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Highlights 

- HNE causes overexpression of CD36 and β1-integrin receptors on neuronal cells. 

- Increased expression of these receptors enhanced intracellular accumulation of Aβ. 

- Blocking these receptors prevented neuronal necrotic cell death by HNE plus Aβ. 
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ABSTRACT 

 

Lipid peroxidation is generally considered as primarily implicated in the pathogenesis of Alzheimer’s 

disease (AD); one of its more reactive end-products, 4-hydroxynonenal (HNE), has been shown to cause 

neuron dysfunction and degeneration. HNE production in the brain is stimulated by the amyloid-β 

peptide (Aβ), whose excessive accumulation in specific brain areas is a hallmark of AD. Conversely, Aβ 

production is up-regulated by this multifunctional aldehyde. Findings reported here point to the ability 

of HNE and Aβ to interact, with consequent potentiation of Aβ’s cytotoxicity as determined in vitro 

using neuron-like cells derived from human dental-pulp progenitor cells. Preincubation of cells with the 

aldehyde markedly up-regulated Aβ uptake and intracellular accumulation, by overexpressing two of the 

three components of the plasma membrane multireceptor complex CD36/CD47/β1-integrin: 

experimental and clinical data indicate that intraneuronal accumulation of A  is an early event possibly 

playing a primary role in AD pathogenesis. That HNE-mediated over-expression of CD36 and β1-

integrin, which plays a key role in HNE’s potentiating Aβ neurotoxicity, in terms of necrosis, was 

confirmed when this effect was prevented by specific antibodies against the two receptors. 
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Introduction 

 

Alzheimer’s disease (AD), the most prevalent form of mental decline in developed countries, is 

characterized, from the neuropathological standpoint, by two hallmarks: intracellular neurofibrillary 

tangles made of hyperphosphorylated tau and extracellular deposits of amyloid β (Aβ) forming senile 

plaques. Moreover, the loss of neurons and synapses in the neocortex, hippocampus and other 

subcortical regions of the brain is a constant feature of this disease process [1,2]. 

With the exclusion of early-onset AD, which accounts for no more than 5-10% of total cases, the 

disease is the result of a complex interaction among a variety of acquired factors, acting on individuals 

with genetic predisposition (late-onset disease; 90-95% of total cases) [3-5]. Of these factors, lipid 

peroxidation, i.e. the oxidative breakdown of membrane polyunsaturated fatty acids (PUFA), is for a 

number of reasons generally considered as primarily implicated in both the initiation and the progression 

of AD. Firstly, the brain has a very high PUFA content and relatively low levels of naturally-occurring 

antioxidants, such as α-tocopherol, making it particularly sensitive to an increased steady-state of 

reactive oxygen species (ROS), a biochemical condition known as oxidative stress [6-10]. Further, 

various risk factors of late-onset AD, such as hypertension, smoking, diabetes mellitus, and 

inflammation, induce oxidative stress with peroxidation of cell-membrane lipids; through a positive 

feedback mechanism their pathological action is then amplified and sustained by oxidative stress 

[10,11]. 

Whether oxidative stress and lipid peroxidation products are the cause or the consequence of AD-

associated neuropathology has long been the subject of debate [12-15]. Oxidative stress may promote 

A  production [16] and contribute to the formation of amyloid plaques [17,18] and, conversely, A  can 

stimulate the production of ROS [19,20]. 

Oxidative breakdown of membrane lipids or circulating lipoproteins generates highly-reactive 

aldehydes, of which the most relevant to brain pathophysiology appears to be 4-hydroxynonenal (HNE). 

HNE’s involvement in AD pathogenesis has been hypothesized, as it causes neuron dysfunction and 

degeneration [21,22]. Because elevated levels of HNE have been found in the brain of AD patients, in 

both neurofibrillary tangles and senile plaques, as well as in the cerebrospinal fluid, it has been proposed 

as a candidate biomarker of this neurodegenerative disease [23,24]. The involvement of HNE in AD 

pathogenesis is also supported by important in vitro findings, including Aβ’s ability to trigger HNE 

production by neurons [25] and, conversely, HNE-dependent enhancement of Aβ production in neurons, 

through the up-regulation of both β- and -secretase expression and activity, enzymes involved in the 

amyloidogenic pathway [26,27]. 

