
Aftins Increase Amyloid-β42, Lower Amyloid-β38, and Do Not Alter 
Amyloid-β40 Extracellular Production in vitro: Toward a Chemical 
Model of Alzheimer’s Disease?

Arnaud Hocharda,b, Nassima Oumataa, Karima Bettayebc, Olfa Glouloud, Xavier Fantb, 
Emilie Durieua,b, Nelly Burone, Mathieu Porceddue, Annie Borgne-Sancheze, Hervé 
Galonsa,d, Marc Flajoletc, and Laurent Meijera,*

aManRos Therapeutics, Centre de Perharidy, Roscoff, Bretagne, France

bCNRS, USR3151, Station Biologique, Roscoff, Bretagne, France

cLaboratory of Molecular and Cellular Neuroscience, The Rockefeller University, New York, NY, 
USA

dLaboratoire de Chimie Organique 2, CNRS, UMR 8601, Université Paris-Descartes, Paris, 
France

eMitologics SAS, Hôpital Robert Debré, 48, Boulevard Sérurier, Paris, France

Abstract

Increased production of amyloid-β (Aβ)42 peptide, derived from the amyloid-β protein precursor, 

and its subsequent aggregation into oligomers and plaques constitutes a hallmark of Alzheimer’s 

disease (AD). We here report on a family of low molecular weight molecules, the Aftins 

(Amyloid-β Forty-Two Inducers), which, in cultured cells, dramatically affect the production of 

extracellular/secreted amyloid peptides. Aftins trigger β-secretase inhibitor and γ-secretase 

inhibitors (GSIs) sensitive, robust upregulation of Aβ42, and parallel down-regulation of Aβ38, 

while Aβ40 levels remain stable. In contrast, intracellular levels of these amyloids appear to 

remain stable. In terms of their effects on Aβ38/Aβ40/Aβ42 relative abundance, Aftins act opposite 

to γ-secretase modulators (GSMs). Aβ42 upregulation induced by Aftin-5 is unlikely to originate 

from reduced proteolytic degradation or diminished autophagy. Aftin-5 has little effects on 

mitochondrial functional parameters (swelling, transmembrane potential loss, cytochrome c 
release, oxygen consumption) but reversibly alters the ultrastructure of mitochondria. Aftins thus 

alter the Aβ levels in a fashion similar to that described in the brain of AD patients. Aftins 

therefore constitute new pharmacological tools to investigate this essential aspect of AD, in cell 

cultures, allowing (1) the detection of inhibitors of Aftin induced action (potential ‘anti-AD 

compounds’, including GSIs and GSMs) but also (2) the identification, in the human chemical 

exposome, of compounds that, like Aftins, might trigger sustained Aβ42 production and Aβ38 

down-regulation (potential ‘pro-AD compounds’).
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INTRODUCTION

Following its description by Aloïs Alzheimer at the beginning of the 20th century, the 

neurodegenerative disease bearing the name of the German neuropathologist has been the 

object of numerous studies. Despite extensive investigation, the causes and mechanisms 

underlying the initiation and development of this disease still remain poorly understood 

(reviewed in [1, 2]). There is only a relatively mild consensus on the respective roles and 

importance of the two best described events associated with Alzheimer’s disease (AD), 

namely (i) the release of amyloid-β (Aβ) peptides by proteolytic processing of the amyloid-

β protein precursor (AβPP) and their extracellular aggregation in oligomers and ultimately 

in plaques [3–5] and (ii) hyperphosphorylation of the microtubule-binding protein tau by 

various kinases and subsequent intracellular aggregation as paired helical filaments 

[reviewed in 6–8].

Aβ peptides are the endproducts of two successive proteolytic actions catalyzed first by β-

secretase (BACE 1, β-site AβPP cleaving enzyme 1) and then by γ-secretase, a complex of 

four proteins: presenilin-1/2 (PSEN1/PSEN2) (the catalytic subunit, an aspartyl protease), 

nicastrin, anterior pharynx-defective 1, and presenilin enhancer 2 (PEN-2) (reviewed in [9]). 

The action of β-secretase on AβPP leads to a soluble extracellular fragment (sAβPPβ) and a 

membrane bound fragment (C99 or βCTF, β-carboxyl-terminal fragment). γ-Secretase then 

acts on this C-terminal fragment of AβPP, leading to the possibly stepwise [10] generation 

of Aβ peptides of various lengths, such as Aβ38, Aβ40, Aβ42, Aβ43, and the AβPP 

intracellular domain (AICD). Aβ40 is the main Aβ peptide. However, there is considerable 

data showing that generation of Aβ42 is strongly correlated with the onset and development 

of AD. In autosomal dominant forms of early onset AD, which represents less than 1% of all 

AD cases, mutations affect AβPP, PSEN1, and PSEN2 (reviewed in [11]) and all lead to 

enhanced production of Aβ42 or increase in the Aβ42/Aβ40 ratio, a critical factor in the onset 

of AD [12]. Aβ42 is more toxic than Aβ40 and this appears to be linked to its higher stability 

and ability to oligomerize and aggregate in plaques [13].

In a previous article, we reported on the properties of a family of tri-substituted purines, the 

Aftins (Amyloid-β Forty-Two Inducers) [14]. These low molecular weight compounds 

induce robust production of Aβ42 in cultured cells while leaving Aβ40 levels unaffected. 

