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Abstract

Brain aging is the known strongest risk factor for Alzheimer’s disease (AD). In recent years, 

mitochondrial deficits have been proposed to be a common mechanism linking brain aging to AD. 

Therefore, to elucidate the causative mechanisms of mitochondrial dysfunction in aging brains is 

of paramount importance for our understanding of the pathogenesis of AD, in particular its 

sporadic form. Cyclophilin D (CypD) is a specific mitochondrial protein. Recent studies have 

shown that F1FO ATP synthase oligomycin sensitivity conferring protein (OSCP) is a binding 

partner of CypD. The interaction of CypD with OSCP modulates F1FO ATP synthase function and 

mediates mitochondrial permeability transition pore (mPTP) opening. Here, we have found that 

increased CypD expression, enhanced CypD/OSCP interaction, and selective loss of OSCP are 

prominent brain mitochondrial changes in aging mice. Along with these changes, brain 

mitochondria from the aging mice demonstrated decreased F1FO ATP synthase activity and 

defective F1FO complex coupling. In contrast, CypD deficient mice exhibited substantially 

mitigated brain mitochondrial F1FO ATP synthase dysfunction with relatively preserved 

mitochondrial function during aging. Interestingly, the aging-related OSCP loss was also 

dramatically attenuated by CypD depletion. Therefore, the simplest interpretation of this study is 

that CypD promotes F1FO ATP synthase dysfunction and the resultant mitochondrial deficits in 

aging brains. In addition, in view of CypD and F1FO ATP synthase alterations seen in AD brains, 

the results further suggest that CypD-mediated F1FO ATP synthase deregulation is a shared 

mechanism linking mitochondrial deficits in brain aging and AD.
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Alzheimer’s disease (AD) is a heterogeneous chronic neurodegenerative disorder. The 

development of the familial form of AD is strongly associated with genetic risk factors [1]; 

while the etiology of its sporadic form still remains obscure [2]. Clinical observations and 

epidemiological studies have repeatedly identified that aging is the strongest risk factor for 
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AD [3, 4]. Aging brain and AD share many similarities in brain structural changes and other 

brain pathologies, which seems to lend credibility to the hypothesis that brain aging and AD, 

particularly its sporadic form are mechanistically related [5]. Consistent with the 

mitochondrial cascade hypothesis of AD [6], mitochondrial defects have been highlighted to 

be a shared mechanism, in which brain aging and AD converge [5, 7, 8]. In this regard, the 

mechanisms of brain aging-related mitochondrial dysfunction are significant in assisting our 

understanding of the development of AD, particularly the development of sporadic AD.

Cyclophilin D (CypD. Gene name: Ppif), a protein specifically located in mitochondria, is a 

member of the prolyl isomerase (PPIase) family [9]. CypD has been linked with several 

diseases including AD and brain aging [8, 10]. A long-standing concept is that CypD 

facilitates the formation of mitochondrial permeability transition pore (mPTP), leading to 

compromised brain mitochondrial ATP production, increased reactive oxygen species (ROS) 

generation, and eventually neuronal death [9]. However, how CypD triggers mPTP 

formation is not clear until recently. It has been proposed that CypD interacts with 

mitochondrial F1FO ATP synthase oligomycin sensitivity conferring protein (OSCP) subunit 

[11, 12]. The interplay of CypD with OSCP uncouples this key mitochondrial enzyme, 

causing activated mPTP formation and lowered mitochondrial oxidative phosphorylation 

(OXPHOS) capacity [11, 12]. Therefore, CypD potentially causes mitochondrial defects 

through its impacts on F1FO ATP synthase at pathological states.

Mitochondrial F1FO ATP synthase is an essential mitochondrial enzyme for OXPHOS and 

plays a vital role in ATP production as well as the maintenance of mitochondrial membrane 

potential [13]. In addition, recent studies have revealed the novel role of F1FO ATP synthase 

in the formation of mPTP [11, 12, 14]. Previous studies have implicated the deregulation of 

F1FO ATP synthase in brain aging [15–17], suggesting the changes in this key 

mitochondrial enzyme are aging-related brain pathology. Of note, in our recent study we 

have determined that mitochondrial F1FO ATP synthase deregulation is a primary 

mitochondrial pathology in postmortem AD brains [7] along with upregulated CypD 

expression [8]. Given the impacts of CypD on F1FO ATP synthase functionality and the 

implication of CypD in the development of brain aging and AD [8], it would be intriguing to 

know whether CypD contributes to mitochondrial F1FO ATP synthase dysfunction during 

aging, thus serving as a common mechanism linking mitochondrial dysfunction in brain 

aging and AD.