We are of the opinion that, since AD is a multistep and multifactorial disease process that develops 

chronically, it would be reductive to consider the expression of this disease as a linear series of distinct 

events, without any interaction or feedback. Instead of attempting to determine which comes first in the 



neuropathology of AD, between HNE and A , we thus focused on possible interactions between the 

two compounds in inducing neurotoxic effects. 

Very recently, another lipid oxidation product of interest in brain pathophysiology, namely 24-

hydroxycholesterol (24-OH), was found to strongly potentiate the necrogenic effect of the A 1-42 

peptide in two different human neuronal cell lines. This potentiation was due to the oxysterol’s ability 

to stimulate the binding of A  to neuronal cells, by up-regulating a cluster of membrane receptors, 

comprising β1-integrin, CD36 and CD47 [28]. 

It is noteworthy that HNE up-regulates CD36 in murine macrophages [29], and that this scavenger 

receptor favors the binding of A  peptides to cell plasma membranes [30-32]. We thus deemed it 

important to investigate whether HNE was able to: i) up-regulate CD36 in human neuronal cells; ii) 

enhance A  binding to those cells and its subsequent uptake; iii) potentiate A -mediated neurotoxicity. 

To date, in vitro studies on nervous system diseases, including AD, have lacked an adequate human-cell 

model, most of them using human adult neurons or tumor cell lines; the former are difficult to cultivate 

and standardize, while many of the latter are without proper neuronal morphology and expression of 

neuron-specific markers [33,34]. The use of stem/precursor cells may thus represent an innovative 

approach. In this connection, dental-pulp stem and progenitor cells are particularly eligible because of 

their neural crest-linked ontogenesis [35,36], high plasticity, and ability to differentiate towards neural 

lineages [37,38]. 

We here applied a precursor cell-based approach, comprising primary cultures of human dental-

pulp progenitor cells (DPPC), which spontaneously differentiate to dental pulp neuron-like cells 

(DPNLC) in vitro. HNE was found to cause over-expression not only of CD36 but also of another 

component of the multireceptor complex that binds the A  peptide, namely 1-integrin. The up-

regulation of these components allowed the neurotoxic peptide to accumulate in greater amounts within 

DPNLC, and to induce much more extensive necrotic cell death than occurred in cells challenged with 

A  alone. 

 

Materials and methods 

 

Cell culture and differentiation 

 

In line with stipulations of the Ethics Committee of Turin University, DPPC were isolated from the 

impacted third molar of a 25-year old woman; dental pulp was digested, size-sieved and isolated as 

described elsewhere [39]. Cells were cultured in RPMI-1640 supplemented with 10% fetal calf serum, 

100 U/ml penicillin G, 40 μg/ml gentamicin sulfate and 2.5 μg/ml amphotericin B (Sigma-Aldrich, St 

Louis, MO, USA) at 37 °C in a humidified 5% CO2 atmosphere. DPPC spontaneously differentiated 

into DPNLC after two months in culture (about 20 passages), without any addition of pro-

differentiating agents. 



 

Cytochemical analysis 

 

Cells were observed in culture by phase-contrast microscopy (Leica DMIL, Leica Microsystems 

GmbH, Wetzlar, Germany). DPPC/DPNLC were cultured on poly-D-lysine-coated coverslips and 

stained for cytochemical or immunocytochemical analysis. Some DPPC were stained with toluidine 

blue dye to better morphological features. Specific markers were evaluated by immunocytochemical 

analysis, to characterize DPPC as progenitor cells and DPNLC as neuron-like cells. DPPC and DPNLC 

were incubated with specific primary antibodies overnight at 4 °C, and then with appropriate secondary 

antibodies for 1 h at room temperature. Assessed primary antibodies are specific for: proto-oncogene 

cKit (CD117 or stem-cell-factor receptor, SCF-R) (1:50); vascular endothelial growth factor receptor 

FLK1 (CD309) (1:50) (BD Pharmingen, Franklin Lakes, NJ, USA); stem-cell antigen 1 (SCA1) (1:50) 

(Cederlane, Ontario, Canada); multidrug resistance protein 1 (MDR1) (1:1000); polysialylated-neural-

cell adhesion molecule (PSA-NCAM) (1:1000); neuronal nuclei antigen (NeuN) (1:1000) (Chemicon, 

Darmstadt, Germany); and glial fribrillar acid protein (GFAP) (1:70) (Dako, Milano, Italy); CD36 

(1:500) (Clone FA6-152; HyCult Biotechnology b.v., Uden, The Netherlands); β1-integrin (1:500) and 

CD47 (1:1000) (Clone 4B7R; Santa Cruz, Biotechnology Inc., Santa Cruz, CA, USA); Nuclei were 

counterstained, where possible, with propidium iodide (1 µg/ml). Images were acquired with a LSM 

510 confocal laser microscope (Carl Zeiss, Jena, Germany) equipped with an inverted microscope with 

Plan-NEOFLUAR lenses. 

