
Draft

 

 

 

 

 

 

Eicosapentaenoic acid (EPA) and docosahexaenoic acid 

(DHA) increase Aβ-degradation by affecting insulin-
degrading enzyme (IDE) 

 

 

Journal: Biochemistry and Cell Biology 

Manuscript ID bcb-2015-0149.R1 

Manuscript Type: Article 

Date Submitted by the Author: 12-Feb-2016 

Complete List of Authors: Grimm, Marcus; Saarland University, Experimental Neurology 

Mett, Janine; Saarland University, Experimental Neurology 
Stahlmann, Christoph; Saarland University, Experimental Neurology 
Haupenthal, Viola; Saarland University, Experimental Neurology 
Blümel, Tamara; Saarland University, Experimental Neurology 
Stötzel, Hannah; Saarland University, Experimental Neurology 
Grimm, Heike; Saarland University, Experimental Neurology 
Hartmann, Tobias; Saarland University, Experimental Neurology 

Keyword: 
Polyunsaturated omega-3 fatty acids, eicosapentaenoic acid, 
docosahexaenoic acid, Aβ-degradation, insulin-degrading enzyme 

  

 

 

https://mc06.manuscriptcentral.com/bcb-pubs

Biochemistry and Cell Biology



Draft

1 

 

Eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) increase Aββββ-

degradation by affecting insulin-degrading enzyme (IDE) 

 

Marcus O.W. Grimm
1,2,3*

, Janine Mett
1*

, Christoph P. Stahlmann
1
, Viola Haupenthal

1
, 

Tamara Blümel
1
, Hannah Stötzel

1
, Heike S. Grimm

1
, Tobias Hartmann

1,2,3 

 

1
Experimental Neurology, Saarland University, Kirrberger Str. 1, 66421 Homburg/Saar, 

Germany; 
2
Neurodegeneration and Neurobiology, Saarland University, Kirrberger Str. 1, 

66421 Homburg/Saar, Germany; 
3
Deutsches Institut für DemenzPrävention (DIDP), Saarland 

University, Kirrberger Str. 1, 66421 Homburg/Saar, Germany 

 

* both authors contributed equally to this work  

 

 

Correspondence should be addressed to: 

Marcus O.W. Grimm (Kirrberger Str. 1, Gebäude 61.4, 66421 Homburg, Germany; phone: 

+49-6841-1647927; fax: +49-6841-1647801; marcus.grimm@uks.eu) 

 

 

 

 

Page 1 of 35

https://mc06.manuscriptcentral.com/bcb-pubs

Biochemistry and Cell Biology



Draft

2 

 

Abstract:  

Omega-3 polyunsaturated fatty acids (PUFAs) have been proposed to be highly beneficial in 

Alzheimer’s disease (AD). AD pathology is closely linked to an overproduction and 

accumulation of β-amyloid (Aβ) peptides as extracellular senile plaques in the brain. Total 

Aβ levels are not only dependent on its production by proteolytic processing of the amyloid 

precursor protein (APP), but also on Aβ-clearance mechanisms, including Aβ-degrading 

enzymes. Here we show that the omega-3 PUFAs eicosapentaenoic acid (EPA) and 

docosahexaenoic acid (DHA) increase Aβ-degradation by affecting insulin-degrading enzyme 

(IDE), the major Aβ-degrading enzyme secreted into the extracellular space of neuronal and 

microglial cells.  The identification of the molecular mechanisms revealed that EPA directly 

increases IDE enzyme activity and elevates gene expression of IDE. DHA also directly 

stimulates IDE enzyme activity and affects IDE sorting by increasing exosome release of 

IDE, resulting in enhanced Aβ-degradation in the extracellular milieu. Beside the known 

positive effect of DHA by reducing Aβ production, EPA and DHA might ameliorate AD 

pathology by increasing Aβ turnover. 

 

Key words: Polyunsaturated omega-3 fatty acids, eicosapentaenoic acid, docosahexaenoic 

acid, Aβ-degradation, insulin-degrading enzyme 
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Introduction  

Alzheimer´s disease (AD) is a devastating neurodegenerative disorder and the most common 

cause of dementia in the elderly. The severe accumulation of amyloid-β (Aβ) peptides in brain 

tissue resulting in the formation of extracellular senile plaques is proposed to be the initial 

pathological event of the disease (Hardy and Selkoe 2002; Hardy and Higgins 1992). Cerebral 

Aβ level are not only dependent on Aβ-production by sequential proteolytic processing of the 

amyloid precursor protein (APP), but also on Aβ-clearance mechanisms including the 

transport across the blood-brain barrier, microglial phagocytosis and the enzymatic 

degradation within brain parenchyma (Miners et al. 2011; Saido and Leissring 2012). 

