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Bioenergetic dysfunction occurs in Alzheimer’s disease (AD) and mild cognitive impairment (MCI), a clinical
syndrome that frequently precedes symptomatic AD. In this study, we modeled AD and MCI bioenergetic
dysfunction by transferring mitochondria from MCI, AD and control subject platelets to mtDNA-depleted SH-
SY5Y cells. Bioenergetic fluxes and bioenergetics-related infrastructures were characterized in the resulting
cytoplasmic hybrid (cybrid) cell lines. Relative to control cybrids, AD and MCI cybrids showed changes in
oxygen consumption, respiratory coupling and glucose utilization. AD and MCI cybrids had higher ADP/ATP
and lower NAD1/NADH ratios. AD and MCI cybrids exhibited differences in proteins that monitor, respond to
or regulate cell bioenergetic fluxes including HIF1a, PGC1a, SIRT1, AMPK, p38 MAPK and mTOR. Several end-
pointssuggested mitochondrialmass increased in theADcybridgroupand probably to a lesser extent in the MCI
cybrid group, and that the mitochondrial fission–fusion balance shifted towards increased fission in the AD and
MCI cybrids. As many of the changes we observed in AD and MCI cybrid models are also seen in AD subject
brains, we conclude reduced bioenergetic function is present during very early AD, is not brain-limited and
induces protean retrograde responses that likely have both adaptive and mal-adaptive consequences.

INTRODUCTION

Perturbed bioenergetic function, and especially mitochondrial
dysfunction, is observed in brains and peripheral tissues of sub-
jects with Alzheimer’s disease (AD) and mild cognitive impair-
ment (MCI) (1,2), a clinical syndrome that frequently represents
a transition between normal cognition and AD dementia (3).
Neurons are vulnerable to mitochondrial dysfunction due to
their high energy demands and dependence on respiration to gen-
erate ATP (4). Mitochondrial dysfunction may, therefore, drive
or mediate various AD pathologies (5).

While AD hippocampal neurons have reduced numbers of
morphologically preserved mitochondria (6), other changes in
overall neuron mitochondrial mass are less straightforward.
Dystrophic neurites concentrate mitochondria within autopha-
gic vesicles, a phenomenon that could reflect defective retro-
grade transport (7–9). While PCR-amplifiable mitochondrial
DNA (mtDNA) levels are reduced (10), approaches that detect
mtDNA within autophagosomes in addition to mtDNA within
intact mitochondria suggest hippocampal neuron mtDNA
levels may actually increase (6). Other studies report mitochon-
drial mass increases in healthy-appearing neurons while
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markedly declining in tangle-bearing neurons from AD subject
hippocampi (11).

Mitochondrial fission–fusion dynamics are also altered in
AD and could impact organelle proliferation, movement and
distribution (12–14). Tissue from AD patient hippocampi
shows increased Fis1 as well as reduced Drp1, Opa1, Mfn1
and Mfn2. These proteins further redistribute away from
neuron processes and towards cell bodies (15). In AD subject
frontal cortex, expression of the pro-fission Drp1 and Fis1
genes increases, while Mfn1, Mnf2 and Opa1 pro-fusion
gene expression decreases (16). In AD fibroblasts, H2O2 and
Ab (amyloid beta) treatment reduces Drp1 and disrupts mito-
chondrial networks (17). Perturbed mitochondrial fission–
fusion in AD may relate to increased mitochondrial autophagy
(mitophagy), since altering fusion and fission protein levels
induces mitophagy (18).

In order to study AD and MCI bioenergetic fluxes, intermedi-
ates and proteins that relate to those fluxes, and mitochondrial
mass/morphology-related phenomena, we generated cytoplas-
mic hybrid (cybrid) cell lines using platelet mitochondria from
AD, MCI and age-matched control subjects. We found that bio-
energetic flux and flux-associated parameters were altered in
MCI and AD cybrid lines. Many of the changes we observed
either mediate or represent retrograde responses that are probably
compensatory in nature. These compensatory changes, though,
may have mal-adaptive as well as adaptive consequences.

RESULTS

COX Vmax activities

Numerous studies have found that following a 6-week selection
process, relative to control cybrid cell lines, AD cybrid cell lines
have reduced COX Vmax activities (1). One previous study

reported MCI cybrid COX Vmax activities are also reduced rela-
tive to that of control cybrids (19), and another study found that
after correcting for mtDNA synthesis rates AD cybrid COX
Vmax activity reductions persist for at least 1–2 months after
the 6-week cybrid selection process is complete (20). Our
COX Vmax data, which come from cybrid cell lines maintained
in continuous culture for two additional months after the 6-week
selection process was completed, are for the most part consistent
with the existing literature. Although reporting whole cell COX
Vmax activities only as pseudo-first-order rate constants nor-
malized to mg protein (sec21/mg protein) did not reveal differ-
ences (Fig. 1A), further normalizing to a marker of COX
quantity, in this case COX4I1 protein, found that the COX activ-
ity mean per COX subunit protein was lower in the AD cybrid
lines than it was in the control cybrid lines (Fig. 1B). The MCI
cybrid COX Vmax activity mean was intermediate, as it was
not statistically different from either the control or AD group
means (Fig. 1B). The possibility that COX function is perturbed
in MCI cybrids is further supported by an analysis in which the
MCI and AD cybrids were combined to create a single group.
In this case, the AD+MCI cybrid COX Vmax mean, when nor-
malized to COX4I1 protein levels, was lower than that of the
control cybrids (Fig. 1C). Conversely, adding the MCI and
control cybrids together created a group whose COX Vmax
mean was statistically comparable to that of the AD cybrids
(data not shown).

Oxygen and glucose fluxes

We used a Seahorse XF24 Analyzer to assess cybrid line
respiration-related fluxes. To quantify mitochondrial OCRs
under unstressed conditions, the total OCR for each cell line
was determined in the presence of 25 mM glucose before and
after the addition of rotenone and antimycin A to the cells.

