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Abstract
Mitochondrial dysfunction is elevated in very early stages of Alzheimer’s disease and exacerbates 
oxidative stress, which contributes to disease pathology. Mitochondria were isolated from 4-
month-old wild-type mice, transgenic mice carrying the APPSWE and PSEN1dE9 mutations, mice 
with decreased brain and mitochondrial ascorbate (vitamin C) via heterozygous knockout of the 
sodium dependent vitamin C transporter (SVCT2+/−) and transgenic APP/PSEN1 mice with 
heterozygous SVCT2 expression. Mitochondrial isolates from SVCT2+/− mice were observed to 
consume less oxygen using high-resolution respirometry, and also exhibited decreased 
mitochondrial membrane potential compared to wild type isolates. Conversely, isolates from 
young (4 months) APP/PSEN1 mice consumed more oxygen, and exhibited an increase in 
mitochondrial membrane potential, but had a significantly lower ATP/ADP ratio compared to wild 
type isolates. Greater levels of reactive oxygen species were also produced in mitochondria 
isolated from both APP/PSEN1 and SVCT2+/− mice compared to wild type isolates. Acute 
administration of ascorbate to mitochondria isolated from wild-type mice increased oxygen 
consumption compared with untreated mitochondria suggesting ascorbate may support energy 
production. This study suggests that both presence of amyloid and ascorbate deficiency can 
contribute to mitochondrial dysfunction, even at an early, prodromal stage of Alzheimer’s disease, 
although occurring via different pathways. Ascorbate may, therefore, provide a useful preventative 
strategy against neurodegenerative disease, particularly in populations most at risk for Alzheimer’s 
disease in which stores are often depleted through mitochondrial dysfunction and elevated 
oxidative stress.
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I. Introduction
Increased mitochondrial dysfunction and oxidative stress are well-established features of the 
normal aging processes, and are accompanied by decreases in the activity of endogenous and 
nutrient-based antioxidants. Alterations in mitochondrial function are elevated at early 
clinical stages of sporadic Alzheimer’s disease compared with age-matched controls [1–3], 
emerging before the appearance of the classical pathological features of Alzheimer’s 
disease, such as amyloid plaques and neurofibrillary tangles [4–6]. Damage to both 
mitochondrial DNA and nuclear DNA have been identified in patients with mild cognitive 
impairment and early-stage Alzheimer’s disease [7–9]. Mitochondrial dysfunction, in turn, 
increases production of reactive oxygen species (ROS), contributing further to oxidative 
stress [10–12] and damage to lipids [13,14], proteins [15,16] and nucleic acids [17–19]. The 
accumulation of amyloid beta (Aͤ) peptides in the Arctic APP-over expressing mouse 
model decreased ATP production, impaired mitochondrial membrane potential, and inhibited 
complex IV activity, in addition to exacerbating oxidative stress [20,21]. Furthermore, ROS 
generated from mitochondrial dysfunction can drive amyloidogenesis and tau 
phosphorylation [20,22,23], thus creating a cycle that decreases the energy available for 
proper cellular function, and drives the pathology and progression of cell death [24–26].

Preventative strategies that slow pathological development by attenuating oxidative stress are 
projected to delay age of onset of cognitive decline. Clinical studies suggest antioxidant 
supplementation with vitamin C (ascorbate, ASC), particularly to correct states of 
deficiency, confers some protection against the cognitive decline associated with 
Alzheimer’s disease [27–30]. ASC is a powerful antioxidant that protects against oxidative 
damage throughout the entire body. The highest concentrations of ASC are found in the 
brain, due to expression of the sodium-dependent vitamin C transporter, type 2 (SVCT2) and 
efficient storage and recycling mechanisms, suggesting an important role of ASC in 
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neuronal health [31]. A meta-analysis evaluating oxidative stress biomarkers confirmed 
decreased antioxidant capacity in the plasma of patients with Alzheimer’s disease, 
suggesting that antioxidant defenses are consumed more rapidly in these individuals [32]. 
Animal and cell culture studies offer additional evidence that supplementation with ASC not 
only ameliorates oxidative stress, but also mitigates the production of Aͤ�[33–37]. 
Previously published data from our group show a significant increase in soluble Aͤ1–42 and 
Aͤ1–40 peptides in cortical tissue from SVCT2+/−; APP/PSEN1 mice at 6 months compared 
with APP/PSEN1 mice that have normal SVCT2 transporter expression, indicating that 
compromised ASC capacity increases the momentum of Alzheimer’s disease pathological 
processes [38]. Consistent with this data, other groups showed chronic ascorbate (ASC) 
supplementation resulted in a decrease in total soluble Aͤ1–42 and a reduction in overall 
amyloid plaque burden in Alzheimer’s disease mouse models [33,34].

It was originally believed that mitochondria took up the twice-oxidized form of ASC, 
dehydroascorbate, and reduced the molecule for use [39,40], but SVCT2 expression has 
been demonstrated on mitochondria in cell lines, indicating direct transport of ASC for a 
specific and localized requirement in that organelle [41,42]. Low ASC supplementation led 
to morphological changes in mitochondria of gulo−/−;5XFAD mice unable to synthesize 
their own ASC, compared with the high ASC supplementation group suggesting ASC is 
necessary for maintaining mitochondrial integrity by mitigating oxidative damage to the 
organelle [34]. It is still unknown how ASC deficiency can compromise cellular function at 
the subcellular level in vivo, particularly in regard to aging and disease. In the present study 
we tested the hypothesis that decreased neuronal ASC contributes to impaired mitochondrial 
function and oxidative stress generation, and contribute to the subcellular damage and cell 
death associated with Alzheimer’s disease pathogenesis. The onset of Alzheimer’s disease in 
the human population is diagnosed by progressive cognitive decline indicating that 
significant damage has already accumulated in the brain, at which point supplementation is 
unlikely to reverse damage. The goal of our study was to assess the effect of ASC deficiency 
on mitochondrial facets of early disease progression. This could potentially introduce an 
easy and inexpensive lifestyle modification to slow the progression of sporadic Alzheimer’s 
disease. We measured mitochondrial respiration, membrane potential, ROS generation and 
energy production in cortical mitochondrial isolates from the APP/PSEN1 mouse model for 
Alzheimer’s disease at 4 months of age, before the emergence of cognitive deficits and 
significant amyloid deposition [38,43]. We also investigated the extent to which ASC affects 
these functions in mice with heterozygous expression of the highly selective SVCT2 
transporter (SVCT2+/−). This mutation results in commensurate decreases in cellular and 
mitochondrial ASC concentrations. Additionally, we measured respiration after acute ASC 
administration in wild type cortical mitochondria, and membrane potential and ROS 
generation in a transgenic mouse model that over-expresses SVCT2 (SVCT2Tg), which 
results in life-long increases in intracellular ASC concentrations, in order to elucidate the 
potential contributions of supra-adequate ASC levels to mitochondrial function.
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II. Materials and methods
Animals