Several in vitro and cell-based studies have shown an involvement of insulin-degrading 

enzyme (IDE) in Aβ-degradation (Chesneau et al. 2000; Fernandez-Gamba et al. 2009; 

Kurochkin and Goto 1994; Perez et al. 2000; Qiu et al. 1998; Sudoh et al. 2002). Utilizing 

IDE deficient mice the enzyme has been identified as one of the major Aβ-degrading enzymes 

in brain tissue (Farris et al. 2003; Miller et al. 2003). IDE is a zinc metallopeptidase which is 

most abundant in the cytosol, but also localized in several other subcellular compartments 

(Saido and Leissring 2012). Additionally, IDE is the major Aβ-degrading enzyme secreted 

into the medium of neuronal and microglial cell cultures (Farris et al. 2003; Qiu et al. 1998; 

Qiu et al. 1997; Vekrellis et al. 2000). The protein lacks a typical secretory signal sequence 

and is not exported via the classical secretory pathway (Zhao et al. 2009), but it has been 

discussed to be secreted by exosome release (Bulloj et al. 2010). 

Several epidemiological trials indicate that the dietary intake of polyunsaturated fatty acids 

(PUFAs) from fish and marine oils, especially docosahexaenoic acid (DHA) and 

eicosapentaenoic acid (EPA), is associated with a reduced risk for the development of AD 

(Barberger-Gateau et al. 2007; Boudrault et al. 2009; Grimm et al. 2013b; Hartmann et al. 

2007; Jicha and Markesbery 2010; Mett et al. 2016; Morris et al. 2003). Reduced levels of 
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these fatty acids have been found in the serum/plasma and in post mortem brain tissue of AD 

patients (Conquer et al. 2000; Grimm et al. 2011a; Soderberg et al. 1991; Tully et al. 2003). 

Furthermore, dietary supplementation of PUFAs seems to improve the cognitive functions of 

AD animal models (Calon et al. 2004; Hashimoto et al. 2002; Hashimoto et al. 2005; 

Hooijmans et al. 2012; Hooijmans et al. 2009; Hosono et al. 2015) and of patients with early 

stages of AD (Chiu et al. 2008; Freund-Levi et al. 2006; Kotani et al. 2006). We and others 

analysed the underlying mechanisms showing that DHA reduces Aβ-generation via 

pleiotropic mechanisms in cell cultures and in vivo (Green et al. 2007; Grimm et al. 2011b; 

Grimm et al. 2013b; Lim et al. 2005; Torres et al. 2014). Additionally, PUFAs have been 

shown to negatively affect Aβ-aggregation and Aβ-induced toxicity in neuroblastoma cells 

(Hashimoto et al. 2011; Hashimoto et al. 2008; Hossain et al. 2009) and further to improve 

microglial phagocytosis of Aβ-peptides (Hjorth et al. 2013). However, the influence of 

PUFAs on enzymatic Aβ-degradation is still unclear. The aim of this study was to clarify 

whether EPA- and DHA-containing phosphatidylcholines (PC) have beneficial effects on Aβ-

degradation compared to PCs containing saturated fatty acids with the same chain length. Our 

results revealed that EPA and DHA have, in addition to their positive effects described above, 

a stimulating influence on IDE-dependent Aβ-degradation further indicating a potential of 

these PUFAs in preventing AD or slowing down its progression.  
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Material and methods 

Materials 

Cell culture materials and chemicals were purchased from Sigma (Taufkirchen, Germany) if 

not stated otherwise.  

The phospholipids 1,2-Di-arachidoyl-sn-glycero-3-phosphocholine (PC20:0/20:0), 1,2-Di-

behenoyl-sn-glycero-3-phosphocholine (PC22:0/22:0) and 1,2-Di-docosahexaenoyl-sn-

glycero-3-phosphocholine (PC22:6/22:6) were purchased from Avanti Polar Lipids 

(Alabaster, AL, USA). 1,2-Di-eicosapentaenoyl-sn-glycero-3-phosphocholine (PC20:5/20:5) 

was acquired from Sigma (Taufkirchen, Germany). Due to the limited solubility of 

PC20:0/20:0 and PC22:0/22:0 all used phospholipids were uniformly dissolved in pre-

warmed (37 °C) ethanol to a final concentration of 2 mM by vortexing.   

 

Cell culture 

Cultivation: Mouse neuroblastoma Neuro-2a (N2a) cells were cultivated in Dulbecco’s 

modified Eagle’s medium (DMEM) containing 10 % fetal calf serum (FCS) (PAN Biotech, 

Aidenbach, Germany), 0.1 mM non-essential amino acid solution (MEM), 

penicillin/streptomycin (100 U/ml and 0.1 mg/ml), 2 mM L-glutamine and 1 mM sodium 

pyruvate. For stable N2a IDE knock-down and the corresponding mock-transfected control 

cells (Grimm et al. 2015), culture medium was additionally supplemented with 400 µg/ml 

hygromycin B (PAN Biotech, Aidenbach, Germany). 

Incubations: In order to reduce the lipid content of the cell culture medium during incubation 

with phospholipids the concentration of FCS was reduced to 0.1 % as described earlier 

(Grimm et al. 2005). Cells were cultured until reaching confluence and cultivated in FCS-

reduced culture medium (DMEM/ 0.1% FCS) for 6 hours (h) prior to incubation. Then pre-

warmed (37 °C) culture medium (DMEM/ 0.1% FCS) was supplemented with phospholipids 
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to a final concentration of 10 µM in glass vials under continuous vortexing and incubated on 

cells over a period of 18 h. As an example for the uptake we measured the shortest saturated 

(PC20:0/20:0) and the longest unsaturated (PC22:6/22:6) phospholipids in incubated cells 

utilizing mass spectrometry analysis. As illustrated in Supplemental figure 1 and already 

published earlier (Grimm et al. 2013a), the PC-profile of the treated cells is altered compared 

to cells incubated with solvent indicating the phospholipids to be efficiently taken up.  

