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Abstract

Down-regulation of PINK1 and PGC-1α proteins is implicated in both mitochondrial dysfunction 

and oxidative stress potentially linking metabolic abnormality and neurodegeneration. Here, we 

report that PGC-1α and PINK1 expression is markedly decreased in Alzheimer disease (AD) and 

diabetic brains. We observed a significant down-regulation of PGC-1α and PINK1 protein 

expression in H2O2-treated cells but not in those cells treated with N-acetyl cysteine. The protein 

levels of two key enzymes of the mitochondrial β-oxidation machinery, acyl-coenzyme A 

dehydrogenase, very long chain (ACADVL) and mitochondrial trifunctional enzyme subunit α are 

significantly decreased in AD and diabetic brains. Moreover, we observed a positive relationship 

between ACADVL and 64 kDa PINK1 protein levels in AD and diabetic brains. Overexpression of 

PGC-1α decreases lipid-droplet accumulation and increases mitochondrial fatty acid oxidation; 

down-regulation of PINK1 abolishes these effects. Together, these results provide new insights 

into potential cooperative roles of PINK1 and PGC-1α in mitochondrial fatty acid oxidation, 

suggesting possible regulatory roles for mitochondrial function in the pathogenesis of AD and 

diabetes.
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1. Introduction

PTEN-induced putative kinase 1 (PINK1) dysfunction has recently emerged as a key 

molecule linking neurodegenerative diseases and diabetes. Mutations in PINK1 are observed 

in early-onset Parkinson disease (PD) (Valente et al., 2004). In AD brains, PINK1 
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immunoreactivity is observed in senile plaques and vascular amyloid deposition, as well as 

reactive astrocytes associated with the AD lesions (Wilhelmus et al., 2011). Moreover, 

down-regulation of PINK1 transcriptional expression is observed in the hippocampus of AD 

patients (George et al., 2010). In the skeletal muscle of diabetic patients, all transcripts from 

the PINK1 locus are suppressed, which is associated with the severity of diabetes (Scheele et 

al., 2007). Genomic variants at the PINK1 locus are associated with plasma nonesterified 

fatty acid concentration and oxidative energy metabolism in diabetes (Franks et al., 2008). 

Ample studies using many model systems have shown that PINK1 down-regulation causes 

mitochondrial dysfunction, increased oxidative stress, and neuronal inactivity (Gautier et al., 

2008).

Peroxisome proliferator-activated receptor-gamma co-activator 1α (PGC-1α) is a well-

known transcriptional co-activator that powerfully regulates mitochondrial oxidative 

function and systemic metabolic homeostasis (Gerhart-Hines et al., 2007; Wu et al., 1999). 

A recent study indicated an important role of PGC-1α in AD (Sheng et al., 2012), Parkinson 

disease (PD) (Shin et al., 2011), Huntington disease (HD) (Cui et al., 2006; Johri et al., 

2011), and amyotrophic lateral sclerosis (ALS) (Liang et al., 2011; Zhao et al., 2011) as well 

as diabetes (Benton et al., 2010). Single-nucleotide polymorphisms in PPARGC1A, the gene 

encoding PGC-1α, are associated with the age onset in HD and PD (Clark et al., 2011; Che 

et al., 2011), and with conversion from impaired glucose tolerance to diabetes (Esterbauer et 

al., 1999). The PGC-1α null mouse displays severe systemic mitochondrial and metabolic 

abnormalities, and spongiform neurodegeneration (Lin et al., 2004). Overexpression of 

PGC-1α markedly increases mitochondrial fatty acid oxidation in cells and animal models of 

type 2 diabetes (Lehman et al., 2008; Espinoza et al., 2010). Almost all studies with PGC-1α 

describe activities of full-length PGC-1α. In addition to full-length PGC-1α, recent studies 

suggest the potential importance of various short isoforms of PGC-1α including 35 kDa 

PGC-1α in regulating mitochondrial function (Johri et al., 2011; Choi et al., 2013; Soyal et 

al., 2012; Zhang et al., 2009). Although the origin of various short isoforms of PGC-1α 

remains unclear, alternate promoter use for the synthesis of PGC-1α has been reported; the 

start codon of the PGC-1α protein, however, seems to remain the same (Soyal et al., 2012). 

Our recent study demonstrated that novel PGC-1α (35 kDa) localizes in the mitochondrial 

inner membrane and the matrix in the brain and associates with PINK1 in the mitochondria 

(Choi et al., 2013). This finding suggests potential cooperative binding functions of PGC-1α 

with PINK1 in regulating mitochondrial integrity that go beyond nuclear transcriptional 

regulation.

Mitochondrial dysfunction and impaired lipid metabolism have been shown to result in a 

predisposition and/or exacerbation of pathologies associated with diabetes and 

neurodegenerative diseases (Moreira et al., 2007). Mitochondrial fatty acid oxidation is a 

key process that maintains cellular lipid homeostasis and provides energy for cell survival. 

Disruption of this process leads to bioenergetic failure and intracellular lipid accumulation. 

This ectopic fatty acid accumulation further inhibits mitochondrial function, leading to 

increased oxidative stress and apoptotic neuronal cell death in diabetes (Schrauwen and 

Hesselink, 2004), which may increase the risk of developing neurodegenerative diseases. 