They bind specific mitochondrial proteins and reversibly alter mitochondrial structure. They 

constitute new pharmacological tools to investigate the molecular mechanism underlying the 

modified Aβ42/Aβ40 ratio associated with AD.

We have synthesized and tested a small library of 52 Aftins and related purine analogues. In 

this article, we report on an optimized Aftin (Aftin-5) which lacks cellular toxicity at high 

doses, while dramatically modifying extracellular Aβ38/Aβ40/Aβ42 production in cultured 

N2a-AβPP695 and other cells (primary neuronal cells, HEK293 cells expressing AβPP, 
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normal N2a cells). Aftin-5 triggers massive upregulation of Aβ42 and parallel down-

regulation of Aβ38, while Aβ40 levels remain stable. Intracellular levels of these amyloids 

remain stable. These effects are sensitive to pharmacological inhibitors of β-secretase or γ-

secretase (GSIs) and to a γ-secretase modulator (GSM). We show that upregulation of Aβ42 

by Aftin-5 is unlikely to be due to reduced degradation by proteases or diminished 

autophagy. Aftin-5 has no significant effects on mitochondrial functional parameters such as 

swelling, transmembrane potential loss, cytochrome c release, and oxygen consumption 

(complex I or II activation). Mitochondria ultrastructure is modestly, but reversibly, affected. 

Aftin-5 thus appears to alter Aβ relative abundance in cells in a fashion similar to that 

described in the brain of AD patients [15–17]. Aftin-5 therefore constitutes a new 

pharmacological tool that could be used to investigate this essential aspect of AD in cell 

cultures. The established cellular system allows (i) the detection of inhibitors of this Aftin-5 

induced action (potential ‘anti-AD compounds’) but also (ii) the identification of other 

compounds like Aftins that might trigger massive Aβ42 production and Aβ38 down-

regulation (potential ‘pro-AD compounds’). Aftin-5 may also be a first step toward the 

generation of a chemically-induced animal model of AD.

MATERIAL AND METHODS

Synthesis of Aftins and γ-secretase modulator

N6-dimethylaminopurine (N6DA) (1) was obtained from Sigma Aldrich (Lyon, France). 

Aftins of Fig. 1 were synthesized as follows. Compound (2) was obtained upon heating 2-

amino-6-chloropurine with N-methylbenzylamine in 2-propanol. Aftin-1 (3) and Aftin-2 (4) 

were prepared from compound (2). Aftin-3 (5) was also obtained in a two steps procedure 

starting from 2-amino-6-chloropurine. Aftin-4 (6) and Aftin-5 (7) were obtained in a three 

steps procedure starting from 2,6-dichloropurine. (R)-Roscovitine (8) was synthesized as 

previously described [18]. The ‘Torrey Pines’ compound (9) was synthesized following a 

published procedure [19]. Detailed preparation procedures and characterization of these 

products are provided in the Supplementary data (available online: http://www.j-alz.com/

issues/35/vol35-1.html#supplementarydata01). All compounds were solubilized as 100 mM 

stock solutions in 100% dimethylsulfoxide (DMSO) and diluted just prior to use. Aftin-5 is 

available from ManRos Therapeutics, 29680-Roscoff, France (E-mail: meijer@manros-

therapeutics.com).

Other reagents

DMSO, Nonidet P-40, Tween-20, bovine serum albumin (BSA), Na2CO3, NaHCO3, citric 

acid monohydrate, Na2HPO4.2H2O, H2O2, thiorphan, captopril, quinaprilat, 

phosphoramidon, digitonin, and rapamycin were purchased from Sigma Aldrich. Protease 

inhibitors mix (Complete) was obtained from Roche (Boulogne-Billancourt, France). 

Streptavidin-horseradish peroxidase (HRP) conjugate was purchased from Thermo Scientific 

Pierce (Brebières, France). o-Phenylenediamine dihydrochloride (OPD) tablets were from 

Invitrogen (St. Aubin, France). DAPT (N-[(3,5-difluorophenyl)acetyl]-L-alanyl-2-

phenyl]glycine-1,1-dimethylethyl ester), BMS299897, 3-methyladenine and bafilomycin A1 

were obtained from Tocris Bioscience (Lille, France). Paraformaldehyde (16% stock) was 
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purchased from Electron Microscopy Sciences (EMS, Hatfield, USA). β-secretase inhibitor 

IV was from Calbiochem (Molsheim, France).

Cell culture

N2a-AβPP695 cells (Rockefeller University) were cultured in Dulbecco’s minimal essential 

medium (DMEM)/OptiMEM (1 : 1 v/v; Gibco, InVitrogen, St. Aubin, France) containing 

0.2 mg/mL Geniticin (Geneticin Selective Antibiotic, Gibco) and 5% fetal bovine serum 

(FBS, Gibco, EU approved origin) in a humidified, 5% CO2 incubator. Cells were split 

routinely every 4/5 days. They were first rinsed with PBS (Gibco) and detached from the 

plate bottom using 4 mL Versene (Gibco) at room temperature (RT) for 3–4 min. Eight mL 

of fresh medium were added to the cell suspension, and the mix was centrifuged for 3 min at 

1,000 rpm. The cell pellet was resuspended in fresh medium before seeding (1/10 dilution) 

in new flasks.

