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1  |  BACKGROUND

Apolipoprotein E (APOE) is the strongest genetic risk factor for 
sporadic Alzheimer's disease (AD). APOE exists as three alleles: ε2 
(lowers AD risk), ε3 (neutral AD risk), and ε4 (increases AD risk). 
Individuals who carry an APOE ε4 allele are threefold to fourfold 

more likely to develop AD, while homozygotes are 10- to 15-fold 
more likely (Mahley & Huang, 2012). 15%–25% of the population 
carries an APOE ε4 allele and 2%–3% are homozygous. The exact 
mechanism underlying the link between AD risk and APOE is un-
known, although data suggest effects on mitochondria may mediate 
the association (Mahley & Huang, 2012).
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Abstract
We examined the impact of an APOE ε4 genotype on Alzheimer's disease (AD) subject 
platelet and lymphocyte metabolism. Mean platelet mitochondrial cytochrome oxi-
dase Vmax activity was lower in APOE ε4 carriers and lymphocyte Annexin V, a marker 
of apoptosis, was significantly higher. Proteins that mediate mitophagy and energy 
sensing were higher in APOE ε4 lymphocytes which could represent compensatory 
changes and recapitulate phenomena observed in post-mortem AD brains. Analysis 
of the lipid synthesis pathway found higher AceCSI, ATP CL, and phosphorylated 
ACC levels in APOE ε4 lymphocytes. Lymphocyte ACC changes were also observed 
in post-mortem brain tissue. Lymphocyte RNAseq showed lower APOE ε4 carrier 
sphingolipid Transporter 3 (SPNS3) and integrin Subunit Alpha 1 (ITGA1) expression. 
RNAseq pathway analysis revealed APOE ε4 alleles activated inflammatory pathways 
and modulated bioenergetic signaling. These findings support a relationship between 
APOE genotype and bioenergetic pathways and indicate platelets and lymphocytes 
from APOE ε4 carriers exist in a state of bioenergetic stress. Neither medication use 
nor brain-localized AD histopathology can account for these findings, which define 
an APOE ε4-determined molecular and systemic phenotype that informs AD etiology.
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The APOE gene product, APOE, is an apolipoprotein which binds 
lipids and functions in cholesterol metabolism. Within the brain, 
APOE is the main cholesterol-carrying protein where it is mostly 
expressed by astrocytes and transports cholesterol to neurons 
(Mahley & Huang, 2012). Stress conditions cause neurons and mi-
croglia to express APOE, and conditions that activate APOE expres-
sion manifest in AD (Aoki et al., 2003). Allele variants lead to one 
or two amino acid substitutions in the protein product (APOE ε2, 
cys112, cys158; APOE ε3, cys112, arg158; and APOE ε4, arg112, 
arg158). The presence of arg112 in APOE ε4 causes an alternative 
folding of the peptide that gives rise to a cleavage site from which 
a mitochondrial-toxic C-terminal fragment is formed (Mahley & 
Huang, 2012). APOE also modulates inflammation and amyloid-beta 
clearance (Dafnis et al., 2016; Mouchard et al., 2019; Wellnitz et al., 
2005).

APOE genotype is associated with early changes (i.e., prior to 
dementia onset) in brain metabolism, cognition, and neuroimaging 
measures (Cavedo et al., 2017; Evans et al., 2014; Filippini et al., 
2011; Mosconi et al., 2004). Systemic metabolic effects are also 
observed (Morris et al., 2017). We previously reported changes in 
blood-based mitochondrial biomarkers in women APOE ε4 carri-
ers with AD. When compared to age-matched non-carrier women 
with AD, the AD APOE ε4 carriers had decreased platelet cyto-
chrome oxidase (COX) and citrate synthase (CS) enzyme maxi-
mum velocities (Vmax) (Wilkins et al., 2017). Reduced COX Vmax 
can cause bioenergetic stress including changes in redox balance 
and ATP production. An alternative encoding of COX subunits 
that perturbs holoenzyme structure/conformation, chemical in-
hibition, or lower mitochondrial mass could all contribute to this 
phenomenon.

Recent studies associate APOE genotype with mitochondria-
related endpoints. In post-mortem human brain, APOE ε4 carriers 
showed reduced synaptic proteins, reduced mitochondrial fusion/
fission, biogenesis, and superoxide dismutase proteins irrespective 
of AD diagnosis (Yin et al., 2020). The presence or absence of an AD 
diagnosis is important to account for in studies such as this, because 
AD subjects typically use medications that non-demented (ND) sub-
jects do not. Critically, cholinesterase inhibitors that increase cholin-
ergic signaling affect mitochondrial function (Kim et al., 2016), which 
could influence study findings and conclusions. Studies wanting to 
compare molecular signatures between groups need to consider 
medication effects. Here, we attempted to minimize the potential 
confounds of AD drugs by considering only APOE ε4 carrier and non-
carrier AD subjects.

