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Abstract

Oxidative stress is a common feature of the aging process and of many neurodegenerative 

disorders, including Alzheimer’s disease. Understanding the direct causative relationship between 

oxidative stress and amyloid pathology, and determining the underlying molecular mechanisms is 

crucial for the development of more effective therapeutics for the disease. By employing 

microdialysis technique, we report local increase in the amyloid-β42 levels and elevated amyloid-

β42/40 ratio in the interstitial fluid within 6h of direct infusion of oxidizing agents into the 

hippocampus of living and awake wild type mice. The increase in the amyloid-β42/40 ratio 

correlated with the pathogenic conformational change of the amyloid precursor protein-cleaving 

enzyme, presenilin1/γ-secretase. Furthermore, we found that the product of lipid peroxidation 4-

hydroxynonenal, binds to both nicastrin and BACE, differentially affecting γ- and β-secretase 

activity, respectively. The present study demonstrates a direct cause-and-effect correlation 

between oxidative stress and altered amyloid-β production, and provides a molecular mechanism 

by which naturally occurring product of lipid peroxidation may trigger generation of toxic 

amyloid-β42 species.
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Introduction

Alzheimer’s disease (AD) is an age-related neurodegenerative disorder characterized 

clinically by progressive memory loss and cognitive decline. The major neuropathological 

hallmarks of AD are neuronal and synapse loss, accumulation of intraneuronal fibrillary 

tangles, and deposition of extracellular amyloid plaques consisting of amyloid-β peptide 

(Aβ) (Hardy and Selkoe 2002). Aβ generation is mediated by sequential cleavage of the 

amyloid precursor protein (APP) by β-secretase (BACE) and γ-secretase. The latter is an 

enzymatic complex composed of presenilin (PS1 or PS2), nicastrin (NCT), Aph-1 and 

presenilin enhancer-2 (Pen2) (Bergmans and De Strooper 2010). Familial early-onset AD 

(FAD) is caused by autosomal dominant mutations in presenilin (PSEN1 and PSEN2) and 

APP genes. However, the sporadic late onset form of AD (SAD) represents the vast majority 

of the cases, and yet its etiology remains poorly understood. The major non-genetic risk 

factor involved in the pathogenesis of SAD is aging, which is often accompanied by 

accumulation of reactive oxygen species (ROS) (Finkel and Holbrook 2000). ROS are 

generated as a result of normal intracellular metabolism and may function as signaling 

molecules (Nemoto, Takeda et al. 2000; Nishikawa, Edelstein et al. 2000). At the same time, 

a number of external agents such as ultraviolet light or environmental toxins, or internal 

inflammatory processes can trigger excessive ROS production (Finkel and Holbrook 2000). 

An imbalance due to either increased ROS production or decreased antioxidant defense 

mechanisms leads to oxidative stress, which damages various cell components via 

modification of proteins, lipids and DNA, and disrupts numerous cellular processes.

Oxidative damage can be observed in the brain of patients with mild cognitive impairment 

(MCI)(Lovell and Markesbery 2001; Butterfield, Reed et al. 2006), a transition stage 
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between normal aging and dementia, and is detected at the early stages of AD 

(Mangialasche, Polidori et al. 2009; Reed, Pierce et al. 2009; Reed, Pierce et al. 2009; 

Sultana and Butterfield 2010; Sun 2010; Subramanian, Tam et al. 2011). It has been reported 

that the level of antioxidant enzymes is diminished, whereas inflammation, ROS production, 

and the level of oxidative stress markers are elevated in the brain of AD patients, compared 

to that in the age-matched controls (Sultana and Butterfield 2010; Krstic and Knuesel 2013). 

Specifically, 4-hydroxynonenal (HNE), an aldehyde product of lipid peroxidation, has been 

shown to accumulate in the brain due to normal aging, and is present at high levels and 

believed to be associated with amyloid pathology in MCI and AD patients (Sajdel-

Sulkowska and Marotta 1984; Butterfield, Hensley et al. 1997; Butterfield, Reed et al. 2006; 

Shichiri, Yoshida et al. 2011; Subramanian, Tam et al. 2011; Chavez-Gutierrez, Bammens et 

al. 2012). Interestingly, lipid peroxidation can be detected prior to Aβ deposition in a mouse 

model of AD (Pratico, Uryu et al. 2001), suggesting that it may be upstream of Aβ 

pathology. On the other hand, increased oxidative stress has been found in the vicinity of 

amyloid plaques (McLellan, Kajdasz et al. 2003; Garcia-Alloza, Dodwell et al. 2006; Xie, 

Hou et al. 2013) and Aβ peptide itself has been shown to trigger increase in oxidative stress 

(Harris, Hensley et al. 1995; Butterfield 2002; Butterfield, Griffin et al. 2002; Atamna and 

Boyle 2006; Cai, Zhao et al. 2011). However, the causality and interrelationship between 

oxidative stress and Aβ pathology remains poorly understood.

To determine whether oxidative stress may be an initiator of Aβ pathology, we employed in 

vivo microdialysis to locally induce acute oxidative stress in the brain of living mice. We 

provide evidence of a direct causative role of oxidative stress, and specifically lipid 

peroxidation, in promoting Aβ42 production and increasing the Aβ42/40 ratio in the brain of 

wild type mice. We report that HNE covalently modifies nicastrin (NCT) in the γ-secretase 

complex as well as BACE, via the formation of HNE adducts. These covalent modifications 

result in altered γ- and β-secretase activities, and cause pathogenic conformational change in 

PS1/γ-secretase associated with altered APP processing.