In this study, we have found the expression levels of CypD increase in brain mitochondria in 

an age-dependent manner. In addition, the interaction of CypD with OSCP is enhanced 

while the expression level of OSCP is selectively reduced in brain mitochondria with age. To 

dissociate the impacts of CypD on F1FO ATP synthase in brain mitochondria from aging 

mice, we employed CypD deficient mice and found that the aging-related F1FO ATP 

synthase dysfunction was substantially ameliorated by the genetic depletion of CypD, 

resulting in preserved OXPHOS capacity, reduced ROS generation, and inhibited mPTP 

formation. Of note, the aging-related OSCP loss was dramatically attenuated by CypD 

depletion. Put together, our results suggest the role of CypD in mediating mitochondrial 

F1FO ATP synthase deregulation in aging brain. Furthermore, mitochondrial F1FO ATP 
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synthase dysfunction constitutes a key aspect of aging-related mitochondrial deficits, which 

could be at least partly protected through the inhibition of CypD.

METHODS AND MATERIALS

Mice

Animal studies were approved and performed under the guidelines of Institutional Animal 

Care and Use Committee (IACUC) at the University of Texas at Dallas and National 

Institute of Health. Non-transgenic (nonTg) and Cyclophilin D homozygous null (Ppif−/−) 

strains of the same genetic background (B6/129) were used in this study. PCR was 

performed to identify the genotype of the strains using specific primers as described 

previously [18]. All mice used in this study were mixed genders and prepared by a research 

assistant. The researchers were blinded to the genotypes until the end of the experiments.

Mitochondrial isolation

Brain mitochondria were prepared as previously described [19]. Briefly, cortices were 

dissected from mouse brains and homogenized in ice-cold isolation buffer [225 mM 

mannitol, 75 mM sucrose, 2 mM K2PO4, 0.1% BSA, 5 mM Hepes, 1 mM EGTA (pH 7.2)] 

with a Dounce homogenizer (Wheaton). After a centrifugation at 1,300 × g for 5 min to 

remove blood and cell debris, the supernatant was layered on 15% Percoll (GE) and 

centrifuged at 8,000 ×g for 10 min. The pellet was collected and resus-pended in isolation 

buffer with 0.02% Digitonin (Sigma-Aldrich) and then subjected to the second 

centrifugation at 8,000 ×g for another 10 min. The pellet was then washed by centrifugation 

to remove digitonin and the resultant pellet was resuspended in ice-cold isolation buffer 

without EGTA for experiments. Protein concentrations were measured using Bradford assay 

for protein detection (BioRad).

Mitochondrial oxygen consumption assay

Oxygen consumption was measured polarographically using a temperature regulated Clark-

type oxygen electrode (Oxytherm, Hansatech) [20]. Respiration control ratio (RCR) for the 

freshly isolated brain mitochondria was calculated by triggering oxygen consumption in the 

presence of Glutamate/Malate (5 mM) and ADP (300 μM), and by taking the ratio of state 

III over state IV respirations. ATP:O ratios were expressed with the ratio of ADP consumed 

over oxygen consumption. Oligomycin insensitive respiration was calculated by adding 1 

μM oligomycin at state IV respirations. The ratio of Oligomycin state (So) over state III was 

used to calculate oligomycin insensitive respiration by mitochondria.

Immunoblotting

Immunoblotting was performed to quantify the expression levels of various proteins in brain 

mitochondrial lysates [20]. Samples were prepared by lysing mitochondrial fractions with 

RIPA buffer as previously described [19]. Proteins were separated in 12% Bis-Tris Gel 

(NuPAGE, Life Technologies) and then transferred to PVDF membrane (ImmunBlot 

Membrane, BioRad). Membranes were blocked with 5% non-fat dry milk (Labscientific 

Inc.) for 1 h at room temperature and probed with appropriate primary antibodies overnight 

at 4°C; followed by the incubation with the appropriate secondary antibody for 1 h at room 
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temperature. Proteins were detected using ECL (Clarity Substrate, BioRAD) and imaged 

using a Chemidoc system (BioRAD). The following antibodies were used in the 

experiments: anti-Cyclophilin D (Calbiochem, 1:5,000), anti-Tom 40 (Santa Cruz, 1:500), 

and for all the major F1FO ATP synthase subunits: anti-OSCP (Santa Cruz Biotechnologies, 

1:5,000), anti-ATP5A (Santa Cruz Biotechnologies, 1:5,000), anti-ATP5B (Santa Cruz 

Biotechnologies, 1:5,000), anti-ATP6 (Protein-Tech, 1:5000), anti-ATP5F1 (Santa Cruz 

Biotechnologies, 1:500), anti-ATP5C1 (Santa Cruz Biotechnologies, 1:500), and anti-ATP 

synthase C (Abcam, 1:5000). The intensities of the immunoreactive bands were analyzed 

using NIH ImageJ software.