Figure 1. COX Vmax activities. The pseudo-first-order rate constant in sec21 was spectrophotometrically determined by following the conversion of reduced cyto-
chrome c to oxidized cytochrome c. In (A), each cybrid line’s rate constant was normalized to the amount of whole cell protein in its assay cuvette to provide a rate in
sec21/mg protein (A). As immunochemical measurements of COX4I1 protein revealed the amount of COX4I1 protein differed between the groups (see Fig. 8), we also
normalized the sec21/mg protein rate for each line to its relative amount of COX4I1 protein (B and C). Asterisk indicates a P , 0.05 difference from the control group;
Double asterisk indicates a P , 0.01 difference from the control group.
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Rotenone (a complex I inhibitor) and antimycin A (a complex III
inhibitor) blocks mitochondrial respiration, and reveals the cell
non-mitochondrial OCR contribution. Subtracting the non-
mitochondrial OCR from the total OCR yields the mitochondrial
OCR. The mitochondrial OCRs were then normalized to the
amount of total protein that was present in the well that was
being read. In the presence of 25 mM glucose, the MCI group
OCR mean was lower than the control group OCR mean
(Fig. 2A). On post-hoc testing, the AD group was statistically
comparable to both groups (P ¼ 0.07 compared with the
control group, and P ¼ 0.42 compared with the MCI group).
Combining the MCI and AD cybrids generated a single group
whose OCR was lower than that of the controls (Fig. 2B),
while a group formed by combining the MCI with the control

group was not statistically different from the AD group (data
not shown).

Glucose deprivation prevents glycolysis, which renders cells
increasingly dependent on oxidative phosphorylation to make
energy. This manifests as an increased OCR. Relative to total
cell OCR measurements taken under 25 mM glucose conditions,
under glucose deprivation conditions the control group OCR
increased by 67%, the MCI group OCR increased by 74% and
the AD group OCR increased by 61%. When no glucose was
present in the assay medium, the mitochondrial OCR rate was
lower in the MCI and AD groups than it was in the control
group (Fig. 2C). Combining the MCI and AD cybrids generated
a single group whose glucose-deprived OCR was lower than that
of the controls (Fig. 2D), while a group formed by combining the

Figure 2. Mitochondrial respiration and ECAR values. Mitochondrial OCR values in the presence of non-limiting amounts of glucose (A and B) and in the absence of
glucose (C and D) were determined for each separate cybrid group and for the combined AD+MCI group. Mitochondrial OCR values for each cybrid group (E) and for
the AD+MCI group (F) were determined following exposure to oligomycin. The basal glycolysis rate for each cybrid line was estimated by determining its ECAR in
the presence of non-limiting amounts of glucose (G). The maximal glycolysis rate (the glycolysis capacity) for each cybrid line was estimated by determining the
ECAR in the presence of glucose and oligomycin (H). Asterisk indicates a P , 0.05 difference from the control group; Double asterisk indicates a P , 0.01 difference
from the control group.
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MCI with the control group was not statistically different from
the AD group (data not shown).

To evaluate the mitochondrial proton leak rate, we determined
each cell line’s OCR following oligomycin treatment. Oligomycin
inhibits the mitochondrial ATP synthase, at which point all
mitochondrial oxygen consumption is due to the ATP synthase-
independent leakage of protons from the intermembrane space
to the mitochondrial matrix. The respiratory leak rate was higher
in the AD cybrids than it was in the control cybrids. The MCI
leak rate was intermediate, as its value was not significantly differ-
ent from the other two groups (Fig. 2E). Combining the MCI and
AD groups in order to increase statistical power yielded a group
whose leak rate exceeded that of the control group (Fig. 2F). Com-
bining the control and MCI groups yielded a group whose leak rate
did not differ from the AD group (data not shown).

In addition to measuring medium oxygen levels and calculat-
ing the rate at which oxygen is consumed by cultured cells, Sea-
horse Analyzers also measure medium pH and calculate the rate
at which cells acidify their surrounding medium. Since cell lactic
acid excretion is primarily responsible for medium acidification,
and lactic acid is produced by anaerobic glycolysis, ECARs can
be used to estimate glycolysis fluxes.

We initially placed cells from each of our cybrid lines in a
glucose-free medium, at which point ECARs were quite low
and equivalent between the groups; at the conclusion of each ex-
periment 2-deoxyglucose was added to each well, and revealed
baseline ECAR measurements were stable throughout. The
post-2-deoxyglucose ECARs wereused toprovidenon-glycolysis
acidification rates. An initial injection introduced 10 mM glucose
to the cells. The non-glycolysis, baseline ECAR for each line was
subtracted from the rate in 10 mM glucose to yield a true
glycolysis-dependent ECAR. The glucose injection was followed
by an injection of oligomycin, which eliminates mitochondrial
ATP production by inhibiting the mitochondrial ATP synthase
and forces a compensatory increase in glycolysis-related ATP
production. The difference between the post-oligomycin ECAR
and the post-2-deoxyglucose baseline ECAR indicates the gly-
colysis capacity. The difference between the post-glucose, pre-
oligomycin ECAR and the post-glucose, post-oligomycin
ECAR indicates the glycolysis spare reserve capacity. The
ECARs from each line were normalized to cell protein, organized
by groups and further normalized to the control group mean.

The post-glucose, pre-oligomycin ECARs in the MCI and AD
cybrids, as a group, were lower than the control cybrid ECARs
(Fig. 2G). This suggests that glycolysis rates were lower in the
MCI and AD cybrids. The post-glucose, post-oligomycin
ECARs were also lower in the MCI and AD cybrids, suggesting
their glycolysis capacity was also lower than that of the control
cybrid lines (Fig. 2H). The calculated glycolysis spare capacities
were lower in the MCI and AD cybrid groups (data not shown).