Female C57Bl/6J wild-type mice (http://jaxmice.jax.org/strain/000664.html) and male 
bigenic APPSWE/PSEN1∆E9 mice (http://jaxmice.jax.org/strain/005864.html) were obtained 
from Jackson Laboratories and used to found the colonies used in this study. APP/PSEN1 
mice develop appreciable amyloid beta (Aͤ) accumulation and oxidative stress from 5–6 
months of age [38]. Additionally, APP/PSEN1 mice exhibit structural abnormalities in 
mitochondria at 6 months [44–46]. SVCT2+/− mice have decreased expression of the 
SVCT2 transporter and 20−30% decreased brain ASC levels although they retain the ability 
to synthesize ASC, and peripheral SVCT2-dependent tissue contents are within 50−90% of 
SVCT2+/+ littermates [47]. They were backcrossed at least 10 generations to the C57Bl/6J 
strain and maintained on that same background. SVCT2 transgenic mice (SVCT2Tg), 
developed for our research group, exhibit a global increase in SVCT2 expression and 
concomitant increases in ASC concentration [48]. The term “wild-type” (WT) is used to 
denote mice that do not carry the mutations APP and PSEN1, and are also wild-type for 
SVCT2 expression. All animals were housed in a temperature and humidity controlled 
vivarium and were kept on a 12:12 h light/dark cycle. All procedures were approved by the 
Vanderbilt Institutional Animal Care and Use Committee.

High-resolution respirometry
Fresh cortical tissue was mechanically homogenized in a buffer consisting of 200mM 
sucrose, 5mM HEPES, 1mM EGTA and 0.05mM saponin and protease inhibitors. 
Sequential centrifugation was used to obtain a mitochondrial isolate [49,50]. Freshly isolated 
cortical mitochondria were assayed at 0.5mg protein/ml MiR05 respiration buffer to a final 
volume of 2mL per chamber in an O2K Oxygraph (Oroboros, Innsbruck, Austria). Baseline 
oxygen uptake was established over 10 minutes and oxygen flux was measured and 
normalized to protein concentration under State 4 respiration in the presence of glutamate 
(10mM), and malate (2mM) and State 3 respiration was determined by the addition of ADP 
(2mM) [49–51] over a 10-minute time-span for each. We calculated a “pseudo” respiratory 
control ratio by normalizing oxygen consumed by isolated mitochondria after the addition of 
ADP (State 3) to the oxygen consumed at baseline in the absence of substrate or inhibitor 
(State 4). While some variation is normal and can reflect quality of isolate preparation, the 
averages per group were not significantly different by ANOVA (p= 0.1576), though the 
SVCT2+/− had a lower overall mean ratio than the other groups. Where indicated (Fig. 3), 
100µM ASC (Sigma Aldrich, USA) diluted in Miro5 was added directly to a closed 
respirometer chamber containing mitochondrial isolates after baseline oxygen uptake was 
determined. The same volume of Miro5 was added to the untreated chamber. Total oxygen 
consumption due to auto-oxidation of ASC was determined after an hour in the closed 
chamber, representing the entire duration of a respirometry experiment, and was found to be 
marginal (~5 pmol/s*ml).

Western Blotting
Isolated mitochondria were obtained as described above and disrupted using RIPA buffer 
(Sigma Aldrich, USA) with protease inhibitors (cOmplete protease inhibitor cocktail, Roche, 
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Switzerland). SVCT2 expression (SVCT2 H-70 (rabbit) sc-30114, dil. 1:1000, Santa Cruz 
Biotechnology, Inc., USA) was normalized to heat shock protein-60 (HSP-60 (mouse) 
A302-844A, dil. 1:2000, Bethyl Laboratories, USA). Hippocampal tissue was collected from 
APP/PSEN1 and SVCT2+/−; APP/PSEN1 mice at 4 and 12 months of age using RIPA buffer 
with protease inhibitors, as described above and probed for amyloid ͤ�(ͤ�–amyloid (rabbit) 
D54D2, dil. 1:1000, Cell Signaling Technology, USA). Anti-rabbit and anti-mouse IgG-HRP 
conjugated secondary antibodies were used at 1:5000 (Promega, USA).

Vitamin C (ASC, ascorbic acid) content
ASC was measured in cerebellum by HPLC with electrochemical detection as described 
previously [52]. Cerebellum levels are a good reflection of levels in cortical and 
hippocampal areas [53]. Briefly, tissue samples were weighed and tissue was homogenized 
in a 1.5 ml microfuge tube with a combination of two solutions, 25% (w/v) aqueous 
metaphosphoric acid and 100 mM sodium phosphate buffer containing 5 mM EDTA (pH 
8.0), mixed together in a ratio of 2:7. A total of 10 µl of buffer solutions was used for each 
mg of tissue. Values were calculated per gram tissue wet weight.

Mitochondrial membrane potential and oxidative stress
Isolated mitochondria from cortical tissue were obtained using 230mM mannitol (Sigma 
Aldrich, USA), 70mM sucrose (Gibco), 20mM HEPES (Sigma Aldrich, USA), and 0.5mM 
EGTA (Sigma Aldrich, USA) and 0.05mM saponin (Sigma Aldrich, USA) [21,54]. Isolates 
were resuspended in buffer without saponin to obtain protein concentration. Isolates were 
divided and 325µg incubated with 100nM tetramethylrhodamine, ethyl ester (TMRE, 
ThermoFisher Cat.#T669, ex/em:540,575nm) in DMEM for 15 minutes at 37°C, or 20µM 
dihydrofluorescein diacetate (Sigma Aldrich, USA Aldrich, USA, ex/em:480,520nm) in 
PBS with fetal bovine serum (FBS, 3%) for 30 minutes at 37°C. Isolates incubated in TMRE 
were pelleted using centrifugation and pellets were washed in PBS/BSA (TMRE pellets) or 
PBS/FBS (dihydrofluorescein diacetate) twice before plating 100µg in triplicate on black 
bottom 96-well plates. TMRE quenching was assessed using serial dilutions of 2,4-
dinitrophenol DNP). Fluorescence was measured using Synergy™ H4 Hybrid microplate 
reader (Biotek Instruments, USA).

ATP/ADP ratio
Measurements of ATP and ADP were conducted using an ADP/ATP Ratio Bioluminescent 
Assay Kit (ab65313 Abcam, USA) on cortical tissue. Briefly, a single-cell suspension was 
prepared using one cortical hemisphere from wild type, SVCT2+/− or APP/PSEN1 animals 
(average age 21 weeks). Tissue was dissociated using 0.5% trypsin-EDTA, followed by 
DNase 1 treatment. Samples were prepared according to kit instructions and luminescence 
was measured using Synergy™ H4 Hybrid microplate reader (Biotek Instruments, USA). 
Protein concentration in each well was measured and used for normalization.