Mitochondrial ATP synthesis

Freshly isolated brain mitochondria were used to perform mitochondrial ATP synthesis 

using Luminescence ATP detection Assay Kit (Abcam) to measure ATP production. 25 μg 

mitochondria were energized by glutamate/malate (5 mM) followed by the addition of ADP 

(200 μM). ATP production was measured following the manufacturer’s instructions. 

Luminescence was detected using a Microplate Reader (Synergy Mx., Biotek) with Gen5 

software. Readings were converted using standard curve and expressed in fold change.

Mitochondrial superoxide assay

Freshly prepared brain mitochondria (15 μg) were incubated with glutamate/malate (5 mM) 

and ADP (200 μM) for 10 min and then permeablized with 0.1% triton-X. The produced 

superoxide was detected using Amplex Red reagent (Invitrogen Amplex UltraRed) by 

reading fluorescence excitations on a Microplate Reader (Synergy Mx., Biotek).

Mitochondrial swelling assay

Mitochondrial swelling was performed as previously described [20]. Mitochondria were 

energized by Glutamate/Malate (5 mM) in Assay Buffer (150 mM KCl and 2 mM K2HPO4 

at pH 7.2). Mitochondrial swelling was triggered by adding Ca2+ at the concentration of 500 

nM/mg mitochondria. The optical density at 540 nm (OD540 nm) was recorded by a 

spectrophotometer (Ultrospect 2100, Amersham Biosciences). Data were expressed as 

percentage of initial OD value.

F1FO ATP synthase catalytic activity assay

F1FO ATP synthase enzymatic activity was measured spectrophotometrically using NADH-

linked ATP regenerating system as previously described [7, 21]. Briefly, mitochondria of 

appropriate amount were placed in the assay buffer [100 mM Tris-HCl (pH 7.4), 2 mM 

MgCl2, 50 mM KCl, 0.2 mM EDTA, 0.23 mM NADH, and 1 mM Phosphoenolpyruvate]. 

The reaction was triggered by the addition of 0.4 M ATP-Mg and recorded on a 

spectrophotometer (Ultrospect 2100, Amersham Biosciences) at OD340 nm for a total of 

600 s at 10-s intervals and expressed in fold change.
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F1FO ATP synthase coupling assay

The coupling assay was performed as previously described [7, 22]. Mitochondrial fractions 

were treated with various concentrations of oligomycin A for 15 min at room temperature 

before conducting ATP synthase catalytic activity assay.

Co-immunoprecipitation

Co-immunoprecipitation was performed as previously described [7, 8]. Brain mitochondrial 

isolates (0.5 mg protein) were lysed in Co-IP lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 

1 mM EDTA, 0.5% NP-40, 5% glycerol, and 1X Protease inhibitor (Cal-biochem), pH 7.4) 

by keeping on ice for 30 min, followed by 7 freeze and thaw cycles and pelleted at 12,500 g 

at 4°C. The supernatant was used to immunoprecipitate OSCP using anti-OSCP (Santa Cruz 

Biotechnologies 0.5 μg IgG/100 μg protein) overnight at 4°C. Preimmuned IgG at the same 

concentration was used as the negative control. Prepared immuno-complex was incubated 

with pre-cleaned Protein agarose A/G (Pierce) for 2 h at room temperature. Immunoblot was 

conducted by using anti-CypD (Calbiochem, 1:1,000).

Statistical analysis

Two-way ANOVA followed by Bonferroni post hoc analysis or Student t tests wherever 

appropriate were used for repeated measure analysis on SPSS software (IBM software). The 

distribution and variance were normal and similar in all groups. p < 0.05 was considered 

significant. All data were expressed as the mean ± s.e.m.