Energy and redox intermediates

Similar to what was found in a prior study of AD and control
cybrid cell lines prepared on an NT2 cell nuclear background
(21), inter-group differences in energy substrate levels were
observed. These differences were subtle but distinct. Mean
ADP levels between AD, MCI and control cybrid lines were
comparable on ANOVA, although a post-hoc test suggested a
potential increase in the AD cybrid ADP mean when compared

with the control cybrid ADP mean [P , 0.05 on least significant
difference (LSD) test] (Fig. 3A). ATP levels were comparable
between the three groups (Fig. 3B). The ADP/ATP ratio,
though, was elevated in the AD group when compared with the
control group, while the MCI group ADP/ATP ratio was inter-
mediate between the AD and control groups as it did not differ
from either of those groups (Fig. 3C). Since MCI is often an
AD precursor state, we attempted to increase power by generat-
ing a combined AD+MCI group. In this analysis, the AD+MCI
group ADP concentration and ADP/ATP ratio exceeded the
control ADP concentration and ADP/ATP ratio (Fig. 3D and
F). No differences were seen when the MCI and control cybrid
values were combined and compared with the AD cybrid
values (data not shown).

MCI and AD cybrid whole cell NAD+/NADH ratios were
lower than the control cybrid NAD+/NADH ratio (Fig. 3I).
This difference was driven by statistically significant reductions
in MCI and AD cybrid NAD+ concentrations (Fig. 3G).
Increases in MCI and AD cybrid NADH concentrations may
also have accentuated the inter-group ratio differences (see
Fig. 3H), although NADH levels were statistically equivalent
between the groups. Combining the MCI and AD cell lines
into a single group did not alter this analysis; the combined
group showed decreased NAD+, statistically unchanged
NADH and a decreased NAD+/NADH ratio (Fig. 3J–L). Com-
bining the MCI and control groups to form a single group, which
was then compared with the AD group, also revealed no quanti-
tative differences in NAD+ concentration (data not shown).

Flux modifying genes and proteins

We assessed the status of genes and proteins that regulate or are
regulated by bioenergetic fluxes. HIF1a, a protein that senses
and responds to cell oxygenation status (22), was lower in
MCI and AD cybrids than it was in control cybrids (Fig. 4A).
HIF1a mRNA expression levels were comparable between the
groups (P ¼ 0.054 on ANOVA), although a post-hoc analysis
suggested HIF1a mRNA levels in the AD cybrid group
could have exceeded that of the MCI and control cybrid
groups (P , 0.05 on LSD) (Fig. 4B).

Peroxisome proliferator-activated receptor g coactivator a
(PGC1a) mediates changes in mitochondrial mass and coupling
efficiency (23). Total cell PGC1a protein levels were lower in
MCI and AD cybrids than they were in control cybrids
(Fig. 4C). No differences in PGC1a mRNA expression were
observed, perhaps because of an unexpectedly large variation
in individual cell line values (Fig. 4D). We also assessed the
mRNA levels of two other PGC family members, peroxisome
proliferator-activated receptor g coactivator b (PGC1b) and
PGC1a-related coactivator (PRC). PGC1b expression was com-
parable between the groups, while PRC expression was higher in
the AD cybrid group than it was in the control and MCI groups
(Fig. 4E and F).

It was recently shown that PGC1a expression is also regulated
by PARIS, a protein that binds the PGC1a promoter and blocks
PGC1a gene transcription (24). While ANOVA between the
control, MCI and AD cybrids showed no intergroup differences
in whole cell PARIS, whole cell PARIS levels in the combined
AD+MCI group were reduced relative to the control group
level (Fig. 4G). When just nuclear PARIS was considered,
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protein levels were lower in the AD group than they were in the
control group and also in the combined AD+MCI group
(Fig. 4H).

PGC1a activity is post-translationally regulated. Acetylation
reduces its activity while de-acetylation, which is SIRT1-
mediated, increases activity (25,26). Whole-cell SIRT1 protein
and expression levels were comparable between the groups
(Fig. 5A and B). SIRT1 compartmentalization, though, changed
and this manifested as a decrease in the protein’s nucleus to cyto-
plasm ratio (Fig. 5C). Compared with the control group, on a
post-hoc analysis nuclear SIRT1 trended towards a lower level,
and in the combined AD+MCI group nuclear SIRT1 levels
were significantly lower (Fig. 5D). Cytosolic SIRT1 protein

levels were increased in both the MCI and AD groups, as well as
in the combined AD+MCI group (Fig. 5E). The ratio of phos-
phorylated to total SIRT1 was also reduced in the AD and
AD+MCI groups (Fig. 5F).

Phosphorylation provides another layer of PGC1a post-
translational modification; increased phosphorylation associates
with increased activity (25). AMPK is one enzyme that phos-
phorylates PGC1a (27). While total AMPK protein levels
were comparable between groups, relative to the control group
AMPK phosphorylation increased in the AD and AD+MCI
groups (Fig. 6A). We measured levels of a second PGC1a-
phosphorylating enzyme, the p38 mitogen-associated protein
kinase (28), and found that relative to the control group, total

Figure 3. Energy and redox intermediates. Relative ADP levels, ATP levels and ADP/ATP ratios for each separate group are shown in (A–C). Relative ADP levels,
ATP levels and ADP/ATP ratios are shown for the combined AD+MCI group in (D–F). Relative NAD+ levels, NADH levels and NAD+/NADH ratios for each
separate group are shown in (G–I). Relative NAD+ levels, NADH levels and NAD+/NADH ratios are shown for the combined AD+MCI group in (J–L). Asterisk
indicates a P , 0.05 difference from the control group; Double asterisk indicates a P , 0.01 difference from the control group; # indicates the ANOVA calculation
itself was not statistically significant, but the LSD post-hoc comparison with the control group showed a P-value of , 0.05.
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p38 protein levels were decreased in the AD group. Similar to
what was previously found in other studies of AD cybrids
(29,30), though, the ratio of phosphorylated to non-
phosphorylated p38 was increased in the AD cybrids and this
ratio was also increased in the AD+MCI group (Fig. 6B).