Statistical analyses
Results are presented as mean ± SEM. Differences between SVCT2 and APP/PSEN1 
genotypes were assessed by a two-way analysis of variance (ANOVA) with post hoc testing 
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using Bonferroni tests when overall significance was obtained using SPSS. Student’s t-tests 
were made in GraphPad Prism 7.0 when comparisons were made between two groups. 
Differences in fluorescence percent change between genotypes were assessed by two-way 
ANOVA with post hoc testing using Bonferroni tests when overall significance was obtained 
using GraphPad Prism 7.0. Greater variability, and artificially elevated ASC in SVCT2-Tg 
would mask the more subtle differences in SVCT2+/− versus WT, which represents the 
human-relevant condition of mild chronic deficiency versus replete status, respectively. 
Therefore, we made the a priori decision to perform individual analyses between WT and 
SVCT2+/−, or WT and SVCT2Tg. These were performed by individual Student’s t-tests.

III. Results and Discussion
Disrupted aspects of mitochondrial function during early or prodromal stages of Alzheimer’s 
disease contribute to disease progression by augmenting oxidative stress and cell death. We 
hypothesized that these detrimental aspects of the disease are accelerated by deficiency of 
intracellular ASC.

ASC status and APP/PSEN1 drive changes in oxygen consumption during increased 
mitochondrial activity

We have previously shown that cognitive deficits and amyloidogenic pathologies emerge at 
5–6 months in SVCT2+/−;APP/PSEN1 mice, and these features of the disease are more 
pronounced compared to APP/PSEN1 mice, suggesting that ASC deficiency speeds the 
onset and progression of the disease [38]. Expression of SVCT2 protein in mitochondria was 
decreased in mice heterozygous for the SVCT2 gene by approximately 20% (SVCT2: 
F(1,14) = 5.624, p = 0.03; Fig. 1A). The magnitude of the effect is consistent with decreased 
ASC content in mitochondria from SVCT2 heterozygous mice (t(8) = 2.766, p = .024, Fig. 
1B). These data confirm that SVCT2 is not preferentially conserved in mitochondria and 
ASC concentration within mitochondria is primarily determined by expression of the 
transporter. Aͤ peptides can interact with mitochondrial membrane proteins leading to 
structural and functional alterations, which may then result in inefficient ATP production and 
an increase in mitochondrial activity [45,55,56]. While there is little amyloid accumulation 
prior to 6 months in the APP/PSEN1 mouse model [43,57], the Aͤ peptide is present and 
measureable at 4 months in the APP/PSEN1 mouse model, as demonstrated qualitatively by 
western blot (Fig. 1C). There is thus the potential for Aͤ to interact with and compromise 
mitochondrial function.

Using high-resolution respirometry, we measured oxygen consumption by mitochondria 
isolates from cortical tissue collected from wild-type, SVCT2+/−, APP/PSEN1 and 
SVCT2+/−;APP/PSEN1 mice at 4 months of age. Three substrates (glutamate, malate and 
ADP) were added sequentially in order to maximize the amount of additional ATP that can 
be produced by oxidative phosphorylation [58], thus driving mitochondria to their full, or 
reserve, respiratory capacity. Mitochondrial isolates from SVCT2+/− mice consumed less 
oxygen compared to mice with SVCT2+/+ expression at full respiratory capacity (SVCT2: F 
(1, 18) = 4.892, p=0.04; Fig. 1D), with a trend toward less oxygen consumption emerging 
after the addition of glutamate and malate (p=0.054), suggesting that adequate ASC in the 
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mitochondria is necessary for efficient energy production. ASC deficiency may, therefore, 
contribute to an energy deficit during disease but also in normal function. In contrast, 
mitochondrial isolates from APP/PSEN1 mice consumed significantly more oxygen 
compared to isolates from WT and SVCT2+/− mice that did not carry the transgenes at full 
respiratory capacity (APP/PSEN1: F(1, 18) = 10.495, p=0.005; Fig. 1D). These data provide 
strong evidence that mitochondrial function is altered in both SVCT2+/− and APP/PSEN1 
isolates because oxygen consumption in these groups is different than that observed in the 
control group, although the effects observed were in opposite directions. Interestingly, 
oxygen consumption in the combined SVCT2+/−;APP/PSEN1 appeared to normalize back to 
rates similar to those seen in the wild-type control group, presumably due to competing 
effects seen in SVCT2+/− and APP/PSEN1 groups separately. Nevertheless, it is important to 
note that while respirometry measures how much oxygen is consumed, this design does not 
describe the fate of that oxygen, and whether it contributes to ATP or ROS production. We 
therefore assessed the efficiency of the electron transport chain in mitochondrial isolates 
from the SVCT2+/− and the APP/PSEN1 mice by measuring mitochondrial membrane 
potential and ATP/ADP ratios to identify individual contributions of each mutation 
[21,51,59]. We used dihydrofluorescein to measure of ROS production given that disruption 
of the electron transport chain leads to oxidative stress.

ASC status and APP/PSEN1 genotype affects mitochondrial membrane potential and 
ATP/ADP ratios and increases oxidative stress

Mitochondrial membrane potential was determined through TMRE accumulation in 
mitochondrial isolates from wild-type, SVCT2+/−, APP/PSEN1 mice, which reflects the 
extent to which oxygen consumption results in the generation of an effective proton gradient. 
As predicted, mitochondria isolated from SVCT2+/− mice showed a decreased TMRE 
fluorescence signal compared to WT mitochondria indicating loss of membrane polarization 
(t(9)= 2.278, p = 0.048, Fig. 2A). A greater TMRE fluorescence signal was observed in 
mitochondria isolated from APP/PSEN1 cortex indicating increased polarization across the 
APP/PSEN1 mitochondrial membrane compared to WT isolates (t(13) = 2.435, p = 0.03; 
Fig. 2B). These results are consistent with the pattern of oxygen consumption observed in 
SVCT2+/− and APP/PSEN1 isolates (Fig. 1D). The accumulation of TMRE at 100nM can 
cause aggregation of the fluorescent probe within the mitochondrial matrix, resulting in 
fluorescence self-quenching. To determine the directionality of the fluorescence differences 
observed in this study, the proton ionophore 2,4-dinitrophenol (DNP) was added in 
decreasing concentrations (1.0 µM, 0.5 µM, 0.1 µM) after TMRE pre-loading to dissipate 
mitochondrial membrane potential. We observed no effect of genotype and no effect of DNP 
concentration in the percent change in fluorescence from TMRE baseline between groups 
(data not shown). This suggests that fluorescence quenching occurred in mitochondrial 
isolates across all genotypes, but to the same degree, thus quenching did not mask the 
overall effect.

