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Previous research implicates alterations in oxidative phosphorylation (OXPHOS) in the development of
Alzheimer’s disease (AD). We sought to test whether genetic variants within OXPHOS genes increase the
risk of AD. We first used gene-set enrichment analysis to identify associations, and then applied a pre-
viously replicated stroke genetic risk score to determine if OXPHOS genetic overlap exists between stroke
and AD. Gene-set enrichment analysis identified associations between variation in OXPHOS genes and
AD versus control status (p ¼ 0.012). Conversion from cognitively normal controls to mild cognitive
impairment was also associated with the OXPHOS gene-set (p ¼ 0.045). Subset analyses demonstrated
association for complex I genes (p < 0.05), but not for complexes IIeV. Among neuroimaging measures,
hippocampal volume and entorhinal cortex thickness were associated with OXPHOS genes (all p <

0.025). The stroke genetic risk score demonstrated association with clinical status, baseline and longi-
tudinal imaging measures (p < 0.05). OXPHOS genetic variation influences clinical status and neuro-
imaging intermediates of AD. OXPHOS genetic variants associated with stroke are also linked to AD
progression. Further studies are needed to explore functional consequences of these OXPHOS variants.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Late-onset Alzheimer’s disease (AD) represents the most
prevalent cause of dementia among Americans older than
65 years (Banerjee, 2012; Sosa-Ortiz et al., 2012). Despite the
central role played by AD in pathologic brain aging, the causative
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mechanisms accounting for disease onset and progression remain
only partially understood. Additional biological pathways influ-
encing pathogenesis and disease course must be discovered if
novel therapeutic targets are to be identified and exploited for
treatment purposes.

Current evidence supports the hypothesis that alterations in
function of the oxidative phosphorylation system (OXPHOS) plays
a role in the pathogenesis of AD (Horan et al., 2012; Morán et al.,
2012; Schmitt et al., 2012). Specifically, multiple observations
have connected the toxic effects of beta-amyloid plaques and tau
neurofibrillary tangles on the OXPHOS system to decreased
neuronal survival (Eckert et al., 2010; Rhein et al., 2009). We
sought to test the hypothesis that variation in genes involved
with OXPHOS are associated with neuronal survival in neurode-
generative processes, by looking for associations between these
variants and AD risk in individuals enrolled in the Alzheimer’s
disease neuroimaging initiative (ADNI). Furthermore, because
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brain magnetic resonance imaging (MRI) and cerebrospinal fluid
(CSF) biomarkers are potent predictors of AD risk and progres-
sion, we searched for associations between OXPHOS genes and
these traits as well (Desikan et al., 2009; Dubois et al., 2010; Shaw
et al., 2009).

A genetic risk score summarizing the cumulative effect of
OXPHOS variants was recently found to associate with the risk of
ischemic and hemorrhagic stroke, specifically stroke subtypes
secondary to small vessel pathology, suggesting a link between
OXPHOS variation and cerebrovascular disease (Anderson et al.,
2013). Because radiographic markers of cerebral small vessel
disease have previously been implicated in AD pathology and
clinical progression, we sought to clarify whether these OXPHOS
genetic variants known to associate with stroke are also associ-
ated with clinical and radiographic markers of AD, supporting a
shared role of OXPHOS genetic variation in these 2 conditions
(Kalaria, 2002; Kalaria et al., 2012; Snowdon et al., 1997; Thal
et al., 2003).

In testing these 2 hypotheses, we first used a gene-set
enrichment analysis (GSEA) technique to assess the global
impact of OXPHOS genetic variation on AD and related pheno-
types. We then applied the previously developed and replicated
stroke genetic risk score to those same neurodegenerative phe-
notypes. The goal of the first set of analyses was to determine
whether common variants within OXPHOS genes contain a
greater degree of association with AD than would be expected by
chance. The goal of the second set of analyses was to clarify
whether the protective or deleterious influence of individual
OXPHOS genetic variants are concordant when comparing AD
and small vessel stroke.
2. Methods

2.1. ADNI

Datawere obtained from the ADNI database (adni.loni.ucla.edu).
The ADNI was launched in 2003 by the National Institute on Aging,
the National Institute of Biomedical Imaging and Bioengineering,
the Food and Drug Administration, private pharmaceutical com-
panies and nonprofit organizations. ADNI is the result of efforts of
many co-investigators from a broad range of academic institutions
and private corporations, and subjects have been recruited from
over 50 sites across the U.S. and Canada.
2.2. Subjects