Materials and Methods

In vivo microdialysis

In vivo microdialysis sampling of brain interstitial Aβ was performed as described 

previously (Wolfe 2007; Takeda, Sato et al. 2011). The microdialysis probes used had a 4 

mm shaft with a 3.0 mm, 1000 kDa molecular weight cutoff (MWCO) polyethylene (PE) 

membrane (PEP-4-03, Eicom, Kyoto, Japan). Before use, the probe was conditioned by 

briefly dipping it in ethanol, and then washed with sterile artificial cerebrospinal fluid 

(ACSF) perfusion buffer (122 mM NaCl, 1.3 mM CaCl2, 1.2 mM MgCl2, 3.0 mM KH2PO4, 

25.0 mM NaHCO3). The preconditioned probe’s outlet and inlet were connected to a 

peristaltic pump (ERP-10, Eicom, Kyoto, Japan) and a microsyringe pump (ESP-32, Eicom, 

Kyoto, Japan), respectively, using fluorinated ethylene propylene (FEP) tubing (φ 250 µm 

i.d.). Probe implantation was performed as previously described (Cirrito, May et al. 2003; 

Takeda, Sato et al. 2011), with slight modifications. Briefly, the animals were anesthetized 

with isoflurane, while a guide cannula (PEG-4, Eicom, Kyoto, Japan) was stereotactically 

implanted in both hippocampi (bregma −3.1 mm, 2.8 mm lateral to midline, −1.2 mm 
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ventral to dura). The guide was fixed using binary dental cement. Three days after guide 

cannula implantation, the mice were placed in a standard microdialysis cage and a probe was 

inserted through the guide. After insertion of the probe, in order to obtain stable baseline 

recordings, the probe and connecting tubes were perfused with ACSF for 180 min at a flow 

rate of 10 µl/min before baseline sample collection. First, a baseline sample was collected 

for 180 min before the delivery of either 3 mM 4,4’-dithiodipyridine (DTDP) (Sigma-

Aldrich) or 5 mM 4-hydroxynonenal (HNE) (Cayman Chemical, Ann Arbor, MI) in the 

right hemisphere, or vehicle EtOH as a control in the left hemisphere. Samples were 

collected from the brain of mice at 180 min intervals at a flow rate of 0.5 µl/min. The 

antioxidant N-acetylcysteine amide (NACA) (Sigma-Aldrich) diluted in DMSO was 

delivered at 7.5 mM for 12 hours prior to the oxidative stress. During microdialysis sample 

collection, mice were awake and freely moving in the microdialysis cage designed to allow 

unrestricted movement of the animals without applying pressure on the probe assembly 

(AtmosLM microdialysis system, Eicom, Kyoto, Japan).

Aβ quantification

Aβ40 and Aβ42 concentrations were determined by Human/Rat β Amyloid (40 or 42) 

sandwich ELISA (Wako Pure Chemicals Industries, Osaka, Japan), according to the 

manufacturer’s instructions. To dissociate oligomerized Aβ, samples were incubated with 

500 mM guanidine HCl for 30 min at room temperature.

Immunohistochemistry

Following the microdialysis, mouse brains were removed and post-fixed in 4% 

paraformaldehyde (PFA) solution for 72 hours, cryoprotected in 30% sucrose, 30% (v/v) 

ethylene glycol in 0.1M PBS and sectioned on a freezing microtome at 35 um thickness. The 

free-floating brain tissue sections were washed with PBS and permeabilized in blocking 

buffer (1.5% Normal Donkey Serum, 0.4% Triton-X100 in PBS) for 60 minutes. Samples 

were then incubated overnight at 4°C with the respective primary antibodies (goat PS1-N-

Terminus (NT), Millipore; rabbit PS1-C-Terminus (CT), Sigma-Aldrich) in blocking buffer 

(1.5% Normal Donkey Serum, 0.1% Triton-X100 in PBS). Alexa488- and Cy3-conjugated 

secondary antibodies (donkey-anti-goat AlexaFluor488, Invitrogen; donkey-anti-rabbit Cy3, 

Jackson ImmunoResearch) were used for detection. Sections were coverslipped with 

Vectashield mounting medium without DAPI (Vector Laboratories), sealed, and stored at 

4°C until imaged.

Fluorescence Lifetime Imaging Microscopy (FLIM)

The relative proximity between fluorescently labeled PS1 N- and C-termini, as a measure of 

PS1 conformation, was monitored using Fluorescence Lifetime Imaging microscopy 

(FLIM), as previously described (Lleo, Berezovska et al. 2004; Berezovska, Lleo et al. 

2005). Briefly, mouse brain sections immunostained with Alexa488 (A488) as the donor 

fluorophore to label PS1 NT and Cy3 as the acceptor fluorophore to label PS1 CT (see 

above) were imaged on the LSM510 Zeiss microscope equipped with Becker & Hickl 

(Berlin, Germany) hardware and software. Donor fluorophore lifetimes were measured 

using multi-exponential analysis to distinguish between PS1 molecules in different 

conformational states as described in detail previously (Wahlster, Arimon et al. 2013). 
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TheFluorescence Resonance Energy Transfer efficiency (%EFRET) reflecting PS1 NT-CT 

proximity was calculated as the percent of decrease in the baseline lifetime of the A488 

donor fluorophore due to presence of the Cy3-acceptor fluorophore in close proximity using 

the following equation:

where t1 is the lifetime of the A488 donor fluorophore alone (FRET absent), and t2 is the 

A488 lifetime in the presence of Cy3 (FRET present). The FRET efficiency values could be 

color-coded to show distribution of neurons with PS1 in different conformational states 

within the CA1 area of hippocampus after the treatment. Yellow-to-red pixels represent high 

%EFRET (“closed” PS1 conformation), whereas green-blue pixels represent low %EFRET 

(“open” PS1 conformation).