As various results were consistent with either increased or
decreased PGC1a activation, we measured COX4I1 mRNA
levels since COX4I1 expression is induced by PGC1a-nuclear
respiratory factor (NRF) complexes (31). COX4I1 expression
was higher in the AD group than it was in the control group, al-
though the control and AD+MCI groups were comparable
(Fig. 7A). We further assessed mRNA and protein levels of tran-
scription factor A of the mitochondria (TFAM), which is also
induced by PGC1a-NRF complexes (31). Although TFAM
mRNA levels were comparable between groups (Fig. 7B), rela-
tive to the control group, TFAM protein was increased in the
MCI, AD and AD+MCI groups (Fig. 7C). Cytochrome c is tran-
scribed from a nuclear gene, translated in the cytoplasm and
mostly resides in the mitochondrial intermembrane space. We
did not measure cytochrome c protein levels in this study, but

relative to the control group cytochrome c expression was
increased in the AD and AD+MCI groups (Fig. 7D).

Mitochondrial mass and morphology

We evaluated several markers of mitochondrial mass. COX4I1,
a COX subunit, is encoded by a nuclear gene and translocates to
the inner mitochondrial membrane. On the ANOVA compari-
son, COX4I1 protein was higher in the AD group than it was
in the control group. COX4I1 protein levels were not statistically
different between the control and MCI groups, with the P-value
being 0.067 (Fig. 8A). COX4I1 protein levels were greater in the
AD+MCI group than they were in the control group (Fig. 8A).
COX2, another COX subunit, is encoded by an mtDNA gene
and localizes to the inner mitochondrial membrane. On the
ANOVA comparison, COX2 protein was higher in the AD
group than it was in either the control or MCI group (Fig. 8B);
the control and AD+MCI group COX2 protein levels were com-
parable (data not shown). Lastly, we determined relative mtDNA
to nDNA ratios in our cybrid cell lines. When we normalized the

Figure4. Flux regulatorypathways.RelativeHIF1aprotein levels are shown in (A). RelativeHIF1amRNA levels are shown in (B). RelativePGC1aprotein levels are
shown in (C) and relative PGC1amRNA levels are shown in (D). Relative PGC1b (E) and PRC (F) mRNA levels were also determined. Relative whole cell PARIS
protein levels are shown for all three groupsand for the combined AD+MCI group (G). Relative nuclear PARIS protein levels are shown for all three groupsand for the
combined AD+MCI group (H). Asterisk indicates a P , 0.05 difference from the control group; Double asterisk indicates a P , 0.01 difference from the control
group; # indicates the ANOVA calculation itself was not statistically significant, but the LSD post-hoc comparison with the control group showed a P-value of , 0.05.
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copy number of an mtDNA gene, ND1, to the copy number of a
nuclear gene, the 18S RNA, the ratio was higher in the AD and
AD+MCI groups than it was in the control group (Fig. 8C).
When the amount of the 16S RNA mtDNA gene was normalized
to the amount of the 18S gene no statistically significant quanti-
tative differences were seen between the groups, although quali-
tatively the 16S:18S data resembled the ND1:18S data (Fig. 8D).

Mitochondrialmorphologyispartlydeterminedbyfission–fusion
dynamics (32,33). Mitochondrial fission and fusion are enzyme-
mediated processes that facilitate bioenergetic adaptation. In purified
mitochondrial fractions, no differences in Opa1, a protein that drives
mitochondrial fusion, were observed between our cybrid groups
(Fig. 9A). Levels of Drp1 protein, which drives mitochondrial
fission, were comparable on ANOVA (P¼ 0.076), but a post-hoc
analysis suggested Drp1 trended higher in the MCI and AD groups
(both less than P , 0.05 on LSD comparison) than it was in the
control group (Fig. 9B). Drp1 was higher in the combined
AD+MCI group than it was in the control group (Fig. 9B). Drp1

activity is also controlled through post-translational modification,
and Drp1 phosphorylation at serine 637 inversely correlates with
Drp1 activity (34–36). We found that Drp1 phosphorylation, when
normalized to total mitochondrial Drp1 protein, was lower in the
MCI and AD groups than it was in the control group (Fig. 9C).

Since the pro-apoptotic protein Bax reportedly enhances
mitochondrial fission and fragmentation, we quantified Bax
expression (37,38). The inter-group ANOVA was negative
(P ¼ 0.099), although on post-hoc analysis there was a trend for
higher expression in the AD group when compared with the
control group (P ¼ 0.036 on LSD) (Fig. 9D). Bax expression
was higher in the combined AD+MCI group than it was in the
control group (Fig. 9D). Finally, we quantified cell mTOR
protein levels, as mTOR is sensitive to bioenergetic states and
counters autophagy, a process that might predictably increase
under conditions that favor increased mitochondrial fission
(39,40). Relative to the control group, mTOR levels were
reduced in the AD group and in the AD+MCI groups (Fig. 9E).

Figure 5. SIRT1 analyses. Relative SIRT1 and whole-cell protein levels (A) and mRNA levels (B) were similar between groups. However, the AD and MCI cybrid
nucleus/cytosolic SIRT1 protein ratio decreased (C). This was due to a decrease in nuclear SIRT1 protein in the AD+MCI group and perhaps the AD group (D), as well
as increased amounts of cytosolic SIRT1 protein in the AD, MCI and AD+MCI groups (E). SIRT1 phosphorylation was reduced in the AD and AD+MCI groups (F).
Asterisk indicates a P , 0.05 difference from the control group; Double asterisk indicates a P , 0.01 difference from the control group; # indicates the ANOVA
calculation itself was not statistically significant, but the LSD post-hoc comparison with the control group showed a P-value of , 0.05.
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DISCUSSION

Cybrid cell lines created through transfer of AD and MCI subject
mitochondria show altered bioenergetic function and bioener-
getics-associated infrastructures. COX holoenzyme function
and respiratory fluxes are less efficient, glucose utilization is
less robust and these changes impact cell energy and redox
states. Proteins that sense, respond to and regulate bioenergetic
fluxes are altered. While the majority of these retrograde
responses are certainly compensatory, they appear to represent
a mix of adaptive and mal-adaptive changes.

COX activity in AD or MCI groups is lower than it is in age-
matched control groups (1,2,41,42). Initial studies reported
COX activity is also lower in AD and MCI cybrid cell lines

than it is in control cybrid lines (1,19,43), despite apparent
attempts by AD cybrids to increase their mitochondrial mass
(20). We again found COX in AD and, to a lesser extent, MCI
cybrid cell lines are less efficient than it is in control cybrid
lines despite the presence of seemingly adaptive compensations.

