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Abstract

INTRODUCTION: Mitochondrial dysfunction is observed in Alzheimer’s disease (AD). 

However, the relationship between functional mitochondrial deficits and AD pathologies is not 

well established in human subjects.

METHODS: Post-mortem human brain tissue from 11 non-demented (ND) and 12 AD subjects 

was used to examine mitochondrial electron transport chain (ETC) function. Data were analyzed 

by neuropathology diagnosis and Apolipoprotein E (APOE) genotype. Relationships between AD 

pathology and mitochondrial function were determined.

RESULTS: AD subjects had reductions in brain cytochrome oxidase (COX) function and 

complex II Vmax. APOE ε4 carriers had COX, complex II and III deficits. AD subjects had 

reduced expression of Complex I-III ETC proteins, no changes were observed in APOE ε4 
carriers. No correlation between p-Tau Thr 181 and mitochondrial outcomes was observed, 

although brains from non-demented subjects demonstrated positive correlations between Aβ 
concentration and COX Vmax.

DISCUSSION: These data support a dysregulated relationship between brain mitochondrial 

function and Aβ pathology in AD.
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INTRODUCTION

Bioenergetic dysfunction is well documented across Alzheimer’s Disease (AD) patient 

tissues and AD models. In vitro and in vivo studies show disruption of mitochondrial 

DNA (mtDNA) copy number, reduced flux through the electron transport chain (ETC), 

increased reactive oxygen species (ROS) and mitochondrial calcium, altered mitophagy 

and mitochondrial mass, and changes to mitochondrial morphology 1, 2. The most robust 

risk factors for AD, the apolipoprotein E (APOE) gene and advancing age, influence 

mitochondrial and bioenergetic function 3–8. The inheritance of specific mtDNA haplotypes 

associates with AD risk 9, 10. These mtDNA haplotypes may further influence the AD 

risk confered by APOE isoforms 11, 12. These data suggest that mtDNA inheritance and 

mitochondrial function play a significant role in AD progression and pathology.

The classic AD pathologies interact with mitochondria. Amyloid precursor protein (APP) 

and amyloid beta (Aβ) localize to mitochondria13, 14. Gamma secretase is found within 

mitochondria where it functions to modulate ETC assembly 15–17. Mitochondrial-localized 

APP and γ-secretase lead to generation of Aβ within mitochondria 14, 18–20. Numerous 

studies highlight the negative effects of Aβ on mitochondrial function, and mitochondrial 

dysfunction is observed in APP and APP/PS1-based transgenic mouse models 2, 14, 19, 21, 22. 

Mitochondrial function also influences APP, Aβ, and tau biology. Altering mitochondrial 

function can increase or decrease Aβ production and tau phosphorylation 23–26. A fuller 

understanding of these relationships could benefit the AD field.

A recent study showed that postmortem tissues could be used to support studies 

of mitochondrial respiration 27, 28. Prior AD studies have largely examined end-

point mitochondrial measures such as protein expression, mtDNA copy number, and 

mitochondrial morphology 1, 29–32. Here we used the newly described assay to asses 

mitochondrial flux in non-demented and AD postmortem brain. We compared this flux 

assay with standard Vmax assays while also correlating mitochondrial findings with AD 

pathologies.

METHODS

Brain Samples.

Human brain samples were obtained from the University of Kansas Alzheimer’s Disease 

Research Center (KUADRC) Brain Bank. Brain donors were members of the KUADRC 

Clinical Cohort, who consented to brain donation upon death and approval from an ethical 

standards committee to conduct this study was received. Banked tissue is de-identified 

by the KUADRC Neuropathology Core to eliminate identifying information. We examine 

the BA10 Broadmann area (frontopolar prefrontal cortex/frontal cortical pole). AD was 
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diagnosed upon neuropathological examination as outlined in the NACC Neuropathology 

Coding Guidebook33.

APOE Genotyping.

