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54

ABSTRACT55

56

Background. Proteolytic cleavage of the amyloid precursor protein (APP) by secretases leads57

to extracellular release of amyloid β (Aβ) peptides. Increased production of Aβ42 over Aβ40 58

and aggregation into oligomers and plaques constitute an Alzheimer’s disease (AD) hallmark.59

Objectives. Identifying products of the ‘human chemical exposome’ (HCE) able to induce60

Aβ42 production is key to understand the initiating causes of AD and to generate non-genetic 61

animal models of AD.62

Methods. A cell model was used to screen chemical libraries for Aβ42 inducers. Active 63

molecules were extensively characterized.64

Results. Six herbicides triazines induced a 2-10 fold increase in the production of65

extracellular Aβ42 in various cell lines, primary neuronal cells and neurons differentiated 66

from human induced pluripotent stem cells (iPSCs). Induced Aβ42 production by triazines 67

requires active secretases. Immunoprecipitation/mass spectrometry analyses showed enhanced68

production of A peptides cleaved at positions 42 and 43, and reduced production of peptides69

cleaved at positions 38 and lower. Neurons derived from iPSCs obtained from a familial AD70

(FAD) patient (APP K724N) produced more Aβ42 vs. Aβ40 than neurons derived from71

healthy controls iPSCs (APP WT). Triazines further enhanced Aβ42 production in both 72

control and AD neurons. Triazines also shifted the cleavage pattern of alcadeins, another73

family of γ-secretase substrates, suggesting a direct effect of triazines on γ-secretase.74

Conclusions. Some widely used triazines enhance the production of toxic, aggregation-prone75

Aβ42/Aβ43 amyloids, suggesting the possible existence of environmental ‘Alzheimerogens’ 76

which may contribute to the initiation and propagation of the amyloidogenic process in AD.77

78

79



80

INTRODUCTION81

82

Proteolytic processing of amyloid precursor protein (APP) by β- and γ-secretases leads 83

to the production of various Aβ peptides, including the 42 amino acid form which plays a 84

crucial role in Alzheimer’s disease (AD) (Huang and Mucke 2012; Selkoe et al. 2012; Vinters85

2015). The action of β-secretase, or beta-site amyloid precursor protein cleaving enzyme 1 86

(BACE1), first leads to a soluble extracellular fragment (sAPPβ) and a membrane bound 87

fragment (βCTF, β-carboxyl-terminal fragment). γ-Secretase then acts on βCTF, leading to 88

the generation of Aβ peptides of various lengths and release of the APP intracellular domain 89

(AICD). Aβ peptides tend to aggregate as extracellular oligomers and ultimately as plaques, 90

one of the clinical hallmarks of AD.91

Aβ40 is the most abundantly produced Aβ peptide. Considerable data indicates that 92

generation of the aggregation-prone Aβ42 strongly correlates with the onset and development 93

of AD. In early onset AD (EOAD) (<1% of all cases), mutations in APP, or the γ-secretase 94

subunits PSEN1 & PSEN2 (review in Bateman et al. 2011), all lead to enhanced Aβ42 95

production and/or increased Aβ42/Aβ40 ratio, a critical factor in AD pathology initiation 96

(Kuperstein et al. 2010). Increased Aβ42/Aβ40 ratio is also found in brain tissue in late onset 97

AD (LOAD) (>99% of AD cases). Aβ42 is more toxic than Aβ40, a consequence of its higher 98

stability and strong tendency to oligomerize and to aggregate in plaques (McGowan et al.99

2005; Findeis 2007; Gouras et al. 2014). Aβ43 is also enriched in AD patients’ brains and has 100

been reported as a toxic, aggregation-prone amyloid, inducing strong AD phenotypes in mice101

(Welander et al. 2009; Saito et al. 2011; Sandebring et al. 2013; Conicella et al. 2014).102

We recently reported that some tri-substituted purines, the Aftins (Amyloid β Forty-103

Two Inducers), trigger a robust, secretases-dependent increase in extracellular Aβ42 104

production in cultured cells (Bettayeb et al. 2012; Hochard et al. 2013). Under these105

conditions Aβ38 levels dropped while Aβ40 remained relatively stable. These results suggest 106

that (i) such molecules might constitute new pharmacological tools to investigate the107

mechanisms underlying increased Aβ42/Aβ40 ratio observed in AD, (ii) these molecules108

might contribute to generate a chemically induced animal model of AD (Meunier et al. 2015)109

and (iii) some simple, low molecular weight (LMW) products in our environment might shift110

the Aβ42/Aβ40 ratio similarly to what is seen in AD patients and might thus contribute to the 111

development, acceleration or even initiation of LOAD.112

We therefore screened for potential Aβ42 inducing molecules in libraries of human 113

chemical exposome (HCE) products (Rappaport 2011; Wild 2005, 2012; Juarez et al. 2014;114

Vrijheid et al. 2014; Wishart et al. 2015). We here report that a subset of the widely used115

triazine herbicides is able to shift Aβ production towards longer, aggregation-prone amyloid 116

peptides (Aβ42/Aβ43) at the expense of shorter variants (Aβ37, Aβ38, Aβ40). In addition, 117

production of the shorter Aβ1-16 and Aβ1-17 peptides that are generated by sequential β- and 118

γ-secretase cleavages (Portelius et al. 2011; Pérez-Grijalba et al. 2015) was also enhanced. 119

This effect is observed in various cell lines, primary neuron cultures and neurons120

differentiated from iPSCs obtained from healthy or AD patients. Triazines shift the cleavage121

pattern of alcadeins, another family of γ-secretase substrates (Araki et al. 2007; Hata et al. 122

2009; Kamogawa et al. 2012; Piao et al. 2013; Omori et al. 2014), in a way similar to the APP123



cleavage shift, suggesting a direct effect on γ-secretase rather than on its substrates. 124

Altogether these data support our hypothesis that the HCE contains products able to modulate125