In AD and MCI cybrid cell lines, mitochondrial oxygen con-
sumption is altered under non-stress conditions. Respiration dif-
ferences are accentuated when cells are forced to increase their
mitochondrial ATP production. Decreased respiratory coupling
in AD and, to a lesser extent, MCI cybrids further suggests res-
piration in AD and MCI cybrids is less efficient than it is in
control cybrids.

Despite this, glycolysis fluxes are reduced, rather than
enhanced, in AD and MCI cybrids. Glycolysis flux is partly

Figure 6. AMPK and p38 analyses. (A) Total cell AMPK protein levels were equivalent between the groups, while AMPK phosphorylation was increased in the AD
and AD+MCI groups. (B) Total cell p38 protein levels decreased in the AD group, while p38 phosphorylation increased in the AD and AD+MCI groups. Asterisk
indicates a P , 0.05 difference from the control group; Double asterisk indicates a P , 0.01 difference from the control group.
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determined by NAD+/NADH ratios and NAD+ availability. We
found AD and MCI cybrids have less NAD+ and lower NAD+/
NADH ratios than control cybrids. Such changes would predict-
ably reduce glycolysis flux. While activities of some glycolysis
enzymes are increased in AD brain neurons (44), glucose utiliza-
tion is reduced in brains from AD and MCI subjects (45,46).
Cybrid modeling recapitulates this well-recognized bioenerget-
ic phenomenon.

Reduced glucose utilization would constitute a mal-adaptive
retrograde response because it predictably exacerbates rather
than alleviates an energy shortfall. In AD and MCI cybrids,
this manifests as an elevated ADP/ATP ratio. Addressing
respiration-induced glycolysis flux reductions in AD and MCI
cybrids and, ideally, subjects might favorably influence cell
energy stores.

HIF1a protein was reduced in AD and MCI cybrids. HIF1a
enhances glycolysis by promoting glycolysis enzyme gene ex-
pression (22,47). Reduced HIF1a levels would seem to represent
an ultimately mal-adaptive compensation (44). One study previ-
ously reported HIF1a protein levels are reduced in AD brains
(48). Our cybrid data support the view that increasing HIF1a
protein levels is a justifiable AD therapeutic strategy (44).

While HIF1a protein decreases in AD cybrids, HIF1expres-
sion increases. HIF1a is regulated more by protein degradation
rates than gene expression rates, so dissociations should be pos-
sible. Interestingly, one study found HIF1a gene expression was
increased in AD subject brain microvessels (49).

PGC1a expression is reduced in AD brains (50,51). We did
not replicate this finding in our AD and MCI cybrids. Levels of
PARIS, a protein that blocks PGC1a expression (24), were
low in AD and MCI cybrids and this also would tend to favor
increased rather than decreased PGC1a expression. Expression
of a related gene, PRC (52), increased in AD cybrids. The status
of PRC in AD brains is unknown.

AD subject brains, AD cybrid cell lines and MCI cybrid cell
lines all show reduced PGC1a protein levels (51,53). If this
exacerbates a respiratory chain defect, then PGC1a protein re-
duction constitutes a mal-adaptive compensation. Alternatively,
reducing PGC1a protein levels could conceivably benefit AD
and MCI cybrid cells by limiting exposure to impaired
mitochondria.

Reductions in nuclear SIRT1 and SIRT1 phosphorylation, in
conjunction with or perhaps due to low NAD+, would predictably
increase PGC1a acetylation and decrease PGC1a activity

Figure7. Expression of PGC1a-coactivated genes. COX4I1 mRNA levels were increased in the AD group but not the AD+MCI group (A). TFAM mRNA levels were
equivalent between groups (B), while TFAM protein levels were increased in the MCI, AD and AD+MCI groups (C). Cytochrome c mRNA levels were increased in
the AD and AD+MCI groups (D). Asterisk indicates a P , 0.05 difference from the control group; Double asterisk indicates a P , 0.01 difference from the control
group.
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(54,55). On the other hand, increased AMPK and p38 phosphoryl-
ation, which we presume occurred in response to energy
compromise and oxidative stress, should increase PGC1a phos-
phorylation and increase PGC1a activity (25,27,28). These
results indicate respiratory chain dysfunction alters cell milieus
in ways that permit the coincident presence of contradictory
responses. Similar contradictory profiles are also seen in AD
brains, where SIRT1 protein is reportedly reduced while AMPK
and p38 are reportedly activated (56–60).

COX4I1 expression, which is co-activated by PGC1a (31),
and COX4I1 protein levels were increased in AD and, to a
lesser extent, MCI cybrids. TFAM expression, which is also
co-activated by PGC1a (31), was unchanged in AD and MCI
cybrids but TFAM protein levels were increased. Cytochrome
c, a gene co-activated by both PGC1a and PRC (31), showed
increased expression in AD and MCI cybrids. Therefore,
despite the fact that PGC1a protein levels are reduced in AD
and MCI cybrids, we cannot conclude overall PGC1a activity
is reduced.

Whether it occurs due to PGC1a activation or despite reduced
PGC1a protein, mitochondrial mass markers increase in AD and

MCI cybrids. AD cybrids have more COX2 protein, COX4I1
protein, COX4I1 expression, cytochrome c expression, TFAM
protein and mtDNA than control cybrids. If we combine the
AD and MCI cybrids to form one group, then the MCI cybrids
also showed evidence of increased mitochondrial mass.

Less mTOR protein was present in the AD and AD+MCI
groups. Since mTOR counters autophagy (61,62), decreased
mTOR should predict increased autophagy. While total mTOR
levels were unchanged in one study of AD brains (63), autophagy
markers do increase in AD (7,64–66). AMPK, which was acti-
vated in our AD and MCI cybrids, also inhibits mTOR and
through this action promotes autophagy (60).