Membrane-enriched fractions from mouse brains and cell free γ-secretase assay

Wild-type mouse brain tissue was homogenized in buffer A (50 mM MES pH 6.0, 150 mM 

KCl, 5 mM MgCl2, 5 mM CaCl2) containing complete protease inhibitor mixture (Roche) 

with a teflon homogenizer, and cell debris and nuclei were removed by centrifugation at 800 

× g for 10 min. Supernatants were then centrifuged at 100,000 × g for 60 min, resulting 

pellets were resuspended in ice cold carbonate buffer (100 mM Na2CO3 pH 11.2), and the 

centrifugation was repeated. Pellets were resuspended in buffer B (50 mM Hepes pH 7.0, 

150 mM KCl, 5 mM MgCl2, 5 mM CaCl2), and the centrifugation was repeated. Membrane 

enriched fractions were solubilized in buffer B + 1% CHAPSO for 60 min at 4°C, and 

centrifuged at 100,000 × g for 60 min. All procedures were performed at 4°C and the 

membranes suspensions were stored at −80°C. Resulting supernatants are referred to as 

membrane-enriched fractions. Membrane-enriched fractions (0.125 mg/ml) were incubated 

with human C100-Flag (1 uM) in buffer B containing 0.25% CHAPSO at 37 °C for 4 h. 

Negative controls were incubated either at 4°C or at 37 °C with the γ-secretase inhibitor 

(GSI) L-685,458 (50 nM, Calbiochem). Reaction was stopped by placing the samples in ice.

Cell lines and primary neuronal cultures

HEK293 cells were transfected with C99-flag construct (Uemura, Farner et al. 2010) using 

Lipofectamine 2000 reagent (Life Technologies) and were treated 24h post-transfection. 

GFP plasmid was co-transfected along as a control for transfection efficiency.

Primary neuronal cultures were obtained from cerebral cortex of mouse embryos at gestation 

day 14–16 (Charles River Laboratories, Wilmington, MA), as described previously 

(Berezovska, Frosch et al. 1999). Briefly, the dissected tissue was dissociated by 

trypsinization for 5 minutes and re-suspended in neurobasal medium (Gibco, Invitrogen, 

Gaithersburg, MD) supplemented with 10% fetal bovine serum (Gibco, Invitrogen), 2 mM/L 

L-glutamine (Gibco, Invitrogen), 100 U/mL penicillin and 100 µg/mL streptomycin (Gibco, 

Invitrogen). Neurons were plated in 35-mm glass bottom culture dishes (MatTek 

Corporation, Ashland, MA) previously coated with Poly-D-lysine hydrobromide at 100 

µg/ml (Sigma-Aldrich, St. Louis, MO) and cultures were maintained at 37 °C with 5% CO2. 

Media was changed after 2h to neurobasal medium supplemented with 2% B27 (Gibco, 
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Invitrogen), 2 mM L-glutamine, penicillin and streptomycin. Neurons were cultured for 7–

14 days in vitro before the treatment.

In vitro drug treatment

To induce oxidative stress, primary neurons were treated with either 100 µM DTDP or 1 

mM HNE (both diluted in ethanol) for 20 min or 3 h. γ-secretase inhibitor DAPT (Sigma) 

was used overnight at 1 µM concentration.

Immunoprecipitation and immunoblotting

For immunoprecipitation, primary neurons were washed with ice-cold PBS and were 

collected in lysis buffer (50 mM HEPES pH 7.4, 100 mM NaCl, 0.1 mM EDTA, 1% (w/v) 

CHAPSO) containing complete protease inhibitor mixture (Roche). Samples were passed 

through a 27G needle and incubated 1h at 4°C to completely solubilize membranes. After 

centrifugation at 20,000 × g for 20 min, protein concentration was determined in the 

resultant supernatant (solubilized membranes). Samples were pre-cleared with 20 µl of 

protein-G Sepharose beads (Invitrogen) for 2 h at 4°C. After removing the beads by 

centrifugation, supernatants were incubated with anti-PS1-NT (Millipore #AB1575) and 

anti-PS1-loop (Millipore #MAB5232) antibodies, or control IgGs (normal goat and mouse 

serum, Jakson ImmunoResearch) for 12/24 h at 4°C. Next day, protein-G Sepharose beads 

were added to the samples for 1–2 h. After several washes with lysis buffer, 

immunoprecipitated samples were eluted by incubation with sample buffer for 10 min at 

95°C, and applied to SDS-polyacrylamide gels.

For Western blotting, cells were washed with ice-cold PBS and then were incubated with 

lysis buffer (50 mM HEPES pH 7.4, 100 mM NaCl, 0.1 mM EDTA, 1% Triton-X 100) 

containing complete protease inhibitor mixture (Roche). Cells were sonicated and 

centrifuged at 20,000 × g for 20 min at 4°C before determining protein concentration.

Samples were incubated with sample buffer for 5 min at 95°C, applied to SDS-

polyacrylamide gels (SDS-PAGE) and transferred to nitrocellulose membranes (0.1 um - 0.2 

um pore size, Whatman). Membranes were probed with the following antibodies: anti-

FLAG (1:2000, Wako), GFP (1:2000, Abcam), actin (1:2000, Abcam), nicastrin (1:1000, 

Sigma), HNE (1:500, Abcam), BACE (1:1000, Cell Signaling), 6E10 (1:1000, Covance), 

anti-mouse/rat APP (597) (corresponding to Aβ 1–16) (1:100, IBL). Either horseradish 

peroxidase (HRP)-conjugated (1:2000, Bio-Rad) or infrared (IR)-dye conjugated (1:7500, 

IRDye680 or 800, Li-Cor Biosciences) secondary antibodies were used. Quantification of 

band density was determined by densitometric analysis in ImageJ software (National 

Institutes of Health).

