JE, Weinberger DR (2004) Functional analysis of
genetic variation in catechol-O-methyltransferase (COMT): Effects on mrna, protein, and enzyme
activity in postmortem human brain. Am J Hum Genet 75, 807-821. [PubMed: 15457404]
Green AE, Gray JR, DeYoung CG, Mhyre TR, Padilla R, DiBattista AM, William Rebeck G
(2014) A combined effect of two Alzheimer’s risk genes on medial temporal activity during
executive attention in young adults. Neuropsychologia 56, 1-8. [PubMed: 24388797]

Li D, Misialek JR, Boerwinkle E, Gottesman RF, Sharrett AR, Mosley TH, Coresh J, Wruck
LM, Knopman DS, Alonso A (2017) Prospective associations of plasma phospholipids and mild
cognitive impairment/dementia among African Americans in the ARIC Neurocognitive Study.
Alzheimers Dement (Amst) 6, 1-10. [PubMed: 28054030]

Toledo JB, Arnold M, Kastenmdiller G, Chang R, Baillie RA, Han X, Thambisetty M, Tenenbaum
JD, Suhre K, Thompson JW, John-Williams LS, MahmoudianDehkordi S, Rotroff DM, Jack JR,
Motsinger-Reif A, Risacher SL, Blach C, Lucas JE, Massaro T, Louie G, Zhu H, Dallmann

G, Klavins K, Koal T, Kim S, Nho K, Shen L, Casanova R, Varma S, Legido-Quigley C,
Moseley MA, Zhu K, Henrion MYR, van der Lee SJ, Harms AC, Demirkan A, Hankemeier

T, van Duijn CM, Trojanowski JQ, Shaw LM, Saykin AJ, Weiner MW, Doraiswamy PM,
Kaddurah-Daouk R, Alzheimer’s Disease Neuroimaging Initiative and the Alzheimer Disease
Metabolomics Consortium for the ADNI and the ADM (2017) Metabolic network failures in
Alzheimer’s disease: A biochemical road map. Alzheimers Dement 13, 965-984. [PubMed:
28341160]

Varma VR, Oommen AM, Varma S, Casanova R, An 'Y, Andrews RM, O’Brien R, Pletnikova O,
Troncoso JC, Toledo J, Baillie R, Arnold M, Kastenmueller G, Nho K, Doraiswamy PM, Saykin
AJ, Kaddurah-Daouk R, Legido-Quigley C, Thambisetty M (2018) Brain and blood metabolite
signatures of pathology and progression in Alzheimer disease: A targeted metabolomics study.
PLoS Med 15, €1002482. [PubMed: 29370177]

Mielke MM, Haughey NJ, Bandaru VVR, Weinberg DD, Darby E, Zaidi N, Pavlik V, Doody

RS, Lyketsos CG (2011) Plasma sphingomyelins are associated with cognitive progression in
Alzheimer’s disease. J Alzheimers Dis 27, 259-269. [PubMed: 21841258]

Oresi¢ M, Hyotyldinen T, Herukka S-K, Sysi-Aho M, Mattila I, Seppénan-Laakso T, Julkunen

V, Gopalacharyulu PV, Hallikainen M, Koikkalainen J, Kivipelto M, Helisalmi S, L&tjonen J,
Soininen H (2011) Metabolome in progression to Alzheimer’s disease. Transl Psychiatry 1, e57.
[PubMed: 22832349]

Bandaru VVR, Troncoso J, Wheeler D, Pletnikova O, Wang J, Conant K, Haughey NJ (2009)
ApoE4 disrupts sterol and sphingolipid metabolism in Alzheimer’s but not normal brain.
Neurobiol Aging 30, 591-599. [PubMed: 17888544]

Chan RB, Oliveira TG, Cortes EP, Honig LS, Duff KE, Small SA, Wenk MR, Shui G, Di Paolo G
(2012) Comparative lipidomic analysis of mouse and human brain with Alzheimer disease. J Biol
Chem 287, 2678-88. [PubMed: 22134919]

Koal T, Klavins K, Seppi D, Kemmler G, Humpel C (2015) Sphingomyelin SM(d18:1/18:0) is
significantly enhanced in cerebrospinal fluid samples dichotomized by pathological amyloid-p42,
tau, and phospho-tau-181 levels. J Alzheimers Dis 44, 1193-1201. [PubMed: 25408209]