Sample preparation (extracellular amyloids)

N2a-AβPP695 cells were seeded at 10,000 cells/well in a 96 well plate with modified media 

(0.5% FBS) and incubated overnight. Cells were treated with fresh media and different 

compounds (equal quantity of DMSO), then incubated for 18 h in a humidified, 5% CO2 

incubator. The plate was finally centrifuged to remove cell fragments before collecting 

supernatant samples for amyloids levels determination (see below).

Sample preparation (intracellular amyloids)

N2a-AβPP695 cells were seeded at 2 × 106 cells in a T25 flask with modified media (0.5% 

FBS) and incubated overnight. Cells were treated with fresh media and different compounds 

(equal quantity of DMSO), then incubated for 18 h in a humidified, 5% CO2 incubator. The 

supernatants were collected and centrifuged before testing in an ELISA capture assay. Cells 

were washed with PBS (Gibco) and then scraped in 1.5 mL of PBS + protease inhibitors. 

Cells were centrifuged (1,000 rpm for 3 min at 4°C) and cell pellets were resuspended in 

PBS + protease inhibitors + 1% Nonidet P-40 and sonicated. After centrifugation (14,000 

rpm for 15 min at 4°C), amyloid concentrations were determined in the supernatants by an 

ELISA capture assay (see below).

ELISA capture assay

Aβ38, Aβ40, and Aβ42 levels were measured in a double antibody sandwich ELISA using a 

combination of monoclonal antibody (mAb) 6E10 (SIG-39320, Covance, Eurogentec, 

Seraing, Belgium) and biotinylated polyclonal Aβ38 [20], Aβ40, or Aβ42 [21] antibodies 

(provided by Dr. P.D. Mehta, Institute for Basic Research in Developmental Disabilities, 

Staten Island, USA). Briefly, 100 μl mAb 6E10 diluted in carbonate-bicarbonate buffer 

(0.015 M Na2CO3 + 0.035 M NaHCO3, pH 9.6), was coated in the wells of microtiter plates 

(Maxisorp, NuncTher-moFisher Scientific, Illkirch, France) and incubated overnight at 4°C. 

The plates were washed with PBST (PBS containing 0.05% Tween-20) and blocked for 1 h 

with 1% BSA in PBST to avoid non-specific binding. Each of the Aβ38, Aβ40, or Aβ42 

antibodies did not cross-react with the other amyloid peptides (data not shown). Standard 
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curves were prepared with synthetic amyloids and each of the three antibodies. Fitting was 

performed using a 4 parameters sigmoid equation (SigmaPlot, Systat).

Following a washing step, experimental samples were added into the wells and incubation 

was carried out for 2 h at RT and overnight at 4°C. Plates were washed before incubation 

with biotinylated polyclonal antibody diluted in PBST + 0.5% BSA at RT for 75 min. After 

a washing step, streptavidin-HRP conjugate, diluted in PBS + 1% BSA, was added and 

incubation was carried out for 45 min at RT. After washing, 100 μl OPD in citrate buffer 

(0.049M citric acid monohydrate + 0.1M Na2HPO4.2H2O + 1 mL H2O2 30%/L) pH 5.0 

were added. The reaction was stopped after 15 min with 100 μL 1 N sulfuric acid. The 

optical density was measured at 490 nm in a microELISA reader (BioTek Instrument, El 

800, Gen 5 software).

Cell viability

To measure cell viability, the MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2 -(4-sulfophenyl)-2H-tetrazolium) assay (CellTiter 96 AQueous 

One Solution Cell Proliferation Assay, Promega, Charbonnières-les-bains, France) was used 

in the same wells as the capture ELISA assay. Briefly, 20 μL of MTS reagent was added in 

each well containing 100 μL of media and incubation then proceeded for 3 h (37°C, 5% 

CO2, and 95% humidity). Measurements were made at OD 490Δ630 nm using a 

microELISA reader.

Autophagy assessment

Autophagy was assessed by counting of LC3 foci by immunofluorescence. Briefly, cells 

were grown on glass coverslips, fixed with 4% paraformaldehyde, permeabilized using 50 

μM digitonin and stained with a monoclonal anti-LC3 antibody (Enzo Life Sciences, 

Lausen, Switzerland). Images were acquired with a DFC310FX camera on a Leica AF6000 

microscope using a 40× NA 0.85 objective (Leica Microsystems). Automated counting of 

LC3 foci was performed using Image J (NIH).

Mitochondria studies

Swelling, transmembrane potential loss, cytochrome c release, oxygen consumption 

(through complex I or complex II activation), and electron microscopy were carried out as 

described in details in the Supplementary data (see also http://www.mitologics.com).

RESULTS

Aftins, a family of roscovitine-related purines, dramatically increase production of Aβ42 in 
N2a cells, but not Aβ40

In a search for compounds inhibiting the CK1 kinase [22, 23] and possibly modifying Aβ 
production in cultured N2a-AβPP695 cells (N2a cells stably expressing human AβPP695), 

we identified a sub-family of purines, related to the kinase inhibitor roscovitine (Fig. 1, 

compound 8) [24] and able to decrease the Aβ40/Aβ42 ratio. This family of compounds was 

named Aftins, which stands for Amyloid Forty Two Inducers [14]. Here we have prepared 

and tested a small library of 52 purines and related compounds. A selection of these 
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molecules is shown in Fig. 1. N6-substituted purines were synthesized and added at various 

concentrations to N2a-AβPP695 cells. After 18 h incubation, levels of Aβ40 and Aβ42 in cell 

supernatants were determined by an ELISA assay and cell viability was estimated by the 