RESULTS

CypD expression levels are increased in brain mitochondria with age

To determine whether there is an age-effect on the expression level of CypD in brain 

mitochondria from our experimental mice, we prepared brain mitochondria from nonTg 

mice at 8, 16, and 24 months of age (mimicking young, middle-aged, and aging stages, 

respectively), and subjected the purified brain mitochondria to the detection of CypD levels 

by immunoblotting. Translocase of outer membrane 40 KDa Subunit (TOM40) was 

employed as the loading control. Quantitative analysis showed that brain mitochondria from 

the middle-aged mice demonstrated a significant increase in the expression level of CypD in 

comparison to their counterpart from the young nonTg mice (Fig. 1A, B); while the 

upregulation of CypD expression levels was even greater in aging mice (Fig. 1A, B). The 

results suggest that the expression levels of CypD in brain mitochondria are elevated with 

brain aging, which conforms to our previous findings showing age-dependent brain CypD 

elevation in cognitively normal human subjects [8].

CypD/OSCP interaction is enhanced in brain mitochondria with age

Recent studies have reported that mitochondrial F1FO ATP synthase OSCP subunit is the 

binding partner of CypD; and the interplay of OSCP and CypD disrupts F1FO ATP synthase 

stability leading to compromised ATP production and activated mPTP formation [11, 14, 23, 

24]. Since brain mitochondrial CypD expression level is increased with age, we thus ask 

whether the interaction of CypD and OSCP would be promoted in aging mouse brain. To 
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address this question, we purified brain mitochondria from 8-, 16-, and 24-month-old nonTg 

mice and subjected them to the co-immunoprecipitation of CypD and OSCP by using 

specific antibody against OSCP followed by the immunoblot to detect CypD. The CypD 

deficient (Ppif−/−) mice were used as the negative control. As expected, our densitometry 

analysis showed significantly increased CypD/OSCP complex in brain mitochondria from 

middle-aged and aging nonTg mice in comparison to those from the young mice (Fig. 2A, 

B), suggesting CypD and OSCP interaction is enhanced in aging. The complex of OSCP and 

CypD was detected in brain mitochondria from nonTg mice but not in those from CypD 

deficient mice (Fig. 2B). Furthermore, when OSCP antibody was replaced by nonimmune 

IgG to precipitate OSCP in nonTg mitochondria (Fig. 2B), the immunoreactive bands of 

CypD disappeared, indicating the specificity of OSCP and CypD interaction.

CypD promotes selective loss of OSCP in brain mitochondria with age

Given increased OSCP/CypD interaction in aged mice as aforementioned, it would be 

intriguing to know whether the expression level of OSCP in brain mitochondria is altered 

with age. Purified brain mitochondria from 8-, 16-, and 24-month-old nonTg and 

Ppif−/−mice were subjected to immunoblotting to detect the expression levels of OSCP as 

well as of other major subunits of mitochondrial F1FO ATP synthase including a, b, c, γ, α, 

and β subunits. TOM40 was used as the loading control. The analysis of the densitometry of 

the immunoreactive bands showed that middle-aged and aging mice had a significant 

reduction in the expression level of OSCP in comparison to that in young nonTg mice (Fig. 

3A). In addition, our immunoblotting data showed only a single immunoreactive band of 

OSCP at ~23 KD, indicating that at the sample preparation condition CypD-bound OSCP 

has been completely dissociated from the complex; and the OSCP that was detected by the 

specific antibody against it was all at “free” state. Therefore, the data suggest that loss of 

OSCP is the result of age-effect. However, the expression levels of the other major F1FO 

ATP synthase subunits exhibited no difference across the nonTg mice at different ages (Fig. 

3B–D), implying that OSCP expression is selectively affected during aging.

Surprisingly, CypD deficient mice displayed preserved OSCP levels even at 24 months (Fig. 

3A). Of note, there was no significant difference in OSCP levels between young nonTg and 

Ppif−/− mice (Fig. 3A). Furthermore, CypD deficient mice showed no detectable aging-

associated changes in the expression levels of other tested mitochondrial F1FO ATP 

synthase major subunits, which were also comparable to those in the age-matched nonTg 

mice (Fig. 3B–D). Collectively, the results seem to suggest that CypD is a potentiating factor 

underlying the selective loss of OSCP in aging.

CypD affects brain mitochondrial F1FO ATP synthase function in aging mice

To determine the impacts of CypD on mitochondrial F1FO ATP synthase in aging brain, we 

first measured the catalytic activity of the enzyme. To dissociate the impacts of CypD on 

F1FO ATP synthase, we also adopted the age- and gender-matched Ppif−/− mice in the 

experiments. Our results showed that brain mitochondria from nonTg mice exhibited a 

significant decline in their F1FO ATP synthase enzymatic activity in an age-dependent 

manner (Fig. 4A); whereas the aging-related decrease in F1FO ATP synthase enzymatic 

activity was substantially mitigated by CypD depletion (Fig. 4A). Furthermore, in 
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comparison to nonTg mice at young age, CypD depletion did not demonstrate detectable 

genotypic effect on the catalytic activity of this enzyme (Fig. 4A).