Mielke MM, Haughey NJ, Bandaru VVR, Zetterberg H, Blennow K, Andreasson U, Johnson SC,
Gleason CE, Blazel HM, Puglielli L, Sager MA, Asthana S, Carlsson CM (2014) Cerebrospinal
fluid sphingolipids, p-amyloid, and tau in adults at risk for Alzheimer’s disease. Neurobiol Aging
35, 2486-2494. [PubMed: 24952994]

Fonteh AN, Ormseth C, Chiang J, Cipolla M, Arakaki X, Harrington MG (2015) Sphingolipid
metabolism correlates with cerebrospinal fluid beta amyloid levels in Alzheimer’s disease. PL0S
One 10, e0125597. [PubMed: 25938590]

J Alzheimers Dis. Author manuscript; available in PMC 2022 December 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fote et al.

Page 12

[35]. Gonzalez-Dominguez R, Garcia-Barrera T, Vitorica J, Gomez-Ariza JL (2014) Region-specific

[36].

metabolic alterations in the brain of the APP/PS1 transgenic mice of Alzheimer’s disease.
Biochim Biophys Acta 1842, 2395-402. [PubMed: 25281826]

Lin W, Zhang J, Liu Y, Wu R, Yang H, Hu X, Ling X (2017) Studies on diagnostic biomarkers
and therapeutic mechanism of Alzheimer’s disease through metabolomics and hippocampal
proteomics. Eur J Pharm Sci 105, 119-126. [PubMed: 28495476]

[37]. Tajima Y, Ishikawa M, Maekawa K, Murayama M, Senoo Y, Nishimaki-Mogami T, Nakanishi H,

[38].

[39].

lkeda K, Arita M, Taguchi R, et al. (2013) Lipidomic analysis of brain tissues and plasma in a
mouse model expressing mutated human amyloid precursor protein/tau for Alzheimer’s disease.
Lipids Health Dis 12, 68. [PubMed: 23659495]

Li D, Misialek J, Jack C, Mielke M, Knopman D, Gottesman R, Mosley T, Alonso A (2019)
Plasma metabolites associated with brain MRI measures of neurodegeneration in older adults in
the Atherosclerosis Risk in Communities-Neurocognitive Study (ARIC-NCS). Int J Mol Sci 20,
1744. [PubMed: 30970556]

Hammad SM, Pierce JS, Soodavar F, Smith KJ, Al Gadban MM, Rembiesa B, Klein RL, Hannun
YA, Bielawski J, Bielawska A (2010) Blood sphingolipidomics in healthy humans: Impact of
sample collection methodology. J Lipid Res 51, 3074-3087. [PubMed: 20660127]

[40]. Whiley L, Sen A, Heaton J, Proitsi P, Garcia-Gomez D, Leung R, Smith N, Thambisetty M,

[41].

[42].

[43].

[44].

[45].

[46].

[47].

[48].

[49].

[50].

[51].

Kloszewska I, Mecocci P, Soininen H, Tsolaki M, Vellas B, Lovestone S, Legido-Quigley C
(2014) Evidence of altered phosphatidylcholine metabolism in Alzheimer’s disease. Neurobiol
Aging 35, 271-278. [PubMed: 24041970]

Oberacher H, Arnhard K, Linhart C, Diwo A, Marksteiner J, Humpel C (2017) Targeted
metabolomic analysis of soluble lysates from platelets of patients with mild cognitive impairment
and Alzheimer’s disease compared to healthy controls: Is PC aeC40:4 a promising diagnostic
tool? J Alzheimer’s Dis 57, 493-504. [PubMed: 28269764]

Panchal M, Gaudin M, Lazar AN, Salvati E, Rivals I, Ayciriex S, Dauphinot L, Dargere D, Auzeil
N, Masserini M, Laprévote O, Duyckaerts C (2014) Ceramides and sphingomyelinases in senile
plaques. Neurobiol Dis 65, 193-201. [PubMed: 24486621]

Lee J-T, Xu J, Lee J-M, Ku G, Han X, Yang D-I, Chen S, Hsu CY (2004) Amyloid-f peptide
induces oligodendrocyte death by activating the neutral sphingomyelinase—ceramide pathway. J
Cell Biol 164, 123-131. [PubMed: 14709545]

Lee JK, Jin HK, Park MH, Kim B, Lee PH, Nakauchi H, Carter JE, He X, Schuchman EH,