We used a single nucleotide polymorphism (SNP) allelic discrimination assay to 

determine APOE genotypes. This involved adding 5 ul of blood to a Taqman Sample-

to-SNP kit (ThermoFisher). Taqman probes to the two APOE-defining SNPs, rs429358 

(C_3084793_20) and rs7412 (C_904973_10) (ThermoFisher), were used to identify APOE 
ε2, ε3, and ε4 alleles.

Brain homogenates.

Approximately 10 mg of tissue was thawed on ice and minced with pre-chilled scissors. 

Samples were then homogenized using 500 µL ice-cold MAS buffer (220 mM Mannitol, 70 

mM sucrose, 10 mM KH2PO4, 5 mM MgCl2, 2 mM HEPES, 1 mM EGTA, and 0.2% fatty 

acid free BSA) with twenty strokes of a glass-Teflon Dounce homogenizer. Homogenates 

were centrifuged for 5 min at 1000 × g, 4°C. The supernatant was collected and used for 

further analysis.

Seahorse Bioanalyzer Analysis.

Homogenates were loaded into the Seahorse XF96 microplate (from the Seahorse XF96 

flux pack) in 20 μl of MAS buffer at a concentration of 30 µg per well. Plates were 

centrifuged 5 min at 2000 × g, 4°C, using a plate carrier and no centrifuge brake. 160 μl 

of 1X MAS with 10 μg/ml cytochrome c (final concentration) and 10 μg/ml alamethicin A 

(final concentration) was added to each well. Cartridge injections of drugs were as follows; 

A. 1 mM NADH or 5 mM succinate and 2 µM rotenone, B. 4 µM Antimycin A. C. 0.5 

mM TMPD and 1 mM ascorbic acid, D. 50 mM Sodium Azide. Oxygen consumption rates 

(OCR) were measured following a 1-minute mix after addition of injections and measured 

over 2 minutes three times. Adapted from 27, 28.

Vmax Enzyme Assays.

We added aliquots of the homogenates to 96 well plates and spectrophotometrically 

determined CI, CII, CIII, CIV (COX), and CS Vmax activities 34–38. For CI we followed the 

reduction of CoQ to ubiquinol at an absorbance of 340 nM. CI was measured in the presence 

of 25 mM PBS with 400 µM MgCl2, 150 µM NADH, 1 µM KCN, 60 µM Coenzyme Q1, 

and 0.25% fatty acid free BSA. Readings for Complex I were completed in the presence or 

absence of rotenone. For CII the rate of DCPIP reduction to DCPIPH2 was followed at 600 

nM in the presence of 40 μM DCPIP, 1 mM KCN, 10 μM rotenone, 50 μM co-enzyme Q2, 

and 20 mM succinate. For CIII the reduction of cytochrome c at 550 nm in the presence 

of sodium azide was measured. The CIII assay contained 250 mM Tris–HCl pH 7.4, 20 

mM NaN3, 0.25 mM decylubiquinol, and 0.25 mM cytochrome c. For the COX Vmax, we 

followed the conversion of reduced cytochrome c to oxidized cytochrome c at an absorbance 

of 550 nm and calculated the pseudo-first order rate constant (msec−1). For the CS Vmax, 

we followed the formation of 5-thio-2-nitrobenzoate (nmol/min) from the conversion of 
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oxaloacetate and acetyl coA to citrate at the absorbance of 462 nm. All Vmax rates were 

normalized to protein content.

Western Blotting.

50 µg of homogenate protein was resolved on an SDS-PAGE gel (4–15% Criterion gel from 

BioRad Laboratories). Proteins were transferred to PVDF membranes and membranes were 

blocked with 5% BSA in 1X PBS/0.1% Tween. Membranes were incubated with primary 

antibodies overnight at 4°C with mixing, following which membranes were washed 3X with 

1X PBS/0.1% Tween. Secondary antibody (BioRad) was added at a dilution of 1:4,000 in 

5% milk/1X PBS and 0.1% Tween for 1 hour at room temperature, with mixing. Membranes 

were washed 3X with 1X PBS/0.1% Tween and bands were visualized with HRP substrate 

(WestFemto, ThermoFisher) and a Chemidoc imaging station (BioRad). Densitometry was 

completed using ImageLab (BioRad). Primary antibodies are listed in Table 1. Total protein 

images were obtained using AmidoBlack Stain (Sigma).