MTS assay (see Material & Methods section). A subset of compounds massively increased 

the production of Aβ42 (Fig. 2, upper panel) while Aβ40 level remained unaffected (Fig. 2, 

lower panel). This screen allowed to select the most active Aftins (in terms of Aβ42 

induction) displaying the lowest cytotoxicity (MTS assay). The Aβ42-inducing compounds 

have all lost the H-bonding potential at N6 (indicated by an asterisk on roscovitine), which is 

key to the binding of roscovitine (8) to its kinase targets [25], either through methylation 

[Aftins-1 (3), -2 (4), -4 (6), -5 (7)] or replacement of the nitrogen atom by an oxygen 

[Aftin-3 (5)]. This is necessary but not sufficient as Aftins also require a hydrophobic 

substituent at position 9 [compare inactive compounds N6DA (1) and compound (2) to 

Aftin-1 (3) and -4 (6)]. Kinase assays showed that Aftins are kinase inactive (data not 

shown), while the kinase inhibiting roscovitine shows little effect on Aβ42 levels (Fig. 2A). 

As for Aftin-4 [14], running Aftin-5 (10 μM) on the KinomeScan panel of 402/442 kinases 

revealed no interaction with any of the kinases (Supplementary Table 1). Kinase inhibition 

activity therefore does not seem to be involved in the biological activity of Aftins.

Non-cytotoxic Aftin-5 upregulates Aβ42 and down-regulates Aβ38

Among all the compounds tested, Aftin-5 (7), the purvalanol equivalent of Aftin-4 (N6-

methyl-roscovitine), did not show any cytotoxic effects on cells even at the highest 

concentration tested (100 μM) or at the longest exposure (6 days) (data not shown). 

Comparison of the effects of Aftin-4 and Aftin-5 on the survival of various cell lines 

illustrated the lower cell toxicity of Aftin-5 (Table 1). Dose-response curves showed that 

Aftin-5 gradually induced increasing levels of Aβ42 production (up to >900% increase), 

while the levels of Aβ40 remained essentially stable (maximum 40% increase) (Fig. 3A). In 

contrast, the levels of Aβ38 were found to decrease (>70%) in parallel to the increase of 

Aβ42. Time-course experiments showed that Aβ42 production reached a plateau about 12 h 

after Aftin-5 addition and remained stable even up to 48 h (Fig. 3B). These results were 

confirmed with non-transfected N2a cells, with HEK293 stably expressing AβPPsw (data 

not shown) and with primary neuronal cell cultures (Mabondzo et al., in preparation). Aβ42 

production induced by Aftin-4 was bell-shaped, indicative of some cell toxicity at high 

doses. In contrast, Aβ42 production induced by Aftin-5 was linear up to the highest dose 

tested (150 μM).

Aftin induced upregulation of Aβ42 requires active β- and γ-secretases

To evaluate the importance of β-secretase in the effects of Aftin-5, we used a 

pharmacological inhibitor of β-secretase, β-secretase inhibitor IV. The drug inhibited 

production of both Aβ40 and Aβ42 in a dose-dependent manner (data not shown). To 

investigate the importance of γ-secretases in the effects of Aftin-5, we made use of two 

potent pharmacological inhibitors of γ-secretases (GSIs), DAPT [26] and BMS299897 [27]. 

Both drugs dose-dependently inhibited Aftin-5 induced production of Aβ42 (Fig. 4). Both 

drugs also reduced the level of basal Aβ40 and Aβ38. IC50 values (Aβ38/Aβ40/Aβ42: 

112/62/43 nM and 88/56/29 nM, for DAPT and BMS 299897, respectively) were in 

agreement with reported IC50 values for these GSIs (25–56 nM and 8–300 nM, 
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respectively). A similar sensitivity of Aftin-4’s effects to γ-secretase inhibitors has been 

observed (data not shown).

Upregulation of Aβ42 and down-regulation of Aβ38 by Aftin-5 are counteracted by γ-
secretase modulator

To evaluate the mechanism of action of Aftin-5 we next made use of a recently reported γ-

secretase modulator (GSM), the ‘Torrey Pines’ compound [28, 29]. This compound down-

regulated Aβ42 and Aβ40 production, in a dose-dependent manner, while it triggers a parallel 

upregulation of Aβ38 level (Fig. 5A) in N2a-AβPP695 cells as previously reported in 

HEK293/sw cells (stably expressing Swedish mutant AβPP) [29, 30]. When increasing 

concentrations of the ‘Torrey Pines’ compound were added to N2a-AβPP695 cells 1 h prior 

to 100 μM Aftin-5, a dose-dependent inhibition of Aftin-5 induced Aβ42 upregulation and 

Aβ38 down-regulation was observed (Fig. 5B). This shows that Aftin-5 and the GSM ‘Torrey 

Pines’ have opposite effects on the production of Aβ38 and Aβ42 peptides in N2a-AβPP695 

cells.