For inhibition of exosome release GW4869 (Merck Millipore, Darmstadt, Germany), an 

inhibitor of neutral sphingomyelinase known to affect exosome secretion (Li et al. 2013; 

Trajkovic et al. 2008), was added to the incubation medium in a final concentration of 20 µM. 

Transfections: Transient transfection was performed by using Lipofectamine 2000 and Opti-

MEM (Invitrogen, Karlsruhe, Germany) according to manufacturer’s protocol. Incubations of 

transfected cells were started 48 h after transfection. For the generation of stably transfected 

IDE knock-down and the corresponding control cells (Grimm et al. 2015), N2a cells were 

transfected with SureSilencingTM–Insulin degrading enzyme shRNA plasmid or control 

vector (SABioscience, Frederick, MD, USA) as described above followed by selection for 

stable clones with 400 µg/ml hygromycin B (PAN Biotech, Aidenbach, Germany). 

 

Determination of protein concentration 

Determination of protein concentration was performed using bicinchoninic acid (Smith et al. 

1985) as described in detail earlier (Rothhaar et al. 2012). Samples were adjusted to equal 

protein amount prior to further usage in experiments. 

 

Mass spectrometry analysis 

PC content in samples was measured by using a 4000 quadrupole linear-ion trap (QTrap) 

equipped with a Turbo Spray ion source (AB Sciex, Darmstadt, Germany) connected to a 
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1200 Agilent HPLC (Agilent, Böblingen, Germany). For measuring phospholipid uptake N2a 

cells were washed three times with ice cold PBS, scraped off, sonificated in water and 

adjusted to equal protein amount prior to mass spectrometry analysis. The PC-profile of the 

samples was determined as described in detail earlier (Grimm et al. 2011a) with minor 

modifications. To evaluate the binding properties of phospholipids to IDE, samples were 

transferred to a 96-deep well plate (Nunc, Langenselbold, Germany), which was covered with 

a silicone cap and shaken for 2 minutes (min) at 450 rpm at room temperature. The plate was 

placed into the autosampler. Each sample’s PC content was measured three times by injection 

of 20 µl sample volume by precursor ion scan of m/z 184.1 (representing the PC head group) 

in positive mode with the following parameters: curtain gas (CUR) 20 psi, collision gas 

(CAD) medium, ion spray voltage (IS) 5500 V, temperature (TEM) 200 °C, ion source gas 1 

(GS1) 40 psi, ion source gas 2 (GS2) 50 psi, interface heater (ihe) on, declustering potential 

(DP) 83 V, entrance potential (EP) 10 V, collision energy (CE) 48 V and collision cell exit 

potential (CXP) 15 V. For detection and evaluation, Analyst 1.5 software (AB Sciex, 

Darmstadt, Germany) was used.  

 

Assessment of cell viability 

Cytotoxicity was determined by measuring lactate dehydrogenase (LDH) activity in cell 

culture supernatant of incubated cells utilizing the Cytotoxicity Detection Kit PLUS (Roche 

Diagnostics, Mannheim, Germany) in accordance to the manufacturer’s protocol. Under the 

used conditions cell viability was unaltered (data not shown).  

 

Preparation of cell lysates and collection of conditioned culture medium 

Conditioned culture medium was collected and centrifuged for 5 min at 13000 x g and 4 °C. 

Supernatant was used for further analysis. Cells were washed with ice cold phosphate 
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buffered saline (PBS) and scraped off on ice. After lysis on ice for 1 h in cell lysis buffer (150 

mM NaCl, 50 mM Tris/HCl pH 7.4, 2 mM EDTA, 0.1 % NP-40, 0.1 % Triton-X 100) 

containing protease inhibitor cocktail (Roche Diagnostics, Mannheim, Germany), samples 

were centrifuged for 5 min at 13000 x g and 4 °C. Supernatants were used for further 

experiments. 

 

Measurement of total Aβ-degradation 

Determination of total Aβ-degradation was performed as described earlier (Grimm et al. 

2014). Accordingly, N2a cells were incubated with 10 µM phospholipids for 18 h as 

described above. Incubation medium was replaced by DMEM/0.1 % FCS containing 10 µM 

phospholipids and 0.5 µg/ml synthetic human Aβ40-peptides (B. Penke, Szeged, Hungary), 

which was incubated on cells for 6 h. Remaining, not degraded human Aβ40 peptides in the 

cell culture medium were quantified by western blot analysis using W02-antibody detecting 

only the supplemented human, but not endogenous murine Aβ40 peptides. 