Indeed, altered brain lipid metabolism is known to be correlated with memory loss and 

hippocampal neurodegeneration (Espinoza et al., 2010). In AD patients, elevated circulating 
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total cholesterol, elevated cholesteryl esters in the brain, and an accumulation of neutral 

lipids in neurons were reported (Martins et al., 2009; Chan et al., 2012; Gomez-Ramos and 

Asuncion Moran, 2007). Lipid has been found in the synuclein-containing Lewy bodies 

purified from human PD (Gai et al., 2000). Lipid loading increases the amount of synuclein 

bound to membrane/lipid droplets, which results in increased formation of synuclein 

oligomers and altered triglyceride metabolism (Cole et al., 2002).

To gain insight into the potential role of PINK1 and PGC-1α in the common pathogenesis of 

diabetes and AD, we measured the changes in their expression levels on well-characterized 

human brain tissues of AD and diabetic animals. Given the fact that various studies support 

the notion of a neuroprotective role for PGC-1α against oxidative stress, we measured 35 

kDa PGC-1α expression in H2O2-treated “neuronal cells” (SH-SY5Y neuroblastoma cell 

line), as well as in those cells treated with N-acetyl cysteine. In addition, we investigated the 

effect of PINK1 down-regulation on the mitochondrial fatty acid oxidation and lipid droplet 

accumulation in the PGC-1α-overexpressing cells. Here, we show that PGC-1α (as 

evidenced by p35 (35 kDa)) expression and not full length PGC-1α and PINK1 expression 

are down-regulated in human AD and diabetic animal brains. Moreover, 35 kDa PGC-1α 

protein expression is significantly down-regulated in H2O2-treated “neuronal cells” (SH-

SY5Y neuroblastoma cell line), but not in those cells treated with N-acetyl cysteine (NAC). 

PINK1 expression is necessary for increased PGC-1α function in regulating lipid droplet 

formation and mitochondrial fatty acid oxidation in the settings of fatty acid overload. This 

result suggests a possible role for PGC-1α and PINK1 in regulating mitochondrial function 

in the brain, which may be implicated in the pathogenesis of AD and diabetes.

2. Materials and methods

2.1. Animals

All animal procedures were approved by the Institutional Animal Care and Use committee at 

the University of Maryland School of Medicine (#0812009), IACUC, the VA Maryland 

R&D Committee, and were in accordance with the NIH Guide for the Care and Use of 

Laboratory Animals. Mice were housed under approved conditions with a 12-h light/dark 

cycle with free access to food and water. Hyperglycemia was induced via serial 

intraperitoneal injections of streptozotocin (STZ) over 6 days and were given sucrose water 

and small amounts of food throughout the STZ treatment as follows: day 1—remove food, 

day 2—STZ injection 85 mg/kg, day 3–STZ 70 mg/kg, day 4–STZ 55 mg/kg, day 5—

regular water and food, day 6—check glucose and give 55 mg/kg more STZ to mice below 

300 mg/dl. Diabetes was verified with a glucose monitor and glucose-oxidase reagent strip. 

Mice having blood glucose levels of 300 mg/dl (16.7 mM) or greater were considered to be 

diabetic. Our previous study verified and reported that diabetic peripheral neuropathy 

occurred in the STZ-induced diabetic mice used in this study (Choi et al., 2014). The results 

showed: 1) a significant increase in glycosylated hemoglobin, indicating prolonged 

hyperglycemia, 2) impaired nerve conduction studies consistent with neuropathy, 3) loss of 

the largest myelinated fibers, indicating changes in nerve morphometry, and 4) oxidative 

injury and mitochondrial dysfunction in dorsal root ganglion neurons (Choi et al., 2014). We 

used these five diabetic mice for Western blot analysis in this study.
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2.2. Human brain samples and Western blot analysis

Brain tissues were obtained from the NICHD Brain and Tissue Bank for Developmental 

Disorders at the University of Maryland, Baltimore, MD. For biochemical studies, 

hippocampus tissues from five AD cases and five non-demented control subjects were used 

(Table 1). The neuropathological diagnosis of AD was made using the Consortium to 

Establish a Registry for Alzheimer Disease criteria (Mirra et al., 1991). Brain tissues were 

homogenized in a buffer containing 50 mM HEPES, 100 mM NaCl, 1% (w/v) NP-40, and a 

mixture of protease inhibitors (Roche Molecular Biochemicals, Mannheim, Germany) and 

phosphatase inhibitors (Sigma, St. Louis, MO, U.S.A.). The supernatants were used for 

Western blot analysis with anti-PGC-1α (Choi et al., 2013), anti-actin (MAB1501R; 

Millipore, Billerica, MA, U.S.A.), and anti-PINK1 antibodies (LS-B3384; LSBio). 

Previously our study using Western blot analysis combined with siRNA treatment against 

PGC-1α showed that rabbit polyclonal PGC-1α (P-120) antibody raised against amino acids 

1–120 can detect all potential isoforms of PGC-1α protein (Choi et al., 2013). Horseradish 

peroxidase-conjugated secondary antibodies were purchased from Pierce Biotechnology. 

Antibody binding was detected by using the SuperSignal chemiluminescence kit (Pierce 

Biotechnology, Rockford, IL, U.S.A.) and an Alpha Innotech imaging system.