 

Cell treatments 

 

Cells were treated with 0.5 µM 24-OH (Steraloids, Newport, RI, USA) or 1 µM HNE (Alexis, 

Vinci-Biochem, Vinci, Firenze, Italy). Some cells were then treated with Aβ1–42 (200 nM) (AnaSpec, 

Fremont, CA, USA). In certain experiments, cells were pretreated with anti-CD36 antibody (4 µg/ml) 

(Clone FA6-152; HyCult Biotechnology b.v.) or with anti-β1-integrin antibody (4 µg/ml) (Clone 4B7R; 

Santa Cruz, Biotechnology Inc.). Incubation times for all experiments are reported in the Result section 

and in the figure legends. 

 

RNA extraction and cDNA synthesis 

 

DPNLC total RNA was extracted using TRIzol Reagent (Applied Biosystems, Monza, Italy) 

following the manufacturer’s instructions. RNA was dissolved in RNase-free water fortified with 

RNase inhibitors (RNase SUPERase-In; Ambion, Austin, TX, USA) and purified through a 

Deoxyribonuclease I kit (Fermentas International Inc., Burlington, Canada). The amount and purity 

(A260 ⁄ A280 ratio) of the extracted RNA were assessed spectrophotometrically. 



cDNA was synthesized by reverse transcription from 2 µg RNA with a commercial kit and random 

primers (High-Capacity cDNA Reverse Transcription Kit; Applied Biosystems) following the 

manufacturer’s instructions. 

 

mRNA expression by qualitative RT-PCR 

 

Qualitative reverse transcriptase-polymerase chain reaction (RT-PCR) was carried out using 0.1 μg 

cDNA, 2.5 μl 10X PCR Buffer II (Roche Applied Science, Indianapolis, USA), 1.5 μl 25 mM MgCl2, 

0.5 μl 10 mM dNTP, 0.05 U/μl Taq DNA Polymerase (Fermentas) and 0.75 μl of each specific 10 μM 

primer (Sigma-Aldrich) to a final volume of 25 μl. 

Specific primer sequences were: β3-tubulin (TUBB3) fwd 5’-

GGATCAGCGTCTACTACAACGAG-3’; TUBB3 rev 5’-CTGAAGAGATGTCCAAAGGCCC-3’; 

nestin fwd 5’-GTCCATCCTCAGTGGGTCAGA-3’; nestin rev 5’-CCGATTGAGCTCCCACATCT-

3’; neuronal nuclei (NeuN) fwd 5’-CCGAGTGATGACCAACAAGAAGAC-3’; NeuN rev 5’-

CGTAGCCTCCATAAATCTCAGCAC-3’; neuron-specific enolase (NSE) fwd 5’-

CGTTACTTAGGCAAAGGTGTCCTG-3’; NSE rev 5’-TTCTCAGTCCCATCCAACTCCA-3’. As 

positive control, cDNA extracted from a human glioma sample was employed. 

 

mRNA expression by real-time RT–PCR 

 

Singleplex real-time RT–PCR was performed on 30 ng of cDNA using TaqMan Gene Expression 

Assay kits prepared for human CD36, β1-integrin, CD47, and β2-microglobulin, TaqMan Fast 

Universal PCR Master Mix, and 7500 Fast Real-Time PCR System (Applied Biosystems). Negative 

controls did not include cDNA. The oligonucleotide sequences are not revealed by the manufacturer 

because of proprietary interests. The cycling parameters were as follows: 20 s at 95°C for AmpErase 

UNG activation, 3 s at 95°C for AmpliTaq Gold DNA polymerase activation, 40 cycles of 3 s at 95°C 

(melting), and 30 s at 60°C (annealing ⁄ extension). The fractional cycle number (Ct) at which 

fluorescence passes the threshold, in the amplification plot of fluorescence signal vs. cycle number, was 

determined for each gene considered. The results were then normalized to the expression of β2-

microglobulin, as housekeeping gene. Relative quantification of target gene expression was achieved 

with a mathematical method proposed by Livak & Schmittgen (2001) [40]. 