Participants were screened, enrolled, and followed prospectively
according to the previously published ADNI study protocol
(Petersen et al., 2010). Participants were selected from the ADNI
database as previously described (Biffi et al., 2010a). Briefly,
included subjects were classified at baseline as:

1. Cognitively normal controls (CNC) with clinical dementia rating
(CDR) ¼ 0.

2. Mild cognitive impairment (MCI) individuals with Mini Mental
State Examination scores between 24 and 30, a verified sub-
jective memory complaint, objective memory loss, a CDR of 0.5,
absence of significant levels of impairment in other cognitive
domains, essentially preserved activities of daily living, an
absence of dementia at the time of baseline MRI scan, and
classified as amnestic MCI subtype.

3. AD individuals who met criteria for probable disease (CDR 1).
2.3. Genotype data

Individual-level single-nucleotide polymorphism (SNP) ge-
notype data in the ADNI database were downloaded and merged
to create a single dataset as previously described (Biffi et al.,
2010a). Mitochondrial DNA (mtDNA) variants were downloaded
and analyzed separately from autosomal DNA (autoDNA) data.
All genetic analyses were performed using PLINK v1.07. Quality
control of genotype data were implemented as previously
described, and differed for mtDNA and autoDNA (Biffi et al.,
2010b). Population structure was separately assessed for
mtDNA and autoDNA by performing principal component anal-
ysis using published criteria (Anderson et al., 2013; Biffi et al.,
2010b).

2.4. MRI data

ADNI MRI scans were acquired at multiple sites, and pro-
cessed according to previously published methods using the
FreeSurfer v4.5.0 (http://surfer.nmr.mgh.harvard.edu) software
package (Biffi et al., 2010a). Five neuroimaging measures were
chosen for analysis on the basis of their established role in
predicting AD risk and progression: hippocampal volume,
amygdala volume, entorhinal cortex thickness, parahippocampal
gyrus thickness, and temporal pole cortex thickness (Biffi et al.,
2010a). Measurement values at baseline and longitudinal
change slopes were analyzed for these 5 neuroimaging traits.

2.5. CSF data

Baseline CSF samples were obtained in the morning after an
overnight fast from 416 ADNI subjects (AD ¼ 102, MCI ¼ 200,
CNC ¼ 114) at time of enrollment according to published methods
(Shaw et al., 2009). Amyloid beta 1e42 (Ab42) total microtubule-
associated protein tau (tau) levels were measured in each of the
416 CSF ADNI baseline aliquots using the multiplex xMAP Luminex
platform (Luminex Corp, Austin, TX, USA) with Innogenetics
(INNO-BIA AlzBio3; Ghent, Belgium) immunoassay kitebased
reagents.

2.6. SNP selection

Before the selection of SNPs within OXPHOS genes, autosomal
imputation was performed using PLINK v1.07 after quality
control filtering. Mitochondrial imputationwas performed using a
haplotype-based approach with reference datasets from GenBank
and Mitokor, according to previously published methods
(Anderson et al., 2013). Genes encoding proteins directly involved
in the OXPHOS respiratory chain were selected based on the
published criteria from a chemical dissection of mitochondrial
function (Wagner et al., 2008), yielding a total of 95 genes in the
autosomal genome and 13 genes in the mitochondrial genome
(see Supplementary Table 1). SNPs falling within these genes�100
kilobases and passing quality control filtering were extracted from
the ADNI data set (see Supplementary Table 2). Sub-analyses were
performed for genes grouped according to each OXPHOS respira-
tory complex, classified according to annotation in the Ensembl
Genome Browser (http://www.ensembl.org), as described else-
where (Anderson et al., 2013).

2.7. Gene-set enrichment analyses

Testing for cumulative OXPHOS pathway associations with AD
clinical status and related endophenotypes was performed using
the GSEA method, as implemented in the GenGen v.2010Apr29
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software package (Subramanian et al., 2005; Wang et al., 2007).
The GSEA method tests whether variants within a predefined
biological pathway contain more associations with the chosen
phenotype than would be expected by chance alone (testing
against the null hypothesis derived from random sampling of an
equal number of variants of similar minor allele frequencies
chosen from genes not within the OXPHOS pathway). We
therefore used it to screen the multiple possible associations
between the OXPHOS pathways (and its sub-complexes) and
clinical, imaging, and CSF phenotypes (Fig. 1). Using this tech-
nique, the significance threshold for our GSEA analyses was set at
permutation-derived p < 0.05.