We now report an independent study of platelets and lym-
phocytes obtained from AD subjects. The platelet analysis was 
conducted as part of the S-equol in AD 2 (SEAD2) clinical trial 
(ClinicalTrials.gov Identifier: NCT03101085), and the lymphocyte 
analysis is part of the “White Blood Cell Endpoints in AD” (WEAD) 
study we designed as an add-on to SEAD2. Our goal was to char-
acterize an APOE ε4-defined, metabolism-related molecular pheno-
type while avoiding the potential confounds of AD medications and 
AD brain histopathology.

2  |  MATERIAL S AND METHODS

2.1  |  Approvals and human subjects

The Kansas University Medical Center Human Subjects Committee 
(KUMC HSC) approved all human subject participation, and all par-
ticipants provided informed consent prior to enrolling. This study 
was conducted in accordance with the Code of Ethics of the World 
Medical Association (the Declaration of Helsinki). We enrolled par-
ticipants who met McKhann et al. AD diagnostic criteria (McKhann 
et al., 2011). Participants were excluded if they reported any po-
tentially confounding, serious medical risks such as type 1 diabetes, 
cancer, or a recent cardiac event such as a heart attack or angio-
plasty. At the beginning of the study, the trial participants under-
went a 40 ml phlebotomy.

Autopsy brain samples were obtained from the KU Alzheimer's 
Disease Research Center (KU ADRC) Neuropathology Core. The KU 
ADRC maintains a clinical cohort and collects brains from consenting 
cohort decedents. The autopsy consent process is approved by the 
KUMC HSC.

2.2  |  Phlebotomy and blood cell separation

Forty millilitre of blood was collected in tubes containing acid-
citrate-dextrose anticoagulant. One millilitre of whole blood was 
removed and stored at −80°C for genotyping; the rest was used for 
platelet and lymphocyte harvesting.

Fifteen millilitre of Histopaque 1077 was centrifuged in an 
AccuSpin tube for 1 min at 1700 g. Blood was layered on top of the 
AccuSpin tube frit and centrifuged for 15 min at 400 g. Platelet-rich 
plasma and the buffy coat were collected in separate tubes and 
pelleted by centrifugation for 15  min at 1700  g. The pellets were 
washed with phosphate-buffered saline (PBS) and re-centrifuged. 
Platelets were used for mitochondrial isolation. Lymphocytes were 
used for flow cytometry biomarkers and tissue culture expansion. 
Blood samples were processed on the same day as the blood draw.

2.3  |  APOE genotyping

We used a single nucleotide polymorphism (SNP) allelic discrimina-
tion assay to determine APOE genotypes. This involved adding 5 µl 
of blood to a TaqMan Sample-to-SNP kit (Thermo Fisher). TaqMan 
probes to the two APOE-defining SNPs, rs429358 (C_3084793_20) 
and rs7412 (C_904973_10) (Thermo Fisher), were used to identify 
APOE ε2, ε3, and ε4 alleles.

2.4  |  Mitochondrial isolation

Platelets were resuspended in MSHE buffer (225  mM mannitol, 
75 mM sucrose, 5 mM HEPES, 1 mM EGTA, pH 7.4) and disrupted 
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by nitrogen cavitation, at 1200 psi, for 20 min. The ruptured plate-
lets were centrifuged at 1000 g for 15 min, 4°C. The supernatant 
was transferred to a new tube, while the pellet (intact platelets) was 
resuspended in MSHE buffer and subjected to nitrogen cavitation 
for a second time (1200  psi for 20  min). Both supernatants were 
combined and centrifuged at 12,000 g for 10 min, 4°C. The resulting 
mitochondrial pellet was resuspended in MSHE buffer.

2.5  |  COX and CS Vmax assays

We added aliquots of the enriched platelet mitochondrial sus-
pensions to cuvettes and spectrophotometrically determined 
each suspension's COX and CS Vmax activities. For the COX 
Vmax, we followed the conversion of reduced cytochrome c to 
oxidized cytochrome c and calculated the pseudo-first-order rate 
constant (m/s). For the CS Vmax, we followed the formation of 
5-thio-2-nitrobenzoate (nmol/min). The COX rate was normalized 
to mg protein (m/s/mg protein) or to the CS rate (yielding a value 
with units of m/s/nmol/min), which we herein refer to simply as 
COX/CS. The CS rate was normalized to mg protein to yield a final 
activity with units of nmol/min/mg protein.