 

Congo red staining 

 

DPNLC were grown on glass slides and, after treatment, specimens were fixed in 4% formalin for 

15 min at room temperature. Cells were washed with 0.01 M PBS and then stained with a fresh solution 

of 0.5% filtered Congo red (Sigma-Aldrich) at room temperature for 3 min. After several washes with 



deionized water, slides were mounted in glycerol/distilled water (1:1) plus 0.1% sodium azide (Sigma-

Aldrich) and then observed through a LSM 510 confocal laser microscopy system (Carl Zeiss). 

 

Evaluation of Aβ1-42 cellular accumulation by ELISA 

 

After cell treatment with HNE or 24-OH, followed by Aβ1-42 addition, whole-cell extracts were 

prepared in ice-cold lysing buffer (1 ml of PBS was added with 10 µl Triton X-100, 10 µl SDS 10%, 5 

µl DTT 1 M, 6 µl PMSF 0.1%, 10 µl aprotinin) for 30 min and sonicated for 1 min. The lysates were 

then cleared by centrifugation at 17,860 g for 15 min. The protein concentration was measured 

following Bradford’s method [41]. 

Aβ1-42 levels were quantified using the Human/Rat βAmyloid (42) ELISA Kit (Wako Chemicals 

GmbH, Neuss, Germany) following the manufacturer’s instructions. 

 

Measurement of necrotic and apoptotic cell death 

 

Cell viability was measured in terms of the release of the enzyme lactate dehydrogenase (LDH). 

LDH activity was measured using a photometrical assay based on the conversion of pyruvic acid to 

lactic acid by this enzyme, in the presence of reduced NADH in culture medium. Control and treated-

cells values are expressed as percentages of total LDH released by untreated cells (100%), which were 

lysed with PBS plus 5% Triton X-100. 

The rate of apoptosis was evaluated through 4,6-diamidino-2-phenylindole (DAPI) staining. To 

identify apoptotic nuclei, cells grown on glass coverslips were fixed and permeabilized with 95% cold 

ethanol for 5 min at room temperature, and then washed twice with 0.1 M PBS. Slides were then 

incubated for 30 min at room temperature in DAPI solution. After rinsing in PBS, cells were observed 

and photographed under a Zeiss Axiovert 200 M fluorescence microscope. 

 

Statistical analysis 

 

Data were analyzed statistically using one-way ANOVA with Bonferroni’s post-test for multiple 

comparisons. Differences at P < 0.05 were considered statistically significant. Calculations were 

performed with GRAPHPAD INSTAT3 software (GraphPad Software Inc., San Diego, CA, USA). 

 

Results 

 

Morphological features and protein expression of dental-pulp progenitor cells (DPPC) 

 



Under light microscopy, DPPC showed flat, spindle-shaped fibroblastoid morphology (Fig. 1A), 

with central round nuclei characterized by two or more nucleoli (Fig. 1B). Immunocytochemical 

analysis highlighted the presence of stem-cell antigens cKit (Fig. 1C), FLK1 (Fig. 1D), and SCA1 (Fig. 

1F), as well as that of P-glycoprotein (MDR1) (Fig. 1E). This expression profile confirms the 

progenitor status of these cells. 

 

Spontaneous neuronal commitment of DPPC 

 

After DPPC spontaneous differentiation, they consistently showed a neuron-like shape (Fig. 2A). 

Qualitative RT-PCR analyses demonstrated that DPNLC express genes related to neuronal 

differentiated status, namely those coding for cytoskeleton components TUBB3 and nestin, NeuN, a 

neuron-specific nuclear protein, and NSE, a neuronal glycolytic isoenzyme (Fig. 2B). Moreover, 

DPNLC expressed neural antigens, namely PSA-NCAM (Fig. 2C) and GFAP (Fig. 2D), besides the 

“neuronal nuclei” antigen NeuN (Fig. 2E). Constitutive expression of the multireceptor complex 

components, comprising β1-integrin (Fig. 2F), CD36 (Fig. 2G) and CD47 (Fig. 2H), has been shown. 

