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Abstract

Mitochondrial perturbations such as oxidative stress, increased fission/fusion dysfunction, and 

mitophagy are consistent features of Alzheimer’s disease (AD), yet the mechanisms that initiate 

these perturbations are unclear. One potential source for mitochondrial defects could be an 

imbalance in mitochondrial proteostasis. In this regard, studies indicate that a specialized 

mitochondrial unfolded protein response (mtUPR) is activated upon the aberrant accumulation of 

damaged or unfolded proteins in the mitochondrial matrix, resulting in the up-regulation of key 

genes involved in mitochondrial stabilization. To test whether mtUPR activation occurs in AD, we 

performed real-time quantitative PCR on postmortem frontal cortex samples from subjects 

classified as sporadic AD, familial AD linked to presenilin-1 mutations, or cognitively intact 

controls. Compared to controls, sporadic AD subjects exhibited a significant ~40-60% increase in 

expression levels of select genes activated by the mtUPR, including mitochondrial chaperones 

dnaja3, hspd1, and hspe1, mitochondrial proteases clpp and yme1l1, and txn2, a mitochondrial-

specific oxidoreductase. Furthermore, levels of all six mtUPR genes were significantly up-

regulated by ~70-90% in familial AD compared to controls, and these expression levels were 

significantly higher compared to sporadic AD. The increase in hspd1 (Hsp60) was validated by 

western blotting. These data support the concept that both sporadic and familial AD are 

characterized by mtUPR gene activation. Understanding the physiological consequences of this 
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response may provide subcellular mechanistic clues to selective neuronal vulnerability or 

endogenous compensatory mechanisms during the progression of AD.
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INTRODUCTION

Mitochondrial perturbations are a consistent feature of sporadic Alzheimer’s disease (AD). 

Impairments in cellular respiration, mitochondrial oxidative stress, increased fission/fusion 

dysfunction, and mitophagy support the concept that pathogenic alterations in fundamental 

mitochondrial processes contribute to selective neuronal vulnerability during disease 

progression [1, 2]. The mechanisms that initiate these perturbations are unclear, yet one 

potential nexus for this spectrum of mitochondrial defects could be an imbalance in 

mitochondrial proteostasis [3, 4]. Interestingly, studies over the past decade indicate that a 

specialized unfolded protein response (UPR), similar to that described for the endoplasmic 

reticulum, is also present in mitochondria [5–7]. Specifically, this mitochondrial UPR 

(mtUPR) is activated upon the aberrant accumulation of misfolded or unfolded proteins in 

the mitochondrial matrix, which in turn triggers a mitochondria-to-nuclear signal that up-

regulates several key genes involved in mitochondrial proteostasis, including those encoding 

the chaperones heat shock protein Hsp60 (chaperonin), Hsp10, and mitochondrial Hsp40/

Tid1, the mitochondrial proteases ClpP and Yme1L1, the mitochondrial import protein 

Timm17, and mitochondrial enzymes such as thioredoxin-2 [5, 6]. Whether mtUPR 

activation is observed in sporadic AD is unknown; if so, then this would suggest that 

problems with maintaining mitochondrial proteostasis may be involved in disease 

pathogenesis. Moreover, familial AD-linked presenilin-1 (PS1) and amyloid-β (Aβ) 

precursor protein (APP) mutations have been linked to mitochondrial dysfunction [8–10], 

raising the possibility that mtUPR induction could be involved in genetic forms of AD, as 

well. To address these possibilities, we performed real-time quantitative PCR (qPCR) and 

western blotting studies on postmortem tissue samples from control, sporadic AD, and 

familial AD cases. Here, we show that multiple mtUPR markers are up-regulated in frontal 

cortex of subjects who died with sporadic or familial AD, suggesting that dysregulation of 

mitochondrial proteostasis is a common pathogenic process in these two AD subtypes.

MATERIALS AND METHODS

Subjects

Postmortem samples of frozen frontal cortex (Brodmann area 10) were harvested from 

subjects classified as cognitively intact controls (n = 9), sporadic AD (n = 8), or familial AD 

linked to PS1 (mutations = T115C, I143T, G209V, A260V, A431E; n = 8) (Table 1). All 

tissue samples were provided by Dr. Thomas Montine from the University of Washington 

Alzheimer’s Disease Research Center Brain Bank. The age at death for the familial AD 

group was significantly lower than the control and sporadic group (p < 0.01; Table 1), 

whereas both the sporadic and familial AD groups exhibited significantly lower Mini-Mental 
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State Exam global cognitive scores (p < 0.0001) and higher Braak scores (p < 0.001) scores 

than the control group. There was no difference in the post mortem interval (Table 1).