Next, given the primary function of OSCP is to sustain the coupling state of F1FO complex 

we examined F1FO ATP synthase proton-flow coupling [7, 25] by measuring oligomycin A 

insensitive respiration on a Clark electrode. Our results showed that nonTg mice displayed 

remarkably increased oligomycin A insensitive respiration in an age-dependent manner (Fig. 

4B); whereas such aging-associated change was significantly mitigated by CypD depletion 

(Fig. 4B). The impact of CypD on the coupling state of F1FO ATP synthase in aging brain 

was further supported by the mitochondrial coupling assay. As shown in Fig. 4C, when 

compared to their own activity at 0 μg oligomycin A per mg mitochondrial protein, all the 

mitochondrial fractions exhibited F1FO ATP synthase inhibition at the increment of 

oligomycin A. However, the F1FO ATP synthase inhibition by oligomycin A was drastically 

blunted in brain mitochondria from 16-and 24-month-old nonTg mice (Fig. 4C); while the 

aging-related phenotypic change was protected by CypD deficiency (Fig. 4C). Taken 

together, our results suggest that mitochondria from aging brains undergo mitochondrial 

F1FO ATP synthase dysfunction including decreased catalytic activity and increased F1FO 

complex uncoupling, which is at least partly associated with the effect of CypD.

CypD-mediated mitochondrial F1FO ATP synthase deregulation contributes to brain 
mitochondrial dysfunction in aging mice

Given mitochondrial F1FO ATP synthase is a key OXPHOS enzyme [26], we examined 

whether CypD-mediated F1FO ATP synthase deregulation contributes to compromised 

mitochondrial OXPHOS efficiency. To address this question, we purified brain mitochondria 

from nonTg and CypD deficient mice at 8, 16, and 24 months of age and used the 

mitochondria for the assay of mitochondrial oxygen consumption on a Clark electrode. 

Mitochondrial respiratory control ratio (RCR), the ratio of State III to State IV respiration 

was measured and compared. At 8 months of age, there was no significant genotype-related 

difference in mitochondrial RCR (Fig. 5A). However, brain mitochondria from middle-aged 

to aging nonTg mice displayed a significant decline in their RCRs in comparison to that of 

their counterpart at young age (Fig. 5A); whereas, such aging-related mitochondrial RCR 

decrease was substantially mitigated by CypD deficiency (Fig. 5A). To determine the 

oxygen use efficiency, we then compared ATP:O ratio. Similar to the changes of 

mitochondrial RCR, brain mitochondria from the older mice demonstrated remarkably 

decreased ATP:O ratio (Fig. 5B); while the aging-related ATP:O ratio reduction in nonTg 

mice was attenuated by the depletion of CypD (Fig. 5B). Indeed, the aforementioned 

mitochondrial changes may be the results of conjoint defects of mitochondrial electron 

transfer chain (ETC) and F1FO ATP synthase. To gain the direct association of decreased 

OXPHOS capacity with F1FO ATP synthase deregulation in aging mice, we examined 

mitochondrial ATP synthesis, which is predominantly related to the function of F1FO ATP 

synthase. Brain mitochondria from 16- and 24-month-old nonTg mice displayed 

significantly reduced ability in converting ADP into ATP in comparison to those from young 

nonTg mice (Fig. 5C); whereas CypD deficient mice showed little age-effect on ATP 

synthesis (Fig. 5C). The results indicate that CypD-mediated F1FO ATP synthase 
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deregulation is an involving factor in compromised mitochondrial OXPHOS efficacy in 

aging.

Recent studies have highly accentuated the mPTP forming role of deregulated F1FO ATP 

synthase. CypD is a well-known key regulator of mPTP [9] probably through its interaction 

with F1FO ATP synthase OSCP subunit [11, 12]. Therefore, increased CypD expression 

levels as well as enhanced CypD and OSCP interaction may confer susceptibility to the 

opening of mPTP. By examining mPTP formation using calcium-induced mitochondrial 

swelling that reflects the propensity of mPTP opening [9], we have found that brain 

mitochondria from nonTg mice demonstrated increased response to calcium induction in an 

age-dependent manner (Fig. 5D) indicating that sensitized mPTP formation is an aging-

related brain mitochondrial alteration. However, the mitochondrial swelling at the same 

amount of calcium exposure was significantly retarded by CypD depletion with much less 

age-effect (Fig. 5D), indicating the association of CypD-mediated F1FO ATP synthase 

deregulation and the aging-related mPTP activation.