Statistical analysis

Statistical analyses were performed using Graph Pad Prism software (GraphPad Software 

Inc., La Jolla, CA). Data is expressed as mean ± SEM. D’Agostino & Pearson omnibus 

normality test was used to evaluate the normality of the distributions of values. Two-sided 

Student’s t-test was used for 2-group comparisons. The microdialysis data were analyzed 

using two-way ANOVA with repeated measures and Bonferroni post-test. Values were 
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considered significant at *p < 0.05. Higher significance is indicated as follows: **p < 0.01, 

***p < 0.001.

Results

Locally induced oxidative stress in vivo triggers local increase in Aβ42 levels and Aβ42/40 
ratio

To determine the effect of oxidative stress on Aβ, we locally delivered oxidizing agents into 

the brain of living and awake mice using microdialysis technique. The levels of Aβ40 and 

Aβ42 were concomitantly quantified in the collected interstitial fluid (ISF). Two 

microdialysis probes were surgically implanted into the brain of ~12 months old wild-type 

mice, one probe into each hemisphere targeted to hippocampus (Fig. 1A). One probe was 

used to deliver the oxidizing agent (right hemisphere), and the contralateral side (left 

hemisphere) received infusion of the vehicle control. Two different compounds were used: 

4,4’-dithiodipyridine (DTDP), a strong cell-permeant thiol-reactive agent inducing oxidative 

stress, and 4-hydroxynonenal (HNE), a naturally occurring aldehyde by-product of lipid 

peroxidation (see Supplementary Fig. 4 for detailed chemical structure). We used 3 mM 

DTDP and 5 mM HNE for in vivo infusion since it is estimated that only around 10–15% of 

the drug is delivered across the microdialysis probe membrane into ISF at the 0.5 ul/min 

flow rate (Takeda, Sato et al. 2011), and is diluted further as it diffuses through the 

interstitial fluid. After establishing a baseline of Aβ levels for each individual animal/

hemisphere (see Materials and Methods), DTDP or HNE diluted in artificial cerebrospinal 

fluid (ACSF) were delivered into the brain, and ISF samples were collected after 3h and 6h 

of infusion for Aβ ELISA quantification (Fig. 1A).

A significant increase in the levels of both Aβ40 and Aβ42 was observed after 3h and 6h of 

DTDP treatment, with an increase in the Aβ42/40 ratio as compared to the vehicle-treated 

contralateral hemisphere (Fig. 1B). Treatment with HNE triggered an increase in the Aβ42 

levels only, with no significant changes in the Aβ40, leading to an even higher increase in 

the Aβ42/40 ratio (Fig. 1C).

Increased susceptibility to oxidative stress are known to occur during aging (Finkel and 

Holbrook 2000). Therefore, we next compared the extent of the effect of strong oxidant 

DTDP on Aβ42 levels in 4-month old (young) and compared them to that in 12 month-old 

(old) mice. We found that after 3h of treatment, young animals displayed the same increase 

in the Aβ40 and Aβ42 levels as the old animals (Fig. 2 vs Fig. 1B). However, a significant 

recovery of both Aβ40 and Aβ42 levels was observed in young animals after 6h of DTDP 

treatment, with the level of Aβ42 returning to that of the vehicle-treated hemisphere, which 

was not the case for old animals. Of note, young animals did not exhibit any change in the 

Aβ42/40 ratio after either 3h or 6h of DTDP treatment (Fig. 2). These data indicate that 

young animals are more resilient to the acute oxidative stress insults, which old animals are 

not able to overcome.
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Oxidative stress and lipid peroxidation induce a change in PS1 conformation

We have previously established that changes in the Aβ42/40 ratio closely correlate with 

changes in the conformation of PS1 in cells in vitro (Berezovska, Lleo et al. 2005; Uemura, 

Lill et al. 2009). Here, we assessed whether the observed increase in the Aβ42/40 ratio in 

mouse ISF induced by DTDP and HNE treatment in vivo was associated with a similar 

change in PS1 conformation. The brain sections of mice used for the microdialysis were 

immunostained with PS1 antibodies to fluorescently label the N-terminus (NT) and C-

terminus (CT) of PS1. Ex vivo tissue fluorescent lifetime microscopy (FLIM) was performed 

to determine the relative proximity between PS1-NT and -CT (PS1 conformation), which we 

expressed as FRET efficiency, %EFRET, (see Methods) in individual neurons of the CA1 

region of the hippocampus. We found that both DTDP and HNE significantly increase the 

mean %EFRET values in the neurons of CA1 area compared to the vehicle treatment (Fig. 

3A). This suggests that oxidative stress triggers pathogenic, “closed”, conformational 

change in PS1 molecules, which in turn relates to the observed increase in Ab42/40 ratio 

(Fig. 1C). To show the distribution of neurons with PS1 in predominantly “closed” or 

“open” conformations, the mean %EFRET for each individual neuron was color-coded and 

mapped over the CA1 area analyzed by FLIM. Fig. 3B shows a higher number of neurons 

with pathogenic “closed” PS1 conformation (higher %EFRET, color-coded in yellow-red) in 

the hemisphere where oxidative stress was induced.

To assess possible glia activation after the oxidative stress induction, the same brains treated 

with HNE or DTDP by microdialysis were immunostained with astrocytic (GFAP) and 

microglial (Iba1) markers. We did not observe any significant increase in the GFAP or Iba1 

levels in the HNE treated hemispheres after 6h treatment (Supplementary Fig. 1). However, 

a significant increase in the GFAP immunoreactivity was detected in the DTDP treated 

hemispheres (Supplementary Fig.1), suggesting an astrocytic response to this compound.