Mitochondrial membrane potential can affect overall energy production. We determined the 
ATP/ADP ratio in mitochondrial isolates from WT, SVCT2+/−, APP/PSEN1 mice. We 
observed a significant decrease in the ATP/ADP ratio in APP/PSEN1 isolates compared to 
WT isolates (t(11)= 2.459, p= 0.03, Fig. 2D) and no significant difference in ATP/ADP ratio 
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in the SVCT2+/− isolates compared to wild type (Fig. 2C). Based on the increase in oxygen 
consumption and mitochondrial membrane potential, an increase in the ATP/ADP ratio 
would have been expected; however the decrease supports the hypothesis that the oxygen 
being consumed is not being used efficiently toward energy production. It is suggested that 
ASC can contribute to the electron transport chain by aiding in the reduction of cytochrome 
c [60–62]. Ascorbate acts as an enzymatic co-factor with the 2-oxoglutarate-dependent 
dioxygenases and is believed to play a role in iron reduction in these reactions [63]. Given 
that the heme-bound iron atoms in cytochrome c are reduced and oxidized with electron 
transfer, it is likely that ASC can assist in this redox reaction due to its low reduction 
potential; however, it is important to note that canonical cytochrome c reduction requires 
ubiquinol oxidation, which occurs in the absence of ASC. The twice-oxidized form of ASC, 
dehydroascorbate, appears to a have specific role in maintaining the redox balance within 
mitochondria by readily accepting electrons, thereby preventing leakage to the formation of 
ROS [39]. This is further evidenced by the observation that ASC concentrations increase 
when mitochondrial isolate preparations are stimulated by the addition of substrates, 
primarily due to reduction of dehydroascorbate [64]. Additionally, the similar ratios 
observed between WT and SVCT2+/− isolates suggest that the effects of ASC deficiency on 
mitochondria are distinct from mechanisms or processes specific to the disease. Although 
these mechanisms have not yet been clearly defined, either pathway could be magnified in 
the increased oxidative stress environment and presence of amyloid associated with 
Alzheimer’s disease progression.

In concurrent experiments, the mitochondria isolated from WT, SVCT2+/− and APP/PSEN1 
cortices were incubated with dihydrofluorescein to measure the generation of ROS. We 
observed a significant increase in fluorescence in SVCT2+/− mitochondrial isolates 
compared with WT isolates (t(23) = 2.312, p = 0.03, Fig. 2E) and in mitochondrial isolates 
from APP/PSEN1 cortex (t(16) = 3.447, p = 0.0033; Fig. 2F), suggesting that the oxygen 
being consumed is not being used efficiently but is rather contributing to oxidative stress. 
Superoxide, the primary reactive oxygen species produced through oxidative 
phosphorylation, is reduced to hydrogen peroxide by superoxide dismutase. The brain has 
lower enzymatic antioxidant activity compared to peripheral tissues [65] and ASC can 
therefore scavenge ROS, including hydrogen peroxide and hydroxyl radical, providing 
additional support to the endogenous antioxidant barrier. These observations together 
indicate that within the context of Alzheimer’s disease, which impacts energy production, 
ASC deficiency can exacerbate dysfunctional mitochondrial respiration and contribute to a 
redox imbalance within mitochondria.

ASC increases oxygen consumption and decreases ROS generation
Having observed that ASC deficiency resulted in reduced mitochondrial respiration and 
increased ROS generation, we considered whether the acute supplementation of ASC to 
isolated mitochondria would increase respiration. Mitochondria were isolated from WT 
cortex as above, and equal concentrations from a single isolation were used for both ASC-
supplemented and control conditions in each experimental replication. Once baseline oxygen 
consumption was established, either vehicle or 100µM ASC was added to mitochondria in a 
closed respirometer chamber. As expected, the addition of ASC increased oxygen 
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consumption significantly over its own baseline level and the untreated group (F(1,40)= 
11.31, p= 0.0017; Fig. 3A). Both ASC+ and ASC-groups significantly increased respiration 
with the sequential addition of substrates (glutamate, malate and ADP) until reaching full 
respiratory capacity (F(4,40)= 26.95, p<0.0001; Fig. 3).

Using the SVCT2Tg mouse model, in which SVCT2 is globally over-expressed, we 
measured mitochondrial membrane potential and ROS generation as above. SVCT2 
expression was increased in mitochondrial isolates in the SVCT2Tg model by 17% (t(6) = 
0.625, p = 0.55) and although this difference was not significant it was accompanied by an 
increase in mitochondrial ASC concentration (t(12) = 2.166, p = 0.05) (Fig. 3B, C). The 
variability of SVCT2 expression level within the mitochondria of the SVCT2Tg mice is 
consistent with previously published data from our lab of expression and ASC level in 
multiple organs, including brain [48]. Unlike SVCT2+/− isolates, we observed no significant 
change in TMRE fluorescence in SVCT2Tg mice, indicating that a chronic increase in 
mitochondrial ASC does not directly affect membrane potential. Additionally, we observed a 
significant decrease in dihydrofluorescein fluorescence in SVCT2Tg mitochondrial isolates 
compared to WT isolates (t(12) = 4.414, p = 0.0008) indicating lower ROS production in 
those mice. While we observe no significant difference Aͤ 42/40 ratio (ELISA, Abcam, 
USA) between APP/PSEN1 and SVCT2-Tg; APP/PSEN1 mice in hippocampal tissue at 5 
months of age (Fig 4A), ASC levels in SVCT2Tg; APP/PSEN1 mice cortex are ~16% lower 
at 5 months (p=0.14) and ~29% lower at 12 months (p= 0.002) compared to SVCT2Tg. 
These data were collected prior to this study and some (WT: ELISA and cortical ASC) has 
appeared in a previous publication [38]. This observation suggests that the ASC is being 
consumed more rapidly when there is over-abundance, as this change in cortical 
concentration is not observed between WT and APP/PSEN1 mice at either 5 or 12 months. 
ASC levels increase slightly between WT and APP/PSEN1, but it is important to note that 
mice biosynthesize ASC and can increase systemic levels that are limited by transporter 
expression. Interestingly, ASC levels are clearly not limited by the ability to regulate 
biosynthesis, in that mice carrying SVCT2Tg exhibit substantially greater concentrations, 
thus supporting a critical role for ASC. Together, these data suggest that the role of ASC in 
mitochondria is not directly related to driving Aͤ pathology, but rather its effects may 
contribute to overall mitochondrial function and maintaining redox homeostasis, as 
demonstrated above.

IV. Conclusion
ASC is critical for mitochondrial health and ASC deficiency is a major cause of oxidative 
stress that contributes to Alzheimer’s disease risk. We have shown that ASC deficiency and 
the APP/PSEN1 genotype alter mitochondrial respiration, membrane potential, energy 
production and increase ROS generation. While optimal levels of ASC are unknown [31], 
adequate ASC supports both the redox balance within mitochondria, and oxygen 
consumption. The key features of oxidative stress and mitochondrial dysfunction are 
elevated in very early stages of the disease, and may provide potential biomarkers before the 
manifestation of clinical symptoms, and are believed to drive disease pathology. Elderly 
individuals are at even greater risk as the activity of endogenous antioxidant enzymes 
decreases with age, a phenomenon that is exaggerated in Alzheimer’s disease suggesting 
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that the antioxidant barrier is being overwhelmed by increasing oxidative stress [20,66]. 
ASC deficiency is cheaply and effectively addressed through diet or supplementation, which 
provides a potential strategy to slow the progression of Alzheimer’s disease by attenuating 
the damaging effects of oxidative stress and proves to be a valuable addition to current 
Alzheimer’s disease therapies. The current data support implementation of antioxidant 
strategies at far earlier stages of disease development than are currently typically addressed.
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SVCT sodium-dependent vitamin C transporter