γ-secretase activity towards the production of high MW, aggregation prone, AD-associated 126

amyloids. Such products could be qualified as potential “Alzheimerogens”. Their127

identification and regulation might constitute a key step in AD prevention.128

129



130

METHODS131

132

Triazines and other reagents, cell lines and primary neuron cultures, cell viability,133

transient transfections with APP truncation mutants, human iPSCs-derived neuronal134

cultures, amyloids sample preparation and ELISA capture assays: see Supplementary135

Material.136

137

Mass spectrometric quantification of amyloids by selected reaction monitoring (SRM)138

Solid phase extraction, liquid chromatography and SRM analysis of Aβ species was 139

performed as described previously (Leinenbach et al. 2014; Pannee et al. 2013) with the140

following modifications. Standard curves for Aβ38 and 42 were prepared at 0.15, 0.5, 1, 2, 3 141

and 4 ng/mL while Aβ40 was prepared at 15, 50, 100, 200, 300 and 400 ng/mL using 142

unlabeled peptides (rPeptide) in DMEM/F12 supplemented with 0.5% FBS. Uniformly143

labeled 15N-Aβ38, 40 and 42 peptides (rPeptide) were added to a final concentration of 1.6 144

ng/mL in calibrators and unknown samples as internal standards. Standard curves were145

constructed using the unlabeled to 15N-Aβ peak area ratios and fitted using linear regression. 146

All standard curves were linear and had an R2 value greater than 0.998. Concentrations of147

unknowns were extrapolated from the standard curves using the peak area ratio of endogenous148

to 15N-Aβ. 149

150

Amyloids profile analysis by immunoprecipitation / mass spectrometry (IP-MS)151

Immunoaffinity capture of A species was combined with matrix-assisted laser152

desorption/ionization time-of-flight (MALDI-TOF) MS for analyzing a variety of A peptides153

in a single analysis as described (Portelius et al. 2007). In brief, the anti-Aβ antibodies 6E10 154

and 4G8 were separately coupled to magnetic beads. After washing of the beads, the 4G8 and155

6E10 coated beads were used in combination for immunoprecipitation. After elution of the156

immune-purified A peptides, analyte detection was performed on an UltraFlextreme MALDI157

TOF/TOF instrument (Bruker Daltonics). For each peak the areas were normalized against the158

sum for all the Aβ peaks in the spectrum followed by averaging of results for separately 159

determined duplicate samples (Brinkmalm et al. 2012; Portelius et al. 2013).160

161

HEK293 cell culture and Alcadein fragments analysis162

The full length human Alcadeinα1 (Alcα) open reading frame (Araki et al. 2003) was 163

subcloned into the HindIII and XbaI sites of pcDNA3.1 (Hygro+) vector (Invitrogen),164

transfected into HEK293 cells with Lipofectamine 2000, and cells stably expressing Alcα 165

were cloned. The cells cultured in dish coated with poly-L-lysine were treated with Aftin-5 or166

triazines (100 µM) for 24 h. The secreted p3-Alcα were recovered from the cultured medium 167

by immunoprecipitation with anti-p3-Alcα UT175 antibody, an antibody raised to a antigen 168

peptide composed of Cys plus the human Alcα1 839-851 sequence, using Protein G-169

Sepharose beads. The beads were sequentially washed and samples were eluted with170

trifluoroacetic acid/acetonitrile/water (1:20:20) saturated with sinapinic acid, and subject to171

MALDI-TOF/MS analysis using an Ultraflex II TOF/TOF (Bruker Daltonics). Molecular172

masses were calibrated using the peptide calibration standard (Bruker Daltonics) (Hata et al.173



2009).174



175

RESULTS176

177

Screening the HCE reveals triazines as Aβ42 inducers 178

A library of 3500+ LMW products representative of the HCE was assembled. All179

compounds were tested for their ability to trigger extracellular Aβ42 production by N2a-180

APP695 cells at 1, 10 and 100 µM (not shown). In parallel, cell viability assays were run to181

assess cell survival at these concentrations. The vast majority of products were unable to182

induce Aβ42 production. Among the few active products we identified several triazines. 183

Triazines are widely used as herbicides, anti-fouling agents or flame retardants (reviews in184

Lebaron et al. 2012). We next tested a library of 37 triazines representing the most produced185

triazines worldwide (1-37, Supplementary Table S1), along with Aftin-5 (38) as a positive186

control, on both N2a-APP695 and CHO-7PA2-APP751 cells for their ability to trigger Aβ42 187

production initially at 1, 10 and 100 µM (Supplementary Table S2). Six triazines were found188

to induce more than a 3-fold change in Aβ42 (Figure 1A, 1B): Ametryn, Prometryn, 189

Dipropetryn, Terbutryn, Cybutryne, Dimethametryn. As observed with Aftins (Bettayeb et al.190

2012; Hochard et al. 2013), Aβ42 production was strongly inhibited by inhibitors of β- 191

(inhibitor IV) and γ-secretases (BMS 299897, DAPT) and by a γ-secretase modulator (‘Torrey 192

Pines’ compound) (Figure 1C). Similarly, Aβ38 production was strongly reduced, while Aβ40 193

levels were only modestly affected (less than 2 fold increase) (not shown). Most of the194

triazines are metabolized in the environment. We thus tested some of the195

Cybutryne/Terbutryn metabolites (39-44) (Supplementary Figure S1) for their ability to196

trigger Aβ42 production in N2a-APP695 and CHO-7PA2 cells. None of the tested metabolites 197

was active as an inducer of Aβ42 production (not shown). We nest tested a library of 236 198

triazines that had been synthesized for affinity chromatography, for their ability to induce199

Aβ42 production (Ahn et al. 2007; Lee et al. 2009). Twenty-one of these (45-65) showed200

significant enhancement of Aβ42 production (Supplementary Table S3), showing that Aβ42 201

induction is an intrinsic property of some triazines. Affinity chromatography attempts with202

immobilized triazines did not allow us to purify specific targets, because of unselective203

hydrophobic interactions (not shown).204

Results were confirmed with HEK293-APPsw (not shown) and neurons derived from205

human iPSCs (see below). We also analyzed the effects of triazines on primary neuronal206

cultures prepared from E18 OFA rat embryo brains. Neurons were exposed to 100 µM of each207

triazine for 18 h, and the supernatants were collected for Aβ determination by ELISA assays. 208