Compromised mitochondrial OXPHOS as well as sensitized mPTP formation are closely 

associated with increased ROS production [9, 27]. To determine the influence of CypD-

mediated F1FO ATP synthase deregulation on mitochondrial ROS production in aging 

brains, brain mitochondria from 8-, 16- and 24-month-old nonTg and CypD deficient mice 

were subjected to the assay for mitochondrial superoxide levels. Purified brain mitochondria 

were energized by glutamate and malate followed by permeabilization to measure the levels 

of superoxide by using Amplex Red, which is a sensitive indicator of superoxide [28]. The 

results showed that there was no genotypic difference between the two types of mice in the 

levels of mitochondrial superoxide at the mouse age of 8 months (Fig. 5E). However, brain 

mitochondria from nonTg mice exhibited an age-dependent increase in superoxide 

generation, which was substantially attenuated by CypD deficiency (Fig. 5E).

DISCUSSION

With age, the incidence of AD substantially increases [29, 30], which suggests the 

relationship of brain aging and AD and thus instigates the exploration of common molecular 

mechanisms linking these two pathological scenarios. Based on the findings of many 

similarities in mitochondrial pathology between AD and brain aging as well as the 

encouraging data collected from cybrid cells generated using mitochondria from sporadic 

AD patients, Swerd-low and colleagues have formed the mitochondrial cascade hypothesis 

for sporadic AD [5, 31]. They propose that a functional threshold of mitochondria is the 

turning point splitting brain aging and AD. Thereafter, the comparative studies on the 

development of mitochondrial pathology in these two pathological states have received 

increasing attention. In this study, we have focused on CypD-mediated F1FO ATP synthase 

deregulation and determined its deleterious impact on brain mitochondrial function during 

aging, which has never been comprehensively studied. Considering our previous studies on 

CypD-mediated mitochondrial dysfunction and mitochondrial F1FO ATP synthase 

alterations in AD-related pathological settings [7, 8], our results suggest that CypD-mediated 

F1FO ATP synthase deregulation is at least one potential common mechanism of 

mitochondrial dysfunction linking AD and brain aging.
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CypD is a conservative protein in evolution and is abundant in mitochondria. Its 

physiological function has not been fully elucidated, yet its pathological relevance to 

neurodegeneration has been well documented [8, 32, 33]. Our previous studies [8, 10] as 

well as others [34] have noticed increased CypD expression in brain mitochondria from AD 

cases as well as AD animal models. The blockade of CypD has demonstrated significant 

protection on mitochondrial function in AD-relative pathological settings [8, 10]. In this 

study, we have found increased CypD in brain mitochondria from aging mice suggesting that 

CypD elevation is a primary aging effect. The findings of increased CypD in brain 

mitochondria during aging have raised an intriguing question, that is, by what mechanism 

does CypD exerts its effect on mitochondria to promote mitochondrial deficits during aging. 

Previous studies have predominantly attributed the deleterious effect of CypD to the 

activation of mPTP formation [9].

mPTP is generally accepted to be a pathological event of mitochondria with the major 

consequences including the rupture of the outer mitochondrial membrane, decreased 

OXPHOS activity, collapsed mitochondrial membrane potential, and increased 

mitochondrial ROS generation and release [9]. However, ever since the description of mPTP, 

its molecular identity has become a major scientific problem. CypD is the only determined 

regulator of mPTP so far. Adenine nucleotide translocase (ANT) and voltage-dependent 

anion channel (VDAC) were proposed to be the major components of mPTP. But this 

concept was challenged in later studies showing that the depletion of ANT or VDAC does 

not affect mPTP opening [35–37]. Recent studies have reported the role of uncoupled 

mitochondrial F1FO ATP synthase in the formation of mPTP [14]. The conductance of 

uncoupled c rings in inner mitochondrial membrane and the blockade of mPTP opening by 

the downregulation of c subunits strongly indicate that uncoupled F1FO ATP synthase 

constitutes mPTP through the empty c rings [14]. Furthermore, it has been shown that the 

uncoupling of F1FO ATP synthase is closely associated with the interaction of CypD with 

OSCP subunit, which may disrupt the coupling state of this enzyme [11, 12]. In this context, 

emerging evidence implicates the influence of CypD on F1FO ATP synthase via OSCP. 