2.8. Stroke genetic risk score generation and testing

Combined effects of autosomal and mitochondrial OXPHOS
SNPs on stroke risk were evaluated in a previously published
study, using a score-based method (Anderson et al., 2013). Briefly,
each OXPHOS SNP was tested for association with ischemic stroke
risk in a prospectively enrolled caseecontrol stroke study at
Massachusetts General Hospital (MGH, Boston, MA, USA).
OXPHOS SNPs were classified into risk variants (logistic regres-
sion odds ratio [OR] for stroke >1.0) or protective variants (OR for
stroke <1.0) based on these analyses (see Supplementary
Table 3).

For each ADNI individual, a risk score was generated by adding
a value of 1 for each stroke risk variant possessed, and a value
of �1 for each stroke protective variant. Positive values identified
individuals with net increased stroke genetic risk, whereas
negative values identified subjects with net decreased stroke ge-
netic risk. The stroke risk score was used as the independent
variable in: (1) an ordinal logistic regression model for clinical
status (AD vs. MCI vs. CNC); (2) logistic regression models for CNC
progression to MCI and MCI progression to AD; and (3) linear
regression analyses for CSF and imaging measures. For all these
analyses, reported effect sizes refer to a unitary increase in stroke
Fig. 1. Flow-chart of study design. Abbreviations: AD, Alzheimer’s disease; ADNI, Alzheimer’s
Hospital; OXPHOS, oxidative phosphorylation; PCA, principal component analysis; SNP, sing
score value, and thus reflect the average effect of a single risk
variant.

Based on prior results indicating a specific role for complex I
variants in ischemic stroke, we opted to generate a separate score
limiting the selection of SNPs to this complex (Anderson et al.,
2013). Genetic risk scores including only variants from each of
the other 4 complexes returned no statistically significant asso-
ciation with any of the analyzed phenotypes (data not shown).
Distribution of stroke genetic risk score values for ADNI in-
dividuals (stratified by clinical status) is presented in Fig. 2.

All analyses included the following covariates: age, sex, history
of hypertension, history of stroke, APOE genotype (number of ε2 and
ε4 copies), alcohol abuse (DSM-IV criteria), smoking status (ever
smoker), and education level (based on the number of school years
attended: <13, 13e16, or >16 years). Population stratification was
adjusted for according to previously published methods (Anderson
et al., 2013; Biffi et al., 2010a, 2010b).

Because Bonferroni correction was inappropriate owing to the
nonindependence of tested phenotypes we used the Benjami-
nieHochberg false discovery rate (FDR) method to control for
multiple hypothesis testing. Statistical significance was defined for
FDR-corrected p< 0.05 (Biffi et al., 2010b; Hochberg and Benjamini,
1990).

3. Results

3.1. Study participants

A total of 818 ADNI subjects had genotype data available for
analysis. Of these, 78 were excluded based on quality control
criteria for genotype and MRI data. This resulted in 740 subjects
with baseline MRI data available for analysis (Table 1). Among
these, 604 (82%) had at least 1 follow-up MRI scan. We extracted
data for 135 mtDNA SNPs and 707 autoDNA SNPs after ADNI data
underwent imputation (Fig. 1). All included SNPs passed relevant
quality control filters.
disease neuroimaging initiative; CSF, cerebrospinal fluid; MGH, Massachusetts General
le-nucleotide polymorphism.