2.3. Isolation of mitochondria from human and mouse brains

Hippocampal tissue of human or mouse brain was prepared as previously described (Choi et 

al., 2013). Brain tissues were homogenized in isolation medium (225 mmol mannitol, 75 

mmol sucrose, 5 mmol HEPES, 1 mmol EGTA, pH 7.4). The homogenate was centrifuged at 

1300 ×g for 3 min, and the pellet will be re-suspended and centrifuged again at 1300 ×g for 

3 min. The pooled supernatants will be centrifuged at 21,200 ×g for 10 min; the crude 

mitochondrial pellet was re-suspended in 15% Percoll, and layered on a pre-formed gradient 

of 40% and 24% Percoll. After centrifugation at 31,700 ×g for 8 min, the mitochondria were 

collected from the interface of the lower two layers, diluted with isolation medium and 

centrifuged at 16,700 ×g for 10 min. The Percoll-purified mitochondrial pellet was incubated 

with protease K (for 25 min at 0 °C) to remove the cytosolic proteins loosely associated to 

the outer mitochondrial membrane. The purified mitochondrial pellet was lysed in a buffer 

containing 50 mM HEPES, 100 mM NaCl, 1% NP-40, and a mixture of protease inhibitors 

(Roche Molecular Biochemicals, Mannheim, Germany) and phosphatase inhibitors (Sigma, 

St. Louis, MO, U.S.A.). After homogenizing with 20 strokes using a Dounce homogenizer, 

mitochondrial lysates were centrifuged at 20,000 ×g, and the supernatants were used for 

Western blot analysis with anti-ACADVL (1:1000; sc-98338; Santa Cruz Biotechnology, 

Dallas, TX, U.S.A.), anti-HADHA (1:1000; sc-82185; Santa Cruz Biotechnology, Dallas, 

TX, U.S.A.), or anti-HSP 60 (1:1000; 4870; Cell Signaling, Danvers, MA, U.S.A.) 

antibodies.

2.4. Cell culture and transfection

Human embryonic kidney cells (HEK 293) were purchased from the ATCC and maintained 

in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% (w/v) fetal 

bovine serum and 100 units/ml penicillin/streptomycin. To generate stable PGC-1α-

overexpressing cell lines, HEK 293 cells were transfected with the plasmid pCMV6 Myc-
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PGC-1α (OriGene, Rockville, MD, U.S.A.) or control vector using Lipofectamine 2000 

(0.10% (v/v) final, Invitrogen, Grand Island, NY, U.S.A.) and selected with G418 

(Invitrogen; 1 mg/ml in DMEM, 10% (w/v) fetal bovine serum) for 24 days. Individual 

colonies were expanded in 40 μg/ml G418. Expression of PGC-1α was confirmed by 

Western blot analysis with anti-PGC-1α antibody. Because no difference was found between 

the control vector and untransfected cells, only the control vector was reported.

2.5. siRNA transfection

For depletion of PINK1 in HEK 293 cells, the following siRNAs were tested: PINK1 

siRNA-1 (1199, Ambion, Grand Island, NY, U.S.A.), 5′-

GGAGAUCCAGGCAAUUUUUTT-3′ and PINK1 siRNA-2, 5′-GACGCUGU 

UCCUCGUUAUGAA-3′ (S100287931, Qiagen, Venlo, Netherlands). Scrambled siRNAs 

with no known mammalian homology (non-targeting siRNA #1 (Ambion) and #2 (Santa 

Cruz Biotechnology, Dallas, TX, U.S.A.)) were used as negative controls. HEK cells were 

transfected with the siRNAs using the Mirus TransIT-TKO® reagent (Mirus, Madison, WI, 

U.S.A.) according to the manufacturer’s manual and then harvested after 48 h. Control 

vector-transfected cells were used as controls for all the experiments.

2.6. Western blotting

Cells were rinsed in cold PBS and collected in 200 μl RIPA buffer (150 mM NaCl, 1% (v/v) 

Triton X-100, 0.5% (w/v) sodium deoxycholate, 0.1% (w/v) sodium dodecyl sulfate in 50 

mM Tris, pH 8.0) and protease inhibitors (Roche Molecular Biochemicals, Mannheim, 

Germany) for Western blot analysis as previously described (Choi et al., 2013). Protein 

content was determined using bovine serum albumin as a standard (Pierce Biotechnology, 

Rockford, IL, U.S.A.). Proteins were separated by SDS-PAGE electrophoresis (25 μg/lane) 

and transferred to nitrocellulose membranes (Bio-Rad Laboratories, Hercules, CA, U.S.A.). 

Primary antibodies used included rabbit PGC-1α (1:5000) (Choi et al., 2013), anti-actin 

(1:2000; MAB1501R; Millipore, Billerica, MA, U.S.A.), anti-HSP 60 (1:1000, Cell 

Signaling, 4870), and anti-PINK1 (1:1000; LS-B3384; LSBio, Seattle, WA, U.S.A.). 

Horseradish peroxidase-conjugated secondary antibodies were purchased from Pierce 

Biotechnology. Antibody binding was detected by using the SuperSignal chemiluminescence 

kit (Pierce Biotechnology, Rockford, IL, U.S.A.) and an Alpha Innotech imaging system.