Bae J (2014) Acid sphingomyelinase modulates the autophagic process by controlling lysosomal
biogenesis in Alzheimer’s disease. J Exp Med 211, 1551-1570. [PubMed: 25049335]

de Wit NM, Snkhchyan H, den Hoedt S, Wattimena D, de Vos R, Mulder MT, Walter J, Martinez-
Martinez P, Hoozemans JJ, Rozemuller AJ, de Vries HE (2017) Altered sphingolipid balance in
capillary cerebral amyloid angiopathy. J Alzheimers Dis 60, 795-807. [PubMed: 27662305]
Jazvinéak Jembrek M, Hof PR, Simi¢ G (2015) Ceramides in Alzheimer’s disease: Key
mediators of neuronal apoptosis induced by oxidative stress and Ap accumulation. Oxid Med
Cell Longev 2015, 346783. [PubMed: 26090071]

Dinkins MB, Wang G, Bieberich E (2017) Sphingolipid-enriched extracellular vesicles and
Alzheimer’s disease: A decade of research. J Alzheimers Dis 60, 757-768. [PubMed: 27662306]
Mullen TD, Obeid LM (2012) Ceramide and apoptosis: Exploring the enigmatic connections
between sphingolipid metabolism and programmed cell death. Anticancer Agents Med Chem 12,
340-363. [PubMed: 21707511]

Scarlatti F, Bauvy C, Ventruti A, Sala G, Cluzeaud F, Vandewalle A, Ghidoni R, Codogno

P (2004) Ceramide-mediated macroautophagy involves inhibition of protein kinase B and up-
regulation of beclin 1. J Biol Chem 279, 18384-18391. [PubMed: 14970205]

Bedia C, Levade T, Codogno P (2011) Regulation of autophagy by sphingolipids. Anticancer
Agents Med Chem 11, 844-853. [PubMed: 21707487]

Hsiao J-HT, Fu Y, Hill AF, Halliday GM, Kim WS (2013) Elevation in sphingomyelin synthase
activity is associated with increases in amyloid-beta peptide generation. PLoS One 8, e74016.
[PubMed: 23977395]

J Alzheimers Dis. Author manuscript; available in PMC 2022 December 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fote et al.

Page 13

[52]. Lu M-H, Ji W-L, Xu D-E, Yao P-P, Zhao X-Y, Wang Z-T, Fang L-P, Huang R, Lan L-J,
Chen J-B, Wang T-H, Cheng L-H, Xu R-X, Liu C-F, Puglielli L, Ma Q-H (2019) Inhibition
of sphingomyelin synthase 1 ameliorates alzheimer-like pathology in APP/PS1 transgenic
mice through promoting lysosomal degradation of BACEL. Exp Neurol 311, 67-79. [PubMed:
30243987]

[53]. Tamboli 1Y, Hampel H, Tien NT, Tolksdorf K, Breiden B, Mathews PM, Saftig P, Sandhoff K,
Walter J (2011) Sphingolipid storage affects autophagic metabolism of the amyloid precursor
protein and promotes Abeta generation. J Neurosci 31, 1837-1849. [PubMed: 21289194]

[54]. Mittelstrass K, Ried JS, Yu Z, Krumsiek J, Gieger C, Prehn C, Roemisch-Margl W, Polonikov
A, Peters A, Theis FJ, Meitinger T, Kronenberg F, Weidinger S, Wichmann HE, Suhre K,
Wang-Sattler R, Adamski J, Illig T (2011) Discovery of sexual dimorphisms in metabolic and
genetic biomarkers. Plos Genet 7, e1002215. [PubMed: 21852955]

[55]. Bertram L, Tanzi RE (2009) Genome-wide association studies in Alzheimer’s disease. Hum Mol
Genet 18, R137-R145. [PubMed: 19808789]

[56]. Lucic D, Huang ZH, Gu D, Subbaiah PV, Maz-zone T (2007) Cellular sphingolipids regulate
macrophage apolipoprotein E secretion. Biochemistry 46, 11196-11204. [PubMed: 17760463]

[57]. Kivipelto M, Helkala EL, Laakso MP, Hanninen T, Hallikainen M, Alhainen K, livonen S,

Mannermaa A, Tuomilehto J, Nissinen A, Soininen H (2002) Apolipoprotein E e4 allele, elevated

midlife total cholesterol level, and high midlife systolic blood pressure are independent risk
factors for late-life Alzheimer disease. Ann Intern Med 137, 149-155. [PubMed: 12160362]