Fig. 2. OXPHOS genetic risk score individual values by clinical status among ADNI participants. (A) Genetic risk score individual values by clinical status, generated by incorporating
variants from all OXPHOS genes. (B) Genetic risk score individual values by clinical status, generated by incorporating variants from complex I genes only. Abbreviations: AD,
Alzheimer’s disease; CNC, cognitively normal control; MCI-C, mild cognitive impairment subjects that converted to Alzheimer’s disease diagnosis at follow-up; MCI-NC, mild
cognitive impairment subjects that did not convert to Alzheimer’s disease diagnosis at follow-up.
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3.2. Gene-set enrichment analyses

The GSEA method was used to identify associations between
the OXPHOS gene set and AD phenotypes. We identified associa-
tion between OXPHOS genes and AD versus CNC status (p¼ 0.012),
as well as with disease progression from CNC to MCI (p ¼ 0.045).
Table 1
Characteristics of ADNI study participants

All subjects Cognitively normal

Number of subjects 740 215
Follow-up time (median, IQR in mo) 12 (6e24) 12 (6e24)
Age (mean, SD in y) 75.3 (6.9) 75.9 (5.5)
Sex (% male) 41 45
Education (median, IQR in y) 16 (14e18) 16 (14e18)
History of hypertension (%) 47 45
Smoking (%) 39 36
Alcohol abuse (%) 4.1 2.3
Previous history of stroke (%) 1.9 1.0
CSF Ab1-42a (median, IQR in pg/mL) 150 (128e216) 221 (162e256)
Taua (median, IQR in pg/mL) 86 (60e122.5) 64 (51e86)
Amygdala volume (mean, SD in cc) 1.25 (0.22) 1.38 (0.19)
Hippocampal volume (mean, SD in cc) 3.23 (0.59) 3.66 (0.50)
Parahippocampal

gyrus cortical thickness
(mean, SD in mm)

2.34 (0.32) 2.49 (0.28)

Entorhinal cortical
thickness (mean, SD in mm)

3.09 (0.47) 3.40 (0.30)

Temporal pole cortical
thickness (mean, SD in mm)

3.48 (0.13) 3.66 (0.26)

Amygdala volume
slopeb (median, IQR)

�0.12 (�0.40/0.15) 0.03 (�0.19/0.23)

Hippocampal volume
slopeb (median, IQR)

�0.24 (�0.46/�0.06) �0.13 (�0.27/0.01)

Parahippocampal gyrus cortical
thickness slopeb (median, IQR)

�0.14 (�0.40/0.11) 0.01 (�0.19/0.22)

Entorhinal cortical thickness
slopeb (median, IQR)

�0.21 (�0.47/0.03) �0.07 (�0.24/0.13)

Temporal pole cortical thickness
slopeb (median, IQR)

�0.16 (�0.41/0.01) �0.06 (�0.21/0.07)

APOE ε2 (MAF) 0.042 0.070
APOE ε4 (MAF) 0.367 0.142

Key: ADNI, Alzheimer’s disease neuroimaging initiative; CSF, cerebrospinal fluid; IQR, inte
magnetic resonance imaging; SD, standard deviation.

a CSF data obtained for 416 ADNI subjects (Alzheimer’s disease ¼ 102, MCI ¼ 200, cog
b Results are expressed as a slope of change of MRI measures over time, with negative

indicating increase over time.
No association was identified for MCI conversion to AD. Subset
analyses identified significant associations with clinical status for
complex I only (AD vs. CNC p ¼ 0.002, CNC to MCI conversion p ¼
0.017), suggesting that complex I is primarily responsible for the
association with the full OXPHOS gene set. Among neuroimaging
phenotypes, only hippocampal volume and entorhinal cortex
controls MCI non-converters MCI converters Alzheimer’s disease

217 140 168
12 (6e24) 18 (6e24) 12 (6e24)
75.3 (7.4) 74.6 (6.8) 75.5 (7.7)
34 39 48
16 (13e18) 16 (14e18) 16 (12e17)
47 49 51
42 39 40
3.7 5.0 5.9
2.3 2.1 1.8
151 (125e216) 139 (119e158) 135 (121e160)
80 (54e126) 98 (78e123) 112.5 (77e155.5)
1.28 (0.20) 1.16 (0.19) 1.11 (0.18)
3.28 (0.52) 2.95 (0.48) 2.85 (0.49)
2.36 (0.33) 2.27 (0.27) 2.18 (0.32)

3.16 (0.45) 2.93 (0.43) 2.73 (0.43)

3.52 (0.32) 3.37 (0.36) 3.29 (0.39)

�0.13 (�0.37/0.12) �0.23 (�0.48/0.07) �0.30 (�0.58/0.03)

�0.18 (�0.40/�0.04) �0.37 (�0.55/�0.19) �0.43 (�0.61/�0.25)