2.7. Preparation of palmitate–BSA or oleic acid–BSA conjugates

Palmitate was conjugated to BSA as described (Crunkhorn et al., 2007). Briefly, sodium 

palmitate was solubilized in 150 mM sodium chloride by heating up to 65 °C in a water 

bath. Fat-free bovine serum albumin (FA-BSA) that was obtained from Roche Diagnostics 

(Indianapolis, IN, U.S.A.) was dissolved in phosphate buffered saline (PBS) and warmed up 

to 37 °C. Solubilized palmitate was added to BSA at 37 °C with continuous stirring. The 

conjugated palmitate-BSA was aliquoted and stored at −20 °C. Palmitate–BSA conjugate 

was used to assess oxidation of exogenous fatty acid. To prepare oleic acid–BSA conjugates, 

FA-BSA (2.8 g) was dissolved in 20 ml of 100 mM Tris buffer (pH 8.0) and mixed with 78 

μl of oleic acid (Calbiochem, Billerica, MA, U.S.A.), followed by incubation in 37 °C water 

bath.
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2.8. Lipid droplet staining and confocal microscopy

HEK 293 cells were incubated with 200 nM oleate–BSA conjugate for 18 h and fixed in 1× 

phosphate-buffered saline containing 4% (v/v) paraformaldehyde for 30 min. After washing, 

cells were stained with 1 μM 4,4-difluoro-5-(2-thienyl)-4-bora-3a,4a-diaza-s-indacene-3-

dodecanoic acid (BODIPY® 558/568C12) lipid probe (Invitrogen, Grand Island, NY, 

U.S.A.) for 30 min. Confocal microscopy was performed with a Zeiss confocal microscope.

2.9. Seahorse measurement of cellular respiration

OCR measurement was performed using the Seahorse XF24 Extracellular Flux Analyzer. 

HEK 293 cells were plated in XF24 cell culture plates (Seahorse Bioscience, North 

Billerica, MA, U.S.A.) at 5 × 104 cells/well. Cells were equilibrated with the assay medium 

(120 mM NaCl, 3.5 mM KCl, 1.3 mM CaCl2, 0.4 mM KH2PO4, 1 mM MgCl2, 5 mM 

HEPES, 0.5 mM carnitine, pH 7.4) without any supplements including glucose and 

glutamine and incubated in a 37 °C non-CO2 incubator for 45 min immediately before XF 

assay. Palmitate (20 nM), BSA, carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone 

(FCCP) (0.2 μM), or etomoxir (50 μM) compounds were prepared in the identical assay 

medium as in the corresponding well and were injected from the reagent ports automatically 

to the wells at the time indicated.

3. Statistics

The results are presented as mean ± SEM. A statistical analysis was performed based on 

Student’s t-test or one-way ANOVA with the significance level at P ≤ 0.05.

4. Results

4.1. Down-regulation of PGC-1α protein expression in the brains of AD and diabetes, and 
H2O2-treated neuronal cells

We measured PGC-1α protein level in AD and diabetic brains. Hippocampus tissues 

obtained from idiopathic AD and age-matched controls (Table 1), and streptozotocin (STZ)-

induced diabetic mice and non-diabetic control animal were analyzed by Western blotting 

using anti-PGC-1α antibody (Fig. 1A and C). The results revealed that there is a significant 

decrease in 35 kDa PGC-1α protein levels in the hippocampus samples from AD patients 

compared with control brains (Fig. 1B). Compared with control animals, STZ-induced 

diabetic mice showed a significant decrease in the level of 35 kDa PGC-1α in the 

hippocampus (Fig. 1D). In addition, we observed weak PGC-1α-immunoreactive bands at 

40, 45, and 55 kDa and the absence of detection of full-length 91 kDa PGC-1α isoform in 

the hippocampus samples of AD and control brains as well as diabetic and control mouse 

brains (Fig. 1A and C). The lack of detection of 91 kDa PGC-1α could be due to its lower 

abundance compared with the 35 kDa PGC-1α in the brain caused by difference in protein 

turnover or stability, making them undetectable because it might fall below the detection 

threshold required for anti-PGC-1α immunoblotting. Given the fact that oxidative stress is 

associated with the pathogenesis of AD and diabetes, we examined the influence of 

increased oxidative stress on PGC-1α protein expression. Western blot analysis revealed that 

there is a significant decrease in 35 kDa PGC-1α protein level in the H2O2-treated cells, but 
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not in the H2O2-treated cells with the powerful antioxidant N-acetyl cysteine (NAC) 

compared with the control (Fig. 1E and F). We observed a slight increase in 91 kDa PGC-1α 

protein level in the H2O2-treated cells (Fig. 1E).

4.2. Down-regulation of PINK1 protein expression in the brains of AD and diabetes, and 
H2O2-treated neuronal cells

Our previous study showed that PINK1 protein is associated with PGC-1α in rodent brain 

(Choi et al., 2013). Moreover, we showed that PGC-1α is down-regulated in the 

hippocampus of AD patients and experimental diabetes (Fig. 1). These results suggest that 

PINK1 protein expression might be influenced by PGC-1α down-regulation. Western blot 

analysis revealed that PINK1 protein expression is substantially down-regulated in the 

hippocampi of human AD patients and STZ-induced diabetic mice compared with 

hippocampi in age-matched controls (except for the oldest control patient labeled #9 in 

Table 1, where PINK1 levels are also reduced) and with hippocampi in non-diabetic control 

animals, respectively (Fig. 2). Besides the 64 kDa PINK1 protein, we observed weak 

PINK1-immunoreactive bands at 52 and 32 kDa. However, their relative levels were very 

low and we could not observe significant differences in human AD and diabetic mouse 

brains compared with controls. Next, we determined changes in PINK1 protein expression in 

response to exposure from oxidative stress. Results showed that 64 kDa PINK1 protein level 

is significantly decreased in the H2O2-treated cells, but it is significantly increased with 

NAC treatment in those cells (Fig. 2E and F). We observed a slight increase in 32 kDa 

PINK1 protein level in the H2O2-treated cells regardless of NAC treatment, but their relative 

levels were very low and were not significantly different (Fig. 2E and F).