Aftin-5-induced upregulation of Aβ42 and down-regulation of Aβ38 concerns extracellular 
excreted amyloids, but not intracellular amyloids

We next measured both extracellular and intracellular levels of the three amyloids in N2a-

AβPP695 cells following exposure to Aftin-5. Cells were exposed for 18 h to 100 μM 

Aftin-5, in the absence or presence of 1 μM DAPT or ‘Torrey Pines’ compound. Both extra-

cellular and intracellular amyloids were detected and quantified by the ELISA assay. The 

validity of the intracellular amyloid assay was confirmed by spiking (and recovering) some 

samples with a known amount of Aβ42 (data not shown). Results show that Aftin-5 did not 

modify the levels of intracellular Aβ38, Aβ40, and Aβ42 (Fig. 6A), while the levels of the 

extracellular amyloids (Fig. 6B) were modified as described above. DAPT down-regulated 

the levels of all three extracellular amyloids but not that of intracellular amyloids. The 

‘Torrey Pines’ compound had the expected effects on extracellular amyloids, and no effects 

on intracellular amyloids. These results suggest that Aftins affect the production of 

extracellular amyloids only. However intracellular amyloids are more difficult to detect and 

these results might be invalidated by other extraction and detection methods.

Aftin-5-induced upregulation of Aβ42 is not due to down-regulation of Aβ proteolytic 
degradation or autophagy

Increased accumulation of Aβ42 peptides could be due to an increased production (i.e., 

release from AβPP) or to a decreased disposal (proteolytic degradation or autophagy), 

mimicking the reported reduced clearance of amyloids in AD brain [31]. Although it is 

unlikely that these elimination mechanisms would specifically remove Aβ42, leave Aβ40 

untouched, and allow an increase in Aβ38 level, we tested their potential implications in the 

levels of all three amyloid peptides.

There are a number of reported amyloid-degrading enzymes (neprilysin, endothelin-

converting enzyme (ECE-1, ECE-2), angiotensin converting enzyme (ACE), insulin-

degrading enzyme (IDE), cathepsin B, matrix metalloproteinase) (reviewed in [32]). We 

therefore tested the effects of various inhibitors of these enzymes, alone or in combination 
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with Aftin-5, on the levels of amyloid peptides after incubation of N2a-AβPP695. An 18 h 

exposure to 0.1–100 μM thiorphan (neprilysin inhibitor), captopril and quinaprilat (ACE 

inhibitors), or phosphoramidon (IDE inhibitor) had no effects on extracellular levels of 

amyloid Aβ38, Aβ40, or Aβ42 (data not shown). These results suggest that these amyloid 

elimination mechanisms are probably not significant in our cellular systems and that 

inhibition of amyloid peptide degradation is unlikely to be the driving mechanism of action 

of Aftin-5. However, other amyloid degradation pathways, not challenged by the above-

mentioned inhibitors, may be involved.

An alternative explanation for Aftin-5 triggered increase in Aβ42 level could be a reduced 

autophagy. It has indeed been reported that autophagy is one of the mechanisms that 

contribute to the elimination of amyloid peptides [33–36], that deterioration in the 

autophagylysosomal system participates to Aβ42 neurotoxicity [35, 37], and that autophagy 

is linked to AD [38–40]. Therefore an inhibition of autophagy might increase amyloid 

peptides levels. Exposure of N2a-AβPP695 cells for 18 h to a classical inhibitor of 

autophagy (0.033–10 mM 3-methyladenine) did not interfere with Aftin-5 induced 

extracellular Aβ42 production (data not shown). Furthermore, 0.01–20 μM rapamycin, a well 

characterized autophagy inducer, did not prevent the increase in extracellular Aβ42 level 

induced by 100 μM Aftin-5 (data not shown), although it triggered a classical hallmark of 

autophagy, namely the accumulation of LC3 foci (Supplementary Figure 1). Neither Aftin-5 

nor its inactive analog compound (2) impaired rapamycin-induced autophagy in N2a-

AβPP695 cells (Supplementary Figure 1). Neither drugs alone had significant effects on 

autophagy (Supplementary Figure 1).

We conclude that the change in Aβ38/Aβ40/Aβ42 relative abundance induced by Aftin-5 is 

unlikely to be dominantly due to a reduction in proteolytic or autophagic activity. This might 

be different in primary neurons or in an animal situation.

Mitochondrial effects

In a previous article, we reported that Aftin-4 had significant effects on the morphology of 

mitochondria and that several mitochondrial proteins were specifically binding to agarose 

immobilized Aftin-4 [14]. We therefore investigated the effects of the much less toxic 

Aftin-5 on mitochondria. We first tested the effects of Aftin-5 treatment (1.6 to 200 μM) on 

several biological parameters of mitochondria isolated from N2a-AβPP695 (Supplementary 

data section on mitochondria). The following parameters were measured in these isolated 

mitochondria: transmembrane potential loss (Δψm loss), cytochrome c release, oxygen 

consumption (through complex I or complex II activation).