ELISAs.

Aβ and tau levels were determined using ELISA assays from ThermoFisher/Invitrogen using 

the manufacturer’s protocols. All values were normalized to protein content (BCA Assay). 

For aggreged Aβ measures, tissue was extracted using extraction buffer composed of 25 

mM Tris-HCl, pH 7.4 150 mM NaCl with protease inhibitor mix (ThermoFisher). Tissue 

was added to 10 times volume of extraction buffer, homogenized and sonicated. Samples 

were then centrifuged at 14,000 x g for 10 minutes at 4°C. Supernatant was placed in a 

new tube and diluted for ELISA analysis. The resulting fraction contained TBS-soluble 

aggregates of Aβ. For Tau, Aβ40 and Aβ42 ELISA analysis, brain tissue was homogenized 

in 5 M guanidine-HCl diluted in 50 mM Tris, pH 8.0 with protease inhibitor cocktail 

(ThermoFisher). Tissue was added to 8 volumes of cold 5 M guanidine-HCl in 50 mM 

Tris and homogenized with a Dounce homogenizer. Samples were then mixed on an orbital 

shaker at room temperature for three hours. The samples were diluted ten-fold with cold 

PBS with protease inhibitors and centrifuged at 16,000 × g for 20 minutes at 4°C. The 

supernatant was transferred to a new tube and diluted for ELISA analysis.

Statistics.

Statistical tests and graphs were completed using GraphPad Software. Students T Test, 

ANOVA,or Pearson correlation test were used. A p value of less than 0.05 is reported 

as significant. Graphs show mean with standard error. Supplementary materials report all 

means and 95% confidence intervals.

RESULTS

Frontal cortical pole samples (BA10) were obtained from 11 non-demented (ND) and 12 AD 

subjects. Demographics for the groups are provided in Table 2 with detailed demographics 

and neuropathology findings listed in Table S1. The postmortem interval (PMI), which 

represents the time from death to freezing of brain tissue, was shorter in the AD brains 

although the duration of frozen storage was equivalent between groups. As expected, the 

AD group had an over-representation of APOE ε4 carriers, with 9/12 APOE ε4 carriers 
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in the AD group and 2/11 APOE ε4 carriers in the ND group. We examined data based 

on diagnosis of AD via neuropathology, neuropathology scores/staging, and APOE carrier 

status. When subjects were separated by APOE carrier status this included both ND and AD 

subjects as we were not powered to separate by both diagnosis and APOE carrier status.

Using prior established protocols, we used a Seahorse Analyzer to examine respiratory chain 

function. ND and AD subjects were defined based on the NIA-AA Alzheimer’s disease 

neuropathologic change (ADNC). ND subjects were considered Not AD or Low ADNC, 

while AD subjects were considered intermediate to high ADNC. AD subjects had lower 

COX (CIV) activity when compared to ND subjects (Figure 1 A, B). Separating subjects by 

APOE ε4 carrier status revealed CII, CIII, and CIV deficits in carriers versus non-carriers 

(Figure 1 C, D). Means and confidence intervals are reported in Table S2.

We next examined ETC function using standard spectrophotometric Vmax assays. AD 

subjects had lower CII and COX (CIV) Vmax when compared to ND subjects (Figure 2 

A). No changes to CI, CIII, nor CS were observed between ND and AD subjects (Figure 

2A). Separating subjects by APOE ε4 carrier status revealed CII and COX (CIV) deficits 

in carriers versus non-carriers (Figure 2A). No changes were observed for CI, CIII, or CS 

Vmax (Figure 2A). Means and confidence intervals are reported in Table S3.

Protein expression of ETC components was measured via western blotting. AD subjects had 

lower expression of UQCRC2 (CIII), SDHB (CII), and NDUFB8 (CI) ETC components 

(Figure 3A-C). No changes were observed for COX4I1 (CIV), ATP5A, (ATP-synthase), or 

CS. We observed no changes in expression patterns when subjects were separated by APOE 
ε4 carrier status (Figure 3 D-F). Means and confidence intervals are reported in Table S3. 