2.6  |  Dye-based assays and flow cytometry

Fresh lymphocytes were suspended in HBSS (with Ca2+/Mg2+) at 
1 × 106/ml. Four millilitre of lymphocytes were used for negative 
(no stain), JC1, MitoSox, and MitoTracker/Annexin V staining. For 
staining, we used 10 μl of 200 μM JC1, 4 μl of 10 μM MitoTracker 
Red, 2  μl of 5  mM MitoSox, or no dye. Cells were incubated at 
37°C with 5% CO2 for 30 min. All samples were centrifuged to pel-
let cells (1700 g for 5 min). Cells were washed with HBSS and cen-
trifuged again (1700 g for 5 min). The supernatants were removed, 
and 500 μL of HBSS was added to each tube (for all samples except 
the MitoTracker/Annexin V samples). For MitoTracker/Annexin V 
samples, 100 μL of 1X Annexin V binding buffer was added with 
5 μL of Annexin V dye. MitoTracker/Annexin V samples were incu-
bated at room temperature for 15 min, following which 400 μL of 
1X Annexin V binding buffer was added. All samples were placed 
on ice and immediately analyzed using an LSRII flow cytometer 
(BD Bioscience).

2.7  |  Lymphocyte culture

Lymphocytes were resuspended in complete RPMI medium 
(RPMI, 10% FBS, Pen/Strep, 20  U/ml IL-2, and 20  ng/ml CD3) at 
1 × 106 cells/ml in a T75 culture flask. Cells were fed every other 
day and split as needed to keep cell concentrations at 1 × 106 cells/
ml. Cells were used for immunochemistry as described below after 
7 days of culture.

2.8  |  Immunochemistry

For expanded lymphocyte cultures and autopsied human brain su-
perior frontal gyrus tissue sections, protein was collected in RIPA 
buffer with protease/phosphatase inhibitors (Thermo Fisher). 
Equal protein amounts were resolved by SDS-PAGE (Criterion 
TGX gels, Bio-Rad), and proteins were transferred to PVDF mem-
branes (Thermo Fisher). Immunoblots were completed with anti-
bodies listed in Table S1. To visualize bands, we used WestFemto 
Super Signal HRP Substrate (Thermo Fisher) and a ChemiDoc XRS 
imaging platform.

2.9  |  RNAseq and qPCR

Expanded lymphocyte cultures were dissolved in 1 ml of TRI reagent 
and incubated for ten minutes on ice. RNA was isolated via phenol-
chloroform extraction with TRI reagent. RNA purity and content 
were measured by A260/280 ratio.

Stranded Total RNA-Seq was performed using an Illumina 
NovaSeq 6000  Sequencing System. Total RNA (input range: 
1000 ng) was used to initiate the Stranded Total RNA-Seq library 
preparation protocol. The total RNA fraction underwent ribo-
somal reduction, size fragmentation (6, 4, 3, or 2  min based on 
%DV200 calculation), reverse transcription into cDNA, and ligation 
with the appropriate-indexed adaptors using the TruSeq Stranded 
Total RNA HT Sample Preparation Kit (Illumina #RS-122-2203). 
Following Agilent Bioanalyzer QC of the library preparation and li-
brary quantification using the Roche Lightcycler96 with FastStart 
Essential DNA Green Master Mix (Roche #06402712001), the 
RNAseq libraries were adjusted to a 2  nM concentration and 
pooled for multiplexed sequencing on a NovaSeq 6000. The 
onboard clonal clustering procedure was automated during the 
NovaSeq 6000 sequencing run. The 100-cycle paired-end se-
quencing was performed using the NovaSeq 6000 S1 Reagent Kit 
- 200 cycle (Illumina #20012864). Following collection, sequence 
data were converted from.bcl file format to fastQ files and de-
multiplexed into individual sequences for further downstream 
analyses.

2.10  |  RNAseq data quality 
assessment and analysis

RNA-Seq data quality was assessed through the FastQC tool (http://
www.bioin​forma​tics.babra​ham.ac.uk/proje​cts/fastq​c/). Paired-end 
reads were mapped to the human genome (UCSC-hg38 version) 
using RNAseq by Expectation-Maximization (RSEM) (Li & Dewey, 
2011). The Bowtie2 (Langmead & Salzberg, 2012) tool was used to 
align the reads to the reference genome, and the expression was cal-
culated for the aligned reads. The expression quantity profiles were 
then used to generate an expression matrix of the samples.