 

HNE up-regulates the expression of genes coding for CD36 and β1-integrin in human dental pulp-

derived cells showing a neuron-like phenotype (DPNLC) 

 

After 4 h incubation, a single addition of the lipid peroxidation product HNE (final concentration 1 

µM) to DPNLC induced a net increase in cell expression of the scavenger receptor CD36. At the same 

concentration, the aldehyde consistently and significantly also doubled the expression of β1-integrin, 

without exerting any effect on CD47 receptor (Fig. 3A). As a positive control, other DPNLC were 

challenged with 24-OH, i.e the oxysterol previously shown to up-regulate the same two plasma 

membrane proteins in human neuronal cell lines [28]. 24-OH (final concentration 0.5 µM) efficiently 

induced CD36 and β1-integrin also in human DPNLC, again without any effect on CD47 (Fig. 3B). 

 

HNE enhances the internalization of Aβ1–42 in DPNLC 

 

The consequences of the increased expression of CD36 and β1-integrin, induced by HNE, were 

then investigated in DPNLC incubated for 48 h in the presence or otherwise of 1 µM HNE, and then 

challenged for 8 h with 200 nM Aβ1-42. The same time scale applied in a previous study for 24-OH-

modulated Aβ binding to neuronal cells [28] was employed here. As Fig. 4 shows, cell treatment with a 

single dose of HNE (1 µM) plus Aβ1-42 led to much more marked internalization of the toxic peptide 

then occurred when cells were incubated with Aβ1-42 alone, in the absence of HNE. Of note, cell 

treatment with 24-OH (0.5 µM) plus Aβ1-42 also caused a pronounced intracellular accumulation of the 



peptide. As reported in Table 1, Aβ1-42 intracellular levels resulted to be about two-fold higher in both 

HNE or 24-OH treated cells versus untreated cells. 

 

HNE potentiates Aβ1-42-induced irreversible damage in DPNLC 

 

With the aim of determining whether enhanced accumulation of toxic Aβ1-42 in neuronal cells might 

potentiate the peptide’s toxic effects, DPNLC were first incubated for 48 h with a single dose of 1 µM 

HNE, and then for a further 24 h with 200 nM Aβ1-42 peptide. At the end of the experiment, necrotic 

cell death was evaluated, by measuring the extracellular percentage of LDH. As shown in Fig. 5A, in 

cells challenged with Aβ1-42 for 24 h, LDH release increased about two-fold compared to untreated 

cells; cell treatment with HNE prior to Aβ1-42 addition markedly potentiated the latter’s neurotoxic 

effect. 

Further, to evaluate the role of the HNE-induced up-regulation of membrane CD36 and β1-integrin 

in potentiating Aβ1-42-induced cell necrosis, batches of HNE-treated cells were incubated for 1 h with 

either anti-CD36 or anti-β1-integrin specific antibodies, prior to the addiction of Aβ1-42. Blocking these 

receptors not only prevented HNE-dependent enhancement of Aβ1-42 neurotoxicity, but also blocked 

any increase of cell LDH leakage due to Aβ1-42 treatment per se (Fig. 5A). In agreement with data 

previously obtained with neuronal cell lines [28], DPNLC treatment with 24-OH, used as positive 

control, gave the same results achieved with HNE (Fig. 5B). 

A potential enhancement of Aβ’s pro-apoptotic effect by the two compounds was also investigated: 

neither HNE nor 24-OH appeared to induce Aβ’s apoptotic cell death as observed by DAPI staining 

(Fig. 6). 

 

Discussion 

 

Accumulation of Aβ peptides is thought to be an early and causative event in AD pathogenesis, and 

it increases markedly with disease progression [42]. Of the several intertwined causative factors that 

contribute to the development of AD, oxidative stress and the consequent pathological increase of 

membrane lipid peroxidation have been the subject of much consideration over recent years [1]. Thus, 

there is much focus on possible roles of lipid peroxidation-derived aldehydes in contributing to 

neuronal dysfunction in this neurodegenerative disease. 

Among such aldehydes, HNE has become the most studied cytotoxic end product of lipid 

peroxidation and appears to be a main signaling molecule in the pathogenesis of AD. It has been 

demonstrated, indeed, to accumulate in relatively large amounts in brain cells, both with aging and with 

AD progression [22]. HNE has three functional groups that frequently act synergistically, and thus can 

undergo several reactions, especially with biomolecules containing amino and thiol groups. 