 

Western Blot analysis 

Samples were adjusted to equal protein content and loaded on 10-20 % tricine gels (Anamed 

Elektrophorese, Groß-Bieberau, Germany). For detection of extracellular IDE proteins, 

conditioned cell culture medium was enriched by the use of Amicon Ultra Filters with a cutoff 

of 30 kDa (Merck Millipore, Darmstadt, Germany) prior to gel electrophoresis. Proteins were 

transferred onto nitrocellulose membranes (Whatman, Dassel, Germany). Immobilized IDE 

was detected by using the antibody ST1120 (Merck Millipore, Darmstadt, Germany), 

detection of human Aβ-Peptides was performed with W02-antibody (Merck Millipore, 

Darmstadt, Germany). Anti-rabbit HRP-coupled antibody W401 (Promega, Mannheim, 

Germany) and anti-mouse HRP-coupled antibody P0260 (Dako, Hamburg, Germany) were 
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utilized as secondary antibodies. Proteins were detected with ECL solutions (Perkin Elmer, 

Rodgau-Jügesheim, Germany). Band intensity was quantified densitometrically by using 

Image Gauge V3.45 software after the background signal was subtracted. 

 

Quantitative real-time PCR 

Extraction of total RNA was performed by the use of Trizol Reagent (Invitrogen, Karlsruhe, 

Germany). Reverse transcription of RNA was carried out with the High-Capacity cDNA 

Reverse Transcription Kit (Life Technologies, Darmstadt, Germany) according to 

manufacturer´s instructions. Quantitative real-time PCR was performed by utilizing the Fast 

SYBR Green Master Mix (Applied Biosystems, Darmstadt, Germany), PikoReal Real-Time 

PCR System (Thermo Scientific, Waltham, USA) and the following primers (Eurofins MWG 

Operon, Eberberg, Germany): β-actin 5′-CCTAGGCACCAGGGTGTGAT-3′ and 5′-

TCTCCATGTCGTCCCAGTTG-3′; insulin-degrading enzyme 5′-GCTACGTGC 

AGAAGGACCTC-3′ and 5′-TGGACGTATAGCCTCGTGGT-3′. Changes in gene 

expression were calculated with the 2(-∆∆Ct)-method according to Livak and Schmittgen 

(Livak and Schmittgen 2001) after normalization to β-actin.  

 

Assessment of IDE-promoter activity 

For measurement of IDE promoter activity cells were transiently transfected with the GLuc-

ON Promoter Reporter plasmid HPRM22553-PG04 (GeneCopoeia, Rockville, USA) 

comprising the Gaussia luciferase gene regulated by the IDE promoter region as reporter gene 

and the constitutively expressed tracking gene encoding for secreted alkaline phosphatase 

(SEAP). 48 h after transfection, cells were incubated with phospholipids as described above. 

The activities of Gaussia luciferase and SEAP in conditioned culture medium of the incubated 

cells were measured by using the Secrete-Pair Dual Luminescence Assay Kit (GeneCopoeia, 
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Rockville, USA) according to manufacturer´s instructions. Luminescence was detected in an 

Infinite M1000Pro-Fluorometer/ Luminometer (Tecan, Crailsheim, Germany). For each 

sample the signal of Gaussia luciferase activity was normalized to the signal of SEAP activity 

eliminating variations in transfection efficiency or cell confluence. 

 

In vitro incubation of recombinant IDE with phospholipids 

50 ng recombinant human IDE (R&D Systems, Minneapolis, USA) was incubated for 15 min 

with 10 µM phospholipids in IDE assay buffer (100 mM Tris-HCl pH 7.0, 50 mM NaCl, 10 

µM ZnCl2) in glass vials under continuous shaking at 37° C.  

 

Determination of the direct effect of phospholipids on IDE activity 

After in vitro incubation, 50 µl of IDE/phospholipid mixture (corresponding to 12.5 ng 

recombinant IDE) were pipetted onto a black 96-well plate. After adding of 5 µM substrate 

Mca-RPPGFSAFK(Dnp)-OH (R&D Systems, Minneapolis, USA), resulting fluorescence was 

detected continuously at an excitation wavelength of 320±10 nm and an emission wavelength 

of 405±10 nm in a Safire
2
 Fluorometer (Tecan, Crailsheim, Germany). 

 

Determination of binding properties of phospholipids to IDE 

50 ng recombinant human IDE was in vitro-incubated with equimolar amounts of 

PC20:5/20:5 and PC20:0/20:0 or PC22:0/22:0 and PC22:6/22:6 (10 µM). Samples containing 

phospholipids in absence of IDE were used as negative control. To remove excessive 

phospholipids, samples were transferred to Amicon Ultra Filters with a cutoff of 30 kDa 

(Merck Millipore, Darmstadt, Germany) and centrifuged at 13000 x g. Supernatant containing 

IDE was washed several times with 10 mM Tris/HCl pH 7.5.  For co-immunoprecipitation 

IDE/phospholipid-complexes were incubated with 20 µl protein G-Sepharose (Sigma, 
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Taufkirchen, Germany) and anti-IDE antibody ST1120 (1.5 µg/ml) (Merck Millipore, 

Darmstadt, Germany) in an end-over-end shaker for 3 h at room temperature and centrifuged 

at 13000 x g for 1 min. After removal of supernatant protein G-Sepharose beads were washed 

three times with 10 mM Tris/HCl pH 7.5 and boiled in ethanol.  Phospholipid content of the 

precipitates was determined by mass spectrometry. 