Western blot images of all samples are shown in supplemental data (Figures S1 and S2).

As expected, AD subjects had higher Aβ42, aggregated Aβ, and Aβ42/40 ratios but not 

Aβ40 (Figure 4A). Aβ40, Aβ42, and Aβ42/40 levels correlated positively with COX (CIV) 

Vmax in ND subjects (Figure 4 B-D). This relationship was not present in AD subjects, nor 

when data were separated by APOE ε4 carrier status (data not shown). A non-significant 

correlation is shown between aggregated Aβ and COX (CIV) Vmax (Figure 4E, p=0.05689). 

AD subjects had higher pTau181 levels (Table S5), but this did not correlate with COX 

Vmax (data not shown). Means and confidence intervals are reported in Table S5.

We examined COX Vmax with respect to AD neuropathological scores and scales. COX 

Vmax was reduced in subjects with Braak stages between V-VI (Figure 5A) and CERAD 

scores 2–3 (Figure 5B). Furthermore, there was no correlation between mitochondrial Vmax 

outcomes and PMI (reported in Table S6).

DISCUSSION

We report mitochondrial dysfunction in human postmortem AD brain consistent with 

other studies 29–31, 39–42. AD subjects showed reduced COX flux and Vmax with reduced 

complex II Vmax. When separated by APOE genotype, APOE ε4 carrier postmortem brain 

tissue had reduced COX flux and Vmax, reduced complex II flux and Vmax, and reduced 

complex III Vmax. We specially compared seahorse flux and Vmax assays and observed 
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consistency for COX function across both assays. Our data further indicate that complex II 

and complex III integrity could be altered in both AD patients and APOE ε4 carriers.

Key differences between the novel seahorse assay and spectrophotometric Vmax assays 

exist. The measured output from the seahorse platform is oxygen consumption rate or 

oxygen tension in the buffer using a fluorescence-based reading. Vmax based assays 

typically measure the production of a metabolite indirectly. Differences were observed 

between Vmax and seahorse flux measures for Complex II between ND and AD subjects. 

The Vmax assay contained an inhibitor for COX/CIV and measured ubiquinol production 

indirectly through the reduction of DCPIP. Conversely the seahorse assay measures oxygen 

consumption in the presence of succinate. The observed differences between outcomes 

for the seahorse flux analysis and Vmax assays are due to the nature of the assays. 

This highlights the importance of assay design for future studies examining mitochondrial 

function in tissues. Utilization of the seahorse platform to obtain ETC flux analysis from 

postmortem tissues will allow further study of temporal mitochondrial changes in diseased 

states. This assay will be especially useful when tissue amounts are limited.

The role complex II deficits may play in AD are unknown and unreported. Complex II is 

encoded solely by nuclear DNA, unlike COX. In AD mouse models both complex II and 

COX function are reduced, and proteomics analysis of human AD brain shows reduced 

complex II subunit expression in familial subjects only 43, 44. Overall, the finding of changes 

to complex II in sporadic AD postmortem brain require independent verification in larger 

cohorts.

APOE ε4 is associated with bioenergetic and mitochondrial dysfunction in AD and aging 45. 

Young APOE ε4 carriers show mitochondrial dysfunction before AD onset 40. In addition, 

mouse models carrying humanized APOE ε4 have mitochondrial dysfunction in the absence 

of classic AD pathology 46–48. Proteolytic cleavage of APOE ε4 at its C-terminus creates a 

272 amino acid peptide that localizes to mitochondria and can interfere with ETC function 
4, 47. Our results show reduced Complex II, III, and COX function in APOE ε4 carriers and 

the exact mechanism of these findings will require further investigation.

We observed significant protein expression reductions for complexes I, II, and III in AD 

subjects but no changes in APOE ε4 carriers. It is of interest that no change in COX 

expression was observed between groups. Our assessment, however, only included a limited 

subset of ETC subunits. A past proteomics study reported changes to some subunits of 

complex I, II, III, and IV in early or late onset AD postmortem brain tissues 43. Altered 

protein expression of the ETC components is likely to impact flux measures.