Quantitatively, proteins and peptides are the most important group of biomolecules targeted by HNE. It 



has been estimated that 1-8% of HNE formed in cells has the ability to modify proteins [43]. In this 

connection, in autoptic samples from persons with mild cognitive impairment or early AD, liquid 

chromatography-mass spectrometry consistently detected 2-3 µmol HNE/g protein in the temporal 

cortex and hippocampus [24]; this post-mortem evidence of elevated levels of HNE-protein adducts in 

the hippocampus of such individuals has been confirmed in other studies [44]. Besides HNE, other 

aldehydes, such as trans-4-hydroxy-2-hexenal (HHE), 4-oxo-trans-2-nonenal (4-ONE), 

malondialdehyde (MDA) and acrolein, are well recognized neurotoxic agents [45,46]. HHE, like HNE, 

is an active biochemical mediator [47] and levels of HHE-protein adducts are increased in multiple 

brain regions in the progression of AD. Moreover, a time- and concentration-dependent decrease in 

survival was observed in primary cortical cultures treated with HHE [48]. Further, acrolein has been 

found to be elevated in hippocampus and temporal cortex where oxidative stress is high. It makes 

adducts with nucleophilic groups found on biomolecules and it causes cell death of hippocampal 

neurons [49,50]. 

Focusing on HNE, this aldehyde may be neurotoxic, acting through a variety of biochemical 

pathways, including the perturbation of cell signaling pathways [22,43,51,52]. In addition, HNE 

possesses a strong pro-inflammatory effect, operating, possibly among other mechanisms, by up-

regulating the macrophagic expression and synthesis of cytokines, namely interleukin (IL)-1β and IL-8, 

tumor necrosis factor α (TNFα), transforming growth factor β1 (TGFβ1) and monocyte chemotactic 

protein-1 (MCP-1) [43, Poli et al., unpublished results]. HNE might also contribute to the inflammatory 

response of the AD brain, since this aldehyde has been identified as potential inducer of 

cyclooxygenase-2 [53]. Moreover, up-regulation of inflammatory molecules, including 

cyclooxygenase-2, has also been observed in the neuronal cell lines SK-N-BE and SH-SY-5Y (Poli et 

al., unpublished results). As already mentioned in the introduction, Aβ has been demonstrated to 

markedly up-regulate HNE steady-state levels in the brain [54,55]. Conversely, this hydroxyalkenal 

appears to stimulate the synthesis of toxic Aβ peptides, essentially Aβ1-42, by promoting various steps of 

the synthesis process in neuronal cells [26,27]. Thus, a loop exists between HNE and Aβ as regards 

formation of the two compounds, but no evidence had thus far been reported about the pathological 

consequence of an interaction between them. 

The neurotoxic interaction between HNE and Aβ1-42 reported here is clearly based on the expression 

of CD36, a class B scavenger receptor, on the surface of neuronal cells. This plasma-membrane 

receptor has been confirmed as the key player molecule in the binding and internalization of Aβ by 

neuronal cells [32]. In microglial cells, the CD36 receptor is reported to form a multicomplex receptor 

with CD47 and β1-integrin, able to bind monomers and amyloid fibrils [56], and this receptor complex 

was recently also reported to be involved in 24-OH-induced Aβ1-42 binding by human neuronal cell 

lines, namely differentiated SK-N-BE and NT-2 cells [28]. 

The present findings suggest that, in progenitor cells obtained from human dental pulp differentiated 

towards the neuronal phenotype (Fig. 2), HNE, like 24-OH, may stimulate expression of the same 



multicomplex receptor (CD36/CD47/β1-integrin) (Fig. 3). While over-expression of CD36 by HNE has 

already been reported, but in macrophage cells [29], up-regulation of β1-integrin by this aldehyde 

appears to be a new finding. 