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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Genes with no or low transcription, defined as <1 count per 
million (CPM) in 2 or more of 20 samples, were filtered out. After 
filtering the non/low expressed genes, a total of 15,677 genes 
were retained for downstream statistical analyses. Raw gene 
counts were then normalized according to library size using the 
TMM method as implemented in Bioconductor R package “edgeR” 
(Robinson et al., 2010). The differences in gene expression be-
tween the APOE ε4 carriers and non-carriers were assessed using 
the exact test based on negative binomial distribution using R 
package “edgeR”. The multiple testing adjustments were carried 
out using Benjamini and Hochberg's false discovery rate (FDR) 
method.

2.11  |  Pathways analysis

KEGG pathway analysis and visualization were performed using the 
R Bioconductor packages “gage” and “pathview” (Luo & Brouwer, 
2013; Luo et al., 2009) using the results obtained from the differen-
tial expression (DE) analysis for the genes. To identify biological path-
ways enriched with differentially expressed genes, we performed 
a gene set enrichment analysis (GSEA) (Subramanian et al., 2005). 
Datasets were analyzed in reference to the msigdb.v7.2.symbols.gmt 
gene set database of the Molecular Signature Database (MSigDB) 
(Liberzon et al., 2011). Network activation analysis among the 
top 2,000 differentially expressed genes was also performed by 
Ingenuity Pathway Analysis (Qiagen Inc., https://www.qiage​nbioi​
nform​atics.com/produ​cts/ingen​uity-pathw​ay-analysis). Analysis 
was performed in reference to the Ingenuity Knowledge Base in-
cluding direct and indirect interactions with filters applied for human 
and blood cells. In addition, we also carried out Gene Ontology (GO) 
analyses using the DE results.

2.12  |  Clinical data and statistical analyses

We organized the data from the participants into two groups, one in 
which participants had at least one APOE ε4 allele, and one in which 
they did not. Differences in means for each continuous outcome be-
tween the two groups were assessed using two-sample t tests or chi-
squared test. A p value of <0.05 was considered statistically significant.

3  |  RESULTS

Table 1 provides subject demographics. Table 2 summarizes overall 
medication use. As we found in a prior study (Wilkins et al., 2017), 
APOE ε4 carriers have lower platelet mitochondrial COX Vmax ac-
tivities when compared to non-carriers (ε3/ε3) (Figure 1). Unlike the 
prior study, we found no change in CS Vmax with APOE genotype. 
Table 2 summarizes enzyme Vmax findings by individual genotypes 
(heterozygotes versus homozygotes).

Lymphocytes from APOE ε4 carriers and non-carriers showed 
similar levels of mitochondrial superoxide production (MitoSox), mi-
tochondrial membrane potential (JC1), and mitochondrial number 
(MitoTracker). These data are summarized in Table S3. The MitoSox 
and MitoTracker measurements, though, featured a high standard 
deviation. We did, however, observe an increase in apoptotic lym-
phocytes from APOE ε4 carriers versus ε3/ε3 non-carriers (Figure 1).

To facilitate lymphocyte protein expression assays, we expanded 
them in culture. Levels of PINK1 (PTEN-induced kinase 1), a pro-
tein involved in mitophagy, were higher in APOE ε4 carrier lympho-
cytes. mTOR (mammalian target of rapamycin) and SIRT1 (Sirtuin 1), 
which play a role in energy sensing, were different between groups. 
Specifically, mTOR phosphorylation decreased while SIRT1 phos-
phorylation increased in APOE ε4 carrier lymphocytes. We also 

TA B L E  1 Demographics. Systemic biomarker p values for APOE ε4 carriers versus non-carriers are age p = 0.98 and sex p = 0.99. Human 
Autopsy Brain Samples p values for APOE ε4 carriers versus non-carriers are age p = 0.38 and sex p = 0.61

Systemic biomarker samples

Sex (M/F) Mean age (standard deviation)

APOE ε4 carriers 17/15 73.9 (8.5)

APOE ε4 Non-carriers 12/10 74.6 (7.4)

APOE ε4/ε4 4/5 71.6 (8.6)

APOE ε3/ε4 13/9 74.2 (8.2)

APOE ε3/ε3 10/9 74.5 (7.1)

APOE ε2 heterozygous 2/2 77.5 (11.6)

Human autopsy brain samples

Sex (M/F) Age

ND 5/2 79.3 (9.3)

AD 5/3 78.9 (9.2)

APOE ε4 carriers 4/3 81.3 (7.7)

APOE ε4 Non-carriers 6/2 77.1 (9.8)

https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis
https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis
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observed changes in the lipid synthesis pathway. AceCSI (acetyl-
CoA synthase 1) and ATP CL (ATP citrate lyase) increased, and total 
ACC and ACC (acetyl-CoA carboxylase) phosphorylation increased 
(Figure 2). For data summarizing, all proteins examined see Table S4.