�0.08 (�0.29/0.07) �0.29 (�0.50/�0.01) �0.31 (�0.58/0.01)

�0.16 (�0.36/0.05) �0.42 (�0.68/�0.20) �0.39 (�0.68/�0.16)

�0.11 (�0.32/0.03) �0.30 (�0.55/�0.04) �0.33 (�0.64/�0.13)

0.039 0.021 0.027
0.290 0.432 0.430

r-quartile range; MAF, minor allele frequency; MCI, mild cognitive impairment; MRI,

nitively normal controls ¼ 114).
numbers indicating decrease in volume/thickness over time, and positive numbers



Table 2
GSEA association results for OXPHOS genes and imaging phenotypes

All OXPHOS genes Complex I Complex II/III Complex IV Complex V

Baseline imaging measures
Hippocampal volume 0.006 2.0 3 10L4 d 0.12 d

Amygdala volume d d d 0.15 d

Entorhinal cortex thickness 0.14 0.043 d d d

Parahippocampal gyrus thickness d d d d

Temporal pole cortex thickness d 0.11 d d d

Longitudinal change in imaging measures
Hippocampal volume 0.014 0.014 d d d

Amygdala volume d d d d d

Entorhinal cortex thickness 0.021 0.008 d d d

Parahippocampal gyrus thickness 0.18 d d d

Temporal pole cortex thickness d d d d d

This table reports p-values for GSEA association testing between gene sets and specific imaging phenotypes.
Values in bold identify results surpassing the pre-specified significance threshold of p < 0.05. Values in italics identify results with a non-significant trend toward association
(p-values > 0.05 and < 0.20).
Key: GSEA, gene-set enrichment analysis; OXPHOS, oxidative phosphorylation.

A. Biffi et al. / Neurobiology of Aging 35 (2014) 1956.e1e1956.e8 1956.e5
thickness were associated with the OXPHOS gene set, both at
baseline and longitudinally (Table 2). Subset analyses once again
revealed an association between complex I and these same MRI
measures. No associations were identified between OXPHOS genes
and CSF biomarker data (p > 0.20).
Table 3
Associations between complex I stroke genetic risk score and MRI neuroimaging
measures

Beta coeff. 95% CI p FDR-p

Baseline imaging measures
Hippocampal volumea
3.3. Stroke genetic risk score replication in ADNI

Logistic regression analysis for the presence versus absence of
prior stroke history showed an association with the OXPHOS
genetic risk score (OR ¼ 1.19, 95% confidence interval [95% CI] ¼
1.01e1.40, p ¼ 0.041). Subset analyses revealed association be-
tween stroke history among ADNI subjects and the complex I
stroke genetic risk score (OR ¼ 1.23, 95% CI ¼ 1.03e1.44, p ¼
0.019), but not with all other complexes (all p > 0.20). Based on
these results, both the OXPHOS stroke genetic risk score and the
complex I stroke genetic risk score were used in subsequent
analyses.
All subjects �20.47 �34.18/�6.76 0.003 0.004
CNC (n ¼ 205) �34.8 �66.0/�3.0 0.032 0.039
MCI (n ¼ 364) �22.8 �45.3/�0.2 0.045 0.048
AD (n ¼ 171) �3.24 �28.1/21.7 d d

Entorhinal cortex thickness
All subjects �0.003 �0.001/�0.005 0.041 0.046
CNC (n ¼ 205) �0.009 �0.001/�0.016 0.022 0.030
MCI (n ¼ 364) �0.0021 �0.011/0.075 d d

AD (n ¼ 171) 0.00 �0.004/0.004 d d

Longitudinal change in imaging measuresb

Hippocampal volume
All subjects �0.007 �0.015/�0.001 0.012 0.017
CNC �0.008 �0.016/�0.001 0.018 0.021
MCI �0.006 �0.014/�0.001 0.022 0.028
AD �0.001 �0.009/0.006 d d

Entorhinal cortex thickness
All subjects �0.009 �0.028/0.021 0.13 0.16
CNC �0.012 �0.029/0.053 0.17 0.19
MCI �0.002 �0.003/�0.001 0.033 0.039
AD 0.001 �0.015/0.016 d d
3.4. Stroke genetic risk score extension to AD clinical status