4.3. Down-regulation of the protein expression of mitochondrial fatty acid oxidation 
machinery in the brains of AD and diabetes

Altered brain lipid metabolism is known to be correlated with memory loss and hippocampal 

neurodegeneration (Liu et al., 2010). Fatty acid taken up from extracellular environment is 

mainly metabolized by the mitochondrial β-oxidation machinery. Therefore, we determined 

whether the protein levels of two key enzymes of the mitochondrial β-oxidation machinery, 

acyl-coenzyme A dehydrogenase, very long chain (ACADVL) and mitochondrial 

trifunctional enzyme subunit α (HADHA) are altered in the hippocampus of AD patients 

and diabetic animals. Western blot analysis of purified hippocampal mitochondria revealed 

that there is a significant decrease in ACADVL and HADHA protein levels in AD patients 

and experimental diabetes compared with age-matched controls and non-diabetic control 

animals, respectively (Fig. 3). We assessed the relationship between ACADVL or HADHA 

protein levels and the 64 kDa PINK1 protein level in AD and control brains. Linear 

regression analysis revealed that there is a positive relationship between ACADVL and 64 

kDa PINK1 protein levels (r = 0.91002, P ≤ 0.05 by Pearson’s r).

4.4. PINK1 down-regulation increases lipid droplet content and size in PGC-1α-
overexpressing cells

Given the observed positive relationship between PINK1 expression and ACADVL 

expression, we investigated whether siRNA-mediated knockdown of PINK1 diminishes the 

PGC-1α-mediated increase in fatty acid oxidation. We observed that H2O2 treatment induces 
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91 kDa PGC-1α, but not 35 kDa PGC-1α (Fig. 1). In contrast, we showed that both 91- and 

35-kDa PGC-1α protein levels are maintained in H2O2 with antioxidant co-treatment (Fig. 

1). These results suggest that both 91-and 35-kDa PGC-1α protein isoforms might be 

important for protecting cells from stress. Therefore, we stably overexpressed PGC-1α in 

HEK 293 cells to assess the effect of PGC-1α overexpression on lipid droplet accumulation. 

We confirmed that both 91-kDa PGC-1α expression and 35-kDa PGC-1α expression are 

markedly up-regulated in PGC-1α-overexpressing cells compared to control cells (Fig. 4F). 

These cells were then exposed to 200 nM oleic acid for 18 h followed by staining with a 

BODIPY® 558/568C12 lipid probe and confocal microscopy. As expected, there was little 

lipid droplet formation in the BSA-treated control cells (data not shown). We observed the 

various sizes of lipid droplets (≈0.2–0.8 μm) in the control cells transfected with control 

siRNA (Fig. 4A) or PINK1 siRNA (Fig. 4B), or PGC-1α-overexpressing cells transfected 

with control siRNA (Fig. 4C). Notably, there was the appearance of different sizes of lipid 

droplets (≈1.5 to 1.8 μm) with PINK1 siRNA treatment in PGC-1α-overexpressing cells 

(Fig. 4D). Intracellular lipid droplet content was decreased by ~48% in PGC-1α-

overexpressing cells compared to control cells (P < 0.05) (Fig. 4E). PINK1 siRNA increased 

lipid droplet content by ~50% in PGC-1α-overexpressing cells compared with control 

siRNA (Fig. 4E). PINK1 siRNA also increased lipid droplet content by ~15% in control 

cells compared with control siRNA (Fig. 4E). Western blot analysis revealed that there is 

little PINK1 protein expression in control cells with and without PINK1 siRNA (Fig. 4F). 

However, there is up-regulation of PINK1 protein expression in PGC-1α-overexpressing 

cells with control siRNA (Fig. 4F). As expected, PINK1 protein expression was markedly 

reduced in PGC-1α-overexpressing cells with PINK siRNA (Fig. 4F). Interestingly, PGC-1α 

expression was markedly reduced in PGC-1α-overexpressing cells (≈2.5-fold) and control 

cells (≈1.3-fold) with PINK1 siRNA compared with control siRNA (Fig. 4F). Taken 

together, this study demonstrated that PINK1 down-regulation increases lipid droplet content 

and alters its size in PGC-1α-overexpressing cells. In contrast, reduced PINK1 expression 

increases lipid droplet content without altering its size in control cells.

4.5. PINK1 down-regulation decreases mitochondrial fatty acid oxidation capacity in 
PGC-1α-overexpressing cells

Fatty acid taken up from extracellular environment is mainly metabolized by the 

mitochondrial β-oxidation machinery. We, therefore, hypothesized that reduced capacity of 

mitochondrial fatty acid oxidation could increase the observed lipid droplet content and size 

in PGC-1α-overexpressing cells with PINK1 siRNA. To test this, we determined the cellular 

oxygen consumption rate (OCR) in the presence of 20 nM palmitate, or BSA as a control. 

No other exogenously added substrates such as glucose or glutamine were used. Therefore, 

an increase in cellular OCR truly depends on the oxidative capacity of exogenous fatty acids. 

The OCR was normalized against the number of viable cells being measured. The OCR was 

increased by ~25% in the PGC-1α-overexpressing cells compared with control cells (Fig. 5). 