Antioxidant NACA prevents HNE-induced changes in Aβ levels and in PS1 conformation

To confirm that the observed changes in the ISF Aβ42 levels are produced by oxidative 

stress, the antioxidant N-acetylcysteine amide (NACA) (7.5 mM) was delivered to the brain 

via microdialysis prior to the administration of HNE (Fig. 4A). This pretreatment with 

NACA completely abolished the effect of HNE on Aβ42 levels (Fig. 4B), whereas 

pretreatment with the vehicle had no effect, demonstrating that oxidative stress is the major 

culprit for observed increase in the Aβ42 level and the Aβ42/40 ratio. It should be noted that 

HNE itself is not a free radical but rather a product of arachidonic acid oxidation, an α,β-

unsaturated hydroxyalkenal, that is significantly elevated during oxidative stress. The free 

thiol of NACA binds to HNE by Michael addition, preventing the reaction of HNE with 

proteins that affects their structure and function (Subramaniam, Roediger et al. 1997; Sun 

2010). Therefore, antioxidants containing thiols, such as NACA, are the most effective in 

protecting against HNE damage.

Since antioxidant treatment was able to halt increase of the Aβ42/40 ratio, we next examined 

whether NACA would also prevent HNE-induced changes in the PS1 conformation. Indeed, 

the mean FRET efficiency found in the NACA-HNE treated hemisphere was significantly 

lower compared to the vehicle-HNE treated hemisphere (Fig. 4 C–D, color-coded in blue-
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green), suggesting that antioxidant NACA is able to prevent HNE-induced “closed” 

pathogenic conformational change of PS1.

HNE treatment inhibits γ-secretase activity

To better understand the mechanism(s) by which oxidative stress affects PS1 and Aβ levels, 

we next evaluated whether DTDP and HNE may have a direct effect on γ-secretase. First, 

we monitored the expression level of γ-secretase components in mouse primary neurons 

treated with DTDP or HNE, and did not find significant changes in the PS1, NCT or Pen2 

protein expression levels due to oxidative stress (data not shown). Furthermore, neither 

DTDP nor HNE affected the mobility of the γ-secretase complex to migrate on a native gel 

(Supplementary Fig. 2), suggesting that there is no drastic structural alteration of the 

complex.

Next, we assessed whether DTDP or HNE affect activity of the γ-secretase using membrane-

enriched fractions purified from wild-type mouse brains. To bypass the effect of BACE, 

membrane-enriched fractions were incubated with equal amounts of human APP C100-flag 

peptide, an immediate substrate of the γ-secretase, and treated with DTDP, HNE or vehicle 

control for 4h. Aβ measurements show that the HNE treatment triggers a drastic decrease in 

the level of both Aβ40 and Aβ42, similar to that achieved by treatment with the γ-secretase 

inhibitor (GSI) L-685,458, or by incubation at 4°C (negative controls) (Fig. 5A). In contrast, 

DTDP did not significantly alter the levels of Aβ40 and Aβ42 in the cell-free γ-secretase 

activity assay.

To further evaluate the effect of oxidative stress on γ-secretase activity, a flag-tagged APP 

C99 fragment (C99-flag) was transiently transfected into HEK293 cells prior to treatment 

with either DTDP or HNE. Consistent with the findings in the cell-free assay, we found that 

HNE causes significant accumulation of the C99-flag (Fig. 5B) as compared to the vehicle 

control, further supporting our finding of impaired γ-secretase activity by HNE. There was 

no statistically significant effect of DTDP on the C99-flag levels after 3h of the treatment.

To determine whether HNE exerts its effect on γ-secretase via direct modification of the 

complex, γ-secretase was immunoprecipitated from DTDP or HNE treated neurons, and the 

eluates were probed for HNE adducts. No HNE adducts were found on PS1, the catalytic 

subunit of the complex, or Pen2. However, a significant increase in the HNE adducts levels 

was detected on nicastrin (NCT) (Fig. 6). These data suggest that NCT modification by 

HNE could affect γ-secretase activity.

Effect of HNE and DTDP on β-secretase

Next we examined whether BACE level or activity were affected by DTDP or HNE. 

Treatment of primary neurons with DTDP or HNE showed no significant difference in the 

BACE level as compared to that in the vehicle treated cells (Fig. 7A). To evaluate BACE 

activity independently of γ-secretase, primary neurons were pretreated overnight with the γ-

secretase inhibitor DAPT and the level of endogenous APP C99 fragments was compared 

between vehicle and DTDP or HNE treated samples. The APP C99 level was significantly 

elevated in the DAPT+HNE treated cells, compared to the DAPT+vehicle controls (Fig. 
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7B), suggesting an increase in the BACE activity triggered by HNE. No difference in C99 

levels was observed after the DTDP treatment.

Interestingly, we found that BACE is also directly modified by HNE, as determined by 

significantly higher amount of the HNE adducts on BACE immunoprecipitated from 

primary neurons treated with HNE, compared to that in DTDP or vehicle treated cells (Fig. 

8). This suggests that covalent modification of BACE by HNE adducts may lead to the 

abnormal increase in its enzymatic activity.