We found an association between disease status (i.e.,
CNCeMCIeAD) and OXPHOS stroke genetic risk score (OR ¼ 1.01,
95% CI ¼ 1.01e1.02, FDR-p ¼ 0.048). No associations were iden-
tified with the risk of conversion from CNC to MCI, or from MCI to
AD. Based on the previously mentioned findings and from our
prior OXPHOS stroke genetic association study (Anderson et al.,
2013), we separately tested associations with the complex I
stroke genetic risk score. We identified an association between
disease status (CNCeMCIeAD) and complex I risk score (OR ¼
1.05, 95% CI ¼ 1.01e1.10, FDR-p ¼ 0.049), as well as with risk of
CNC conversion to MCI (OR ¼ 1.08, 95% CI ¼ 1.01e1.15, FDR-p ¼
0.04), but not for the risk of MCI conversion to AD, matching the
results obtained through GSEA.
This table reports p-values for association testing between the complex I Genetic
Risk Score and specific neuroimaging measures. Statistical significance identified by
FDR p < 0.05.
Values in bold identify results surpassing the pre-specified significance threshold of
p < 0.05. Values in italics identify results with a non-significant trend toward as-
sociation (p-values > 0.05 and < 0.20).
Key: AD, Alzheimer’s disease; CI, confidence interval; CNC, cognitively normal
controls; Coeff, coefficient; FDR, false discovery rate; MCI, mild cognitive impair-
ment; MRI, magnetic resonance imaging.

a Results are expressed in terms of mm3 of volume for ease of interpretation.
b Results are expressed as a slope of change of MRI measures over time, with

negative numbers indicating decrease in volume/thickness over time, and positive
numbers indicating increase over time.
3.5. Stroke genetic risk score extension to AD imaging
measurements

Among neuroimaging phenotypes, only hippocampal volume
was associated with the OXPHOS stroke genetic risk score at
baseline (coefficient ¼ �1.80, 95% CI ¼ �3.03/�0.57, FDR-p ¼
0.009), but not longitudinally (p > 0.20). We identified a nonsig-
nificant trend toward the association between the risk score and
entorhinal cortex thickness at baseline (p ¼ 0.13), but not longitu-
dinally (p > 0.20).
We also identified the associations between the complex I stroke
genetic risk score and hippocampal volume and entorhinal cortex
thickness, again paralleling results obtained through GSEA
(Table 3). Associations were identified for both traits at baseline,
although longitudinal change in hippocampal volume was associ-
ated with the risk score. Analyses of association between other
OXPHOS complexes and imaging measures returned no significant
associations (data not shown).

The identification of a specific association between complex I
risk score with CNC conversion to MCI (but not with MCI con-
version to AD), as well as visual inspection of score values dis-
tribution plots by clinical status (Fig. 2), led us to hypothesize that
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the effect of the genetic risk score on neuroimaging measure-
ments might be specific to the earlier stages of disease progres-
sion in AD. We therefore opted to repeat association testing for
the complex I risk score and imaging measures within strata
identified by clinical status at baseline (Table 3). Indeed, associ-
ations between the complex I score and hippocampal volume
were present only for CNC and MCI subjects. Entorhinal cortex
was associated with complex I score at baseline only for CNC
subjects, and as a longitudinal change only for MCI subjects (with
nonsignificant trends toward association for CNC subjects and
longitudinal change).

4. Discussion

Our analyses demonstrate associations between the cumula-
tive effect of common OXPHOS DNA sequence variants and AD
clinical spectrum, ranging from normal elderly controls to MCI
subjects, to patients with a clinical diagnosis of AD. Several AD-
related MRI imaging measures were also associated with
OXPHOS gene variants. Furthermore, we have shown associations
between a previously developed and independently replicated
stroke genetic risk score and AD clinical status, as well as with the
previously mentioned neuroimaging phenotypes.