The observed increase in OCR was blunted by PINK1 siRNA treatment (Fig. 5). The OCR 

was decreased by ~14% in the control cells transfected with PINK1 siRNA compared with 

control siRNA (Fig. 5). Transport of fatty acids into mitochondria through a carnitine 

palmitoyltransferase 1 inhibitor (CPT-1) on the mitochondrial outer membrane is a vital step 

for fatty acid oxidation. Addition of etomoxir (50 μM), a CPT-1 inhibitor, caused a 
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significant inhibition of OCR in all four cells (Fig. 5). As expected, BSA treatment with or 

without etomoxir had little effect on the OCR increase in all four cells (Fig. 5). We also 

observed that the complex III inhibitor antimycin A completely blunted the OCR increase 

(data not shown). All this result confirmed that mitochondria indeed respired on exogenous 

fatty acids, which is responsible for the observed increased OCR upon addition of palmitate 

in all four cells. Taken together, these studies demonstrated that PINK1 down-regulation 

decreases mitochondrial fatty acid oxidation capacity in PGC-1α-overexpressing cells.

5. Discussion

The present study demonstrates that the levels of PGC-1α (p35) and PINK1 proteins are 

decreased in the hippocampus of post-mortem brains of AD and experimental diabetic 

animals. In addition, PGC-1α (p35) and PINK1 are down-regulated in the neuronal cells in 

response to increased oxidative stress. The protein levels of two key enzymes of the 

mitochondrial β-oxidation machinery, ACADVL and HADHA are significantly decreased in 

AD and diabetic hippocampi. Importantly, ACADVL expression is positively correlated with 

64 kDa PINK1 protein levels in AD and diabetic brains. Moreover, down-regulation of 

PINK1 compromises increased mitochondrial fatty acid oxidation and decreased lipid 

droplet accumulation in PGC-1α-overexpressing cells. Mitochondrial dysfunction, oxidative 

stress, and altered lipid metabolism have been well documented in AD and diabetes 

(Moreira et al., 2007; Schrauwen and Hesselink, 2004; Liu et al., 2010; Martins et al., 2009; 

Chan et al., 2012). Therefore, these findings support a reciprocal relationship between 

PINK1, PGC-1α, ACADVL, and HADHA expression and AD as well as positing a potential 

relationship between the pathogenesis of diabetes and AD.

We showed that there is a decrease in lipid droplet content and an increase in mitochondrial 

OCR in PGC-1α-overexpressing cells compared with control cells in the settings of fatty 

acid excess. Altered fatty acid oxidation and synthesis could contribute to changes in the 

cellular content of lipid droplets in PGC-1α-overexpressing cells. A previous study showed 

that PGC-1α increases lipid synthesis from glucose in the serum-replete state, while 

PGC-1α promotes lipid oxidation in the serum-starved state (Espinoza et al., 2010). Since 

the medium used for lipid droplet measurement in this study contains very low serum, 

glucose, and glutamine contents, the influence of increased fatty acid synthesis on lipid 

droplet accumulation in PGC-1α-overexpressing cells could be negligible. We observed that 

application of etomoxir, an inhibitor of fatty acid uptake, significantly inhibits OCR in 

PGC-1α-expressing cells transfected with either PINK1 siRNA or empty vector. Taken 

together, these results suggest that altered mitochondrial fatty acid oxidation is mainly 

responsible for changes in both OCR and lipid droplet content in these cells.

Interestingly, we observed that the level of ACADVL protein that catalyzes the first step of 

the mitochondrial β-oxidation pathway is positively correlated with 64 kDa PINK1 protein 

expression in AD and diabetic brains. This suggests that PINK1 down-regulation could be 

important for the decreased mitochondrial fatty acid oxidation capacity in these diseases. In 

supporting this possibility, we showed that PINK1 down-regulation causes decreased OCR 

and increased lipid droplet contents in PGC-1α-overexpressing cells. This also suggests that 

the maintenance of PINK1 protein expression is important for the increased PGC-1α 
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function. We observed an increase in both 35 kDa PGC-1α protein expression and 91 kDa 

PGC-1α protein expression in the PGC-1α-overexpressing cells; these are down-regulated 

by PINK1 siRNA treatment in these cells. Moreover, we showed that PINK1 protein 

expression is up-regulated in the PGC-1α-overexpressing cells. This suggests that both 

PGC-1α protein expression and PINK1 protein expression are influenced by each other in 

either transcriptional and/or translational levels. Our previous study showed that 

mitochondrial 35 kDa PGC-1α is associated with PINK1 within mitochondria (Choi et al., 

2013). Moreover, we showed that the 35 kDa isoform is the only PGC-1α found in the 

mitochondrial fraction and full-length 91 kDa PGC-1α is present in the remaining cytosolic 

fractions devoid of mitochondria (Choi et al., 2013). 91 kDa PGC-1α has long been known 

as a nuclear transcriptional co-activator (Lehman et al., 2008). These observations suggest 

that nuclear 91 kDa PGC-1α-mediated transcriptional controls may potentially activate 

PINK1 promoter, leading to increased PINK1 expression in PGC-1α-overexpressing cells. 

PINK1 is a putative mitochondrial kinase and knockdown of PINK1 results in mitochondrial 

dysfunctions (Gautier et al., 2008). PINK1-dependent phosphorylation has been proposed to 

be a protective mechanism against mitochondrial stress. Therefore, it is possible that PINK1 

protein down-regulation by PINK1 siRNA treatment may potentially cause 

dephosphorylation of PGC-1α protein, which may decrease its stability and/or function and 

thus be incompetent in fatty acid oxidation. Given the fact that PGC-1α and PINK1 are well 

known as major mitochondrial regulators, it is possible that their down-regulation may 

potentially cause defects in the activities of the electron transport chain, β-oxidation 

machinery, tricarboxylate (TCA) cycle, and/or impaired mitochondrial biogenesis, which 

may potentially be responsible for alteration in fatty acid oxidation and accumulation. This 

aspect will have to be elucidated by future studies.