Results show that triazines also induce an increase in Aβ42 production by primary neurons. 209

The Aβ-42/Aβ40 ratios were strongly increased (Figure 1D). 210

211

Mass spectrometry quantification and profile analysis of induced amyloids212

The amyloid peptides Aβ-38, Aβ40 and Aβ42 were quantified in the supernatants of 213

N2a-APP695 (Figure 2A) and CHO-7PA2-APP751 (Figure 2B) using SRM (Leinenbach et214

al. 2014; Pannee et al. 2013). Like Aftins (Bettayeb et al. 2012; Hochard et al. 2013), the215

triazines induced a reduction in Aβ38 levels, a slight increase or modest decrease in Aβ40 216

levels and a strong increase in Aβ42 levels (Figure 2, bottom). The Aβ42/Aβ40 ratios were 217

strongly increased (Figure 2, top).218



We next analyzed, by IP-MS, the range of Aβ produced by both cell lines exposed to 219

each of the six triazines and Aftin-5. Cell supernatants were collected, amyloid peptides were220

immunoprecipitated and analyzed using MALDI TOF/TOF (Brinkmalm et al. 2012; Portelius221

et al. 2013). Examples of spectra for N2a-APP695 and CHO-7PA2 cells exposed to222

Terbutryn, Aftin-5 and DMSO are provided in Figure 3A and 4A, respectively. Results show223

that exposure to triazines increased the production of Aβ 1-17, 11-42, 5-42 and 1-42, while 224

the production of Aβ 1-19, 1-27, 1-33, 1-38, 1-39 was reduced (Figure 3B, 4B). Other 225

amyloid peptides (including Aβ 1-40) showed only modest changes. Aβ 1-43, a highly 226

neurotoxic amyloid (Welander et al. 2009; Saito et al. 2011; Sandebring et al. 2013; Conicella227

et al. 2014) was undetectable in supernatants of control cells but strongly induced in Aftin-5228

and triazine-treated cells.229

230

Neurons differentiated from human iPSCs from AD patients and healthy controls.231

We next tested the effects of aftin-5 and the active triazines on neurons differentiated232

from human iPSCs derived from healthy individuals (APP WT, wild-type) or from AD233

patients (APP K724N mutation) (Mertens et al. 2013; Koch et al. 2012) (Figure 5). Neurons234

were first differentiated for either 4 or 10 weeks from iPSCs derived from healthy patient,235

before 24 h exposure to 100 µM Aftin-5 or Terbutryn (Figure 5A). Treatment resulted in a 2-3236

fold increase in the levels of Aβ42 levels compared to neurons exposed to DMSO. Aβ40 237

levels remained essentially unchanged. We next tested the effects of all six triazines on238

neurons differentiated from iPSCs (from healthy volunteer or AD patient with APP K724N)239

(Koch et al. 2009, 2012) (Figure 5B). APP K724N neurons produced more Aβ42 versus Aβ40 240

compared to APP WT neurons. Addition of Aftin-5 or any of the six active triazines resulted241

in a further increase in Aβ42 production, in both APP WT and APP K724N neurons. 242

243

APP sequence requirements for Aβ42 induction by triazines 244

To investigate the molecular mechanisms and possible epsilon cleavage sites245

requirement for the induced Aβ42 production, we generated six APP truncations and 246

expressed them in N2a cells (Figure 6A). All cell lines were the exposed first to 100 µM247

Aftin-5 and Aβ42 production was measured (Figure 6B). Full-length (FL) and the first three 248

truncations displayed enhanced Aβ42 production (Figure 6B). In contrast, the three last 249

truncations did not allow enhanced Aβ42 production when cells were exposed to Aftin-5. 250

Cells expressing FL APP and truncations 1, 3, 4 were next exposed to 100 µM of each251

triazine (Figure 6C). Aβ42 production assays show that although T3 allows stimulation of 252

Aβ42 production, T4 does not. These results reveal a strong APP structural requirement for 253

enhanced Aβ42 production induced by Aftin-5 and triazines, which seems to correspond to 254

the ε cleavage site of APP by y-secretase. At least 10 residues downstream of the Aβ42 255

cleavage site are required for the full effect of Aftin-5 and triazines.256

257

Triazines and Aftin-5 shift the cleavage pattern of the γ-secretase substrates alcadeins/ 258

calsyntenins259

Like APP, alcadeins/calsyntenins are sequentially cleaved by secretases, first by α-260

secretase, leading to an N-terminal and a C-terminal fragment, the latter being then cleaved by261

γ-secretase to an intracellular domain and the p3-Alcs peptide, in a way similar to APP (Hata 262



et al. 2009; Piao et al. 20013) (Figure 7A). To investigate the effects of triazines on alcadeins263

cleavage, we used HEK293 cells stably expressing full length alcadein α. Alcadein α is first 264

cleaved on the N-terminal side (two possible sites) followed by cleavage by γ-secretase 265

leading to p3-Alcα35 and p3-Alcα 2N+35, the later representing the major peptide in cultured 266

cells (Figure 7A). Cleavage at nearby sites (Figure 7A, blue arrows) leads to other peptides267

which are less abundant. HEK293-alcadein α cells were grown till 60% confluence and 268

treated with 100 µM Aftin-5 or triazines for 24 h. The secreted p3-Alcα peptides were 269

recovered and analyzed by MALDI TOF/MS (Figure 7B). Quantification of the different p3-270

Alc peptides showed that, compared to the p3-Alc peptide profile in vehicle treated cells, the271

concentration of the main alcadein peptide (p3-Alcα 2N+35) and the p3-37 peptide remained 272

stable. In contrast both p3-34 and p3-36 concentrations dropped by about 50 % and the p3-38273

peptide concentration increased massively (up to 28.1 fold for dimethametryn; 16.8 fold for274

Aftin-5) (Figure 7C). These results show that, like for APP, triazines and Aftin induce a shift275

in the cleavage pattern of alcadeins, another family of γ-secretase substrates, suggesting that 276

these products are more likely to interact with γ-secretase rather than its substrates. 277