The change in ACC phosphorylation appeared especially robust, 
which prompted us to examine this parameter in the superior frontal 
gyrus of post-mortem AD and non-demented human brains. APOE 
ε4 carrier post-mortem human brain samples showed increased 
pACC regardless of whether the subject donor carried an AD diag-
nosis (Figure 2).

As APOE genotype associated with biochemical differences in 
both lymphocytes and platelets, we assessed for the presence of 
APOE protein in both platelets and lymphocytes. Western blots of 
lymphocyte and platelet lysates showed APOE protein was in fact 
present in the lysates (Figure 3). APOE protein was also seen in en-
riched mitochondrial lysates from lymphocytes and platelets, which 
suggests at least some of the APOE protein observed in the lysates 
resides intracellularly (Figure 3).

Lymphocyte cultures were subjected to RNAseq. Two signifi-
cant gene expression changes were observed. Transcript levels for 
Sphingolipid Transporter 3 (SPNS3), a lipid transport molecule, and 
Integrin Subunit Alpha 1 (ITGA1), a cell adhesion molecule, were 
lower in AD APOE ε4 carrier lymphocytes (Table S5). Pathway anal-
ysis using the MitoCarta3.0 gene set showed changes to fatty acid 
metabolism (both degradation and biosynthesis), apoptosis, met-
abolic pathways (numerous amino acid synthesis pathways), and 
NFκB (nuclear factor kappa B) signaling (Figure 4, Table 3 and Table 
S6). Ingenuity pathway analysis (IPA) revealed upregulated pathways 
in AD APOE ε4 carrier lymphocytes were more numerous and in-
cluded metabolic (cholesterol biosynthesis and insulin secretion) 
and inflammatory pathways (Figure 5). Downregulation of cell cycle, 
mitochondrial L-carnitine transport, oxidative phosphorylation, and 
multiple immune-mediated pathways in AD APOE ε4 carrier lympho-
cytes were observed with IPA analysis (Figure 6).

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 
analysis corroborated the IPA. Implicated KEGG pathways are 
highlighted in Figures S1–S6. Cell signaling pathways were altered 
including HIF1α (hypoxia-inducible factor 1 alpha) and PI3K/AKT 
(phosphoinositide 3-kinase/protein kinase B). Pathways that pro-
mote anaerobic metabolism, drive angiogenesis, and respond to 
intermittent fasting were upregulated in AD APOE ε4 carrier lym-
phocytes. Within the PI3K/AKT pathway genes which respond to 
and initiate inflammation (cytokines, Toll-like receptors), hypoxia, 
cell cycle, and apoptosis/cell survival were upregulated in AD APOE 
ε4 carrier lymphocytes. Inflammatory pathways were largely upreg-
ulated in AD APOE ε4 carrier lymphocytes and included NFκB and 
chemokine/cytokine pathways. Tables S7–S10 depict top pathway 
changes across IPA, KEGG, GO (gene ontology), GSEA (Gene Set 
Enrichment Analysis), and MitoCarta3.0 analysis. Comparison of 
results from multiple pathway analysis programs is important to en-
sure agreement between statistical analysis methods. Interestingly, 
IPA showed activation of dementia and AD-related pathways in AD 
APOE ε4 carrier lymphocytes (Table S7 and S8). For example, APOE 
ε4 carrier lymphocytes demonstrated increased expression of the 
matrix metalloprotease 9 (MMP9) pathway components, which par-
ticipates in amyloid clearance, and increased amyloid precursor pro-
tein (APP) pathway expression.

4  |  DISCUSSION

Here, we independently corroborate a smaller study (Wilkins et al., 
2017) that found lower platelet COX activity in women with AD and 
an APOE ε4 allele, versus those without an APOE ε4 allele. We now 
further extend this finding to men with AD and an APOE ε4 allele. 
We did not confirm the smaller study's finding of lower platelet CS 
Vmax activities in APOE ε4 carriers. Although differences in particu-
lar medications occurred between individuals, by studying the im-
pact of the APOE genotype within an AD population, we avoided the 
major confound of having most participants in one group using cho-
linesterase inhibitors and no participants in the other group using 
cholinesterase inhibitors. Further, as APOE effects in this study 
were demonstrated in blood cells, they are unlikely to represent 
confounds of neurodegeneration or the classic AD-related protein 
aggregations.