For our mitochondrial fission–fusion protein analysis, in
order to more directly test protein–mitochondria relationships,
we measured Opa1 and Drp1 in mitochondrial fractions rather
than whole cell lysates. Data obtained via this approach are con-
sistent with our mTOR and AMPK data, in that AD and MCI
cybrids show enhanced mitochondrial fission infrastructure.
An increase in fission infrastructure, which is seen in AD
subject brains (12,15,16), would predictably facilitate mitochon-
drial autophagy (18,67).

Figure 8. Mitochondrial mass markers. COX4I1 protein levels were increased in the AD and MCI+AD groups (A). COX2 protein was increased in the AD group (B).
When relative mtDNA levels were determined using primers to the mtDNA ND1 gene, mtDNA levels trended higher in the AD group and were elevated in the
AD+MCI group (C). When relative mtDNA levels were determined using primers to the mtDNA 16S gene, no inter-group differences were seen although qualita-
tively results obtained with the 16 s primers resembled those obtained with the ND1 primers (D). Asterisk indicates a P , 0.05 difference from the control group;
Double asterisk indicates a P , 0.01 difference from the control group; # indicates the ANOVA calculation itself was not statistically significant, but the LSD
post-hoc comparison with the control group showed a P-value of , 0.05.
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Autophagy differences may complicate mtDNA copy number
measurements. While levels of PCR-amplifiable mtDNA are
consistently reduced in AD brain (6,10,68–70) one study
found, using an immunochemical rather than PCR approach,
large amounts of mtDNA within an expanded autophagosome
pool (6). Since less mtDNA amplification was seen in AD
brains in that study, this autophagosome-localized mtDNA
may have eluded amplification (6).

While overall numbers of normal-appearing mitochondria are
reduced in AD (6,10,71,72), between individual neurons mito-
chondrial mass estimations range from markedly increased to
profoundly decreased (10,11,73). The balance between mito-
chondrial biogenesis and mitochondrial autophagy may, there-
fore, vary between different neurons at any particular time,
and vary over time within a single neuron.

Several factors may explain the small magnitude of most
inter-group changes observed in this study. Differences could
truly be subtle, cybrids may minimize differences or diagnostic
inaccuracy could converge means and inflate variations.

Increasing statistical power would address such limitations.
We accomplished this by treating the AD and MCI groups as a
single group. We believe this was justified because in most
cases the MCI clinical syndrome occurs in association with, or
is due to, AD (41,74).

Our data suggest AD-specific bioenergetic profiles are present
when clinical symptoms manifest and longitudinally evolve.
This chronology is consistent with the mitochondrial cascade hy-
pothesis, which postulates AD histopathology in sporadic,
late-onset AD is initiated when an individual’s mitochondrial
function declines below a critical threshold (5,75,76). If, as has
previously been assumed, mtDNA accounts for differences
between cybrid lines created from cytoplasts of different
origins (77), then mtDNA differences are already present in sub-
jects when clinical changes begin (78).

In this cybrid study, correlative inference was occasionally
used to deduce functional and, in particular cases, causal rela-
tionships. Some interpretive points, therefore, should be consid-
ered within that context. For example, we assumed changes

Figure 9. Mitochondrial fission, mitochondrial fusion, and mTOR analyses. Opa1 protein levels were equivalent between groups (A), while Drp1 protein levels
trended higher in the MCI and AD groups and were higher in the AD+MCI group (B). Drp1 serine 637 phosphorylation was reduced in the MCI and AD groups
(C). Bax expression trended higher in the AD group, and was higher in the AD+MCI group (D). mTOR protein levels were reduced in the AD and AD+MCI
groups (E). ∗indicates a P , 0.05 difference from the control group; ∗∗indicates a P , 0.01 difference from the control group; # indicates the ANOVA calculation
itself was not statistically significant, but the LSD post-hoc comparison with the control group showed a P value of , 0.05.
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observed in cytosolic or nuclear compartments arise due to
changes in mitochondrial function. While this seems reasonable
given our understanding of cybrid cell lines, the degree to which
cytosolic or nuclear compartment changes in turn alter mito-
chondrial function is difficult to quantify. We further assumed
bioenergetic flux changes impact cell signaling pathways more
than cell signaling pathways impact bioenergetic fluxes. In a
study like ours ascertaining the effect, and especially the magni-
tude of effect, of one parameter on another is certainly challen-
ging since many of the parameters we studied are exceedingly
intertwined. Future experiments designed to address this issue
are indicated.

In summary (Fig. 10), our data suggest respiratory chain
changes affect respiratory fluxes and cell redox states. Redox
changes, in turn, reduce glycolysis flux and further stress cell
energy supplies. Mitochondrial biogenesis and autophagy are
up-regulated, at least initially, but contradictions within path-
ways that regulate mitochondrial mass occur. The balance
between mitochondrial biogenesis and mitochondrial autophagy
is lost, and over time the functional mitochondrial pool shrinks.
In AD, reversing potentially mal-adaptive compensations, such
as a decline in glycolysis flux or in the drive to maintain mito-
chondrial mass (79), would seem to represent logical therapeutic
goals.

MATERIALS AND METHODS

Human subjects and creation of cybrid cell lines

Subject participation was approved by the Kansas University
Medical Center’s Institutional Review Board. Subjects for this
study were recruited from the University of Kansas Alzheimer’s
Disease Center (KU ADC). Each subject was determined, based
on cognitive testing and by a memory disorders subspecialist
clinician, to meet criteria for normal cognition (control status),
MCI or sporadic AD. After providing informed consent, sporad-
ic AD (n ¼ 8), MCI (n ¼ 7) and age-matched control (n ¼ 7)

subjects underwent a 10 ml phlebotomy using tubes containing
acid–citrate–dextrose as an anticoagulant. The age of the AD
subject platelet donors was 71.5+ 9.7 years, the age of the
MCI platelet donors was 72.3+ 6.6 and the age of the control
subject platelet donors was 73.9+ 7.7.

Cybrid cell lines were created on an SH-SY5Y cell nuclear
background (80) by the KU ADC Mitochondrial Genomics
and Metabolism Core. To generate the cybrid lines used in
these studies, platelets from human subjects were mixed with
SH-SY5Y cells previously depleted of endogenous mtDNA
(r0 cells) as previously described (81).