Interestingly, we observed that the 35 kDa PGC-1α protein is predominant in the rodent and 

human hippocampus tissues, but 91 PGC-1α is less commonly detected. We also detected a 

very faint band of 40–55 kDa in hippocampal tissues. In contrast, we detected both 35- and 

91-kDa PGC-1α proteins in SH-SY5Y cells. The molecular basis for these various isoforms 

with different molecular masses and their differential abundance in tissues is unclear but 

could be due to tissue-specific post-transcriptional or post-translational modifications that 

may alter antibody recognition of epitopes in affected amino acid sequences, or may be due 

to the relatively short half-life or low expression level of full-length PGC-1α protein in 

brains. In accordance with our results, previous studies showed that several PGC-1α 

isoforms with various molecular masses ranging from ≈30 to ≈90 kDa are found in the 

brain, neuronal cells (SH-SY5Y), and other tissues (Johri et al., 2011; Choi et al., 2013; 

Soyal et al., 2012; Zhang et al., 2009). Moreover, recent report shows that several smaller 

PGC-1α transcripts are present in the brain and neuron and they are more abundant than 91 

kDa PGC-1α in those tissues (Soyal et al., 2012). We observed a slight increase in 91 kDa 

PGC-1α protein level and a significant decrease in 35 kDa PGC-1α protein level in the 

H2O2-treated cells. These results suggest that 91 kDa PGC-1α could be up-regulated after 

oxidative stress, but 35 kDa PGC-1α may not be cleaved from 91 kDa PGC-1α during 

stress. Alternatively, alternative splicing and/or transcription initiation may increase 91 kDa 

PGC-1α and decrease 35 kDa PGC-1α protein level in response to oxidative stress. Further 

studies are needed to clarify the exact mechanism. We also observed that co-treatment of 
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antioxidant with H2O2 resulted in a significant increase in 35 kDa PGC-1α protein level and 

a slight decrease in 91 kDa PGC-1α protein level compared to H2O2-treated cells. These 

results suggest that maintenance of protein levels of both 91- and 35-kDa PGC-1α might be 

important for protecting cells from stress. In human and diabetic animal hippocampus, and 

in cells, we observed several PINK1 protein isoforms of approximately 64, 52 and 32 kDa. 

Consistent with this, PINK1 is known to exist as multiple isoforms; a full-length protein, of 

approximately 63 to 64 kDa; an N-terminally truncated isoform of approximately 52 kDa; 

and an additional processed isoform of approximately 45 kDa (Silvestri et al., 2005; Beilina 

et al., 2005; Lin and Kang, 2008). However, the factors regulating PINK1 processing and 

their distribution as well as the functional importance of the different isoforms require 

further clarification.

We demonstrate down-regulation of PGC-1α, PINK1, ACADVL, and HADHA protein 

expression in the brains of AD patients and diabetic animal. Moreover, we show that PINK1 

down-regulation blunts increased mitochondrial fatty acid oxidation and decreased lipid 

droplet content in PGC-1α-overexpressing cells. It should be clarified that our data do not 

lead to a conclusion regarding whether decreased 35 kDa PGC-1α alone is responsible for 

reduced fatty acid oxidation in the condition of PINK1 down-regulation. Rather, we 

proposed that PINK1 down-regulation diminishes the PGC-1α-mediated mitochondrial fatty 

acid oxidation, which may be implicated in the pathogenesis of AD and diabetes. Also, 

further work is required to show the molecular target of PINK1 and 35 kDa PGC-1α action 

within mitochondria. Given the potential importance of mitochondrial dysfunction and 

altered lipid homeostasis in the pathogenesis of neurodegenerative diseases and diabetes, 

this will promote our understanding of pathological processes linking these disorders.
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Abbreviations

PGC-1α peroxisome proliferator-activated receptor-gamma co-

activator 1α

PINK1 PTEN-induced putative kinase 1

AD Alzheimer disease

PD Parkinson disease

HD Huntington disease
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ALS amyotrophic lateral sclerosis

STZ streptozotocin

HEK human embryonic kidney cells

PMSF phenylmethylsulfonyl fluoride

DMEM Dulbecco’s modified Eagle’s medium

PBS phosphate buffered saline

FA-BSA fat-free bovine serum albumin

BODIPY® 558/568C12 4,4-difluoro-5-(2-thienyl)-4-bora-3a,4a-diaza-s-indacene-3-

dodecanoic acid

OCR oxygen consumption rate

CPT-1 carnitine palmitoyltransferase 1 inhibitor

TCA tricarboxylate cycle

ACADVL acyl-coenzyme A dehydrogenase, very long chain

HADHA mitochondrial trifunctional enzyme subunit α
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Fig. 1. 
Down-regulation of 35 kDa PGC-1α protein expression in the hippocampus of AD and 

diabetic animal compared with control brains, and H2O2-treated neuronal cells compared 

with control cells. Protein extracts (50 μg of protein/lane) from hippocampus of control 

human and AD brains (A), and diabetic and non-diabetic control mice brains (C) were 

subjected to SDS-PAGE gel followed by immunoblotting with anti-PGC-1α antibody. (B) 

Densitometric quantification and normalization to the actin level in the corresponding 

samples. One result of three independent experiments. The bar graph shows the results 

(mean ± S.E.) from five AD and five control individuals. *P < 0.05 versus control. (E) SH-

SY5Y cells were treated with 100 μM H2O2 without or with 1 mM NAC for 18 h. Total 

protein lysates were subjected to SDS-PAGE gel followed by immunoblotting with anti-

PGC-1α antibody. (D & F) The relative level of 35 kDa PGC-1α protein resolved on SDS-

PAGE gel on panels C and E was normalized to the actin level in the corresponding samples. 