Here, our results showed that increased CypD expression and enhanced CypD and OSCP 

interaction in brain mitochondria from aging mice. These alterations coincide with 

uncoupling of this enzyme and increased mitochondrial response to calcium-induced 

swelling, which indicate sensitized mPTP formation. In addition, mitochondrial OXPHOS 

efficacy also decreased during aging. This may be associated with the dissipation of proton 

gradient due to altered mitochondrial inner membrane permeability caused by mPTP over-

activation. However, the decreased capacity of F1FO ATP synthase in converting ADP to 

ATP suggests that the deactivation of this key mitochondrial enzyme also contributes to 

lowered OXPHOS efficiency with age. Increased ROS generation is the result of 

mitochondrial OXPHOS deficits, eventually disrupting intracellular redox balance causing 

oxidative stress, which is a characteristic brain pathology in aging brain and AD [38]. Here, 

we have also found that brain mitochondria from the aging mice demonstrated enhanced 

superoxide production along with the deregulation of F1FO ATP synthase. Put together, 

such changes implicate that the alterations of this key mitochondrial enzyme stand at the 

nexus of aging-associated mitochondrial dysfunction. Indeed, a previous study showed 

increased F1FO complex dissociation in brain mitochondria from aging rats [39], which is in 
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agreement with our findings that F1FO ATP synthase dysfunction is an aging phenotype in 

brains. Importantly, we have found that such aging-related F1FO ATP synthase changes 

were significantly ameliorated by the genetic depletion of CypD. This serves as strong 

evidence that CypD is an involving factor contributing to F1FO ATP synthase dysfunction 

and the resultant mitochondrial defects during aging.

Another intriguing finding of this study that merits discussion is the age-dependent decrease 

in OSCP expression. OSCP locates in the peripheral stalk of F1FO ATP synthase and plays a 

critical role in tethering F1 and FO as well as in holding F1 subunits [40, 41]. By measuring 

the major subunits of F1FO ATP synthase including a and c subunits of FO, γ, α, and β 
subunits of F1, and b and OSCP subunits of the peripheral stalk, we did not observe 

significant change in other major subunits except OSCP. This result has two implications. 

Firstly, the loss of OSCP is not likely to be the result of decreased F1FO ATP synthase in 

aging brain; and secondly, the selective loss of OSCP is a primary aging-effect in the brains. 

The result conforms to our previous findings that OSCP is selectively lost among the F1FO 

ATP synthase major subunits in postmortem AD brains [7], further indicating a potential link 

between aging brain and AD. However, our finding has raised a scientific issue of the 

regulation of OSCP expression in aging brain. Indeed, the loss of proteins including 

mitochondrial proteins during aging has been observed in previous studies [42–44]. 

Genomic DNA damage, abnormal protein modifications, and enhanced proteolysis are 

thought to contribute to the loss of proteins in aging brains [42–44]. Interestingly, in this 

study we have found the selective loss of OSCP closely accompanies CypD upregulation 

and the depletion of CypD preserves OSCP expression levels during aging. Although it 

cannot be concluded that CypD elevation is the triggering factor for OSCP loss, the 

concomitant changes of CypD and OSCP in aging brain implicate the potential link between 

the regulations of the expressions levels of the two proteins, which needs our future 

investigation. It should be noted that a previous study has found increased γ, α, and β 
subunits in brains from aging rats [17]; while we failed to find any aging-effect on these 

subunits in aging mice. This disparity may arise from the use of different species of animal 

models. Further comparative studies may help to answer this question.

In summary, in this study we have revealed a novel mechanism of mitochondrial defects in 

aging brain. Our data suggest that decreased OXPHOS capacity, increased oxidative stress, 

and sensitized mPTP opening, which are characteristics of aging brain, have a strong 

association with CypD-mediated mitochondrial F1FO ATP synthase deregulation (Fig. 6). 