Aftin-5 had no important effects when added directly to isolated mitochondria prepared from 

untreated N2a-AβPP695 cells (Supplementary data), only a slight stimulation of oxygen 

consumption was measured under conditions of complex I activation. We also investigated 

the mitochondrial effects of Aftin-5 on cultured N2a-AβPP695 cells. At the cellular level, 

the mitochondrial parameters were essentially undistinguishable between control and 

Aftin-5 treated cells (Supplementary data), except for global respiration functions where a 

slight inhibition was measured at 24 h.
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We next analyzed the ultrastructure of mitochondria following Aftin-5 treatment of isolated 

mitochondria or intact cells. Treatment of mitochondria isolated from N2a-AβPP695 cells 

with 100 μM Aftin-5 did not induce any swelling or cristae remodeling, suggesting that the 

compound has no direct effect on mitochondrial structure (Fig. 7A). This is in accordance 

with the spectrofluorimetry results. As a control, calcium induced a strong swelling reversed 

by cyclosporin A (CsA), an inhibitor of mitochondrial permeability transition pore. N2a-

AβPP695 cells were next treated for 6 h or 24 h with 100 μM Aftin-5. Electron microscopy 

analysis of cells revealed little detectable effects at 6 h, but a partial mitochondrial swelling 

without disruption of cristae at 24 h (Fig. 7B), without cell death induction. These effects 

were reversible upon washing Aftin-5 away from cells. As a positive control, doxorubicin 

altered the structure of cristae and induced cell death. Altogether these results suggest that 

Aftin-5 has some structural effects on mitochondria which, like for Aftin-4, are reversible.

DISCUSSION

In this article we confirm and extend the results described in a previous article [14]. In cell 

cultures (immortalized cell lines and primary neuronal cultures) Aftins robustly increase the 

production and extracellular release of Aβ42 while Aβ40 levels remain stable. In contrast, 

Aftins trigger important parallel down-regulation of Aβ38. This effect on the Aβ38/Aβ40/

Aβ42 peptides relative abundance triggered in cells by Aftins is similar to that previously 

observed, yet to a much lower extent, with fenofibrate, celecoxib, and indomethacin [35]. 

Among all the purines derivatives and analogues tested, we have selected Aftin-5 as one of 

the most potent Aftins. In addition, it displays little cell toxicity (up to 100 μM) or animal 

toxicity (per os doses up to 150 mg/kg daily for 20 days) (data not shown). Aftin-5 is thus 

the pharmacological tool we recommend.

Molecular mechanism of action of Aftins

The action of Aftins on cells requires rather high concentrations (50–150 μM). Despite 

extensive chemical synthesis work, we were able to improve only slightly the potency of the 

initial Aftin-4 [14]. Furthermore we have not been able to establish a clear-cut structure 

activity relationship (SAR) in our Aftins library. The structural requirements for Aftins’ 

biological activity can be summarized as follows: (i) the methyl (or other aryl) substituent on 

position N6 is a key requirement, (ii) the N9 position can accommodate larger substituents 

than the corresponding kinase inhibitors, (iii) substitution at C2 is necessary, but no specific 

modifications could be identified. The lack of unambiguous SAR probably comes from the 

fact that the biological assay is a cellular assay (change in the ratio of extracellular Aβ38/

Aβ40/Aβ42 peptides) rather than a molecular assay, implying that multiple parameters might 

contribute to the measured signal (cell permeability, action on different molecular targets, 

off-target binding, intracellular distribution, saturation effect, intracellular degradation, etc., 

all of which may vary from one Aftin to the other). Affinity chromatography on immobilized 

Aftin-4 has already been allowed the identification of mitochondrial proteins (mitofilin, 

voltage-dependent anion channel (VDAC) and prohibitin) as well as PSEN and AβPP as 

interacting ligants. The use of photo-affinity labeled compounds would further help us 

uncover direct targets of Aftins, some of which might be one of these 5 candidates. The 

targets directly interacting with Aftins (rather than associated protein complexes) remain to 
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be identified. At this stage, we feel that protein kinases are quite unlikely targets of Aftins. 

KinomeScan analysis of Aftin-4 [14] and Aftin-5 (Supplementary Table 1) revealed no 

significant interaction between these Aftins with any of the 402 or 442 kinases, respectively.

The change in Aβ38/Aβ40/Aβ42 peptides relative abundance induced by Aftin-5 requires 

active γ-secretase, as demonstrated by the complete inhibition of Aftins by γ-secretase 

inhibitors [14] (Fig. 4). This suggests the possibility that Aftin-5 directly binds to γ-

secretase, modifying its substrate specificity toward the production of Aβ42, at the expense 

of Aβ38, while the production of Aβ40 remains unaffected. Aftins might then also modify 

the cleavage sites on other substrates of γ-secretase [41]. Another possibility is that Aftins 

directly bind to the substrate, AβPP, and thereby alters the interaction with γ-secretase, 

leading to a shift of the cleavage site on AβPP. Aftins would then act on the AβPP 

transmembrane domain to drive γ-secretase’s cleaving activity toward longer Aβ peptides at 

the expense of shorter versions [10]. An alternative explanation would be an interaction with 

mitochondrial proteins as demonstrated for Aftin-4 [14]. In this respect, the association of γ-

secretase with VDAC [42, 43] and the specific binding of VDAC to immobilized Aftin-4 

[14] are particularly interesting.

The effects of Aftins and the other Aβ42 increasing agents on the levels of different Aβ38 

and Aβ42 peptides (Fig. 3A) [14, 44] are opposite to those induced by the ‘Torrey Pines’ 

GSM (Fig. 5) [28–30, 45–47], suggesting a mutually exclusive action of these two families 

of γ-secretase modulating agents. GSMs action also depends on presenilin mutations [24, 

45, 48]. The mechanisms of action of GSMs falls in several categories (reviewed in [49–51]: 

direct binding to Aβ and/or AβPP [52–55], to PEN-2 [22], and PSEN-1 [30, 46, 47, 56]. 