Discussion

To determine the relationship between oxidative stress and Aβ pathology, and to establish 

whether oxidative stress, and specifically lipid peroxidation, may be an initiator of Aβ 

pathology, we employed in vivo microdialysis to locally induce acute oxidative stress in the 

brains of awake mice using a naturally occurring product of lipid peroxidation, HNE (Sayre, 

Zelasko et al. 1997; Cutler, Kelly et al. 2004; Williams, Lynn et al. 2006), and a strong thiol-

reactive agent, DTDP. Our results show that both compounds alter the ISF levels of Aβ 

within 3–6h of treatment. Importantly, both HNE and DTDP significantly increased the 

level of highly fibrillogenic Aβ species, Aβ42, and resulted in elevated Aβ42/40 ratio in 

vivo. The Aβ42/40 ratio, rather than total absolute Aβ levels, has been reported to play a 

crucial role in Aβ deposition and neurodegeneration (Borchelt, Thinakaran et al. 1996; 

Lewczuk, Esselmann et al. 2004; Wiltfang, Esselmann et al. 2007; Wolfe 2007; Kuperstein, 

Broersen et al. 2010). It has been previously shown that the Aβ42/40 ratio strongly 

correlates with the conformation of PS1/γ-secretase in cells in vitro (Lleo, Berezovska et al. 

2004; Berezovska, Lleo et al. 2005; Isoo, Sato et al. 2007; Serneels, Van Biervliet et al. 

2009), proposing that pathogenic structural changes may affect the γ-secretase cleavage site. 

Indeed, in a recent study, we found that changes in conformation of endogenous PS1 do 

occur in normal aging in mouse brain and in sporadic AD patients (Wahlster, Arimon et al. 

2013). Moreover, we observed more pronounced PS1 conformational changes in close 

proximity to amyloid plaques, suggesting a link between the microenvironment surrounding 

Aβ plaques, PS1 conformation and Aβ deposition in AD brain (Wahlster, Arimon et al. 

2013). Concurring with these findings, here we detect a similar pathogenic “closed” PS1 

configuration in the hippocampus of mice treated with the oxidative agents DTDP and HNE. 

This observation strongly supports the hypothesis that changes in conformation of PS1/γ-

secretase, and consequent elevation in the Aβ42/40 ratio could be early events occurring due 

to local increase in the oxidative stress and its products in the brain. Indeed, pretreatment 

with antioxidant NACA prior to the HNE insult completely abolished HNE-triggered 

increase in the Aβ42 and Aβ42/40 ratio, as well as prevented change in the PS1 

conformation, confirming the specificity of the observed effect. Along the same lines, we 

found that young mice were able to recover from the insult faster than the old animals, most 

likely due to presence of stronger antioxidant defense mechanisms in the former.

HNE, a by-product of lipid peroxidation, has been shown to accumulate in membranes at 

concentrations of 10 uM to 5 mM in response to oxidative insults (Esterbauer, Schaur et al. 

1991; Uchida 2003). HNE is relatively stable and can transfer between subcellular 

compartments; thereby having the potential to interact with many different proteins within 
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the cell. It can react with the histidine, lysine and cysteine protein residues to generate stable 

adducts, resulting in alterations in the protein structure and function (Esterbauer, Schaur et 

al. 1991; Subramaniam, Roediger et al. 1997; Tamagno, Bardini et al. 2002; Uchida 2003). 

Here, we show that HNE directly modifies the γ-secretase component NCT in primary 

neurons. This finding is in agreement with a previous report showing that NCT is also 

modified by HNE in AD brain specimens (Gwon, Park et al. 2012). Modifications of the γ-

secretase complex components, such as introducing mutations into PS1 (Berezovska, Lleo et 

al. 2005), Pen2 NT extension (Isoo, Sato et al. 2007; Uemura, Lill et al. 2009), or expressing 

different Aph1 isoforms (Serneels, Van Biervliet et al. 2009), have been shown to affect the 

conformation of PS1/γ-secretase and hence, the Aβ species generated. Now we propose that 

covalent modifications of NCT by the product of lipid peroxidation HNE, can also trigger 

similar pathogenic conformational changes.

We have also recently reported that peroxinitrite, an oxidant that accumulates during aging, 

induces PS1 conformational changes in cells in vitro, resulting in changes in the Aβ42/40 

ratio (Guix, Wahle et al. 2012). Together, these data suggest that the effect of oxidative 

stress on PS1/γ-secretase might be a common pathogenic outcome, rather than being limited 

to a specific oxidation product (e.g. HNE) or specific reactive oxygen species.

HNE adducts are known to alter the activity of a variety of enzymes (reviewed in (Tamagno, 

Bardini et al. 2002; Uchida 2003)). Indeed, we found that HNE modified the activity of both 

β- and γ-secretase. Unlike the study of Gwon et al. (Gwon, Park et al. 2012), however, we 

found that HNE significantly impaired γ-secretase activity both in a cellular environment 

and in a cell free assay by causing structural change of the γ-secretase complex similar to 

that of FAD PS1 mutations. It is believed that FAD mutations in PS1 as well as pathogenic 

changes in PS1/γ -secretase in sporadic AD, may lead to a partial loss of function (Wang, 

Tang et al. 2006; De Strooper 2007; Shen and Kelleher 2007; Kelleher and Shen 2010; Xia, 

Watanabe et al. 2015). Indeed, many FAD PS1 mutations result in reduced overall Aβ 

production, however the ratio of the longer Aβ42 and Aβ43 species to Aβ40/total is steadily 

increased (Wang, Tang et al. 2006; De Strooper 2007; Shen and Kelleher 2007; Kelleher 

and Shen 2010; Xia, Watanabe et al. 2015).

On the other hand, the activity of β-secretase was intensified by HNE adducts covalently 

linked to the BACE protein in primary neurons. To the best of our knowledge, this is the 

first time that the HNE adducts are detected on the β-secretase enzyme, providing a 

molecular mechanism by which oxidative stress may affect BACE activity. This finding is 

consistent with previous studies showing that H2O2/FeSO4 induced oxidative stress and 

generation of HNE increases β-secretase activity in NT2 cells (Gwon, Park et al. 2012). We 

did not observe any significant change in the BACE levels within three hours of treatment of 

primary neurons with HNE; although studies by Tamagno et al.(Tamagno, Bardini et al. 