 

Measurement of the activity of Aβ-degrading enzymes in living cells after pre-incubation 

with phospholipids 

N2a cells were seeded on a 96-well plate, incubated for 18 h with 10 µM phospholipids as 

described above and washed twice with warm (37 °C) cell imaging solution (140 mM NaCl, 5 

mM KCl, 8 mM CaCl2, 1 mM MgCl2, 20 mM HEPES, 0.1 % FCS, pH 7.4). Cell imaging 

solution containing the substrate Mca-RPPGFSAFK(Dnp)-OH (10 µM) (R&D Systems, 

Minneapolis, USA), EDTA-free protease inhibitor cocktail (Roche Diagnostics, Mannheim, 

Germany), 25 µM γ-secretase inhibitor IV (Merck Millipore, Darmstadt, Germany) and 1 µM 

β-secretase inhibitor (Merck Millipore, Darmstadt, Germany) was allocated to the cells. These 

inhibitors were supplemented to the assay to enhance the specificity of substrate cleavage by 

Aβ-degrading enzymes. Resulting fluorescence was detected at an excitation wavelength of 

320±10 nm and an emission wavelength of 405±10 nm in a Safire
2
 Fluorometer (Tecan, 

Crailsheim, Germany) as described above. 

 

Statistical analysis    

All quantified data presented here are based on an average of at least three independent 

experiments. The effects of PC20:5/20:5 and PC22:6/22:6 were calculated in comparison to 

PC20:0/20:0 or PC22:0/22:0 (set at 100%), respectively, if not stated otherwise. Error bars 
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represent standard error of the mean. Statistical significance was determined by ANOVA or 

two-tailed Student’s t-test; significance was set at * p ≤ 0.05; ** p ≤ 0.01 and *** p ≤ 0.001. 

 

 

 

Results 

The omega-3 polyunsaturated fatty acids eicosapentaenoic acid (EPA) and docosahexaenoic 

acid (DHA) increase Aβ-degradation via insulin-degrading enzyme (IDE) 

To analyse whether EPA and DHA influence Aβ-degradation, we treated mouse N2a cells 

with PC containing EPA or DHA in the sn-1 and sn-2 position (PC20:5/20:5 = 1,2-Di-

eicosapentaenoyl-sn-glycero-3-phosphocholine; PC22:6/22:6 = 1,2-Di-docosahexaenoyl-sn-

glycero-3-phosphocholine). As control we used phospholipids containing the corresponding 

saturated fatty acids in the sn-1 and sn-2 position (PC20:0/20:0 = 1,2-Di-arachidoyl-sn-

glycero-3-phosphocholine; PC 22:0/22:0 = 1,2-Di-behenoyl-sn-glycero-3-phosphocholine) to 

determine the effect of the double-bonds within the fatty acid carbon chain esterified to PC. 

After an 18 h incubation period with 10 µM phospholipids cells were incubated for 6 h with 

10 µM phospholipids and 0.5 µg/ ml synthetic human Aβ40 peptide. Remaining, not 

degraded human Aβ40 peptides were quantified by western blot analysis using W02-antibody 

detecting only the supplemented human, but not endogenous murine Aβ40 peptides. 

In the presence of PC20:5/20:5 remaining Aβ peptides were reduced compared to 

PC20:0/20:0 treated cells, indicating that EPA increases Aβ-degradation (Figure 1). The 

stimulating effect on Aβ-degradation was even more pronounced for DHA. PC22:6/22:6 

treated N2a cells showed an even higher reduction in remaining Aβ compared to PC22:0/22:0 

incubated cells (Figure 1). The DHA- and EPA-induced positive effect on Aβ-degradation 
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was not observed in N2a cells with reduced expression of IDE, one of the main Aβ-degrading 

enzymes (Farris et al. 2003; Qiu et al. 1998). In the used N2a IDE knock-down cell line IDE 

both protein level and Aβ-degrading activity were reduced as illustrated in Supplemental 

figure 2 and published earlier (Grimm et al. 2015). IDE knock-down cells incubated with 

PC20:5/20:5 showed a slight but not significant increase in remaining, not-degraded Aβ 

peptides in comparison to IDE knock-down cells treated with PC20:0/20:0. Also for DHA, the 

positive effect on Aβ-degradation was not observed in IDE knock-down cells (Figure 1). 

These results indicate that EPA and DHA increase Aβ-degradation via IDE. 

 

 

Influence of EPA and DHA on IDE gene expression 

As outlined above, EPA and DHA increase Aβ-degradation via IDE. To further clarify the 

molecular mechanisms involved in elevating Aβ-degradation, we first analysed IDE 

expression in the presence of PC20:5/20:5 and PC22:6/22:6, again compared to the 

corresponding saturated phospholipids PC20:0/20:0 and PC22:0/22:0. Real-time (RT)-PCR 

analysis revealed that EPA-containing phospholipids significantly increased IDE expression 

whereas DHA-containing phospholipids showed no significant effect on IDE expression 

(Figure 2a). The elevation of IDE expression in the presence of EPA-containing 

phospholipids could be further verified by the determination of IDE promoter activity. 