During the overall cybrid generation procedure, several dif-
ferent types of media were used. For each medium, Dulbecco’s
modified Eagle’s medium (DMEM) was obtained from
Gibco-Invitrogen, while non-dialyzed or dialyzed fetal bovine
serum (FBS) was obtained from Sigma. SH-SY5Y r0 cell
growth medium consisted of DMEM supplemented with 10%
non-dialyzed FBS, 200 ug/ml sodium pyruvate, 150 ug/ml
uridine and 1% penicillin–streptomycin solution. SH-SY5Y
cybrid selection medium consisted of DMEM supplemented
with 10% dialyzed FBS and 1% penicillin–streptomycin solu-
tion. The selection process lasted 6 weeks. After cell line selec-
tion was completed, each line was continuously maintained in a
cybrid growth medium containing DMEM supplemented with
10% non-dialyzed FBS and 1% penicillin-streptomycin solution
for over 2 months prior to biochemical and molecular assays.

Cytochrome oxidase Vmax assays

Whole cell cytochrome oxidase (COX) Vmax activities were
determined as previously described (43). The total protein con-
tained in each assayed cuvette was estimated using the DC
Protein assay (BioRad, Hercules, California, USA). The relative
amount of a COX protein subunit, COX4I1, was determined for
each cell line by western blot (see in what follows). COX activ-
ities in sec21/mg protein values were calculated. The sec21/mg
protein Vmax activity for each line was also normalized to the
amount of COX4I1 protein in the line.

Respiration and glycolysis analyses

Approximately 80 000 cells from each cybrid line were used to
seed the wells of Seahorse XF cell culture microplates (Seahorse
Bioscience, Billerica, MA, USA). A standard manufacturer-
recommended two-step seeding procedure was utilized. After
achieving cell adherence, microplates were placed overnight
in a 37o, 5% CO2 incubator.

For respiratoryanalyses,on the assaydayshortlybeforeplacing
culture microplates in the Seahorse Analyzer, the cells were
washed in buffered DMEM and the medium was then changed
to the actual assay medium, which consisted of buffered
DMEM containing no pyruvate and no BSA. Oxygen consump-
tion rate (OCR) respiration measurements were made using a
3 min mix, 2 min wait, and 3 min read cycling protocol. During
the first four reading periods, total cell OCRs were determined,
with the fourth reading providing the value used for the analysis.
After the fourth reading, wells were injected with 500 nM oligo-
mycin and the resulting OCR was measured over three reading
cycles. The third post-oligomycin reading cycle provided the
post-oligomycin OCR. After this, we injected a mixture of

Figure 10. Suggested regulation of mitochondrial biogenesis and autophagy in
AD and MCI cybrids. (A) Respiratory chain inefficiency induces oxidative
stress, energy stress and a decreased NAD+/NADH ratio. The lowered NAD+/
NADH ratio reduces glycolysis, which adds to the energy stress. AMPK and
p38 are activated, while SIRT1 input falls. Depending on the balance of these
signals, PGC1a activity can increase or decrease. (B) Energy stress activates
AMPK, reduces mTOR activity and initiates autophagy. Enhanced fission of dys-
functional mitochondria also contributes to an increase in autophagy markers.
ROS, reactive oxygen species.
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rotenone (1 uM) and antimycin A (200 nM) and measured the re-
sultant OCR over three reading cycles. The third post-rotenone/
antimycin reading cycle provided the non-mitochondrial OCR.
The non-mitochondrial OCR was subtracted from the total OCR
to yield the mitochondrial OCR, and from the post-oligomycin
OCR to yield the mitochondrial proton leak OCR. After OCR
measurements were completed, the cell mass in each well was
estimated by measuring the total protein in each well (DC
ProteinAssay,BioRad).OCR values fromeachwellwerenormal-
ized to the amount of protein in that well to yield a final corrected
OCR in pmol O2/minute/mg protein.

For glycolysis analyses, on the assay day, the cells were
washed in unbuffered DMEM and following this the cells were
placed in unbuffered DMEM containing no pyruvate, no
bovine serum albumin (BSA) and no glucose. The microculture
plates were then de-gassed in a non-CO2 incubator at 378C for
1 h before being placed into the Seahorse Analyzer. The wells
were analyzed according to the procedure described in the Sea-
horse Glycolysis Stress Test kit. Briefly, initial measurements
taken in the absence of glucose, and again after an injection of
2-deoxyglucose (to a final concentration of 100 mM), provide a
non-glycolysis extracellular acidification rate (ECAR). In
between these two baseline ECAR measurements, glucose was
added to each well at a concentration of 10 mM. The resulting
ECAR minus the non-glycolysis ECAR (in these experiments,
we specifically subtracted the post-2-deoxyglucose non-
glycolysis ECAR) provided the glycolysis ECAR. Next,
oligomycin was added to each well (in this case, at a 1 mM

concentration). The resulting ECAR minus the non-glycolysis
ECAR provided the glycolysis capacity ECAR. Subtracting
the glycolysis ECAR from the glycolysis capacity ECAR
yielded the glycolysis spare reserve capacity.

ADP/ATP assay

ADP/ATP ratios were determined using the EnzyLightTM ADP/
ATP Ratio Assay Kit (Bioassay Systems, CA, USA). Briefly,
1 × 105 cells per well were plated in 96-well plates. In the first
step, cells were lysed to release ATP and ADP. ATP reacts
with the kit substrate in an initial fluorescence reaction, which
provided a direct indication of the ATP concentration. Next,
we followed the change in fluorescence that occurred when
ADP was converted to ATP. The difference between the initial
and final fluorescences indicated the ADP concentration.

NAD1/NADH assay

Cells were harvested and assayed for NAD+/NADH levels using
the Fluorescent NAD/NADH Detection Kit (Cell Technology,
Inc., CA, USA). Briefly, 2 × 106 cells were harvested and
divided into two different vials, one for NAD+ and another for
NADH. Cells were then re-suspended in the appropriate extrac-
tion and lysis buffers. After vortexing, the lysates were incubated
at 608C for 15 min. Immediately following this, the lysates were
cooled and reaction buffer was added. Samples were centrifuged
at 8000g for 5 min to clarify the supernatants. After this, centri-
fugation samples were assayed for NAD+/NADH with fluores-
cence measurements taken at excitation 530 nm and emission
590 nm.