APP amyloid precursor protein

PSEN1 presenilin 1

ASC ascorbate

ROS reactive oxygen species

Aͤ amyloid beta peptide

TMRE tetramethylrhodamine, ethyl ester

References
1. Bradley MA, Markesbery WR, Lovell MA. Increased levels of 4-hydroxynonenal and acrolein in the 

brain in preclinical Alzheimer disease. Free Radic Biol Med. 2010; 48:1570–6. DOI: 10.1016/
j.freeradbiomed.2010.02.016 [PubMed: 20171275] 

2. Podlesniy P, Figueiro-Silva J, Llado A, Antonell A, Sanchez-Valle R, Alcolea D, Lleo A, Molinuevo 
JL, Serra N, Trullas R. Low cerebrospinal fluid concentration of mitochondrial DNA in preclinical 
Alzheimer disease. Ann Neurol. 2013; 74:655–68. DOI: 10.1002/ana.23955 [PubMed: 23794434] 

3. Padurariu M, Ciobica A, Hritcu L, Stoica B, Bild W, Stefanescu C. Changes of some oxidative stress 
markers in the serum of patients with mild cognitive impairment and Alzheimer’s disease. Neurosci 
Lett. 2010; 469:6–10. DOI: 10.1016/j.neulet.2009.11.033 [PubMed: 19914330] 

4. García-Escudero V, Martín-Maestro P, Perry G, Avila J. Deconstructing mitochondrial dysfunction 
in alzheimer disease. Oxid Med Cell Longev. 2013; 2013doi: 10.1155/2013/162152

5. Reddy PH, Tripathi R, Troung Q, Tirumala K, Reddy TP, Anekonda V, Shirendeb UP, Calkins MJ, 
Reddy AP, Mao P, Manczak M. Abnormal mitochondrial dynamics and synaptic degeneration as 
early events in Alzheimer’s disease: implications to mitochondria-targeted antioxidant therapeutics. 
Biochim Biophys Acta. 2012; 1822:639–49. DOI: 10.1016/j.bbadis.2011.10.011 [PubMed: 
22037588] 

6. Wu Z, Zhu Y, Cao X, Sun S, Zhao B. Mitochondrial Toxic Effects of Aͤ Through Mitofusins in the 
Early Pathogenesis of Alzheimer’s Disease. Mol Neurobiol. 2014; :986–996. DOI: 10.1007/
s12035-014-8675-z [PubMed: 24710686] 

7. Cooke MS, Evans MD, Dizdaroglu M, Lunec J. Oxidative DNA damage: mechanisms, mutation, 
and disease. FASEB J. 2003; 17:1195–214. DOI: 10.1096/fj.02-0752rev [PubMed: 12832285] 

8. Sutherland GT, Chami B, Youssef P, Witting PK. Oxidative stress in Alzheimer’s disease: Primary 
villain or physiological by-product? Redox Rep. 2013; 18:134–41. DOI: 10.1179/1351000213Y.
0000000052 [PubMed: 23849337] 

Dixit et al. Page 10

Free Radic Biol Med. Author manuscript; available in PMC 2018 November 01.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript



9. Floyd RA. Antioxidants, oxidative stress, and degenerative neurological disorders. Proc Soc Exp 
Biol Med. 1999; 222:236–45. http://www.ncbi.nlm.nih.gov/pubmed/10601882 (accessed June 19, 
2014). [PubMed: 10601882] 

10. Leuner K, Schütt T, Kurz C, Eckert SH, Schiller C, Occhipinti A, Mai S, Jendrach M, Eckert GP, 
Kruse SE, Palmiter RD, Brandt U, Dröse S, Wittig I, Willem M, Haass C, Reichert AS, Müller 
WE. Mitochondrion-Derived Reactive Oxygen Species Lead to Enhanced Amyloid Beta 
Formation. Antioxid Redox Signal. 2012; 16:1421–1433. DOI: 10.1089/ars.2011.4173 [PubMed: 
22229260] 

11. Lagouge M, Larsson NG. The role of mitochondrial DNA mutations and free radicals in disease 
and ageing. J Intern Med. 2013; 273:529–43. DOI: 10.1111/joim.12055 [PubMed: 23432181] 

12. Valko M, Leibfritz D, Moncol J, Cronin MTD, Mazur M, Telser J. Free radicals and antioxidants in 
normal physiological functions and human disease. Int J Biochem Cell Biol. 2007; 39:44–84. DOI: 
10.1016/j.biocel.2006.07.001 [PubMed: 16978905] 

13. Markesbery WR, Kryscio RJ, Lovell MA, Morrow JD. Lipid peroxidation is an early event in the 
brain in amnestic mild cognitive impairment. Ann Neurol. 2005; 58:730–5. DOI: 10.1002/ana.
20629 [PubMed: 16240347] 

14. Niki E, Yoshida Y, Saito Y, Noguchi N. Lipid peroxidation: mechanisms, inhibition, and biological 
effects. Biochem Biophys Res Commun. 2005; 338:668–76. DOI: 10.1016/j.bbrc.2005.08.072 
[PubMed: 16126168] 

15. Berlett BS, Stadtman ER. Protein oxidation in aging, disease, and oxidative stress. J Biol Chem. 
1997; 272:20313–6. DOI: 10.1074/jbc.272.33.20313 [PubMed: 9252331] 

16. Sultana R, Perluigi M, Butterfield DA. Protein oxidation and lipid peroxidation in brain of subjects 
with Alzheimer’s disease: insights into mechanism of neurodegeneration from redox proteomics. 
Antioxid Redox Signal. 2006; 8:2021–37. DOI: 10.1089/ars.2006.8.2021 [PubMed: 17034347] 

17. Persson T, Popescu BO, Cedazo-Minguez A. Oxidative stress in Alzheimer’s disease: why did 
antioxidant therapy fail? Oxid Med Cell Longev. 2014; 2014:427318.doi: 10.1155/2014/427318 
[PubMed: 24669288] 

18. Lovell MA, Markesbery WR. Oxidative DNA damage in mild cognitive impairment and late-stage 
Alzheimer’s disease. Nucleic Acids Res. 2007; 35:7497–504. DOI: 10.1093/nar/gkm821 
[PubMed: 17947327] 

19. Barzilai A, Yamamoto KI. DNA damage responses to oxidative stress. DNA Repair (Amst). 2004; 
3:1109–15. DOI: 10.1016/j.dnarep.2004.03.002 [PubMed: 15279799] 

20. Grimm A, Friedland K, Eckert A. Mitochondrial dysfunction: the missing link between aging and 
sporadic Alzheimer’s disease. Biogerontology. 2015; doi: 10.1007/s10522-015-9618-4

21. Ronnback A, Pavlov PF, Mansory M, Gonze P, Marli??re N, Winblad B, Graff C, Behbahani H. 
Mitochondrial dysfunction in a transgenic mouse model expressing human amyloid precursor 
protein (APP) with the Arctic mutation. J Neurochem. 2016; 136:497–502. DOI: 10.1111/jnc.
13410 [PubMed: 26500157] 

22. Tong Y, Zhou W, Fung V, Christensen MA, Qing H, Sun X, Song W. Oxidative stress potentiates 
BACE1 gene expression and Abeta generation. J Neural Transm. 2005; 112:455–69. DOI: 
10.1007/s00702-004-0255-3 [PubMed: 15614428] 