Therefore N2a cells were transiently transfected with a promoter reporter plasmid comprising 

a luciferase gene regulated by the IDE promoter region. 48 h after transfection cells were 

incubated for 18 h with PC20:5/20:5 or the control saturated phospholipid PC20:0/20:0. IDE 

promoter activity was significantly increased in the presence of EPA-containing 

phospholipids (Figure 2b), comparable to the effect of EPA-containing phospholipids on IDE 
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expression determined by RT-PCR (Figure 2a). These results clearly indicate that EPA 

increases Aβ-degradation by elevated gene expression of IDE.  

 

 

DHA affects cellular sorting of IDE 

IDE is mainly a cytosolic protein lacking any secretory signal sequence (Zhao et al. 2009). 

However, secreted IDE plays a major role in the extracellular clearance of secreted Aβ (Jiang 

et al. 2008; Vekrellis et al. 2000). Therefore we analysed whether EPA- or DHA-containing 

phospholipids influence cellular sorting of IDE. In the presence of PC20:5/20:5 compared to 

PC20:0/20:0 the level of secreted IDE tends to be increased while the intracellular IDE level 

was significantly elevated (Figure 2c). Extracellular IDE level were significantly elevated in 

PC22:6/22:6 incubated cells compared to PC22:0/22:0 treated cells whereas intracellular IDE 

levels tend to decrease, resulting in a significantly elevated ratio of extracellular/intracellular 

IDE for DHA-containing phospholipids (Figure 2c). This result indicates that DHA affects 

IDE sorting by increasing the secretion of IDE. In contrast, the ratio of 

extracellular/intracellular IDE was not significantly changed for PC20:5/20:5 (Figure 2c). 

Thus EPA does not seem to affect IDE sorting but increases Aβ-degradation by elevating IDE 

gene expression in general (Figure 2a).  

As the IDE protein lacks a typical secretory signal sequence, IDE is not released through the 

classic exocytic pathway (Zhao et al. 2009), but most probably by exosome release (Bulloj et 

al. 2010). As we found increased secretion of IDE for DHA-containing phospholipids, 

resulting in elevated degradation of extracellular added human Aβ peptides (Figure 1), we 

addressed whether exosome release of IDE is affected in the presence of PC22:6/22:6. 

Therefore we analysed Aβ-degradation in cells treated with PC22:6/22:6 or PC22:0/22:0 in 

the presence of GW4869, known to inhibit exosome release (Li et al. 2013; Trajkovic et al. 
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2008), or the solvent DMSO. Total Aβ-degradation is strongly reduced in N2a cells treated 

with GW4869 and PC22:0/22:0 compared to cells incubated with DMSO and the same lipid 

as illustrated in Supplemental figure 3, which is in line with the described effect of GW4869 

to inhibit exosomal release and the resulting reduced IDE secretion.  

As expected, remaining not-degraded human Aβ peptides were significantly decreased in the 

presence of PC22:6/22:6 and DMSO compared to PC22:0/22:0 and DMSO (Figure 2d). In the 

presence of PC22:6/22:6 and GW4869 remaining Aβ peptides were decreased to a lesser 

extent in comparison to PC22:0/22:0 and GW4869 (Figure 2d), indicating that DHA-induced 

increased release of IDE and thus elevated Aβ-degradation is at least partially mediated via 

exosome release of IDE. 

 

 

EPA and DHA directly affect IDE activity 

In order to analyse whether EPA and DHA directly affect IDE activity we performed an in 

vitro assay in the presence of recombinant IDE, phospholipids and a suitable substrate. Both, 

EPA and DHA, dramatically increased IDE activity in vitro (Figure 3a), indicating that EPA 

and DHA also directly affect IDE activity. Binding properties of the applied phospholipids 

were determined by Co-immunoprecipitation studies with recombinant IDE and equimolar 

amounts of unsaturated and saturated phospholipids followed by mass spectrometry analysis. 

In the presence of recombinant IDE and equimolar amounts of PC20:0/20:0 and PC20:5/20:5 

we found that the unsaturated phospholipid PC20:5/20:5 co-immunoprecipitated stronger with 

IDE than the saturated PC20:0/20:0 phospholipid, resulting in a significant increase in the 

ratio of PC20:5/20:5 to PC20:0/20:0. Similarly, unsaturated PC22:6/22:6 was also found to 

bind more efficiently to IDE than the corresponding saturated phospholipid PC22:0/22:0. The 
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ratio of PC22:6/22:6 to PC22:0/22:0 was also significantly elevated (Figure 3b). Both results 

indicate that the unsaturated phospholipids have a higher affinity to IDE than the saturated 

phospholipids resulting in increased IDE activity in the presence of PC20:5/20:5 and 

PC22:6/22:6.  

 

To investigate whether these direct effects of EPA- and DHA- containing phospholipids on 

IDE are mainly responsible for the increased Aβ-degradation in cells incubated with 

PC20:5/20:5 or PC22:6/22:6 (Figure 1), we measured the activity of Aβ-degrading proteases 

in N2a cells after pre-incubation with these lipids in comparison to PC20:0/20:0 or 

PC22:0/22:0. After incubation the medium was removed and cells were washed before the 

substrate Mca-RPPGFSAFK(Dnp)-OH, which is cleaved by Aβ-degrading enzymes, was 

added. In the absence of supplemented phospholipids the cleavage of the substrate is slightly, 

but significantly increased in cells pre-incubated with PC20:5/20:5 and not significantly 

altered in cells pre-incubated with PC22:6/22:6 (Supplemental Figure 4). These results 

indicate that several mechanisms contribute to the observed effect of these lipids on 

IDE-mediated Aβ-degradation. However, the direct effect of the lipids under these conditions 

seems to be more pronounced than the other observed mechanisms. 