Immunoblotting

Cells were harvested with trypsin, centrifuged at 500g for 5 min,
re-suspended in phosphate-buffered saline (PBS) and centri-
fuged again. To prepare whole cell lysates, the washed cell
pellet was suspended in M-PER Mammalian Protein Extraction
Reagent (Pierce, Rockford, IL, USA) supplemented with Halt
Protease Inhibitor Cocktail (Pierce) and gently shaken for
5 min as directed. To prepare pure nuclear and cytosolic
lysates, the washed cell pellet was processed using an N-PER
Nuclear and Cytoplasmic Extraction Reagent Kit (Pierce) as
directed. To prepare mitochondrial fractions, cells were har-
vested and the pellet processed using a Mitochondrial Isolation
Kit for Cultured Cells (MitoSciences, Abcam, MA, USA).
Protein concentrations for all lysates were determined using a
DC Protein Assay Kit (BioRad).

For western blot analyses, samples were boiled, diluted 1:5 in
sample buffer, resolved by electrophoresis in pre-cast 4–12%
gels (BioRad) and transferred to polyvinylidene difluoride
(PVDF) membranes. Non-specific binding was blocked by
gently agitating the membranes in 5% non-fat milk or 5% BSA,
as recommended, and 0.1% Tween inPBSfor 1 hat room tempera-
ture. Blots were subsequently incubated in buffer containing a
designated primary antibody. Primary antibodies purchased from
Cell Signaling Technology (Beverly, MA, USA) included anti-
bodies to phospho-sirtuin-1 (Ser47), sirtuin 1, tubulin, HIF1a,
phospho-p38, total p38, mTOR, phospho-AMPK (Thr172), total
AMPK, phospho-Drp1, total Drp1 and COX4; these antibodies
were each used at a 1:1000 dilution. Primary antibodies purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA) included
antibodies to Tom20 (used at a 1:1000 dilution) and PGC1a (used
ata1:500dilution).Anantibody toCOX2waspurchasedfromMo-
lecular Probes (Molecular Probes,Eugene, OR, USA) and used at a
1:500 dilution. An antibody to HDAC1 was purchased from
Thermo Scientific (Pierce, Rockford, IL, USA) and used at a
1:1000 dilution. An antibody to Opa1 was purchased from BD
Biosciences (San Jose, CA, USA) and used at a 1:1000 dilution.
An antibody to TFAM was purchased from Aviva Systems
Biology (San Diego, CA, USA) and used at a 1:1000 dilution.
An antibody to PARIS (ZNF746) was obtained from the UC
Davis/NIH NeuroMab Facility (Antibodies Inc., PO Box 1560,
Davis, CA) and used at a 1:1000 dilution.

After addition of a primary antibody, membranes were incu-
bated overnight at 48C with gentle agitation. Blots were
washed with PBS containing 0.1% Tween three times (each
time for 10 min), and incubated with the appropriate horseradish
peroxidase-conjugated secondary antibody for 1 h at room tem-
perature with gentle agitation. After three washes, the blots were
incubated with SuperSignal West Femto Maximum Sensitivity
Substrate (Pierce). Chemiluminescence signals were detected
using a Bio-Rad ChemiDoc Imager and band densities deter-
mined using Quantity One Software.

Purification of genomic DNA

Genomic DNA was extracted using a QIAamp DNA Mini Kit
(QIAGEN, Valencia, CA, USA). Briefly, 2 × 106 cells were har-
vested with trypsin. The cell pellets were resuspended in PBS
and Proteinase K was added. Cells were lysed using AL Buffer
and purification was performed as directed in the QIAamp
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DNA Handbook. At the end of the purification process DNA was
eluted from the columns using nuclease-free water. The resulting
DNA was stored at 2808C prior to use.

Purification of total RNA

Total RNA was extracted using a QIAamp RNA Blood Mini Kit
(QIAGEN). Briefly, 2 × 106 cells were harvested with trypsin.
RTL buffer was added to help lyse the cells and then cell
lysates were homogenized in QIAshredder spin columns. The re-
sultant flow-through was placed in QIAamp spin columns and
the purification procedure was performed according to the
QIAamp RNA Handbook. RNA was eluted from columns
using nuclease-free water and the resulting RNA was stored at
2808C prior to use.

cDNA reaction

cDNA was obtained using the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City, CA,
USA). cDNA reverse transcription reactions were prepared
with 10 ul of 2× RT master mix to which we added 1 mg of
total RNA and sufficient nuclease-free water to bring the total
reaction volume to 20 ml.

Quantitative real-time PCR

Quantitative real-time PCR (qPCR) was performed using the
TaqMan Universal PCR Master Mix (Applied Biosystems,
Foster City, CA, USA) and ready-to-use TaqMan Gene Expres-
sion Assays (Applied Biosystems). We quantified mRNA levels
deriving from the following genes: HIF1, PGC1a, PGC1b, PRC,
TFAM, COX4, cytochrome c, sirtuin1 and Bax. GAPDH was
used as an internal loading control. qPCR amplification was
determined utilizing an Applied Biosystems StepOnePlus Real-
Time PCR System (Applied Biosystems).

To quantify mtDNA, we used the TaqMan Gene Expression
Assay Kit (Applied Biosystems) and primers towards two
mtDNA-encoded genes, NADH dehydrogenase subunit 1
(ND1) and the 16S RNA gene, as well as to the nuclear 18s
rRNA gene. The relative mtDNA to nuclear DNA copy
number ratio was determined using the comparative DDCT
method, in which ND1/18S and 16S/18S ratios were calculated.

Data analysis

Data are expressed as means+ standard error of the means
(SEM). To compare means between three groups, we used
one-way analysis of variance (ANOVA) followed by Fisher’s
LSD post-hoc testing. To compare means between two groups,
we used two-way, unpaired Student’s t-tests, with P-values
of , 0.05 considered significant.
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