Prior studies indicate COX is assembled differently in AD postmortem brain 49, 50. Of 

interest is that COX deficiency is observed systemically in AD and across numerous AD 

models 1, 29, 36, 38, 51, 52. COX Vmax deficits are reflected in skin and blood samples from 

AD subjects 36, 37, 53. AD subjects who carry an APOE ε4 allele show reduced COX Vmax 

in blood when compared to non-carrier AD subjects 36, 37. Overall, COX dysfunction is well 

documented in AD but its relationship with AD pathology is not well understood.
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Neuropathological stages and scoring associated with COX Vmax deficits. In Braak stages 

V-VI significant reductions to COX Vmax were observed. Braak stages V-VI indicates 

neurofibrillary tangles throughout entorhinal, limbic, and neocortical structures. We did not 

observe a relationship between tau phosphorylation and COX function. However, within the 

scope of our study we only measured one tau phosphorylation site. Therefore, these findings 

require larger studies to explore this relationship adequately.

For CERAD neuropathological scoring, postmortem samples with moderate to frequent 

neuritic plaques had significant COX Vmax deficit. With postmortem brain samples it is 

difficult to assess cell type specific contributions to COX Vmax reductions, but it is expected 

that the bulk of cell mass will be from glial cells. Association with CERAD scoring suggests 

that loss of neurons and increasing neuritic plaques contribute to COX Vmax decline. Future 

work should elucidate the role of gliosis and neuronal loss in ETC functional changes in 

brain.

We examined how mitochondrial function, particularly COX Vmax, interacted with AD 

pathology. We observed a positive correlation between Aβ brain levels and COX Vmax in 

non-demented subjects. This relationship was not observed in AD nor APOE ε4 carriers. 

These findings suggest that higher COX Vmax is associated with higher Aβ levels. Our 

findings are consistent with studies in AD animal models. One prior study used genetic 

knockout of COX in neurons of a familial AD mouse model and found this reduced Aβ 
production and pathology 24. A separate study reduced mtDNA levels in an AD mouse 

model resulting in reduced COX activity and reduced Aβ pathology 25. A significant 

relationship between COX function and Aβ production/pathology is evident and could 

provide critical data as to why Aβ is generated.

We and others have reported strong relationships between APP processing, Aβ production, 

and mitochondrial function 13, 19, 44, 54, 55. Recently, we reported that mitochondrial 

membrane potential predictably alters Aβ production 26. COX is a major regulator of 

mitochondrial membrane potential and thus these findings contribute to our understanding of 

mitochondria/ Aβ relationships 56.

Further studies should assess the contributions of full-length APP and other APP processing 

products in mitochondrial function from postmortem brain samples. Several studies 

implicate full-length APP localization at mitochondria, with implications that is blocks 

the translocases of the outer and inner mitochondrial membrane 13. These prior studies 

indicated that full-length APP could induce changes to mitochondrial function13, 14, 22, 

however further study is required to understand the relationship between full-length APP 

and mitochondrial function.

Within our cohort the ND group had a significantly higher PMI than the AD group. 

However, the ND group consistently showed higher mitochondrial function parameters. This 

suggests this did not artifactually account for our outcomes, as a longer PMI in the ND 

group would predictably mitigate rather than accentuate differences with the AD group. 

More importantly, when we examined the relationship between PMI and COX Vmax, no 

correlation was observed. Our cohort also contained an uneven sex distribution, an issue we 
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plan to address in larger studies as sex as a biological variable is important to consider in AD 

studies.