qPCR

Total RNA was extracted (PureLink, Ambion) and RNA integrity and concentration was 

verified using Bioanalysis (Agilent). Samples were assayed on a real-time PCR cycler (ABI 

7500, Applied Biosystems) in 96-well optical plates as described previously [11–13]. qPCR 

was performed using Taqman hydrolysis probe primer sets (Applied Biosystems) specific for 

amplification of the following transcripts: clpp (ClpP mitochondrial protease; probe set 

Hs00195655_m1), dnaja3 (mitochondrial hsp40, or tid1; Hs00170600_m1), hspa5 (GRP78, 

or BiP; Hs00607129_gH), hspa9 (mitochondrial mtHsp70, or mortalin; Hs00269818_m1), 

hspd1 (Hsp60; Hs01941522_u1), hspe1 (Hsp10; Hs01654720_g1), lonp1 (lon 1 

mitochondrial peptidase; Hs00998404_m1), txn2 (thioredoxin 2; Hs00912509_g1), or 

yme1l1 (mitochondrial Yme1-like ATPase 1; Hs00204609_m1). We used primer sets 

specific for citrate synthase (clpp, dnaja3, hspa9, hspd1, hspe1, lonp1, txn2, and yme1l1; 

probe set Hs02574374_s1) or GAPDH (hspa5; Hs02758991_g1) as control housekeeping 

transcripts. The ddCT method was employed to determine relative levels of each amplicon 

[11–14]. Variance component analyses revealed relatively low levels of within-case 

variability, and the average value of the triplicate qPCR products from each case was used in 

subsequent analyses. Alterations in PCR product synthesis were analyzed by one-way 

ANOVA with Bonferroni correction for post-hoc comparison. The level of statistical 

significance was set at α =0.05 (two-sided).

Western Blotting

Frozen tissue was extracted and enriched as mitochondrial fractions (qProteome, Qiagen) for 

quantitative immunoblotting of Hsp60 protein. Mitochondrial protein levels were quantified 

by the BCA method (Pierce). Protein samples (25 μg) were solubilized in loading buffer 

(Pierce, Thermo) and separated by SDS-PAGE (10% gels, Lonza), transferred to Immobilon-

P membranes (Millipore), blocked in Tris buffered saline (pH 7.4) containing 0.1% 

Tween-20 and 2% nonfat milk, and then incubated overnight at 4°C with rabbit polyclonal 

antiserum to Hsp60 (1:500; Chemicon). Blots were then incubated for one hour with 

horseradish peroxidase-conjugated goat anti-rabbit IgG secondary antiserum (Bio-Rad; 

1:5000) and reactivity was quantified using Kodak 1D image analysis software (Perkin-

Elmer) [14].

It has demonstrated by western blotting that mtHsp70/mortalin levels are unchanged in AD 

compared to control tissue samples [15], and here we observed that mtHSP70 mRNA levels 

were stable in our control and AD samples (Fig. 1), suggesting that mtHSP70 might serve as 

a loading control for the mitochondrial fractions. To validate this concept, we used a mouse 

monoclonal antibody to mtHsp70 (1:500, Abcam) to compare mtHsp70-immunoreactive 

signals in each 25 μg sample with coomassie staining of total protein in the same gels. 

mtHsp70 protein levels were unchanged and coomassie staining confirmed equal loading 

(data not shown). Hence, mtHsp70 was used as a loading control for the mitochondrial 

fractions. To this end, the membranes were stripped and re-probed with the mouse 

monoclonal mtHsp70 antibody (1:500) overnight followed by a one hour incubation with 
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horseradish peroxidase-conjugated goat anti-mouse IgG (1:8,000; Pierce, IL) and reactivity 

was again quantified using Kodak 1D image analysis software (Perkin-Elmer, MA). Each 

sample was analyzed on three different western blots in independent experiments. Signals 

for Hsp60 were normalized to mtHsp70 for quantitative analysis [16, 17]. Alterations in 

normalized Hsp60 levels were analyzed by one-way ANOVA with Bonferroni correction for 

post-hoc comparison. The level of statistical significance was set at α = 0.05 (two-sided).