A statistical analysis was performed based on Student’s t-test with the significance level at 

*P < 0.05. Data are expressed as mean ± SEM. n = 5. *P < 0.05 versus control or H2O2 + 

NAC.
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Fig. 2. 
Down-regulation of PINK1 protein expression in the hippocampus of AD and diabetic 

animals compared with control brains, and H2O2-treated neuronal cells compared with 

control cells. Protein extracts (50 μg of protein/lane) from hippocampus of control human 

and AD brains (A), and diabetic and non-diabetic control mice brains (C) were subjected to 

SDS-PAGE gel followed by immunoblotting with anti-PINK1 antibody. (B) Densitometric 

quantification and normalization to the actin level in the corresponding samples. Lanes 1–5 

= AD; lanes 6–10 = control brain; lane 8 (the highest PINK1 level) was set at 100%. One 

result of three independent experiments. (E) SH-SY5Y cells were treated with 100 μM H2O2 

without or with 1 mM NAC for 18 h. Total protein lysates were subjected to SDS-PAGE gel 

followed by immunoblotting with anti-PINK1 antibody. (D & F) The relative level of 64 

kDa PINK1 protein resolved on SDS-PAGE gel on panels C and E was normalized to the 

actin level in the corresponding samples. A statistical analysis was performed based on 

Student’s t-test with the significance level at *P < 0.05. Data are expressed as mean ± SEM. 

n = 5. *P < 0.05 versus control or H2O2 + NAC.
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Fig. 3. 
Down-regulation of the protein expression of mitochondrial fatty acid oxidation machinery 

in the hippocampus of AD and diabetic animal. Purified mitochondria from hippocampus of 

control human and AD brains (A), and diabetic and non-diabetic control mice brains (C) 

were subjected to SDS-PAGE gel followed by immunoblotting with anti-ACADVL and anti-

HADHA antibodies. (B) Densitometric quantification and normalization to the HSP 60 level 

in the corresponding samples. Lanes 1–5 = AD; lanes 6–10 = control brain. One result of 

three independent experiments. The bar graph shows the results (mean ± S.E.) from five AD 

and five control individuals. *P < 0.05 versus control. (D) the relative level of ACADVL and 

HADHA proteins resolved on SDS-PAGE gel on panel C was normalized to the HSP 60 

level in the corresponding samples. A statistical analysis was performed based on Student’s 

t-test with the significance level at *P < 0.05. Data are expressed as mean ± SEM. n = 5. *P 
< 0.05 versus control.
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Fig. 4. 
PINK1 knockdown abolishes the decreased lipid droplet content in PGC-1α overexpressing 

cells. HEK 293 cells were transfected with scrambled control siRNA (A) or PINK1 siRNA 

(B). HEK 293 cells stably overexpressing PGC-1α were transfected with scrambled control 

siRNA (C) or PINK1 siRNA (D). Cells were exposed to 200 nM oleic acid (A, B, C, & D) 

for 18 h. And then the lipid droplet formation was visualized by using BODIPY® 

558/568C12 lipid probe, followed by confocal microscopy analysis. Scale bar: 10 μm. (F) 

Total cell lysates were subjected to Western blot analysis with anti-PINK1, anti-PGC-1α, 

and anti-HSP 60 antibodies. (E) Average number of lipid droplets quantified per cell (*P < 

0.05 versus control cells transfected with control siRNA; #P < 0.05 versus control cells 

transfected with control siRNA; +P < 0.05 versus PGC-1α overexpressing cells transfected 

with control siRNA; mean ± S.E., n = 250 cells/condition, three independent experiments). 

A statistical analysis was performed based on one-way ANOVA with the significance level 

at P < 0.05.
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Fig. 5. 
PINK1 knockdown abolishes the increased oxygen consumption rate (OCR) in PGC-1α 

overexpressing cells. Control HEK 293 cells and HEK 293 cells stably overexpressing 

PGC-1α were transfected with scrambled control siRNA or PINK1 siRNA. The growth 

medium was replaced with assay medium containing no glucose or glutamine, followed by 

measuring oxygen consumption rate (OCR) using the XF24 Extracellular Flux Analyzer. 

Palmitate (20 nM), BSA, or etomoxir (50 μM) was added to the cells from the reagent ports. 

The OCRs were normalized against the number of viable cells being measured: *P < 0.05 

versus control cells transfected with control siRNA; #P < 0.05 versus control cells 

transfected with control siRNA; +P < 0.05 versus PGC-1α overexpressing cells transfected 

with control siRNA mean ± S.D. (n = 3). *P < 0.05; #P < 0.05; +P < 0.05; *P < 0.05 (versus 

palmitate + etomoxir, BSA alone, or BSA + etomoxir). A statistical analysis was performed 

based on one-way ANOVA with the significance level at P < 0.05.
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Table 1

Demographic data of cases included in this study.

Lane Diagnosis Age (years) Sex PMI (h)

1 AD 83 Male   7

2 AD 59 Female 19

3 AD 54 Male 18

4 AD 80 Male   9

5 AD 66 Male 10

6 Control 81 Male 17

7 Control 56 Male   5

8 Control 62 Male   6

9 Control 86 Male 23

10 Control 54 Female 23

PMI, post-mortem interval.
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