Structurally different GSMs may thus target different components of the AβPP/ γ-secretase 

complex. Besides the two families of γ-secretase modulating agents (GSMs and Aftins) 

which modify the Aβ38/Aβ40/Aβ42 peptides ratio in opposite ways, mutations in the AβPP 

transmembrane domain also appear to modulate the proportions of amyloid peptides species 

[57–59]. In particular Lysine 624 (Lys28 in the Aβ peptides) appears to be a critical 

determinant for the length of the Aβ peptide released by presenilins as mutation to an 

Alanine or Glutamine leads to a decrease in the production of Aβ40 and Aβ42 peptides in 

favor of the production of shorter Aβ peptides (Aβ33, Aβ34, Aβ37, Aβ38, Aβ39) [55]. These 

mutations partially mimic the effects of GSMs. In fact the effects of GSMs also depend on 

the sequence of the AβPP transmembrane segment [60].

Cellular mechanism of action of Aftins

Comparison of intracellular and extracellular levels of Aβ38, Aβ40, and Aβ42 following 

exposure to Aftin-5 suggests that, at least under the extraction and assays conditions used 

here, Aftin-5 modifies the ratio of extracellular Aβ38/Aβ40/Aβ42 (Fig. 6A), but not that of 

intracellular amyloid peptides (Fig. 6B). This extracellular production/release of Aβ and 

Aβ42 in particular is clearly relevant to what happens in AD [61].

Besides a direct interaction with γ-secretase or its substrate AβPP, we also investigated the 

possibility that increased Aβ42 peptide level induced by Aftins could be due to globally 

reduced degradation or disposal of amyloid peptides. Although we cannot formally exclude 

a decreased proteolytic degradation by one or several of the numerous proteases that target 
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amyloid peptides [26], we feel this is an unlikely explanation for the action of Aftins. 

Indeed, if this was the case we would expect an upregulation of Aβ38 and Aβ40 which, 

respectively, partially disappears or remains stable. Furthermore, addition of inhibitors of 

such degradation systems did not lead to massive increases of Aβ42 (data not shown). 

Similarly, down-regulation of autophagy is unlikely to provide an explanation for the 

increase in Aβ42, and even less so for the down-regulation of Aβ38.

Although Aftin-4 has some clear yet reversible effects on mitochondria structure, Aftin-5 

also affects the mitochondria though to a lesser extent. Aftin-5 has no detectable functional 

effects on isolated mitochondria and mitochondria isolated from Aftin-5 treated cells also 

display normal physiological characteristics. In contrast when the ultrastructure of cells 

exposed to Aftin-5 is analyzed, some alterations are seen, which are less obvious than those 

seen with Aftin-4 (Fig. 7). These results suggest that Aftin-5, like Aftin-4, also interacts with 

mitochondria in a reversible way. When Aftin is washed away from treated cells or when 

mitochondria are isolated from treated cells (a procedure that includes numerous washes), 

mitochondria regain a normal structure. We believe that these modest morphological 

changes are not dependent on Aβ42 upregulation or Aβ38 down-regulation.

Aftins, new pharmacological tools to investigate amyloid peptides production: Toward a 
chemical animal model of AD?

Aftins, and particularly Aftin-5, constitute new pharmacological tools to investigate the 

generation of amyloid peptides from AβPP and particularly the regulation of the balance 

between Aβ38, Aβ40, and Aβ42 peptides. Aftin-5 allows a shift in the Aβ peptides relative 

abundance which is reminiscent of that observed in AD. Aftins’ effects on amyloid peptide 

levels have been observed in several cell lines whether or not they overexpress AβPP, as well 

as in primary neuronal cultures [14] (Mabondzo et al., in preparation). We are currently 

investigating the molecular mechanism of action of Aftins. We are also investigating the 

effects of Aftin-5 in animals, both wild-type mice and AD models such as AβPP/PS1 mice. 

The overall goal is to establish a chemically induced AD model, similar to the MPTP-

induced Parkinsonism model [62, 63].

Altogether we believe that Aftin-5 will contribute to the understanding of the pathological 

mechanisms that favor the γ-secretase dependent production of Aβ42 and subsequent 

neurological disorders.

Cellular screens for ‘anti-AD’ and ‘pro-AD’ compounds

The ELISA assay we have set up allows simple, cheap, and fast detection of Aβ38, Aβ40, 

and Aβ42 peptides released extracellularly from cultured cells exposed to Aftin-5. This 

simple set-up can be turned to a large scale, cell based assay to screen for inhibitors of Aβ42 

production. This would allow the easy detection of β-secretase and γ-secretase inhibitors 

(Fig. 4) or GSMs (Fig. 5). It might also allow the detection of compounds acting through 

other pathways (interaction between presenilin and other partners of the γ-secretase 

complex, interaction with AβPP, interaction with the elements composing the lipid rafts 

where γ-secretase is enclosed, interaction with intra-cellular proteins involved in the 

trafficking of AβPP, γ-secretase, and the amyloid peptides, interaction with protein involved 
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in the degradation or withdrawal of amyloids, etc.). All these compounds have a potential as 

possible ‘anti-AD’ drugs that would deserve further investigation.