Of note, CD36-depending signaling has also been implicated in the pro-inflammatory effects of 

endogenous ligands, such as oxidized low density lipoprotein (oxLDL), oxidized lipids and Aβ. Signals 

from the scavenger receptor CD36 might, indeed, regulate assembly and activation of Toll-like receptor 

(TLR) 4 and 6 heterodimers, leading to sterile inflammation [57]. TLR4 expression has been 

demonstrated to increase in neurons when exposed to HNE or Aβ and to contribute to the neuronal 

degeneration in AD [58]. We could, thus, hypothesize that activation of CD36/TLR4/TLR6 might be a 

pro-inflammatory trigger common to oxLDL, Aβ, and HNE. 

Importantly, a growing body of evidence from different transgenic models, in vitro as well as 

clinical studies, strongly suggests that intraneuronal accumulation of A  is an early event, and might 

play a primary role in the pathogenesis of AD [59,60]. Oxidative stress has been found to induce the 

uptake of Aβ, administered extracellularly to neuronal cells, and its localization to the nucleus [61-64]. 

Here we provide clear evidence that a single physiopathologically-compatible dose of HNE markedly 

enhances intraneuronal, followed by intranuclear, accumulation of Aβ. 

Instead of using immortalized neuronal cell lines, which often lack adequate neuronal morphology 

and expression of neuron-specific markers, and that often consist of non-uniform cells, we preferred 

here to employ a much more uniform population of neuron-like cells, i.e. those obtainable from the 

differentiation of stem cells. In this connection, dental-pulp mesenchymal stem cells appeared to be the 

best choice. Besides being readily accessible, these cells originate from the cranial neural crest [35,36], 

they possess great plasticity, express some neural markers, are capable of forming neurospheres, and, in 

particular, they can spontaneously differentiate along the neural lineage in vitro [37,38]. 

As reported in Fig. 5, addition of a standard amount of the peptide Aβ1-42 per se induced some degree 

of necrotic death, measured in terms of LDH release. Cell dosing with HNE also determined a moderate 

increase of LDH in the cell suspension medium. However, when the two treatments were combined, the 

neurotoxicity index reached values above the sum of the two separate necrogenic effects. Notably, cell 

treatment with antibodies against either CD36 or β1-integrin restored LDH release to values measured 

in neuronal cells incubated throughout the experimental time in the absence of HNE and Aβ. The latter 

finding would suggest that the rate of cell death occurring in the presence of Aβ1-42 alone may also be 

dependent on the constitutive expression of some amount of the multicomplex receptor that includes 

CD36 and β1-integrin. The moderate but positive Congo red staining, shown by DPNLC challenged 

with Aβ1-42 alone, indirectly confirms this hypothesis (Fig. 4), as well as the quantification of Aβ1-42 

intracellular levels by ELISA (Table 1). In contrast, the different compounds did not show any 

apoptotic effect on treated cells (Fig. 6). 

Figure 7 summarizes: i) the sequence of events underlying the observed neurotoxic interaction of 

HNE and Aβ peptide, and ii) the complete prevention of necrotic cell death by the specific receptor 



blockade. As regards the mechanisms whereby HNE might potentiate Aβ1-42 toxicity against neuronal 

cells, its binding to the amyloid peptides appears primary and essential. Although HNE is known to 

form adducts with three different side chains in proteins and peptides, including Aβ, namely Cys, His, 

and Lys [43], characterization of HNE-Aβ adducts by liquid chromatography/mass spectrometry 

suggests the localization of one or more moieties of the aldehyde in the region 6-16 of these adducts, a 

region comprising all three His residues of the Aβ peptide [65]. The reaction and interaction between 

HNE and Aβ occur mainly within the neuronal cells, since Aβ intracellular accumulation is prevented 

by blocking the multicomplex receptor located on the plasma membrane; moreover, HNE has been 

shown to reach different cytosolic compartments, including the nucleus, in many cell types [43]. 

However, the manner in which HNE-Aβ adducts, rather than either of the two molecules separately, 

modulate cell function and fate, in terms of signal transduction and gene transcription, is not yet 

entirely clear, and would thus deserve in-depth investigation in the future. Again in connection with the 

potentiation of Aβ’s neurotoxicity by HNE, it may be considered that the addition reaction induced by 

this aldehyde most likely favors the formation of Aβ oligomers, thought to be the most toxic form of 

Aβ. 
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Figure legends 

 

Fig. 1. DPPC characterization before neural differentiation. Panel A: DPPC display a fibroblastoid 

shape, observed by phase-contrast microscopy; panel B: cell shape was highlighted by toluidine blue 

staining; panels C,D,E,F: DPPC express typical precursor markers, such as the proto-oncogene cKit (C), 

the vascular endothelial growth factor receptor FLK1 (D), the multidrug resistance protein MDR1 (E) 

and the stem cell antigen SCA1 (F), all observed by laser confocal microscopy as described in the 

Materials and methods. Bar length: 20 μm. 