 

 

 

Discussion 

An increased dietary intake of omega-3 PUFAs, such as EPA and DHA, are discussed to 

ameliorate cognitive deficits or neuropathology associated with AD (Boudrault et al. 2009). 

One of the main pathological hallmarks of AD is the overproduction and accumulation of Aβ 

peptides (Masters et al. 1985). The level of pathogenic Aβ peptides is determined by the 

Page 16 of 35

https://mc06.manuscriptcentral.com/bcb-pubs

Biochemistry and Cell Biology



Draft

17 

 

balance between its generation and turnover (Miners et al. 2011; Saido and Leissring 2012). 

Whereas several studies addressed the influence of omega-3 PUFAs, especially DHA, on Aβ 

production (Green et al. 2007; Grimm et al. 2011b; Lim et al. 2005; Torres et al. 2014), very 

little is known about the effect of PUFAs on Aβ-degradation. In this study we aimed to 

examine the effect of EPA and DHA on Aβ-degradation including the identification of the 

underlying molecular mechanisms. 

PC represent 58 % of membrane phospholipids being the most abundant phospholipids of 

mammalian membranes (Kadowaki and Grant 1995) and the brain is highly enriched in fatty 

acids including PUFAs, especially DHA, which accounts for about 8 % of the dry weight of 

the brain (Muskiet et al. 2006). Correspondingly, in the present study EPA and DHA were 

applied as phospholipids PC20:5/20:5 and PC22:6/22:6 and a neuroblastoma cell line was 

selected as cell culture model. It has to be mentioned that synthetic phospholipids were used 

containing PUFAs both in the sn1 and sn2 position. Under physiological conditions PUFAs 

are mainly bound in the sn2 position. However, this approach used here allowed us to address 

the question whether PUFAs are more beneficial than saturated fatty acids in respect to Aβ-

degradation more directly than using phospholipids containing a mixture of saturated and 

unsaturated fatty acids. Both, PC20:5/20:5 and PC22:6/22:6, elevated the degradation of 

extracellular added synthetic human Aβ peptides via IDE, one of the main Aβ-degrading 

enzymes (Farris et al. 2003; Qiu et al. 1998). For EPA-containing phospholipids, elevated Aβ-

degradation is caused by an increased gene expression of IDE and a direct effect of 

PC20:5/20:5 on IDE enzyme activity. In contrast, DHA-containing phospholipids revealed no 

effect on IDE gene expression in mouse N2a cells consistent with the study by Hosono et al. 

reporting that a DHA-enriched diet did not alter the expression of Aβ-degrading enzymes in 

APPswedish transgenic mice (Hosono et al. 2015). However, another study found up-

regulated IDE protein levels in primary hippocampal neurons incubated with DHA as free 
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fatty acid  (Du et al. 2010). In our study increased Aβ-degradation in the presence of DHA-

containing phospholipids is mediated by changes in IDE sorting, resulting in an elevated 

secretion of IDE into the extracellular space. By inhibition of exosome release we could 

further show that DHA at least partially affects the exosome release of IDE into the 

extracellular space. However, we cannot rule out that the used exosome release-inhibitor 

GW4869, which inhibits neutral sphingomyelinase itself, influences Aβ-degradation by other 

mechanisms than exosome secretion. To identify the exact mechanism how DHA influences 

the exosome release of IDE further studies are needed. In contrast, the sorting of IDE is not 

affected by EPA. More likely, extracellular and intracellular IDE levels trend to be elevated as 

a consequence of increased IDE gene expression in the presence of EPA-containing 

phospholipids. Similar to PC20:5/20:5, DHA-containing phospholipids also directly 

stimulated IDE enzyme activity. In contrast, palmitic (C16:0) and linoleic acid (C18:2) have 

been reported to inhibit IDE activity (Hamel et al. 2003). The PUFAs in PC20:5/20:5 and 

PC22:6/22:6 bound more efficiently to IDE compared to the corresponding saturated fatty 

acids in PC20:0/20:0 and PC22:0/22:0 in-vitro. Binding of fatty acids to IDE is further 

supported by a proposed cytosolic fatty acid binding protein signature within the IDE protein 

(Hamel et al. 2003). The co-immunoprecipitation experiments presented here are a proof of 

the concept that PUFAs bind more efficiently to IDE than saturated fatty acids. Under 

physiological conditions the phospholipids do not contain PUFAs in both the sn1- and the 

sn2-position and are mostly bound to lipoproteins, which might affect the interaction of the 

fatty acids to IDE.  