278



279

DISCUSSION280

281

282

Induction of Aβ42 production, shift in Aβ42/Aβ40 ratio 283

Various drugs (fenofibrate, celecoxib, indomethacin, isoprenoids) (Kukar et al. 2005),284

DAPT under certain conditions (Svedružić et al. 2013; Barnwell et al. 2013), steroids (Jung et 285

al. 2013), ceramide analogs (Takasugi et al. 2015), SIN-1 (a peroxynitrite donor) (Guix et al.286

2012) have been shown to increase the Aβ42/Aβ40 ratio, mostly by increasing Aβ42 287

production, though never to the high level seen with Aftins (Bettayeb et al. 2012; Hochard et288

al. 2013). We anticipated that other chemical families able to trigger Aβ42 production would 289

be identified. We here show that some, but not all, widely used (though mostly banned290

nowadays) herbicide triazines induce the massive production of AD-associated Aβ42 in a 291

variety of cell types. Consequently the Aβ42/Aβ40 ratio is increased, as observed in both 292

EOAD (genetic origin) and LOAD (environmental, epigenetic origin). Detailed analysis of the293

produced amyloids reveals a pattern clearly associated with AD onset, such as increased Aβ1-294

16/17 (Portelius et al. 2011; Pérez-Grijalba et al. 2015), Aβ1/5/11-42, Aβ1-43 (Welander et 295

al. 2009; Saito et al. 2011; Sandebring et al. 2013; Conicella et al. 2014), and decreased Aβ1-296

33/37/38. The underlying molecular mechanisms remain unclear. However several remarks297

can be made:298

(1) there is a clear structure/activity relationship within triazines, as also observed with Aftins:299

not all products of the chemical class are active. This suggests specific molecular interactions300

rather than unspecific effects such as detergent, hydrophobic, membrane or protein structure301

disrupting actions.302

(2) the mechanism of action is more likely to involve an effect on γ-secretase and/or its micro-303

environment rather than an interaction with its substrates, as shown by the fact that Aftins and304

triazines also induce a shift in the cleavage pattern of alcadeins, another γ-secretase substrate. 305

The APP truncation experiments clearly suggest a very specific molecular requirement rather306

than a global, non-selective effect.307

(3) despite extensive proteomics studies (not shown) we were unable to detect308

major/significant modifications of protein expression that might be linked to the APP309

cleavage shift induced by triazines, suggesting that RNA or protein synthesis alterations are310

unlikely involved in the induction of Aβ42 production. We were also unable to identify a 311

specific target of triazines through affinity chromatography/proteomics approaches,312

suggesting that either the lipid raft comprising the γ-secretase or rather hydrophobic domains 313

of γ-secretase might constitute the real targets of triazines (and Aftins).  314

315

“Alzheimerogens” in the HCE?316

The virtual organic chemistry space accessible using currently known synthetic methods317

is estimated to be between 1020 and 1024 molecules (Ertl 2003). The Chemical Abstracts318

Service (CAS) registry, the World’s largest chemical database, contains more than 101319

million organic and non-organic substances. About 15,000 novel substances are registered320

every day, representing on average one new substance every 2.5 min. since 50 years321

(www.cas.org). Most of these compounds will never reach market and global exposure.322



However the US EPA Toxic Substances Control Act lists over 84,000 chemicals that are323

manufactured or imported at levels >10 tons per year, not including pesticides, cosmetics,324

food stuffs and food additives which are covered by other legislations (www.epa.gov). It is325

estimated that man is exposed to over 85,000 products. The REACH initiative assembles all326

products which are produced/imported at >100 tons/year (>1 ton/year by May 2018). All327

these products, along with all natural substances to which we are exposed from conception to328

death constitute the HCE (Wild 2005, 2012; Egeghy et al. 2012; Goldsmith et al. 2014).329

The impact of environment on health has been known since antiquity. Carcinogens330

have only been discovered in the last few decades. More recently the existence of endocrine331

disruptors and obesogens has been recognized. It is therefore no surprise that a small number332

of products may enter the human body, cross the blood brain barrier (BBB), alter specific333

molecular pathways in some of the human brain 1011 neurons and 1012 glia cells and thereby334

induce or contribute to specific CNS diseases. Identification of environmental factors335

involved in neurodegeneration and neurodegenerative diseases is in its infancy (reviews in336

Grandjean and Landrigan 2006, 2014; Cannon and Greenamyre 2011). The nervous system337

may be exposed to neurotoxic agents acutely (hours, days) or chronically (weeks, years,338

decades) before disease symptoms appear. Epidemiology studies are particularly difficult for339

neurodegenerative diseases since causes and effects are often separated by decades. These340

studies have therefore provided only few examples of environmental agents linked to the341

onset of neurodegenerative diseases. Pesticides, organic solvents, metals and some natural342

toxins (cyanobacteria) constitute the most frequently proposed neurotoxic agents. Two343

recently published books (Grandjean 2013; Demeneix 2014) review the impact of early age344

and even in utero exposure to environmental chemical entities on brain development and345

cognitive abilities.346

AD is one of the most prevalent and worrying CNS disease1. EOAD is clearly a347

genetic disease due to specific APP or PSEN1/2 mutations leading to overproduction of Aβ42 348

over Aβ40. However EOAD represents <1% of all AD cases. The origin of LOAD (sporadic 349

AD) (>99% of all AD cases) remains a mystery unsolved by epidemiological studies or by350

genome-wide association studies, which only revealed a few, low impact genetic risk factors351

(Lambert et al. 2013). The most prominent risk alleles, APOE ε4 and clusterin/ApoI link AD 352

to lipid metabolism. , and aging together with several environmental factors also impose an353

increased risk.. Exposure to numerous industrial and agricultural chemicals correlate with354

neurotoxicity (Grandjean an Landrigan 2006, 2014; Julvez et al. 2009; Cannon and355

Greenamyre 2011; Zeliger 2103). Elevated serum pesticides levels, in particular DDE, the356

major DDT metabolite, are associated with increased risk for AD (Richardson et al. 2014).357