23. Chami L, Checler F. BACE1 is at the crossroad of a toxic vicious cycle involving cellular stress 
and ͤ-amyloid production in Alzheimer’s disease. Mol Neurodegener. 2012; 7:52.doi: 
10.1186/1750-1326-7-52 [PubMed: 23039869] 

24. Abarikwu SO, Pant AB, Farombi EO. 4-Hydroxynonenal induces mitochondrial-mediated 
apoptosis and oxidative stress in SH-SY5Y human neuronal cells. Basic Clin Pharmacol Toxicol. 
2012; 110:441–8. DOI: 10.1111/j.1742-7843.2011.00834.x [PubMed: 22118713] 

25. Liu W, Kato M, Akhand AA, Hayakawa A, Suzuki H, Miyata T, Kurokawa K, Hotta Y, Ishikawa 
N, Nakashima I. 4-Hydroxynonenal Induces a Cellular Redox Status-Related Activation of the 
Caspase Cascade for Apoptotic Cell Death. J Cell Sci. 2000; 113:635–41. http://
www.ncbi.nlm.nih.gov/pubmed/10652256. [PubMed: 10652256] 

26. Cadonic C, Sabbir MG, Albensi BC. Mechanisms of Mitochondrial Dysfunction in Alzheimer’s 
Disease. Mol Neurobiol. 2015; doi: 10.1007/s12035-015-9515-5

Dixit et al. Page 11

Free Radic Biol Med. Author manuscript; available in PMC 2018 November 01.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript

http://www.ncbi.nlm.nih.gov/pubmed/10601882
http://www.ncbi.nlm.nih.gov/pubmed/10652256
http://www.ncbi.nlm.nih.gov/pubmed/10652256


27. Goodwin JS, Goodwin JM, Garry PJ. Association between nutritional status and cognitive 
functioning in a healthy elderly population. JAMA. 1983; 249:2917–2921. DOI: 10.1001/jama.
1983.03330450047024 [PubMed: 6842805] 

28. Gale CR, Martyn CN, Cooper C. Cognitive impairment and mortality in a cohort of elderly people. 
BMJ. 1996; 312:608–611. [PubMed: 8595334] 

29. Zandi PP, Anthony JC, Khachaturian AS, Stone SV, Gustafson D, Tschanz JT, Norton MC, Welsh-
Bohmer KA, Breitner JCS. Reduced risk of Alzheimer disease in users of antioxidant vitamin 
supplements: the Cache County Study. Arch Neurol. 2004; 61:82–88. DOI: 10.1001/archneur.
61.1.82 [PubMed: 14732624] 

30. Bowman GL, Dodge H, Frei B, Calabrese C, Oken BS, Kaye JA, Quinn JF. Ascorbic acid and rates 
of cognitive decline in Alzheimer’s disease. J Alzheimers Dis. 2009; 16:93–8. DOI: 10.3233/
JAD-2009-0923 [PubMed: 19158425] 

31. Monfort A, Wutz A. Breathing-in epigenetic change with vitamin C. EMBO Rep. 2013; 14:337–
46. DOI: 10.1038/embor.2013.29 [PubMed: 23492828] 

32. Schrag M, Mueller C, Zabel M, Crofton A, Kirsch WM, Ghribi O, Squitti R, Perry G. Oxidative 
stress in blood in Alzheimer’s disease and mild cognitive impairment: a meta-analysis. Neurobiol 
Dis. 2013; 59:100–10. DOI: 10.1016/j.nbd.2013.07.005 [PubMed: 23867235] 

33. Murakami K, Murata N, Ozawa Y, Kinoshita N, Irie K, Shirasawa T, Shimizu T. Vitamin C restores 
behavioral deficits and amyloid-ͤ oligomerization without affecting plaque formation in a mouse 
model of Alzheimer’s disease. J Alzheimers Dis. 2011; 26:7–18. DOI: 10.3233/JAD-2011-101971 
[PubMed: 21558647] 

34. Kook SY, Lee KM, Kim Y, Cha MY, Kang S, Baik SH, Lee H, Park R, Mook-Jung I. High-dose of 
vitamin C supplementation reduces amyloid plaque burden and ameliorates pathological changes 
in the brain of 5XFAD mice. Cell Death Dis. 2014; 5:e1083.doi: 10.1038/cddis.2014.26 [PubMed: 
24577081] 

35. Huang J, May JM. Ascorbic acid protects SH-SY5Y neuroblastoma cells from apoptosis and death 
induced by beta-amyloid. Brain Res. 2006; 1097:52–8. DOI: 10.1016/j.brainres.2006.04.047 
[PubMed: 16725131] 

36. Choi S, Kim BC, Cho Y, Choi K, Chang J, Park M, Kim M, Cho K, Kim J. Effects of Flavonoid 
Compounds on ͤ -amyloid-peptide-induced Neuronal Death in Cultured Mouse Cortical Neurons. 
Chonnam Med J. 2014; 50:45–51. [PubMed: 25229015] 

37. Ballaz S, Morales I, Rodríguez M, Obeso JA. Ascorbate prevents cell death from prolonged 
exposure to glutamate in an in vitro model of human dopaminergic neurons. J Neurosci Res. 2013; 
91:1609–17. DOI: 10.1002/jnr.23276 [PubMed: 23996657] 

38. Dixit S, Bernardo A, Walker JM, Kennard JA, Kim GY, Kessler ES, Harrison FE. Vitamin C 
deficiency in the brain impairs cognition, increases amyloid accumulation and deposition, and 
oxidative stress in APP/PSEN1 and normally aging mice. ACS Chem Neurosci. 2015; 6:570–81. 
DOI: 10.1021/cn500308h [PubMed: 25642732] 

39. Mandl J, Szarka A, Banhegyi G. Vitamin C: Update on physiology and pharmacology. Br J 
Pharmacol. 2009; 157:1097–1110. DOI: 10.1111/j.1476-5381.2009.00282.x [PubMed: 19508394] 

40. Ingebretsen OC, Normann PT. Transport of ascorbate into guinea pig liver mitochondria. Biochim 
Biophys Acta. 1982; 684:21–6. http://www.ncbi.nlm.nih.gov/pubmed/7055553. [PubMed: 
7055553] 

41. Muñoz-Montesino C, Roa FJ, Peña E, González M, Sotomayor K, Inostroza E, Muñoz CA, 
González I, Maldonado M, Soliz C, Reyes AM, Vera JC, Rivas CI. Mitochondrial ascorbic acid 
transport is mediated by a low-affinity form of the sodium-coupled ascorbic acid transporter-2. 
Free Radic Biol Med. 2014; 70:241–254. DOI: 10.1016/j.freeradbiomed.2014.02.021 [PubMed: 
24594434] 

42. Bánhegyi G, Benedetti A, Margittai É, Marcolongo P, Fulceri R, Németh CE, Szarka A. 
Subcellular compartmentation of ascorbate and its variation in disease states. Biochim Biophys 
Acta - Mol Cell Res. 2014; 1843:1909–1916. DOI: 10.1016/j.bbamcr.2014.05.016