[58]. Solomon A, Kareholt I, Ngandu T, Winblad B, Nissinen A, Tuomilehto J, Soininen H, Kivipelto
M (2007) Serum cholesterol changes after midlife and late-life cognition: Twenty-one-year
follow-up study. Neurology 68, 751-756. [PubMed: 17339582]

[59]. Ke Nilsson A, Duan R-D (2005) Absorption and lipoprotein transport of sphingomyelin. J Lipid
Res 47, 154-171. [PubMed: 16251722]

[60]. Jiang X, Peng M, Chen S, Wu S, Zhang W (2019) Vitamin D deficiency is associated with
dyslipidemia: A cross-sectional study in 3788 subjects. Curr Med Res Opin 35, 1059-1063.
[PubMed: 30479168]

[61]. Dursun E, Gezen-Ak D (2019) Vitamin D basis of Alzheimer’s disease: From genetics to
biomarkers. Hormones 18, 7-15. [PubMed: 30484096]

[62]. Al-Daghri NM, Torretta E, Barbacini P, Asare H, Ricci C, Capitanio D, Guerini FR, Sabico SB,
Alokail MS, Clerici M, Gelfi C (2019) Sphingolipid serum profiling in vitamin D deficient and
dyslipidemic obese dimorphic adults. Sci Rep 9, 16664. [PubMed: 31723209]

[63]. Chen L, Dong Y, Bhagatwala J, Raed A, Huang Y, Zhu H (2020) Vitamin D3 supplementation

increases long-chain ceramide levels in overweight/obese African americans: A post-hoc analysis

of a randomized controlled trial. Nutrients 12, 981. [PubMed: 32252241]

J Alzheimers Dis. Author manuscript; available in PMC 2022 December 23.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Fote et al.

Page 14

=1 Normal Control
3 Pre-Converter

.“ =

A. B.
1200+ 1200 4
L]
® —— 1000
10004
< 800+
S 800; -|— T 3
2 2 600 i
6004
- 400-
400+
T T T 200 T
O & O Qo @
o(‘\‘ 406 A ¥ *’b
%) &
> <
‘\o‘& <
Ci D.
Total SM Levels in All Subjects Total SM Levels in Males

1200

Fig. 1.

<
&
Q'

Total SM Levels in Females

75 80 8 9%

Sphingomyelin levels do not significantly differ cognitive state or age. A) Total plasma SM
levels in uMol/L separated by disease state. B) Total plasma SM levels in uMol/L separated
by gender and disease state. Box plot center line represents mean, upper and lower bounds
are 25th and 75th percentile. Whiskers generated by Tukey method; outliers plotted as points
beyond whiskers. C) Scatter plots of plasma levels of the sum of all SM species uMol/L

by age in all subjects. Each point represents one individual. Linear regression and 95%
confidence intervals shown. D) Scatter plots of plasma levels of the sum of all SM species
uUMol/L by age in males. E) Scatter plots of plasma levels of the sum of all SM species

UMol/L by age in females.
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Fig. 2.

Plgsma levels of SM (OH) C14:1 in uMol/L. Box plot center line represents mean, upper
and lower bounds are 25th and 75th percentile. Whiskers generated by Tukey method;
outliers plotted as points beyond whiskers. ANCOVA analysis revealed p < 0.05 (A) and
p=0.055 (B). Asterisk indicates significant differences in pairwise comparisons after
adjustment for age and gender, p < 0.05.
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Average plasma SM levels in uMol/L divided by gender. Values were analyzed by two-tailed student’s 7-test.

When Bonferroni correction is applied, p values of < 0.0035 are significant, indicated in bold

Male Female p

OH-SM

Cl4:1 9.630 11.823  <0.0001
C16:1 6.277 7.713 <0.0001
C22:1 44.934 52.596 0.0002
C22:2 42.257 55.058  <0.0001
C24:1 2.299 2.519 0.0482
Non-OH

C16:0 190.134 227.148 < 0.0001
C16:1 27.797 36.467 < 0.0001
C18:0 48.943 61.350 < 0.0001
C18:1 21.759 29.572 < 0.0001
C20:2 1.038 1.430 < 0.0001
C24:0 43.342 47.881 0.0282
C24:1 158.102 191.969 < 0.0001
C26:0 0.344 0.387 0.013
C26:1 0.629 0.749 0.0003
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