COX Vmax is lower in AD subjects, a finding reported in brain, fi-
broblasts, and blood cells (Swerdlow et al., 1998; Wilkins et al., 2017). 
Mechanistic studies show that COX is assembled differently in AD 
subjects, which may contribute to Vmax deficits (Parker & Parks, 
1995). Additional studies associate the COX deficit with changes 
to its mRNA expression within brain (Simonian & Hyman, 1994). 
Lower COX activity in AD subjects is at least partly accounted for 
by mitochondrial DNA, either through inherited variants or somatic 
mutations (Swerdlow et al., 1997). Deficits in COX functionality will 
lead to bioenergetic stress including changes in redox balance and 
ATP production (Silva et al., 2013). As a systemic biomarker, reduced 
platelet COX Vmax correlates strongly with reduced brain glucose 

TA B L E  2 Medications by group. Values are % of total. Chi-
square p = 0.12

Medication classification
Non-
carriers

APOE ε4 
carriers

Vitamin/supplement 73.9 100.0

Blood pressure 47.8 53.8

Cholesterol 39.1 46.2

Anti-depressant 34.8 53.8

Opiod/pain/muscle relaxer 8.7 15.4

Beta-blocker 17.4 30.8

Anti-diabetic 13.0 7.7

Dopamine agonist 4.3 3.8

Thyroid 17.4 30.8

Cholinesterase inhibitor 26.1 30.7

NMDA receptor antagonist 4.3 11.5

Cholinesterase inhitibor+NMDA antagonist 65.2 53.8
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metabolism (Mosconi et al., 2017). Future studies should leverage 
this systemic biomarker to understand the origins of bioenergetic 
stress observed in AD.

Lymphocyte apoptosis can be attributed to “neglect” or loss of 
extrinsic signals, a process that occurs through mitochondrial en-
ergy failure and the loss of anaplerosis (Vander Heiden et al., 1999; 
Whetton & Dexter, 1983). Bioenergetic stress, as a consequence of 
reduced glucose metabolism, may play a role in lymphocyte apopto-
sis (Rathmell et al., 2000; Vander Heiden et al., 2001). Our Annexin 

V staining and RNAseq data support changes to metabolism and 
apoptotic signaling in AD APOE ε4 carrier lymphocytes. Our overall 
findings suggest increased lymphocyte apoptosis may reflect a con-
sequence of bioenergetic stress.

A previous study claimed SIRT1 phosphorylation at the site we 
interrogated reflects SIRT1 activation (Sasaki et al., 2008). SIRT1 
regulates chromatin remodeling, allowing for gene expression 
changes that adapt to stress (Bosch-Presegue & Vaquero, 2014). 
SIRT1 functions to alter cell metabolism including glycolysis flux, 

F I G U R E  1 Fresh platelet and lymphocyte biomarkers. Platelet mitochondria were isolated and enzyme Vmax activities measured as 
described in materials and methods. (a) COX Vmax by APOE genotype (ε4 carriers vs ε3/ε3). (b) CS Vmax by APOE genotype (ε4 carriers vs 
ε3/ε3) * indicates p < 0.05, ** indicates p < 0.01. Data are shown as mean ± SEM. (c) Lymphocytes were isolated and stained for Annexin V as 
described in materials and methods. % lymphocytes positive for Annexin V by APOE genotype (ε4 carriers vs ε3/ε3). * indicates p < 0.05

F I G U R E  2 Cultured lymphocyte energy sensing pathway protein expression. Lymphocytes were lysed and assayed for protein 
expression as described in materials and methods. (a) Lymphocyte PINK/ACTIN densitometry by APOE genotype. (b) Lymphocyte pSIRT1/
SIRT1 densitometry by APOE genotype. (c) Lymphocyte pMTOR/MTOR densitometry by APOE genotype. (d) Lymphocyte AceCS1/ACTIN 
densitometry by APOE genotype. (e) Lymphocyte ATP CL/ACTIN densitometry by APOE genotype. (f) Lymphocyte ACC densitometry by 
APOE genotype. (g) ACC densitometry in autopsied human brain samples by APOE genotype or diagnosis. Red indicates ND subjects when 
data are separated by APOE genotype. Green indicates APOE ε4 Non-Carriers when data are separated by diagnosis. * indicates p < 0.05, ** 
indicates p < 0.01. Data are shown as mean ± SEM
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lipid homeostasis, insulin secretion, and inflammation. Energy stress 
activates SIRT1, which essentially serves as a stress response master 
regulator (Bosch-Presegue & Vaquero, 2014).

mTOR promotes cell growth. It activates under anabolic con-
ditions that coincide with energy-sufficient states and deactivates 
under catabolic conditions of energy stress. Serine 2448 phosphor-
ylation levels positively correlate with mTOR activity and suggest a 
downstream assembly of mTORC2 and mTORC1, protein complexes 
implicated in cell metabolic regulation (Copp et al., 2009; Jhanwar-
Uniyal et al., 2019). Decreased mTOR 2448 phosphorylation in APOE 
ε4 carrier lymphocytes suggests that allele shifts the anabolic–
catabolic balance to a more catabolic setting.