43. Jankowsky JL, Fadale DJ, Anderson J, Xu GM, Gonzales V, Jenkins NA, Copeland NG, Lee MK, 
Younkin LH, Wagner SL, Younkin SG, Borchelt DR. Mutant presenilins specifically elevate the 

Dixit et al. Page 12

Free Radic Biol Med. Author manuscript; available in PMC 2018 November 01.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript

http://www.ncbi.nlm.nih.gov/pubmed/7055553


levels of the 42 residue ??-amyloid peptide in vivo: Evidence for augmentation of a 42-specific ?? 
secretase. Hum Mol Genet. 2004; 13:159–170. DOI: 10.1093/hmg/ddh019 [PubMed: 14645205] 

44. Choi KJ, Kim MJ, Je AR, Jun S, Lee C, Lee E, Jo M, Huh YH, Kweon HS. Three-dimensional 
analysis of abnormal ultrastructural alteration in mitochondria of hippocampus of APP/PSEN1 
transgenic mouse. J Biosci. 2014; 39:97–105. DOI: 10.1007/s12038-013-9406-8 [PubMed: 
24499794] 

45. Pedrós I, Petrov D, Allgaier M, Sureda F, Barroso E, Beas-Zarate C, Auladell C, Pallàs M, 
Vázquez-Carrera M, Casadesús G, Folch J, Camins A. Early alterations in energy metabolism in 
the hippocampus of APPswe/PS1dE9 mouse model of Alzheimer’s disease. Biochim Biophys 
Acta - Mol Basis Dis. 2014; 1842:1556–1566. DOI: 10.1016/j.bbadis.2014.05.025

46. Wang X, Zhao XL, Xu LL, Wang CF, Wei LF, Liu Z, Yang H, Wang P, Xie ZH, Bi JZ. Mitophagy 
in APPsw/PS1dE9 transgenic mice and APPsw stably expressing in HEK293 cells. Eur Rev Med 
Pharmacol Sci. 2015; 19:4595–4602. [PubMed: 26698257] 

47. Sotiriou S, Gispert S, Cheng J, Wang Y, Chen A, Hoogstraten-Miller S, Miller GF, Kwon O, 
Levine M, Guttentag SH, Nussbaum RL. Ascorbic-acid transporter Slc23a1 is essential for vitamin 
C transport into the brain and for perinatal survival. Nat Med. 2002; 8:514–7. DOI: 10.1038/
nm0502-514 [PubMed: 11984597] 

48. Harrison FE, Best JL, Meredith ME, Gamlin CR, Borza DB, May JM, May JM. Increased 
expression of SVCT2 in a new mouse model raises ascorbic acid in tissues and protects against 
paraquat-induced oxidative damage in lung. PLoS One. 2012; 7:e35623.doi: 10.1371/journal.pone.
0035623 [PubMed: 22558179] 

49. Fessel JP, Flynn CR, Robinson LJ, Penner NL, Gladson S, Kang CJ, Wasserman DH, Hemnes AR, 
West JD. Hyperoxia synergizes with mutant bone morphogenic protein receptor 2 to cause 
metabolic stress, oxidant injury, and pulmonary hypertension. Am J Respir Cell Mol Biol. 2013; 
49:778–787. DOI: 10.1165/rcmb.2012-0463OC [PubMed: 23742019] 

50. Lemieux H, Semsroth S, Antretter H, Höfer D, Gnaiger E. Mitochondrial respiratory control and 
early defects of oxidative phosphorylation in the failing human heart. Int J Biochem Cell Biol. 
2011; 43:1729–1738. DOI: 10.1016/j.biocel.2011.08.008 [PubMed: 21871578] 

51. Lores-Arnaiz S, Lombardi P, Karadayian AG, Orgambide F, Cicerchia D, Bustamante J. Brain 
cortex mitochondrial bioenergetics in synaptosomes and non-synaptic mitochondria during aging. 
Neurochem Res. 2016; 41:353–63. DOI: 10.1007/s11064-015-1817-5 [PubMed: 26818758] 

52. Harrison FE, Yu SS, Van Den Bossche KL, Li L, May JM, McDonald MP. Elevated oxidative 
stress and sensorimotor deficits but normal cognition in mice that cannot synthesize ascorbic acid. 
J Neurochem. 2008; 106:1198–208. DOI: 10.1111/j.1471-4159.2008.05469.x [PubMed: 
18466336] 

53. Harrison FE, Meredith ME, Dawes SM, Saskowski JL, May JM. Low ascorbic acid and increased 
oxidative stress in gulo (−/−) mice during development. Brain Res. 2010; 1349:143–152. DOI: 
10.1016/j.brainres.2010.06.037 [PubMed: 20599829] 

54. Wieckowski MR, Giorgi C, Lebiedzinska M, Duszynski J, Pinton P. Isolation of mitochondria-
associated membranes and mitochondria from animal tissues and cells. Nat Protoc. 2009; 4:1582–
90. DOI: 10.1038/nprot.2009.151 [PubMed: 19816421] 

55. Hansson Petersen CA, Alikhani N, Behbahani H, Wiehager B, Pavlov PF, Alafuzoff I, Leinonen V, 
Ito A, Winblad B, Glaser E, Ankarcrona M. The amyloid beta-peptide is imported into 
mitochondria via the TOM import machinery and localized to mitochondrial cristae. Proc Natl 
Acad Sci U S A. 2008; 105:13145–50. DOI: 10.1073/pnas.0806192105 [PubMed: 18757748] 

56. Xu L, Shen Y, Wang X, Wei L, Wang P, Yang H, Wang C, Xie Z, Bi J. Mitochondrial dynamics 
changes with age in an APPsw/PS1dE9 mouse model of Alzheimer’s disease. Neuroreport. 2017; :
1–7. DOI: 10.1097/WNR.0000000000000739 [PubMed: 27870781] 

57. Garcia-Alloza M, Robbins EM, Zhang-Nunes SX, Purcell SM, Betensky RA, Raju S, Prada C, 
Greenberg SM, Bacskai BJ, Frosch MP. Characterization of amyloid deposition in the APPswe/
PS1dE9 mouse model of Alzheimer disease. Neurobiol Dis. 2006; 24:516–524. DOI: 10.1016/
j.nbd.2006.08.017 [PubMed: 17029828] 

58. Desler C, Hansen TL, Frederiksen JB, Marcker ML, Singh KK, Juel Rasmussen L. Is there a link 
between mitochondrial reserve respiratory capacity and aging? J Aging Res. 2012; 2012doi: 
10.1155/2012/192503

Dixit et al. Page 13

Free Radic Biol Med. Author manuscript; available in PMC 2018 November 01.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript



59. Trushina E, Nemutlu E, Zhang S, Christensen T, Camp J, Mesa J, Siddiqui A, Tamura Y, Sesaki H, 
Wengenack TM, Dzeja PP, Poduslo JF. Defects in mitochondrial dynamics and metabolomic 
signatures of evolving energetic stress in mouse models of familial alzheimer’s disease. PLoS One. 
2012; 7doi: 10.1371/journal.pone.0032737