DDT increases Aβ levels (Li et al. 2015). There are epidemiological links between exposure 358

to pesticides and AD (Hayden et al. 2010).359

1 According to the AD International Association the number of AD patients is expected to almost double in 20
years in the world, from 35.6 million in 2011 to 65.7 million in 2035. In Europe, the prevalence of AD is ~6.4%
over 65 years and ~20% over 80 years (EURODEM estimates). Women are three times more affected than men.
Life expectancy of patients at diagnosis is estimated at 3-8 years. AD is one of the most costly diseases for
developed economies. The global total estimated cost for dementia (of which AD is the most common form) is
604 billion $ in 2010 (70% in Western Europe and North America) (cost of illness EU27: 160 billion € (1.3% of
GDP) in 2008 of which 55% as informal care; 2.2 million life years lost due to disability; considerable weight
for patients caregivers; annual cost of 22 K€ per patient (2005), including 26% in medical expenses). (AD facts
& figures 2015).



Continuous sub-cutaneous injection of Aftin-5 in mice triggers robust dose-dependent360

increase in brain Aβ42 levels (unpublished data). Similar results were obtained with Aftin-4 361

(Meunier et al. 2014) and celecoxib or FT-1 (Kukar et al., 2005). Although orally362

administered triazines readily cross the BBB, their short half-life in mice prevented any363

accumulation, and consequently any effects on Aβ42 production in vivo (not shown).364

Based on results obtained with products belonging to various chemical classes, we365

propose the existence, in the HCE, of products able to increase the production of the AD-366

associated Aβ42 and Aβ43 peptides. Such products might be classified as potential 367

“Alzheimerogens” if long exposure, slow turn-over, low elimination and high BBB368

permeability allow long-term accumulation in the brain and action on brain cells. It is difficult369

to predict whether very long term, daily exposures of humans to the triazines described here370

might have resulted in sustained increase in Aβ42 production. We are now investigating other 371

Aβ42 inducers which have a long half-life both in the environment and in the body, which 372

accumulate in adipose tissues and which cross the BBB. We believe that such products may373

contribute to the onset, development and acceleration of sporadic LOAD. It is intriguing that374

both Aftin and triazines were able to stimulate Aβ42 production in human cells displaying a 375

pathological APP mutation and already showing enhanced Aβ42 production. This suggests 376

that environmental factors may synergize with genetic/epigenetic factors in enhancing Aβ42 377

production and triggering AD. Identification of such potential “Alzheimerogens” in the HCE378

and regulation of human exposure to them should open the way to innovative AD prevention379

strategies.380

381

CONCLUSIONS382

Like Aftins, and a few other chemicals of various structures, some widely used383

triazines trigger massive production of AD-associated Aβ42. These results suggest that HCE 384

may contain other products to which humans are exposed on a long-term basis and which may385

contribute to the initiation, development or acceleration of AD. Identification and regulation386

of such potential “Alzheimerogens” should be a priority for the implementation of effective387

strategies to prevent the very common sporadic AD. In addition, some of these products might388

be turned into pharmacological tools to develop a chemically-induced animal model of AD,389

with fundamental and applied potential similar to the MPTP -induced Parkinsonism model390

(Fox and Brotchie 2010).391

392



393

REFERENCES394

Ahn YH, Chang YT. 2007. Tagged small molecule library approach for facilitated chemical395

genetics. Acc Chem Res 40:1025-1033.396

Araki Y, Kawano T, Taru H, Saito Y, Wada S, Miyamoto K, et al. 2007. The novel cargo397

Alcadein induces vesicle association of kinesin-1 motor components and activates398

axonal transport. EMBO J 26:1475-86.399

Barnwell E, Padmaraju V, Baranello R, Pacheco-Quinto J, Crosson C, Ablonczy Z, et al.400

2014. Evidence of a novel mechanism for partial γ-secretase inhibition induced 401

paradoxical increase in secreted amyloid β protein. PLoS One 9:e91531. 402

Bateman RJ, Aisen PS, De Strooper B, Fox NC, Lemere CA, Ringman JM, et al. 2011.403

Autosomal-dominant Alzheimer's disease: a review and proposal for the prevention404

of Alzheimer's disease. Alzheimers Res Ther 3, 1.405

Bettayeb K, Oumata N, Zhang Y, Luo W, Bustos V, Galons H, et al. 2012. Small molecule406

inducers of Aβ42 peptide production share a common mechanism of action. FASEB 407

J 26:5115-5123.408

Brinkmalm G, Portelius E, Ohrfelt A, Mattsson N, Persson R, Gustavsson MK, et al. 2012.409

An online nano-LC-ESI-FTICR-MS method for comprehensive characterization of410

endogenous fragments from amyloid β and amyloid precursor protein in human and 411

cat cerebrospinal fluid. J. Mass Spectrom 47:591-603.412

Cannon JR, Greenamyre JT. 2011. The role of environmental exposures in neurodegeneration413

and neurodegenerative diseases. Toxicol Sci 124:225-250.414

Conicella AE, Fawzi NL. 2014. The C-terminal threonine of Aβ43 nucleates toxic 415

aggregation via structural and dynamical changes in monomers and protofibrils.416

Biochemistry 53:3095-3105.417

Demeneix B. 2014. Losing our minds. How environmental pollution impairs human418

intelligence and mental health. Oxford University Press, 284 pp.419

Egeghy PP, Judson R, Gangwal S, Mosher S, Smith D, Vail J, et al. 2012. The exposure data420

landscape for manufactured chemicals. Sci Total Environ 414:159-166.421

Ertl P. 2003. Cheminformatics analysis of organic substituents: identification of the most422

common substituents, calculation of substituent properties, and automatic423

identification of drug-like bioisosteric groups. J Chem Inf Comput Sci 43:374-380.424

Findeis MA. 2007. The role of amyloid beta peptide 42 in Alzheimer's disease. Pharmacol425