Previously accumulated evidence has implicated the OXPHOS
system in AD onset and progression (Eckert et al., 2010; Horan
et al., 2012; Morán et al., 2012; Rhein et al., 2009; Schmitt
et al., 2012; Verri et al., 2012). Our GSEA identified associations
between SNPs within OXPHOS genes and clinical status,
providing evidence that common variation within the 105 genes
directly contributing structural proteins to the OXPHOS system is
associated with the clinical manifestations leading from normal
brain aging to AD. In support of this clinical association, 2 of the
MRI imaging traits, most predictive of disease progression (hip-
pocampal volume and entorhinal cortex thickness) were also
associated with OXPHOS genetic variation. The lack of association
between the OXPHOS gene-set and beta-amyloid and tau CSF
levels (which are reflective of the overall brain burden for both
protein products) provides suggestive evidence against a role for
the mitochondrial respiratory machinery in determining the
accumulation or clearance of these abnormal proteins (Shaw
et al., 2009). Overall, our findings support the hypothesis that
genetic variation within OXPHOS genes modulates the natural
resilience of mitochondrial respiratory activity, thus, impacting
the pace of degeneration of key cerebral structures in AD and,
ultimately, disease progression.

Our GSEA identified associations between OXPHOS variants
and hippocampal volume and entorhinal cortex thickness but not
among the other disease-related imaging traits were tested.
These findings can be interpreted in several ways. Based on the
previously accumulated data, the hippocampus and entorhinal
cortex appear to be particularly vulnerable to oxidative damage
(Beal, 1995; Chen et al., 2010; de la Torre, 2008). However, it is
entirely possible that the associations between OXPHOS genetic
variation and these 2 phenotypes simply reflect their higher
predictive power in determining AD onset and progression, as
previously reported (Biffi et al., 2010a; Killiany et al., 2000).
Finally, limited power in the ADNI dataset and the play of chance
could explain a portion of the observed findings.

Our prior and present analyses have consistently shown a
predominant role for complex I above other OXPHOS complexes
(Anderson et al., 2013). These observations could be influenced
by chance and/or by leveraging statistical power, given that
complex I accounts for 50 of the 105 structural genes belonging
to the OXPHOS pathway. Alternatively, complex I mutations ac-
count for up to one-third of the known respiratory chain diseases,
and represent the main determinant of cellular redox state; this
biological primacy could translate into a preeminent role in AD
and stroke risk (Stefanatos and Sanz, 2011).

Our analyses demonstrate that an OXPHOS (specifically,
complex I) genetic risk score, developed and replicated for pre-
diction of stroke risk, was also significantly associated with AD
clinical status and neuroimaging measures. These findings sup-
port the existence of overlap in genetic architecture between
small vessel stroke and AD, suggest a shared role for OXPHOS in
both conditions, and represent independent support for the
findings obtained through GSEA. The analyses presented in this
study suggest a preferential role for these OXPHOS variants in
determining AD evolution in the earlier stages (i.e., conversion
from CNC to MCI, as well as imaging traits in MCI subjects). A
possible unifying hypothesis for these cross-disease associations
rests on the putative role of the OXPHOS machinery in response
to chronic neuronal insults, be they related to cerebrovascular
risk factors or neurodegeneration.

Limitations render our results hypothesis-generating. Because
of the unique extensive phenotyping of the ADNI cohort, our re-
sults cannot be readily replicated in an independent dataset.
However, the multiple concordant findings are highly unlikely to
be because of chance alone, and their validity is further supported
by permutation testing (for GSEA), and by the development of the
original stroke genetic risk score in an independent dataset
comprised cases and controls for a different disease. More defin-
itive conclusions with correspondingly greater study power will
require independent replication and meta-analysis in larger
datasets currently under development (Weiner et al., 2012). We
are also unable, by nature of our analytical design, to identify
specific genes or SNPs associated with the analyzed phenotypes.
Additional efforts in functional dissection and annotation of
OXPHOS genes will be required to identify the causative variants,
likely through high-throughput sequencing, as is rapidly
becoming an accepted standard in the field (Bettens et al., 2013).

In summary, we have identified associations between common
genetic variation within OXPHOS genes and AD clinical status and
neuroimaging correlates, with consistent results indicating a
preeminent role for complex I genes. Furthermore, the cumulative
genetic influence of OXPHOS genes on ischemic stroke translates
into directly overlapping associations with AD and related MRI
traits. Future studies will be required to confirm these findings,
and expand our understanding of the role of the mitochondrial
respiratory activity in chronic brain response to cerebrovascular
and neurodegenerative processes. Ultimately, the elucidation of
these mechanisms could lead to novel therapies for ischemic and
neurodegenerative cognitive disorders of aging.
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