Overall, we report significant mitochondrial dysfunction in postmortem AD brain which is 

also associated with APOE genotype. Mitochondrial function interacts with Aβ levels and 

AD neuropathological staging/scores within our cohort. This study highlights the imperative 

need to understand the physiological role of the Aβ/mitochondria relationship in aging and 

AD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Oxygen Consumption Rates in Postmortem Brain.
A. Oxygen Consumption Rates in ND versus AD postmortem brain samples. Representative 

tracing from the Seahorse XF Analyzer, n=11 ND vs n=12 AD. B. Quantification of A, 

showing complex I (before succinate/rotenone), II (after succinate/rotenone), III (succinate/

rotenone with antimycin A subtracted), and IV (TMPD/Asc with azide subtracted) 

driven oxygen consumption rates, n=11 ND vs n=12 AD. C. Oxygen Consumption 

Rates in postmortem brain samples separated by APOE ε4 carrier status. Representative 

tracing from the Seahorse XF Analyzer, n=11 for carriers vs n=12 for non-carriers. D. 

Quantification of C, showing complex I (before succinate/rotenone), II (after succinate/

rotenone), III (succinate/rotenone with antimycin A subtracted), and IV (TMPD/Asc with 

azide subtracted) driven oxygen consumption rates, n=11 for carriers vs n=12 for non-

carriers. See materials and methods section for assay details and table 2 for demographics.
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Figure 2. ETC Vmax in Postmortem Brain.
A. Complex I, Complex II, Complex III, Complex IV, and CS Vmax from ND versus AD 

postmortem brain samples, n=11 ND vs n=12 AD. B. Complex I, Complex II, Complex III, 

Complex IV, and CS Vmax from postmortem brain samples separated by APOE ε4 carrier 

status, n=11 for carriers vs n=12 for non-carriers. See materials and methods section for 

Vmax assay details and table 2 for demographics.
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Figure 3. ETC Protein Expression in Postmortem Brain.
A. Complex I-IV component expression from ND versus AD postmortem brain samples. B. 

CS protein expression from ND versus AD postmortem brain samples. C. Representative 

western blot images. n=11 ND vs n=12 AD D. Complex I-IV component expression from 

postmortem brain samples separated by APOE ε4 carrier status. E. CS protein expression 

from postmortem brain samples separated by APOE ε4 carrier status. F. Representative 

western blot images. n=11 for carriers vs n=12 for non-carriers. See materials and methods 

section for assay details, table 1 for antibody information, and table 2 for demographics.
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Figure 4. Relationship between COX Vmax and Aβ in Postmortem Brain.
A. Aβ species quantification from ND versus AD postmortem brain samples. B. Correlation 

between COX Vmax and Aβ40 from ND versus AD postmortem brain samples. C. 

Correlation between COX Vmax and Aβ42 from ND versus AD postmortem brain samples. 

D. Correlation between COX Vmax and Aβ42/ Aβ40 from ND versus AD postmortem 

brain samples.E. Correlation between COX Vmax and aggregated amyloid from all brain 

samples. F. Correlation between COX Vmax and aggregated amyloid from ND versus AD 

postmortem brain samples. n=11 ND vs n=12 AD. See materials and methods section for 

assay details and table 2 for demographics.
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Figure 5. COX Vmax by Neuropathological Staging.
A. COX Vmax by Braak Staging; n=8, n=3, and n=11 for stage I-II, III-IV, and V-VI 

respectively. B. COX Vmax by CERAD score; n=11 per group. See materials and methods 

section for assay details and table 2 for demographics.
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Table 1.

Antibodies

Protein Name Company Catalog No. Dilution

Total Ox Phos (ATP5A, SDHB, UQCRC2, NDUFB8) Abcam ab110411 1:1000

COX4I1 Cell Signaling 4850 1:1000

CS Cell Signaling 14309 1:1000
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Table 2.

Demographics

Group Age years (SD) Sex (M/F) PMI hours (SD) Frozen years (SD)

ND 81.2 (8.7) 5/6 21.2 (16.3) 5.7 (1.9)

AD 76.3 (8.8) 9/3 7.9 (5.3) 5.3 (0.96)

APOE ε4 carrier 79.8 (7.7) 8/3 9.2 (6.4) 5.8 (1.3)

APOE ε4 non-carrier 77.6 (10.1) 6/6 18.9 (16.6) 5.3 (1.9)

ND versus AD; age p=0.1971; PMI p=0.0244; frozen years p=0.4661. Carrier versus non-carrier; age p=0.5585; PMI p=0.0798; frozen years 
p=0.4712
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