2002; Tamagno, Parola et al. 2005) reported an increase in the BACE levels in NT2 cells in 

vitro after 1 hr of HNE treatment. It is worth mentioning that in our experimental conditions 

HNE did not modify APP or C99 fragment (Supplementary Fig. 3) or any of the other 

components in the γ-secretase complex apart from NCT (Fig. 5), hence ruling out an 

extensive non-specific effect of HNE.
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Although DTDP significantly altered Aβ levels in the mouse brain in vivo, it did not have 

any significant effect on either γ-secretase or BACE activity in cells or cell-free assay in 

vitro. Since increased GFAP immunoreactivity was detected in DTDP treated hemispheres 

within 6h of perfusion, it is plausible that astrocyte activation may mediate the DTDP effect 

on Aβ in the brain. Indeed, a number of studies reported a role of astrocytes in elevating Aβ 

levels (Mark, Lovell et al. 1997; Tamagno, Parola et al. 2005; Wang, Tang et al. 2006; Shen 

and Kelleher 2007; Kelleher and Shen 2010). It is also feasible that DTDP alters Aβ 

clearance, which would explain the increase in Aβ levels observed in vivo but not in vitro. 

Different clearance rates for Aβ40 versus Aβ42 could also explain an altered Aβ42/40 ratio.

Taken together, our results suggest a model (Fig. 9) in which HNE resulting from increased 

lipid peroxidation (due to aging, decreased antioxidant defenses, inflammation processes, 

etc.) covalently attaches and modifies both γ-secretase and BACE. These modifications 

differentially affect their activity, causing an increase in BACE activity but on the other 

hand, inflict γ-secretase conformational changes leading to decreased activity. Therefore, the 

total Aβ levels in the brain may not be significantly altered because of a “bottle-neck” effect, 

i.e. increased β-secretase but decreased γ-secretase activities. In addition, oxidative stress 

induced impairment of the Aβ clearance/degradation in the brain may somewhat hide PS1/γ-

secretase loss-of-activity phenomena. However, the γ-secretase cleavage site on APP is 

altered as a consequence of NCT subunit modification by the HNE adducts, or as previously 

reported by nitrotyrosination of PS1 (Guix, Wahle et al. 2012), causing compression of the 

complex (detected as “closed” PS1 conformation) and partial loss of its activity. In accord 

with the step-wise cleavage model (Chavez-Gutierrez, Bammens et al. 2012), less active γ-

secretase stops at producing longer Aβ species, resulting in higher Aβ42/40 ratio. This is also 

in agreement with the hypothesis of qualitative rather than quantitative shifts in the Aβ 

profiles representing pathogenic effect of all FAD mutations (Chavez-Gutierrez, Bammens 

et al. 2012). Altered ratio of longer Aβ species (Aβ42/43) to shorter (Aβ40) rather than total 

Aβ is associated with increased neurotoxicity and amyloid deposition. In turn, Aβ itself can 

induce oxidative stress/membrane lipid peroxidation and HNE production in neurons (Mark, 

Lovell et al. 1997; Mark, Pang et al. 1997). Thus, an initial local oxidative insult may initiate 

a feed-forward loop triggering and/or worsening amyloid pathology, creating a vicious 

cycle.

In conclusion, our study demonstrates a direct causative relationship between oxidative 

stress and lipid peroxidation, changes in conformation of PS1/γ-secretase and amyloid 

pathology, and proposes a molecular mechanism by which the lipid peroxidation product, 

HNE, affects the generation of toxic Aβ42 species.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

Aβ amyloid beta

DTDP 4,4’-dithiodipyridine

HNE 4-hydroxynonenal

EFRET Fluorescence Resonance Energy Transfer efficiency

FLIM Fluorescence Lifetime Imaging Microscopy

NACA N-acetylcysteine amide

PS1 presenilin 1
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Highlights

• Lipid peroxidation product HNE and oxidant DTDP increase Aβ42/40 ratio in 

vivo

• Oxidative stress/HNE induce FAD-like pathogenic conformation of PS1/γ-

secretase

• HNE-adducts on Nct and BACE reduce and enhance secretase activities, 

respectively

• HNE may initiate a pathologic cascade by selectively increasing Aβ42 levels
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Fig. 1. Locally induced oxidative stress in vivo alters Aβ levels in wild-type mice
(A) Scheme of the time frame for DTDP, HNE or vehicle treatments delivered via 

microdialysis probe into hippocampus of 12 months old mice. (B–C) Levels of Aβ40 and 

Aβ42 in the ISF and the Aβ42/40 ratio after DTDP (B) or HNE (C) treatment were 

compared to that in the vehicle trated hemisphere of the same mouse (n = 5 animals). The 

baseline levels of ISF Aβ40 and Aβ42 collected prior to the treatment were 15.61 ± 1.35 pM 

and 6.31 ± 0.62 pM, respectively. Data represent the mean ± SEM, presented as percentage 

values relative to the time point zero of each hemisphere. Two-way ANOVA, Bonferroni 

posttest. *p < 0.05, **p < 0.01, ***p < 0.001, compared to the same time point of the 

vehicle-treated hemisphere.
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Fig. 2. Response to acute oxidative stress in young wild-type mice
ISF Aβ40, Aβ42 levels and the Aβ42/40 ratio after DTDP treatment delivered via the 

microdialysis probe to the brain of young (4 months old) wild-type mice (n = 3–4 animals). 