Ther 116:266-286.426

Fox SH, Brotchie JM. 2010. The MPTP-lesioned non-human primate models of Parkinson's427

disease. Past, present, and future. Prog Brain Res 184:133-157.428

Goldsmith MR, Grulke CM, Brooks RD, Transue TR, Tan YM, Frame A, et al. 2014.429

Development of a consumer product ingredient database for chemical exposure430

screening and prioritization. Food Chem Toxicol 65:269-79.431

Gouras GK, Olsson TT, Hansson O. 2014. β-amyloid peptides and amyloid plaques in 432

Alzheimer's disease. Neurotherapeutics 12:3-11.433

Grandjean P. 2013. Only one chance. How environmental pollution impairs brain434

development - and how to protect the brains of the next generation. Oxford435

University Press, 212 pp.436



Grandjean P, Landrigan PJ. 2006. Developmental neurotoxicity of industrial chemicals.437

Lancet 368:2167-2178.438

Grandjean P, Landrigan PJ. 2014. Neurobehavioural effects of developmental toxicity. Lancet439

Neurol 13:330-338.440

Guix FX, Wahle T, Vennekens K, Snellinx A, Chávez-Gutiérrez L, Ill-Raga G, et al. 2012.441

Modification of γ-secretase by nitrosative stress links neuronal ageing to sporadic 442

Alzheimer's disease. EMBO Mol Med. 4:660-673.443

Hata S, Fujishige S, Araki Y, Kato N, Araseki M, Nishimura M, et al. 2009. Alcadein444

cleavages by amyloid beta-precursor protein (APP) alpha- and gamma-secretases445

generate small peptides, p3-Alcs, indicating Alzheimer disease-related gamma-446

secretase dysfunction. J Biol Chem 284:36024-36033.447

Hayden KM, Norton MC, Darcey D, Ostbye T, Zandi PP, Breitner JC, et al. 2010. Cache448

County Study Investigators. Occupational exposure to pesticides increases the risk of449

incident AD: the Cache County study. Neurology 74:1524-1530.450

Hochard A, Oumata N, Bettayeb K, Gloulou O, Fant X, Buron N., et al. 2013. Aftins increase451

amyloid-β42, lower amyloid-β38 and do not alter amyloid-β40 in vitro production:452

towards a chemical model of Alzheimer’s disease? J Alzheimer’s Dis 35:107-120.453

Huang Y, Mucke L. 2012. Alzheimer mechanisms and therapeutics strategies. Cell 148:1204-454

1222.455

Juarez PD, Matthews-Juarez P, Hood DB, Im W, Levine RS, Kilbourne BJ, et al. 2014. The456

public health exposome: a population-based, exposure science approach to health457

disparities research. Int J Environ Res Public Health 11:12866-12895.458

Julvez J, Grandjean P. 2009. Neurodevelopmental toxicity risks due to occupational exposure459

to industrial chemicals during pregnancy. Ind Health 47:459-468.460

Jung JI, Ladd TB, Kukar T, Price AR, Moore BD, Koo EH, et al. 2013. Steroids as γ-secretase 461

modulators. FASEB J 27:3775-3785.462

Kamogawa K, Kohara K, Tabara Y, Takita R, Miki T, Konno T, et al. 2012. Potential utility463

of soluble p3-alcadein α plasma levels as a biomarker for sporadic Alzheimer's 464

disease. J Alzheimers Dis 31:421-428.465

Koch P, Opitz T, Steinbeck JA, Ladewig J, Brüstle O. 2009. A rosette-type, self-renewing466

human ES cell-derived neural stem cell with potential for in vitro instruction and467

synaptic integration. Proc Natl Acad Sci USA 106:3225-3230.468

Koch P, Tamboli IY, Mertens J, Wunderlich P, Ladewig J, Stüber K, et al. 2012. Presenilin-1469

L166P mutant human pluripotent stem cell-derived neurons exhibit partial loss of γ-470

secretase activity in endogenous amyloid-β generation. Am J Pathol 180:2404-2416. 471

Kukar T, Murphy MP, Eriksen JL, Sagi SA, Weggen S, Smith TE, et al. 2005. Diverse472

compounds mimic Alzheimer disease-causing mutations by augmenting Abeta42473

production. Nat Med 11:545-550.474

Kuperstein I, Broersen K, Benilova I, Rozenski J, Jonckheere W, Debulpaep M, et al. 2010.475

Neurotoxicity of Alzheimer's disease Aβ peptides is induced by small changes in the 476

Aβ42 to Aβ40 ratio. EMBO J 29:3408-3420.  477

Lambert JC, Ibrahim-Verbaas CA, Harold D, Naj AC, Sims R, Bellenguez C, et al. 2013.478

Meta-analysis of 74,046 individuals identifies 11 new susceptibility loci for479

Alzheimer's disease. Nat Genet 45:1452-1458.480



Lebaron HM, McFarland JE, Burnside OC (editors). 2008. The triazine herbicides. Elsevier,481

Amsterdam, 584 pp.482

Lee JW, Bork JT, Ha HH, Samanta A, Chang YT 2009. Novel orthogonal synthesis of a483

tagged combinatorial triazine library via Grignard reaction. Aust J Chem 62:1000-484

1006.485

Leinenbach A, Pannee J, Dülffer T, Huber A, Bittner T, Andreasson U, et al. 2014. Mass486

spectrometry-based candidate reference measurement procedure for quantification of487

amyloid-β in cerebrospinal fluid. Clin Chem 60:987-994. 488

Li G, Kim C, Kim J, Yoon H, Zhou H, Kim J, 2015. Common pesticide,489

Dichlorodiphenyltrichloroethane (DDT), increases amyloid-β levels by impairing the 490

function of ABCA1 and IDE: implication for Alzheimer's disease. J Alzheimers Dis491

46:109-122.492

Mertens J, Stüber K, Wunderlich P, Ladewig J, Kesavan JC, Vandenberghe R, et al. 2013.493