Cells experiencing catabolic shifts typically increase autophagy, 
a process of internal digestion that replenishes raw molecular ma-
terials. PINK1 helps mediate autophagy, and increased PINK1 sug-
gests increased mitophagy/autophagy flux (Nguyen et al., 2016). 
Furthermore, mTOR modulates autophagy through unc-51 like ki-
nase 1 (ULK1) as inhibition of mTOR during nutrient starvation leads 
to activation of ULK1 and autophagy (Dunlop & Tee, 2014). In this 
case, elevated PINK1 and reduced mTOR activation in AD APOE ε4 
carrier lymphocytes suggest some degree of cell-level energy stress 
in the APOE ε4 carriers.

F I G U R E  3 Platelets and lymphocytes express APOE. 
Lymphocytes and platelets were isolated from whole blood 
and lysed. Lymphocyte and platelets were also subjected to 
mitochondrial isolation using nitrogen cavitation and differential 
centrifugation. Western blots show expression of APOE in both cell 
types with some mitochondrial localization. GAPDH is a cytosolic 
marker. COX4I1 is a mitochondrial marker. HDAC is a nuclear 
marker. Actin is a cytoskeletal protein

F I G U R E  4 Cultured lymphocyte RNAseq MitoCarta3.0 analysis. 
RNA was isolated from lymphocytes using phenol/chloroform 
extraction, and RNAseq was completed. Log fold changes for 
genes were inputted into the MitoCara3.0 database. Volcano plot 
by APOE genotype of MitoCarta3.0 gene analysis. Red indicates 
upregulated genes. Blue indicates downregulated genes. Significant 
gene names are identified with text

TA B L E  3 KEGG analysis of MitoCarta3.0 genes by ApoE 
genotype

Pathway DE P.DE

Biosynthesis of cofactors 7 7.39E-07

Metabolic pathways 16 5.57E-06

Fatty acid metabolism 4 4.02E-05

Apoptosis—multiple species 3 0.000173

Glycine, serine, and threonine 
metabolism

3 0.000338

Fatty acid degradation 3 0.000391

Arginine and proline 
metabolism

3 0.000695

Apoptosis 4 0.001151

Adipocytokine signaling 
pathway

3 0.001678

Fatty acid biosynthesis 2 0.001714

PPAR signaling pathway 3 0.002215

Alanine, aspartate, and 
glutamate metabolism

2 0.007163

Purine metabolism 3 0.009952

Valine, leucine, and isoleucine 
biosynthesis

1 0.013799

Aminoacyl-tRNA biosynthesis 2 0.021688

p53 signaling pathway 2 0.026179

Platinum drug resistance 2 0.026179

Biosynthesis of amino acids 2 0.027527

Colorectal cancer 2 0.035421

Thermogenesis 3 0.04473

NF-kappa B signaling pathway 2 0.049969

Note: The table includes pathways with p values (P.DE) below 0.05.
Abbreviations: DE, differential expression; P.DE, p value of differential 
expression.
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F I G U R E  5 Cultured lymphocyte RNAseq IPA analysis upregulated pathways. RNA was isolated from lymphocytes using phenol/
chloroform extraction and RNAseq was completed. Log fold changes for genes were inputted into the IPA database. (a) IPA analysis by APOE 
genotype z scores for individual pathways. (b) p values of pathways from (a)
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The most robust finding in lymphocytes was the increase in 
pACC and ACC expression by APOE genotype. ACC is an enzyme 
which converts acetyl-CoA into malonyl CoA through carboxylation, 
which represents an early integral step in fatty acid synthesis. ACC 
phosphorylation inhibits its activity and turns off lipid biosynthesis. 
To understand whether this change was specific, we also examined 
ACC expression and phosphorylation in human post-mortem brain 
samples. We found that pACC levels also increased in brains from 
AD and APOE ε4 carriers.