The baseline levels of ISF Aβ40 and Aβ42 at the time point zero were 15.28 ± 1.19 pM and 

4.68 ± 0.70 pM, respectively. Data represent the mean ± SEM, presented as percentage 

values relative to the time point zero of each hemisphere. Two-way ANOVA, Bonferroni 

posttest. *p < 0.05, **p < 0.01, ***p < 0.001, compared to the same time point of the 

vehicle-treated hemisphere.
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Fig. 3. Locally induced oxidative stress in vivo alters PS1 conformation
PS1 conformation in neurons of the CA1 area of hippocampus was assessed by FLIM 

analysis 6h after the treatment with DTDP or HNE by microdialysis. (A) FRET efficiency 

(%) values representing proximity between PS1 NT and CT in neurons, treated with vehicle 

control (left hemisphere) or DTDP/HNE (right hemisphere). Data represent the mean ± SEM 

of at least three different brains. T-test nonparametric: Mann Whitney test. ***p < 0.001, 

compared to vehicle-treated hemisphere. (B) Representative image of a brain section 

immunostained with PS1-NT and -CT antibodies after DTDP treatment by microdialysis. 
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Map of the distribution of neurons within CA1 area shows color-coded %EFRET values as 

determined by FLIM analysis.
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Fig. 4. Antioxidant NACA pretreatment precludes HNE effect on Aβ and PS1 conformation
(A) Scheme of the experiment with NACA/vehicle pretreatment prior to the HNE delivery. 

(B) Levels of Aβ40 and Aβ42 in the ISF and the Aβ42/40 ratio after vehicle-HNE and 

NACA-HNE treatment (n = 4–5 animals). (C) FRET efficiency (%) values in neurons of the 

vehicle-HNE treated (left) or NACA-HNE (right) hemispheres. Data represent the mean ± 

SEM. T-test nonparametric: Mann Whitney test. *p < 0.05, ***p < 0.001, compared to 

vehicle-treated hemisphere; n=3 brains. (D) Representative image of a brain section 

immunostained with PS1 -NT and -CT antibodies after vehicle-HNE and NACA-HNE 
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treatment by microdialysis. Map of the distribution of neurons within hippocampal CA1 area 

shows color-coded %EFRET values as determined by FLIM analysis.
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Fig. 5. Effect of DTDP and HNE on γ-secretase
(A) Cell-free γ-secretase activity assay. Membrane-enriched fractions extracted from wild-

type mouse brains were incubated with the substrate C100-flag and treated with vehicle, 

DTDP (100 uM) or HNE (1 mM). Treatment with the γ-secretase inhibitor L-685,458 (50 

nM) or incubation at 4°C were used as negative controls. Aβ40 and Aβ42 levels are shown 

as values relative to the vehicle treatment. Data represent the mean ± SEM of five 

independent experiments. T-test: *p < 0.05, **p < 0.01, compared to vehicle treatment. (B) 

HEK293 cells co-transfected with C99-flag and GFP plasmids were treated with vehicle, 

DTDP or HNE. The levels of C99-flag (arrow) were quantified and normalized to GFP 

(transfection efficiency) and to actin (loading control). C83-flag fragment is shown by an 

arrowhead. Data represent the mean ± SEM (relative to vehicle) of four independent 

experiments performed in triplicate. T-test: *p < 0.05, compared to vehicle treatment.
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Fig. 6. HNE covalently modifies nicastrin
γ-secretase complexes were immunoprecipitated from primary neurons treated with vehicle, 

DTDP or HNE using PS1-NT and PS1-loop antibodies. (A) Immunoblots were 

simultaneously probed with the corresponding antibodies to NCT, PS1 and Pen2, and with 

an antibody specific to HNE adducts. The Li-Cor Odyssey infrared imaging system was 

used to detect HNE adducts on exactly the same bands of NCT, PS1 and Pen2, respectively. 

(B) The HNE levels were normalized to the immunoprecipitated NCT levels. There was no 

detectable HNE signal on PS1 and Pen2 bands. Data represent the mean ± SEM (relative to 

vehicle) of three independent experiments. T-test: *p < 0.05, compared to vehicle treatment.
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Fig. 7. Effect of DTDP and HNE on BACE
(A) Western blot analysis of BACE protein levels in primary neurons after DTDP or HNE 

treatment. (b) Primary neurons were pre-treated overnight with DAPT before incubation 

with DTDP or HNE, and the ammount of APP C99 fragments was quantified by a C99 

specific antibody. Data represent the mean ± SEM (relative to vehicle) of three independent 

experiments performed at least in triplicates. T-test: **p < 0.01, compared to vehicle 

treatment.
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Fig. 8. HNE covalently modifies BACE
BACE was immunoprecipitated from primary neurons treated with DTDP or HNE. 

Immunoblots were simultaneously probed with antibodies specific to BACE and to HNE 

adducts, using the Li-Cor Odyssey infrared imaging system. The HNE levels were 

normalized to the immunoprecipitated BACE levels. Data represent the mean ± SEM 

(relative to vehicle) of four independent experiments. T-test: *p < 0.05, compared to vehicle 

treatment.
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Fig. 9. Schematic representation of the effect of HNE on Aβ production
We propose that HNE resulting from lipid peroxidation covalently modifies both BACE and 

nicastrin/γ-secretase. As a result, β-secretase activity is enhanced, whereas γ-secretase 

activity is decreased. Therefore, the total Aβ levels in the brain may not significantly change 

due to this “bottle-neck” effect. At the same time, the HNE modification of NCT triggers a 

pathogenic change in PS1/γ-secretase conformation, similar to that of FAD PS1 mutations, 

resulting in increased Aβ42 generation and higher Aβ42/40 ratio.
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