APP processing in human pluripotent stem cell-derived neurons is resistant to494

NSAID-based γ-secretase modulation. Stem Cell Reports 1:491-498.  495

McGowan E, Pickford F, Kim J, Onstead L, Eriksen J, Yu C, et al. 2005. Abeta42 is essential496

for parenchymal and vascular amyloid deposition in mice. Neuron 47:191-199.497

Meunier J, Borjini N, Gillis C, Villard V, Maurice T. 2015. Brain toxicity and inflammation498

induced in vivo in mice by the Amyloid-β Forty-Two inducer Aftin-4, a roscovitine 499

derivative. J Alzheimers Dis 44:507-524.500

Omori C, Kaneko M, Nakajima E, Akatsu H, Waragai M, Maeda M, et al. 2014. Japanese501

Alzheimer’s Disease Neuroimaging Initiative. Increased levels of plasma p3-alcα35, 502

a major fragment of Alcadeinα by γ-secretase cleavage, in Alzheimer's disease. J 503

Alzheimers Dis 39:861-870.504

Pannee J, Portelius E, Oppermann M, Atkins A, Hornshaw M, Zegers I, et al. 2013. A505

selected reaction monitoring (SRM)-based method for absolute quantification of Aβ-506

38, Aβ-40, and Aβ42 in cerebrospinal fluid of Alzheimer's disease patients and 507

healthy controls. J. Alzheimers Dis 33:1021-1032.508

Pérez-Grijalba V, Pesini P, Allué JA, Sarasa L, Montañés M, Lacosta AM, et al. 2015. Aβ1-509

17 is a major amyloid-β fragment isoform in cerebrospinal fluid and blood with 510

possible diagnostic value in Alzheimer's disease. J Alzheimers Dis 43:47-56.511

Piao Y, Kimura A, Urano S, Saito Y, Taru H, Yamamoto T, et al. 2013. Mechanism of512

intramembrane cleavage of alcadeins by γ-secretase. PLoS One 8, e62431. 513

Portelius E, Olsson M, Brinkmalm G, Rüetschi U, Mattsson N, Andreasson U, et al. 2013.514

Mass spectrometric characterization of amyloid-β species in the 7PA2 cell model of 515

Alzheimer's disease. J. Alzheimers Dis. 33:85-93.516

Portelius E, Price E, Brinkmalm G, Stiteler M, Olsson M, Persson R, et al. 2011. A novel517

pathway for amyloid precursor protein processing. Neurobiol Aging 32:1090-1098.518

Portelius E, Tran AJ, Andreasson U, Persson R, Brinkmalm G, Zetterberg H, et al. 2007.519

Characterization of amyloid beta peptides in cerebrospinal fluid by an automated520

immunoprecipitation procedure followed by mass spectrometry. J. Proteome Res521

6:4433-4439.522

Rappaport SM. 2011. Implications of the exposome for exposure science. J Expo Sci Environ523

Epidemiol 21:5-9.524



Richardson JR, Roy A, Shalat SL, von Stein RT, Hossain MM, Buckley B, et al. 2014.525

Elevated serum pesticide levels and risk for Alzheimer disease. JAMA Neurol526

71:284-290.527

Saito T, Suemoto T, Brouwers N, Sleegers K, Funamoto S, Mihira N, et al. 2011. Potent528

amyloidogenicity and pathogenicity of Aβ43. Nat Neurosci 14:1023-1032. 529

Sandebring A, Welander H, Winblad B, Graff C, Tjernberg LO. 2013. The pathogenic aβ43 is 530

enriched in familial and sporadic Alzheimer disease. PLoS One 8:e55847.531

Selkoe DJ, Mandelkow E, Holtzman DM (editors). 2012. The Biology of Alzheimer disease.532

Cold Spring Harbor Press, Cold Spring Harbor, New York, 511 pp.533

Svedružić ŽM, Popović K, Šendula-Jengić V. 2013. Modulators of γ-secretase activity can 534

facilitate the toxic side-effects and pathogenesis of Alzheimer's disease. PLoS One535

8:e50759.536

Takasugi N, Sasaki T, Shinohara M, Iwatsubo T, Tomita T. 2015. Synthetic ceramide537

analogues increase amyloid-β 42 production by modulating γ-secretase activity. 538

Biochem Biophys Res Commun 457:194-199.539

Vinters HV. 2015. Emerging concepts in Alzheimer's disease. Annu Rev Pathol 10:291-319.540

Vrijheid M, Slama R, Robinson O, Chatzi L, Coen M, van den Hazel P, et al. 2014. The541

human early-life exposome (HELIX): project rationale and design. Environ Health542

Perspect 122:535-544.543

Welander H, Frånberg J, Graff C, Sundström E, Winblad B, Tjernberg LO. 2009. Abeta43 is544

more frequent than Abeta40 in amyloid plaque cores from Alzheimer disease brains.545

J Neurochem 110:697-706.546

Wild CP. 2005. Complementing the genome with an "exposome": the outstanding challenge547

of environmental exposure measurement in molecular epidemiology. Cancer548

Epidemiol Biomarkers Prev 14:1847-1850.549

Wild CP. 2012. The exposome: from concept to utility. Int J Epidemiol 41:24-32.550

Wishart D, Arndt D, Pon A, Sajed T, Guo AC, Djoumbou Y, et al. 2015. T3DB: the toxic551

exposome database. Nucleic Acids Res. 43:D928-934.552

Zeliger HI. 2013. Exposure to lipophilic chemicals as a cause of neurological impairments,553

neurodevelopmental disorders and neurodegenerative diseases. Interdiscipl Toxicol554

6:103-110.555

556



557

FIGURE LEGENDS558

559

Figure 1. Some triazines trigger β- and γ-secretase dependent production of 560

extracellular Aβ42. A. Effect of 37 triazines on extracellular Aβ42 production by N2a-561

APP695 and CHO-7PA2-APPsw cells. Cells were treated with 100 µM of each compound for562

18 h and cell supernatants were collected for Aβ42 levels measurement by ELISA. Aftin-5 563

was used as a positive control and the corresponding volume of vehicle (DMSO) as a negative564

control. Levels are expressed as fold change, + SE, of Aβ42 levels over those of control, 565

vehicle-treated cells. Average of two experiments performed in triplicate (representative of566

four independent experiments). Horizontal dotted lines indicate levels for 1 and 3 fold567

changes in Aβ42 concentration. B. Structure of the six active triazines and of Aftin-5. C.568