 

Fig. 2. Characterization of human dental-pulp-derived neuron-like cells (DPNLC). Panel A: DPNLC 

morphological aspect; panel B: mRNA expression of neuronal genes coding for cytoskeleton 

components β3-tubulin (TUBB3), nestin, neuron-specific enolase (NSE) and neuronal nuclei (NeuN) (+: 

positive control); panels C, D, E: synthesis of neural markers, namely polysialylated-neural cell 

adhesion molecule PSA-NCAM (C), glial fibrillary acidic protein GFAP (D) and neuronal nuclei NeuN 

(E); panels F, G, H: constitutive expression of the multireceptor complex components β1-integrin (F), 

CD36 (G) and CD47 (H). Bar length: 20 μm. 

 

Fig. 3. Effect of 4-hydroxynonenal (HNE) (A) and 24-hydroxycholesterol (24-OH) (B) on the 

expression of CD36, β1-integrin and CD47. Gene expression was quantified by real-time RT-PCR in 

DPNLC treated for 4 h with 1 µM HNE or 0.5 µM 24-OH. Untreated cells were used as controls. Data, 

normalized to β2-microglobulin, are expressed as mean values ± standard deviation of three different 

experiments. ***P < 0.001 vs. control group. 

 

Fig. 4. Congo red staining of amyloid-β internalization in DPNLC cells. Cells were treated with HNE (1 

µM) or 24-OH (0.5 µM) for 48 h and then with Aβ1-42 (200 nM) for 8 h. Other batches of cells were 

treated with Aβ1–42 alone for 8 h. Untreated cells were used as controls. Aβ1-42 cell internalization was 

observed by confocal laser microscopy: excitation 488-543 nm and emission 560 nm; lens 20 x⁄ 0.5, 3 x. 

Images are from one representative experiment of two experiments performed. 

 

Fig. 5. Effect of 4-hydroxynonenal (HNE) and 24-hydroxycholesterol (24-OH) on lactate dehydrogenase 

(LDH) release. DPNLC cells were incubated for 48 h after a single initial addition of 1 µM HNE or 0.5 

µM 24-OH, then in the presence or otherwise of 200 nM Aβ1-42 for 24 h. Some cell aliquots, 



immediately after HNE or 24-OH challenge, were incubated for 1 h in the presence of anti-CD36 (4 

µg/ml) or anti-β1-integrin (4 µg/ml) specific antibodies, immediately prior to the 24 h treatment with 

Aβ1-42. Untreated cells were taken as controls. Histograms report mean values ± standard deviation of 

three experiments. ***P < 0.001 vs. control group; §§§P < 0.001 vs. Aβ1-42; ###P < 0.001 vs. HNE or 

24-OH; †††P < 0.001 vs. HNE+Aβ1-42 or 24-OH+ Aβ1-42; ††P < 0.01 vs. 24-OH+ Aβ1-42. 

 

Fig. 6. Nuclear morphology study by DAPI staining in DPNLC cells treated with 4-hydroxynonenal 

(HNE) or 24-hydroxycholesterol (24-OH) for 48 h and then for 24 h with Aβ1–42 (200 nM). Cells were 

examined using a fluorescence microscope (Zeiss Axiovert 200 M) with an ultraviolet filter and a 

20x/0.30 lens.  

 

Fig. 7. Schematic representation of the events underlying HNE/24-OH-dependent potentiation of 

amyloid β (Aβ1-42) toxicity against human DPNLC. Cell treatment with a single initial dose of HNE (1 

µM) or 24-OH (0.5 µM) (A) up-regulates the receptor complex CD36/β1-integrin/CD47 levels on the 

neuronal surface (B). As a consequence, binding and intracellular uptake of the externally-added Aβ1-42 

are favored, and neuronal death occurs (C). Amplification of Aβ1-42 neurotoxic effect by the two lipid 

peroxidation products is fully prevented by treating neuronal cells with anti-CD36 or anti-β1-integrin 

specific antibodies (D). 
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