AceCS1 is a cytosolic enzyme that catalyzes the conversion 
of acetate and CoA to acetyl-CoA, where it enters lipid synthesis. 
SIRT1 reportedly regulates its activity (Hallows et al., 2006). ATP CL 
converts citrate to acetyl-CoA and oxaloacetate, and links carbohy-
drate and fatty acid metabolism. Both ATP CL and AceCS1 expres-
sion are higher in APOE ε4 carriers, which could represent a cause 

or consequence of the observed ACC changes. AceCS1 and ATP CL 
could potentially increase whether an ACC-mediated reduction in 
lipid biosynthesis leads to a secondary increase in acetyl-CoA. Based 
on this pattern of observations, investigating acetyl-CoA and its up/
downstream metabolites in APOE ε4 carriers could prove informa-
tive. In mice with an APOE ε4 genotype, adipogenesis and lipogene-
sis are impaired in adipose tissue (Arbones-Mainar et al., 2010). Our 
results are consistent with these findings that APOE ε4 genotype 
impairs lipogenesis across multiple tissue and cell types.

APOE interacts with multiple pathways. For example, it is nota-
ble that APOE ε4 mediates the downregulation of PPAR and VDR/
RXR signaling (Dawson & Xia, 2012). PPARγ suppresses macrophage 
inflammatory pathways, which is potentially relevant to the obser-
vation that inflammatory pathways are upregulated in APOE ε4 car-
rier lymphocytes (Chawla, 2010; Moore et al., 2001). In this respect, 

F I G U R E  6 Cultured lymphocyte 
RNAseq IPA analysis downregulated 
pathways. RNA was isolated from 
lymphocytes using phenol/chloroform 
extraction and RNAseq was completed. 
Log fold changes for genes were inputted 
into the IPA database. (a) IPA analysis by 
APOE genotype z scores for individual 
pathways. (b) p values of pathways from 
(a)
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it is interesting that PPARγ agonists failed to elicit adipogenesis in 
a study of APOE ε4 mice, because APOE ε4 suppressed PPARγ ex-
pression in adipose tissues and macrophages (Arbones-Mainar et al., 
2010).

RNAseq data further indicate lymphocytes from APOE ε4 carri-
ers experience metabolic stress. Multiple pathway analyses showed 
reductions in fatty acid metabolism, metabolite transport, and oxida-
tive phosphorylation. Hypoxic signaling and apoptotic signaling are 
upregulated. RNAseq data also reveal an overall pro-inflammatory 
state in APOE ε4 carriers, with activation of the NFκB signaling path-
way and increased cytokine/chemokine expression.

Our data agree with other studies that find specific APOE-
determined molecular phenotypes extend beyond the brain (Badia 
et al., 2013; Wilkins et al., 2017). At the very least astrocytes ex-
press APOE in the brain, but as lymphocytes and platelets are not 
generally recognized as APOE producing cell types the question 
of why APOE-associated phenotypes exist in these cell popula-
tions requires consideration. We did detect APOE protein in plate-
let and lymphocyte lysates, and our data indicate at least some 
of that APOE is intracellular. Our data do not address whether 
platelet and lymphocyte affiliated APOE was imported or locally 
produced, although since platelets lack nuclei locally generated 
APOE would need to accumulate either at the megakaryocyte 
stage or through the translation of persisting APOE transcripts. 
APOE isoforms also reside in close linkage dysequilibrium with 
variants of the Translocase of the Outer Mitochondrial Membrane 
40 kD subunit (TOMM40) gene (Roses, 2010). APOE isoforms 
could therefore serve as a surrogate for TOMM40 variants that 
independently influence mitochondrial function and metabolism. 
Further, as neurons increase their APOE expression under stress 
conditions, it is worth considering whether other cell types, when 
stressed, additionally demonstrate this behavior (Aoki et al., 2003; 
Boschert et al., 1999). Finally, myeloid APOE can alter lymphocyte 
biology through non-cell autonomous signaling events (Bonacina 
et al., 2018). Future studies will need to consider focusing on these 
potential mechanisms.

Despite years of research, the mechanisms that underlie the AD 
APOE association remain unclear. Our data support the view that 
bioenergetic metabolism-related stress may mediate this. As APOE 
expression occurs beyond the brain and defines specific molecular 
patterns, it seems reasonable to propose a systemic AD phenotype 
may exist. This could manifest as subtle metabolic shifts of the type 
we now demonstrate and could perhaps explain other associations 
including reported connections between dementia and type II dia-
betes mellitus (Arnold et al., 2018). This study also argues peripheral 
metabolism biomarkers may reflect brain metabolism. If further val-
idated, peripheral biomarkers like the ones we now show, or those 
developed by others (Chacko et al., 2014), could provide valuable 
insight into AD biology, suggest treatment strategies, and monitor 
target engagement in clinical trials.
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