RESULTS AND DISCUSSION

Compared to controls, sporadic AD subjects exhibited a significant ~40-60% increase in 

frontal cortex expression levels of select genes activated by the mtUPR, including 

mitochondrial chaperones dnaja3, hspd1, and hspe1, mitochondrial proteases clpp and 

yme1l1, and txn2, a mitochondrial-specific oxidoreductase that also plays a role in 

maintenance of the mitochondrial inner membrane potential [5, 7] (Fig 1). Furthermore, 

frontal cortex levels of all six mtUPR genes were significantly up-regulated by ~70-80% in 

familial AD compared to controls, and in most instances these expression levels were 

significantly higher compared to sporadic AD (Fig. 1). In this regard, the hspd1 gene 

product Hsp60 was also differentially expressed in mitochondrial protein fractions prepared 

from sporadic and familial AD cases. Hsp60 protein levels were significantly elevated by 

~50% in sporadic AD compared to control, whereas Hsp60 levels were up-regulated an 

additional ~35% in familial AD (Fig. 2). By contrast, two mitochondrial genes not up-

regulated by the mtUPR, hspa9 (mtHsp70/mortalin) and lon1p1 (the Lon1 mitochondrial 

protease) [5, 7] were unchanged across the groups (Fig. 1). The endoplasmic reticulum 

stress-mediated UPR gene hspa5 (BiP) was up-regulated ~35% in both sporadic and familial 

AD (Fig. 1), consistent with previous findings in sporadic cases [18]. Previous gene 

expression studies have implicated several pathways in AD pathogenesis, including those 

regulating synaptic function, inflammation, and endosomal/lysosomal activity [19–23]. 

Here, our data suggest, for the first time, that sporadic and familial AD are also 

characterized by mtUPR gene activation.

The mtUPR is a conserved pathway that is critical for maintaining mitochondrial protein 

homeostasis and has also been implicated in lifespan extension [3]. For instance, 

experimental disturbances in mitochondrial protein balance induce mtUPR genes encoding 

not only molecular chaperones and proteases but also genes involved in ROS scavenging 

machinery, mitochondrial fission, and ubiquinone biosynthesis [5, 24]. The current 

observations provide evidence that this physiologically important cellular response may be 

chronically activated in AD, perhaps as a compensatory neuroprotective response to a 

sustained accumulation of unfolded, misfolded and damaged mitochondrial proteins. 

Although the physiological consequence of chronic mtUPR activation remains unclear, it 

may be similar to the endoplasmic reticulum UPR, where sustained activation shifts a 

normally protective pathway to a deleterious one [12]. In this regard, a sustained mtUPR 

may be related to increased mitochondrial fission and mitophagy events observed in AD 

[25–27]. This might provide a cellular mechanistic link between mitochondrial proteostatic 

stress and lysosomal dysregulation prevalent during AD pathogenesis [28–30]. Notably, the 

greater amplification of mtUPR in PS1-linked AD is reminiscent of increased lysosomal 

pathology in familial compared to sporadic AD cases [29]. Ultimately, understanding 
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whether this response occurs during the earliest stages of sporadic disease and whether this 

increased steady-state response is protective or pathogenic may provide critical sub-cellular 

mechanistic clues to selective neuronal vulnerability during the progression of AD.
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Fig. 1. Evidence for mtUPR gene activation in AD
qPCR was performed on RNA extracted from frozen frontal cortex of sporadic AD (sAD) 

and familial AD (fAD) subjects and compared to control (CTL) subjects. Primer sets 

specific for mtUPR genes (A) dnaja3 (mitochondrial hsp40, or tid1), (B) hspd1 (hsp60), (C) 

hspe1 (hsp10), (D) clpp (ClpP mitochondrial protease), (E) yme1l1 (mitochondrial YME1-

like ATPase 1), and (F) txn2 (thioredoxin 2) were compared among the groups. Primer sets 

specific for non-mtUPR genes (G) hspa9 (mitochondrial hsp70, or mortalin), (H) lonp1 (lon 

1 mitochondrial peptidase), and (I) hspa5 (GRP78, or BiP) were also compared. Samples 

were run in triplicate and the ddCT method was employed to compare normalized PCR 

products. Box plots represent fold change in sAD and fAD compared to CTL. *p < 0.05 vs. 

CTL; ** p < 0.01 vs. CTL; # p < 0.05 vs. sAD.
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Fig. 2. Hsp60 levels are up-regulated in AD
(A) Representative western blot (lower panel) shows a relative increase in Hsp60-

immunoreactive signals in sporadic AD (sAD) and familial (fAD) cases compared to 

controls (CTL). The blot was stripped and re-probed for mtHsp70 as a loading control (see 

Materials and Methods). Note that mtHsp70 signals on the same blot (upper panel) remain 

constant across the cases. (B) Quantitative analysis of Hsp60-immunoreactive signals 

normalized to mtHsp70 reveals a step-wise increase in Hsp60 protein levels in sAD and 

fAD, respectively, compared to CTL. Hsp60 levels in fAD were significantly higher 

compared to sAD. *p < 0.05 vs. CTL; ** p < 0.01 vs. CTL; # p < 0.05 vs. sAD.
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