60. YAMAZAKI I. The reduction of cytochrome c by enzyme-generated ascorbic free radical. J Biol 
Chem. 1962; 237:224–9. http://www.ncbi.nlm.nih.gov/pubmed/14008924. [PubMed: 14008924] 

61. Ljones T, Skotland T. Evidence from the acceleration of cytochrome c reduction for the formation 
of ascorbate free radical by dopamine beta-monooxygenase. FEBS Lett. 1979; 108:25–7. http://
www.ncbi.nlm.nih.gov/pubmed/230081. [PubMed: 230081] 

62. Williams NH, Yandell JK. Reduction of oxidized cytochrome c by ascorbate ion. Biochim Biophys 
Acta. 1985; 810:274–7. http://www.ncbi.nlm.nih.gov/pubmed/2998459. [PubMed: 2998459] 

63. De Tullio, MC. Water Soluble Vitamins. In: Stanger, O., editor. Water Soluble Vitam. Springer; 
Netherlands, Dordrecht: 2012. p. 49-65.

64. May JM, Li L, Qu Z, Cobb CE. Mitochondrial recycling of ascorbic acid as a mechanism for 
regenerating cellular ascorbate. Biofactors. 2007; 30:35–48. http://www.ncbi.nlm.nih.gov/pubmed/
18198400. [PubMed: 18198400] 

65. Uttara B, Singh AV, Zamboni P, Mahajan RT. Oxidative stress and neurodegenerative diseases: a 
review of upstream and downstream antioxidant therapeutic options. Curr Neuropharmacol. 2009; 
7:65–74. DOI: 10.2174/157015909787602823 [PubMed: 19721819] 

66. Padurariu M, Ciobica A, Lefter R, Serban IL, Stefanescu C, Chirita R. The oxidative stress 
hypothesis in Alzheimer’s disease. Psychiatr Danub. 2013; 25:401–9. http://
www.ncbi.nlm.nih.gov/pubmed/24247053 (accessed June 19, 2014). [PubMed: 24247053] 

Dixit et al. Page 14

Free Radic Biol Med. Author manuscript; available in PMC 2018 November 01.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript

http://www.ncbi.nlm.nih.gov/pubmed/14008924
http://www.ncbi.nlm.nih.gov/pubmed/230081
http://www.ncbi.nlm.nih.gov/pubmed/230081
http://www.ncbi.nlm.nih.gov/pubmed/2998459
http://www.ncbi.nlm.nih.gov/pubmed/18198400
http://www.ncbi.nlm.nih.gov/pubmed/18198400
http://www.ncbi.nlm.nih.gov/pubmed/24247053
http://www.ncbi.nlm.nih.gov/pubmed/24247053


Highlights

• APP/PSEN1 genotype increases mitochondrial oxygen consumption and 
generation of reactive oxygen species

• Ascorbate deficiency exacerbates mitochondrial oxidative stress

• Ascorbate supplementation mitigates generation of reactive oxygen species 
and supports mitochondrial health
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Figure 1. ASC deficiency and APP/PSEN1 affect oxygen consumption in mitochondria
A) SVCT2 expression is decreased in mitochondrial isolates from mice heterozygous for 
SVCT2 compared to isolates with wild-type SVCT2 expression (p = 0.03, n = 5–6 per 
group). B) ASC content is significantly lower in SVCT2+/− mitochondria at 4 months (p = 
0.024, n = 5 per group). C) Qualitative western blot analysis demonstrates detectable 
amyloid ͤ expression in APP/PSEN1 and SVCT2+/−; APP/PSEN1 mice at 4 months of age, 
that already appears more severe in the compound mutant mice. D) SVCT2+/− mitochondrial 
isolates consume less oxygen (p=0.04), while mitochondrial isolates from APP/PSEN1 
transgenic mice consume more oxygen when at full respiratory capacity (p = 0.005). WT n = 
6, SVCT2+/− n = 5, APP/PSEN1, SVCT2+/−;APP/PSEN1 n = 6. Letters indicate a main 
effect of SVCT2 (a,b) and APP/PSEN1 (c,d).
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Figure 2. APP/PSEN1 genotype affects mitochondrial membrane potential and increases 
oxidative stress
A) Mitochondrial isolates from SVCT2+/− mice show decreased mitochondrial membrane 
potential measured by relative fluorescence from accumulated TMRE (p = 0.049, n = 5–6 
per group). B) Mitochondrial isolates from APP/PSEN1 transgenic mice show increased 
membrane potential measured by relative fluorescence from accumulated TMRE (p = 
0.0085, n = 7–8 per group). C) The ATP/ADP ratio in SVCT2+/− isolates were not 
significantly different from WT (p= 0.195). D) The ATP/ADP ratio in APP/PSEN1 
transgenic isolates was significantly lower than in WT isolates (p= 0.0299). E) 
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Mitochondrial isolates from SVCT2+/− mice had significantly greater relative fluorescence 
from oxidized dihydrofluorescein (p = 0.03) than did mice that were wild-type for SVCT2. 
F) Mitochondrial isolates from APP/PSEN1 transgenic mice also show increased levels of 
ROS as measured by relative fluorescence from oxidized dihydrofluorescein (p = 0.038).
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Figure 3. ASC increases oxygen consumption in isolated mitochondria and decreases ROS 
production
A) The oxygen consumed by mitochondrial isolated from WT cortex was significantly 
increased with the addition of 100µM ASC (p = 0.0017) compared to vehicle following 
establishment of baseline. Oxygen consumption within groups increased with the addition of 
each new substrate compared to the prior condition (p < 0.0001). Asterices (*) indicate a 
main effect of ASC following addition of ASC and of each substrate B) SVCT2 xpression is 
only slightly increased, (not significant), in mitochondria isolated from SVCT2Tg mice 
compared to WT mitochondria (p = 0.55, n= 5 per group). C) ASC content is significantly 
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elevated,, in SVCT2Tg mitochondria at 4 months (p = 0.05, n = 5–9 per group). D) 
Mitochondrial isolates from SVCT2Tg mice show no difference in mitochondrial membrane 
potential measured by relative fluorescence from accumulated TMRE (p = 0.3409, n = 5–7 
per group). E) Mitochondrial isolates from SVCT2Tg mice show a significant decrease in 
levels of ROS as measured by relative fluorescence from oxidized dihydrofluorescein (p = 
0.0008, n = 6–8).
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Figure 4. Intracellular ASC concentration is altered in SVCT2Tg; APP/PSEN1 mice
A) Amyloid ͤ 42/40 ratio is significantly greater at 12 months compared with 5 months in 
APP/PSEN1 and SVCT2Tg;APP/PSEN1 mice (p< 0.0001) but does not differ according to 
genotype with each age group. B) Cortical ASC concentration is significantly elevated in 
SVCT2Tg mice compared to mice with normal SVCT2 expression (p=0.005) at 5 months, 
but at 12 months a significant difference is observed between SVCT2Tg and SVCT2Tg;APP/
PSEN1 only (p=0.0002).
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