Extracellular Aβ42 production induced by triazines is inhibited by β-secretase inhibitor IV, γ-569

secretase inhibitors DAPT & BMS 299897 and γ-secretase modulator 'Torrey Pines' 570

compound. N2a-APP695 cells were exposed to 10 µM of each inhibitor. 1.5 h later cells were571

exposed to 100 µM of each active triazine or 50 µM Aftin-5. Extracellular Aβ42 levels were 572

measured after 18 h. Representative of two independent experiments performed in triplicates.573

D. Triazines trigger Aβ42 production in primary rat neuron cultures. Cells were exposed to 574

DMSO, 100 µM of each triazine or Aftin-5 for 18 h. Cell supernatants were collected and the575

levels of Aβ38, Aβ40 and Aβ42 (bottom panel) were determined by ELISA assays (average 576

of triplicate values). The Aβ-42/Aβ40 ratios were calculated (top panel). The horizontal 577

dotted line refers to the basal ratio in control cells.578

579

Figure 2. Mass spectrometry quantification of Aβ38, Aβ40 and Aβ42. Levels of the three580

amyloid peptides were determined by mass spectrometry in supernatants of N2a-APP695 (A)581

and CHO-7PA2-APPsw (B) cells following 18 h treatment with DMSO, 100 µM of each582

triazine or Aftin-5. Amyloid levels are expressed as percentage of levels in vehicle-treated583

cells (bottom panels; average + SE of triplicate values; absolute values in control cell584

supernatants are indicated under the bottom panels) and Aβ42/Aβ40 ratios (top panels; 585

horizontal dotted lines refer to the basal ratios in control cells).586

587

Figure 3. Pattern of amyloid peptides produced by N2a-APP695 cells exposed to588

triazines. Cells were treated for 18 h with DMSO, 100 µM of each triazine or Aftin-5. Cell589

supernatants were collected and analyzed as described. A. Example spectra of supernatants590

amyloid profiles from N2a-APP695 cells exposed to DMSO, Aftin-5 or Terbutryn. B.591

Quantification of all amyloid peptides in N2a-APP695 cell supernatants (Log of fold change592

in triazine or Aftin-5 treated cells over control, DMSO-treated cells).593

594

Figure 4. Pattern of amyloids peptides produced by CHO-7PA2-APPsw cells exposed to595

triazines. Cells were treated for 18 h with vehicle, 100 µM of each triazine or Aftin-5. Cell596

supernatants were collected and analyzed as described. A. Example spectra of supernatants597

amyloid profiles from CHO-7PA2-APPsw cells exposed to DMSO, Aftin-5 or Terbutryn. B.598

Quantification of all amyloid peptides in CHO-7PA2-APPsw cell supernatants (Log of fold599

change in triazine or Aftin-5 treated cells over control, DMSO-treated cells).600



601

Figure 5. Triazines trigger enhanced production of Aβ42 versus Aβ40 in neurons 602

differentiated from human iPSCs. A. iPSCs-derived neurons were differentiated for 4 or 10603

weeks and then exposed to DMSO or 100 µM Aftin-5 or Terbutryn for 24 h. B. Neurons were604

derived from iPSCs obtained from healthy donor (APP WT) or from an AD patient (APP605

K724N mutation). They were exposed for 24 h to DMSO, 100 µM Aftin-5 or the six triazines.606

In both experiments cell supernatants were collected for extracellular Aβ levels measurement 607

by ELISA. Levels are expressed as Aβ42/Aβ40 ratios + SE of triplicate values.  608

609

Figure 6. Effect of APP C-terminal truncations on triazines’ efficacy. A. Only the C-610

terminal aa sequences of APP full length (WT) and C-terminal truncations mutants (T1-T6)611

are shown. The γ and ε cleavage sites are indicated in orange and blue respectively. Numbers 612

indicate the position of the residues involved in those cleavages and refer to the α cleavage 613

site. B. Mutants T1 to T6 were expressed transiently in N2a cells which were exposed to614

DMSO or Aftin-5 (100 µM) for 24 hrs and the levels of released Aβ42 was measured by 615

ELISA. C. Mutants T1, T3 and T4 expressing N2a cells were exposed for 24 hrs to DMSO616

(D), Aftin-5 or the six triazines (100 µM). Aβ42 level were measured and are expressed as 617

fold-increase vs. untreated cells.618

619

Figure 7. Triazines alter the cleavage pattern of alcadein α, leading to increased p3-620

Alcα38 production. A. Schematic representation of the production of p3-Alcα peptides from 621

Alcadein α. The full length protein is cleaved primarily by α-secretase at His814 or Ala816 622

(purple arrows). It is then cleaved by γ-secretase at Thr851 (orange arrow) leading to the two 623

main Alcadein α peptides p3-Alcα35 and p3-Alcα2N+35 (‘2N’ denotes the two additional, N-624

terminal amino acids). Alternative cleavage sites (blue arrows) generate additional p3-Alcα 625

peptides of different sizes. B. Immunoprecipitation/mass spectrometry resolution of p3-Alcα 626

peptides produced by HEK-Alcadein α cells exposed to various triazines, Aftin-5 or DMSO. 627

Cells were treated for 24 h with 100 µM of each reagent and p3-Alc peptides were analyzed628

by MALDI-TOF/MS. Representative profiles for each product (top) and zoom on the p3-629

Alcα34, p3-Alcα35 and p3-Alcα38 peaks (bottom). C. Quantification of p3-Alcα peptides 630

produced by cells exposed to all triazines and Aftin-5. Levels of each peptide are presented as631

fold change of ratios over p3-Alcα35 versus corresponding peptide ratios for DMSO-treated 632

cells. Horizontal dotted lines indicate levels for 1 fold change in p3-Alcα/p3-Alcα35 ratio in 633

treated vs. control cell supernatant. Note the change of scale for p3-Alcα38/p3-Alcα35 634

treated/control ratio.635