The very same cell culture and amyloid detection system allows the detection of Aftin-

related compounds (in terms of biological activity rather than structure), namely compounds 

that upregulate Aβ42 and down-regulate Aβ38. These compounds represent potential hazards 

as possible ‘pro-AD’ compounds that deserve careful handling, and controlled/regulated 

exposure. We envisage the testing of a set of natural products but also of anthropic 

molecules humans are exposed to (the so-called ‘human chemical exposome’). We believe 

our simple screening test, using Aftin-5 as a positive, reference compound, should be 

included in safety screens designed to detect potentially hazardous molecules among the 

large number of compounds that are already on or being brought to the market. These 

molecules may constitute environmental factors contributing to the onset, development, and 

acceleration of AD. Their detection and identification would constitute a first step in a 

preventive action to reduce or even eradicate late onset AD which accounts for more than 

99% of all AD cases.
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Fig. 1. 
Structure of the compounds used in this study. N6-diamino-purine (N6DA) (1), compound 

(2), Aftin-1 (3), Aftin-2 (4), Aftin-3 (5), Aftin-4 (6), Aftin-5 (7), (R)-roscovitine (8) and 

“Torrey Pines” compound (9).
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Fig. 2. 
Dose-dependent effect of various purines on extracellular Aβ42 and Aβ40 production in N2a-

AβPP695 cells. Cells were exposed to various concentrations of compounds 1–6, 8 for 18 h. 

Extracellular Aβ42 (upper panel) and Aβ40 (lower panel) levels were measured by an ELISA 

assay and are expressed as fold change over the level of control, vehicle-treated cells. 

Representative of two independent experiments, errors bars represent standard deviation of 

triplicate values.
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Fig. 3. 
Effect of Aftin-5 on extracellular Aβ production in N2a-AβPP695 cells. A) Aftin-5 dose-

dependent effect on extracellular amyloids levels. Cells were exposed to various 

concentrations of Aftin-5 for 18 h. Extracellular Aβ38, Aβ40, and Aβ42 levels were measured 

by an ELISA assay and are expressed as fold change over the level of control, vehicle-

treated cells. B) Aftin-5 time-dependent effect on Aβ40 and Aβ42 levels. Cells were exposed 

to 100 μM Aftin-5 for various periods of time and extracellular Aβ40 and Aβ42 levels were 

measured by an ELISA assay. Representative of three independent experiments, errors bars 

represent standard deviation of triplicate values.
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Fig. 4. 
Extracellular Aβ42 production induced by Aftin-5 and basal level of Aβ40 are inhibited by 

γ-secretase inhibitors. Cells were exposed to increasing concentrations of DAPT or BMS 

299897 and 1 h later to 100 μM Aftin-5. Extracellular Aβ40 and Aβ42 levels were measured 

after 18 h and are expressed relative to their levels produced by Aftin-5 treated cells in the 

absence of γ-secretase inhibitor. Representative of two independent experiments, errors bars 

represent standard deviation of triplicate values.
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Fig. 5. 
γ-Secretase modulator ‘Torrey Pines’ counter-balances Aftin-5 effects. A) GSM ‘Torrey 

Pines’ dose-dependent effect on extracellular Aβ38, Aβ40, and Aβ42 levels in N2a-AβPP695 

cells. Cells were exposed to various concentrations of ‘Torrey Pines’ compound for 18 h. 

Extracellular Aβ levels were measured by an ELISA assay and are expressed as fold change 

over the level of control, vehicle-treated cells. B) GSM ‘Torrey Pines’ dose-dependently 

inhibits Aftin-5 upregulation of Aβ42 and down-regulation of Aβ38. Cells were exposed to 

various concentrations of ‘Torrey Pines’ compound and 1 h later to 100 μM Aftin-5. 

Incubation was carried out for 18 h. Extracellular Aβ levels were measured by an ELISA 

assay and are expressed as fold change over the level of control, Aftin-5 treated cells. 

Representative of three independent experiments, errors bars represent standard deviation of 

triplicate values.
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Fig. 6. 
Aftin-5 modifies extracellular but not intracellular Aβ38/Aβ40/Aβ42 ratios. Cells were 

exposed to 100 μM Aftin-5 for 18 h, in the absence or presence of 1 μM DAPT or 1 μM 

‘Torrey Pines’ compound. Cell supernatant (A) and cell pellets (B) were recovered and 

Aβ38, Aβ40, and Aβ42 amyloid levels were measured by an ELISA assay. Amyloid levels 

are expressed as fold change over their concentrations in control, non-treated cells. Basal 

extracellular (A) and intracellular (B) levels of amyloids were, respectively, 61.9 and 83.5 

pg/mL (Aβ38), 471 and 48.9 pg/mL (Aβ40), 28.9 and 33.6 pg/mL (Aβ42). Representative of 

two independent experiments, errors bars represent standard deviation of triplicate values.
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Fig. 7. 
Aftin-5 has modest effects on mitochondrial structure. A) Ultrastructure of isolated 

mitochondria exposed to 100 μM Aftin-5, 50 μM Calcium, or 50 μM Calcium + Cyclosporin 

A (CsA). B) Ultrastructure of mitochondria within cells exposed to 100 μM Aftin-5 for 6 or 

24 h, or to 5 μM doxorubicin. Representative of two independent experiments.
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Table 1

Compared cytotoxicity of Aftin-4 and Aftin-5. The different cell lines were exposed to increasing 

concentrations of each compound and their viability was assessed 24 h later by the MTS assay as described in 

the Material & Methods section. IC50 values were determined from the dose-response curves and are 

presented in μM

Cell line Aftin-4 Aftin-5

SH-SY5Y 106 180

HT22 74 194

N2a 100 178

N2a-AβPP695 90 150
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