The inhibition of CypD ameliorates the aging-associated F1FO ATP synthase alterations as 

well as the resultant mitochondrial dysfunction, further implicating the damage-causing role 

of CypD and CypD-mediated F1FO ATP synthase dysfunction during aging. In addition, in 

view of the similar changes of CypD and brain mitochondrial F1FO ATP synthase seen in 

the AD brains, our data seem to suggest that CypD-mediated F1FO ATP synthase 

deregulation may constitute a common molecular mechanism of mitochondrial dysfunction 

between brain aging and AD. This forms the groundwork for our future studies on 

determining whether such change contributes to the transition from brain aging to AD under 

certain conditions. Nevertheless, this study provides us with a detailed mechanistic pathway 

through which CypD imposes its effect on mitochondria during aging and suggests that the 

suppression of CypD is a potential therapeutic strategy for the treatment of brain aging.
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Fig. 1. 
Increased CypD expression levels in brain mitochondria with age. A) Densitometric 

quantification of CypD expression in brain mitochondria from 8-, 16-, and 24-month-old 

nonTg mice. N = 8 for 8-month-old, 10 for 16-month-old, and 10 for 24-month-old nonTg 

mice. B) Representative immunoreactive bands of CypD. Tom 40 was used to determine the 

loading amount of mitochondrial fractions.
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Fig. 2. 
Increased CypD and OSCP interaction in brain mitochondria with age. A) 

Coimmunoprecipitation of OSCP and CypD in brain mitochondria from 8-, 16-, and 24-

month-old nonTg mice. N = 8 mice per group. B) Representative immunoreactive bands of 

CypD (Upper panel) and input OSCP (Lower panel). CypD deficient brain mitochondria 

were used as a negative control. Nonimmune IgG was used to replace CypD antibody to 

determine the specificity of the immunoprecipitation.
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Fig. 3. 
Selective loss of OSCP in brain mitochondria with age. Densitometric quantification of the 

expression levels of OSCP (A), α (B), β (B), a (C), b (C), c (D), and γ (D) subunits in brain 

mitochondria of 8-, 16-, and 24-month-old nonTg and Ppif−/− mice. N = 6–10 mice per 

group. The lower panels are representative immunoreactive bands of indicated proteins. 

Tom40 was used as the loading control. *p < 0.05 versus age-matched nonTg counterpart.
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Fig. 4. 
The deleterious effect of CypD on brain mitochondrial F1FO ATP synthase function in 

aging mice. A) Fold change in ATP synthase catalytic activity of brain mitochondria from 

nonTg and Ppif−/− mice at 8, 16, and 24 months of age. N = 4–5 per group. #p < 0.05 versus 

age-matched nonTg counterpart. B) Oligomycin insensitive respiration of brain 

mitochondria from nonTg and CypD deficient mice at the indicated ages. N = 5–7 per 

group. #p < 0.05 versus 16-month-old nonTg. *p < 0.05 versus age-matched nonTg 

counterpart. C) F1FO ATP synthase coupling assay performed on brain mitochondria from 

nonTg and CypD deficient mice at the indicated ages. N = 4–5 mice per group. *p < 0.01 

versus age matched Ppif−/− mice. #p < 0.01 versus nonTg at 8 months.
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Fig. 5. 
The deleterious effect of CypD-mediated F1FO ATP synthase deregulation on brain 

mitochondrial function in aging mice. A) RCRs of brain mitochondria from nonTg and 

Ppif−/− mice at 8, 16, and 24 months of age. N = 6–8 mice per group. *p < 0.05 versus age-

matched nonTg counterparts. B) ATP: O ratio of brain mitochondria from nonTg and Ppif−/− 

mice. N = 6–8 mice per group. #p < 0.05 versus age-matched nonTg counterparts. C) ATP 

synthesis of brain mitochondria from nonTg and Ppif−/− mice. N = 4–5 mice per group. #p < 

0.05 versus age-matched nonTg counterparts. D) Ca2+-induced mitochondrial swelling assay 

performed on brain mitochondria from nonTg and Ppif−/− mice. The results were plotted 

using percentage decrease in initial OD540 readings. N = 6–8 mice per group. *p < 0.01 

versus all the other groups with Ca2+ treatment. #p < 0.01 versus age-matched Ppif−/− mice 

with Ca2+ treatment. E) The effect of CypD on ROS production in aging mice. ROS 

production was examined by measuring Amplex Red intensity on freshly isolated brain 

mitochondria from nonTg and Ppif−/− mice. N = 4–5 mice per group.
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Fig. 6. 
Schematic summary. Increased CypD expression, enhanced CypD and OSCP interaction as 

well as selectively decreased OSCP expression are aging-related brain mitochondrial 

alterations. These changes cause mitochondrial F1FO ATP synthase dysfunction, which 

results in sensitized mPTP formation and compromised mitochondrial OXPHOS capacity 

leading to lowered ATP production, activated ROS production, and eventually severe 

mitochondrial stress during aging.
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