In summary, EPA and DHA increase Aβ turnover by affecting the Aβ-degrading enzyme IDE 

(Figure 4). Both omega-3 PUFAs directly stimulate IDE activity. In addition EPA increases 

IDE gene expression whereas DHA affects IDE sorting resulting in elevated extracellular IDE 
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levels.  Beside the positive effect of EPA and DHA on Aβ-degradation via IDE, DHA and 

EPA were found to increase Aβ clearance by stimulating microglial phagocytosis of Aβ42 

(Hjorth et al. 2013), substantiating the finding that treatment with PUFAs, especially EPA and 

DHA, might protect against AD pathology by increasing Aβ turnover. 
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Figure Legends 

Figure 1: Influence of EPA and DHA on Aββββ-degradation. Mouse neuroblastoma N2a cells 

(-) and N2a IDE knock-down cells (+) were incubated with PC20:5/20:5 or PC22:6/22:6. As 

control, cells were treated with PC20:0/20:0 or PC22:0/22:0. Aβ-degradation was determined 

by addition of human synthetic Aβ peptides to the cell culture medium and western blot 

analysis of remaining not-degraded Aβ peptides with the antibody W02 (N2a cells, 

PC20:5/20:5: remaining Aβ = 66.4 % ± 7.1 %, p ≤ 0.001; N2a cells, PC22:6/22:6: remaining 

Aβ = 39.5 % ± 3.2 %, p ≤ 0.001; N2a IDE knock-down cells, PC20:5/20:5: remaining Aβ = 

113.1 % ± 4.4 %, p = 0.669; N2a IDE knock-down cells, PC22:6/22:6: remaining Aβ = 105.4 

% ± 3.0 %, p = 0.918). 

All quantified data represent an average of at least three independent experiments. Error bars 

represent standard error of the mean. Asterisks show the statistical significance compared to 

control (* p ≤ 0.05; ** p ≤ 0.01 and *** p ≤ 0.001).  

 

Figure 2: Effect of EPA and DHA on IDE gene expression and cellular sorting of IDE. 

(a) IDE gene expression determined via RT-PCR in the presence of PC20:5/20:5 and 

PC22:6/22:6 in comparison to PC20:0/20:0 or PC22:0/22:0 (PC20:5/20:5: IDE gene 

expression = 117.6 % ± 3.6 %, p = 0.003; PC22:6/22:6: IDE gene expression = 106.7 % ± 

11.4 %, p = 0.567). (b) Influence of PC20:5/20:5 compared to PC20:0/20:0 on IDE promoter 

activity using luciferase as reporter gene regulated by the IDE promoter region (PC20:5/20:5: 

IDE promotor activity = 116.7 % ± 1.4 %, p = 0.003). (c) Influence of PC20:5/20:5 and 

PC22:6/22:6 on extracellular and intracellular IDE level in comparison to PC20:0/20:0 or 

PC22:0/22:0. Extracellular and intracellular IDE proteins were determined by western blot 

analysis using the antibody ST1120 (PC20:5/20:5: extracellular IDE level = 134.6 % ± 22.1 
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%, p = 0.26; intracellular IDE level = 116.5 % ± 3.6 %, p = 0.05; ratio 

extracellular/intracellular IDE level = 109.5 % ± 18.9 %, p = 0.77; PC22:6/22:6: extracellular 

IDE level = 128.3 % ± 5.6 %, p = 0.01; intracellular IDE level = 79.3 % ± 7.7 %, p = 0.09; 

ratio extracellular/intracellular IDE level = 161.5 % ± 12.2 %, p = 0.03). (d) Influence of 

PC22:6/22:6 compared to PC22:0/22:0 on Aβ-degradation, determined as described for 

Figure1, in the presence of the exosome release inhibitor GW4869 or the solvent DMSO 

(PC22:6/22:6/DMSO: remaining Aβ = 54.5 % ± 2.2 %, p ≤ 0.001; PC22:6/22:6/GW4869: 

remaining Aβ = 72.7 % ± 4.3 %, p = 0.004). Analysis and statistical significance as described 

for Figure 1. 

 

Figure 3: (a) Direct effect of EPA and DHA on IDE enzyme activity. In vitro assay 

measuring IDE enzyme activity by the use of purified IDE enzyme in the presence of 

PC20:5/20:5 and PC22:6/22:6 or of PC containing the corresponding saturated fatty acids 

(PC20:5/20:5: IDE activity = 268.2 % ± 16.3 %, p ≤ 0.001; PC22:6/22:6: IDE activity = 520.8 

% ± 63.7 %, p ≤ 0.001). (b) Binding properties of polyunsaturated fatty acids (PUFA) and 

saturated fatty acids to IDE. In vitro, equimolar amounts of PC20:0/20:0 and PC20:5/20:5 

or PC22:0/22:0 and PC22:6/22:6 were incubated with recombinant IDE protein. 

Phospholipids co-immunoprecipitated (IP) with IDE were determined by mass spectrometry 

analysis (ratio PC20:5/20:5 to PC20:0/20:0 = 285.7 % ± 22.1 %, p ≤ 0.001; ratio PC22:6/22:6 

to PC22:0/22:0 = 242.9 % ± 22.5 %, p = 0.004). Analysis and statistical significance as 

described for Figure 1. 
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Figure 4: Summary of the mechanisms involved in enhanced Aβ-degradation in the 

presence of EPA and DHA. 
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