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Abstract

Background—Streptozotocin (STZ) is a nitrosamine-related compound that causes Alzheimer
disease (AD)-type neurodegeneration with cognitive impairment, brain insulin resistance, and
brain insulin deficiency. Nitrosamines and STZ mediate their adverse effects by causing DNA
damage, oxidative stress, lipid peroxidation, pro-inflammatory cytokine activation, and cell death,
all of which occur in AD.

Objective—We tested the hypothesis that exposure to N-nitrosodiethylamine (NDEA), which is
widely present in processed/preserved foods, causes AD-type molecular and biochemical
abnormalities in central nervous system (CNS) neurons.

Results—NDEA treatment of cultured post-mitotic rat CNS neurons (48 h) produced dose-
dependent impairments in ATP production and mitochondrial function, and increased levels of 8-
hydroxy-2/-deoxyguanosine (8-OHdG), 4-hydroxy-2-nonenal (HNE), phospho-Tau, amyloid
precursor protein-amyloid beta (ABPP-Ap), and ubiquitin immunoreactivity. These effects were
associated with decreased expression of the insulin, IGF-I, and IGF-11 receptors, and choline
acetyltransferase.

Conclusions—Nitrosamine exposure causes neurodegeneration with a number of molecular and
biochemical features of AD including impairments in energy metabolism, insulin/IGF signaling
mechanisms, and acetylcholine homeostasis, together with increased levels of oxidative stress,
DNA damage and ABPP-APB immunoreactivity. These results suggest that environmental
exposures and food contaminants may play critical roles in the pathogenesis of sporadic AD.
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INTRODUCTION

Nitrosamines and N-nitroso compounds are potent, broad acting carcinogens. Nitrosamine-
mediated injury and mutagenesis is heavily influenced by route of administration, dose,
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chemical nature of the compound, and frequency of exposure. Nitrosamines (R1IN(-R2)-
N=0) are formed by chemical reactions between nitrites and secondary amines or proteins.
Sodium nitrite is added to meat and fish to prevent toxin production by Clostridium
botulinum, and also to color, preserve, and flavor meat. Heating, acidification, or oxidation
of nitrite leads to nitrous acid formation, and the resulting nitrosonium cation (N=0") reacts
with dimethylamine to generate nitrosamines. Ground beef, cured meats, and bacon in
particular, contain abundant amines due to their high protein content, and they also have
high levels of nitrates and nitrites [1]. Other important sources of nitrosamine exposure
include, cheese products, fish byproducts, nonfat dry milk, tobacco, and water [2].
Moreover, nitrosamines are easily generated under strong acid conditions, as exist in the
stomach, or with high temperatures associated with frying or flame broiling [3].

Nitrosamines exert their toxic and mutagenic effects by alkylating N-7 of guanine, leading
to destabilization and increased breakage of DNA [4-9]. Activated nitrosamines also
generate reactive oxygen species such as superoxide (O,-) and hydrogen peroxide (H205),
and thereby increase oxidative stress, DNA damage, lipid peroxidation, and protein adduct
formation [10-13]. Oxidative stress and DNA damage activate pro-inflammatory cytokines
and promote insulin resistance, both of which are key elements in the pathogenesis of
Alzheimer’s Disease (AD), and experimental models of AD-type neurodegeneration [14—
23]. Although nitrosamine-related research has been largely focused on mutagenesis, the
cellular and molecular alterations caused by nitrosamine exposures are fundamentally
similar to those associated with aging and Alzheimer’s Disease (AD) [14, 16].

An important clue regarding the probable connection between nitrosamine exposure and AD
was provided by experimental data demonstrating that treatment with Streptozotocin [2-
deoxy-2-(3-methyl-3-nitrosoureido-D-glucopyranose (CgH15N307)] (STZ), a glucosamine-
nitrosourea compound and derivative of N-methyl-N-nitrosourea (MNU), caused AD-type
neurodegeneration with cognitive impairment [15, 17, 24, 25]. Structurally, STZ is quite
similar to nitrosamines. Like other N-nitroso compounds, including N-nitrosodiethylamine
(NDEA) and N-Nitrosodimethylamine (NDMA) [7], STZ’s MNU causes cellular injury and
disease by functioning as: 1) an alkylating agent and potent mutagen resulting in cancer
development in various organs [26]; 2) an inducer of DNA adducts, most significantly N’-
methylguanine, which lead to increased apoptosis [27]; 3) a mediator of unscheduled DNA
synthesis that triggers cell death [26]; 4) an inducer of single-strand DNA breaks; 5) a
stimulus for nitric oxide (NO) formation following breakdown of its nitrosamine group [25];
and 6) an enhancer of the xanthine oxidase system leading to increased production of
superoxide anion, H,0,, and OH™ radicals [28]. In essence, STZ-induced cellular injury is
mediated by the generation of reactive oxygen species with attendant increased levels of
superoxide, nitric oxide, and lipid peroxidation, all of which cause DNA damage. Radical
ion accumulation leads to inhibition of oxidative metabolism, mitochondrial dysfunction
[28], decreased ATP production [29], activation of poly-ADP ribosylation, and finally cell
death. The present study was designed to test the hypothesis that brief and relatively low-
level exposures to NDEA, a nitrosamine present in processed food, can cause
neurodegeneration similar to the effects of STZ, and that is associated with sporadic AD.
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MATERIALS AND METHODS

Source of Reagents

QuantiTect SYBR Green PCR Mix was obtained from (Qiagen Inc, Valencia, CA).
MitoTracker, JC-1, and H33342 fluorescent dyes were purchased from Molecular Probes
(Eugene, OR). ATPL.te reagents were purchased from PerkinElmer (Boston, MA).
Antibodies to ubiquitin, tau, phospho-tau, 4-hydroxy-2-nonenal (HNE), choline
acetyltransferase (ChAT), 8-hydroxy-2’/-deoxyguanosine (8-OHdG), and B-actin were
purchased from Chemicon (Tecumsula, CA), CalBiochem (Carlsbad, CA), or Molecular
Probes (Eugene, OR). All other fine chemicals and antibodies were purchased from either
CalBiochem (Carlsbad, CA) or Sigma-Aldrich (St. Louis, MO).

In Vitro Characterization of NDEA-Mediated Neurodegeneration

We examined the effects of NDEA exposure on viability, mitochondrial mass, mitochondrial
function, ATP content, and oxidative stress in post-mitotic cerebellar granule neuron
cultures that were generated from postnatal day 8 (P8) Long Evans rat pups as previously
described [30, 31]. Five-day-old 96-well micro-cultures were treated with 15-250 pug/ml of
NDEA or vehicle for 48 hours. We then measured neuronal viability, mitochondrial mass,
mitochondrial function, and ATP content. Viability was assessed with the CyQuant assay
(Molecular Probes, Eugene, OR). ATP content was measured with the ATPLite assay Kkit,
and luminescence was measured in TopCount machine (Packard Instrument Co., Meriden,
CT). For mitochondrial mass and function, cells were labeled respectively, with
MitoTracker Green FM and MitoTracker Red mitochondria-specific cell permeable
fluorescent dyes, and fluorescence light units (FLU; Ex560/Em590) were measured with a
Spectramax M5 microplate reader (Molecular Dynamics, Inc. Sunnyvale, CA) [32, 33].
Subsequently, the cells were stained with Hoechst 33342 (H33342) and fluorescence
intensity was again measured (Ex 360 nm/Em 460 nm) with a Spectramax M5 to assess cell
density [32, 33]. Results from 16-24 replicate cultures are expressed as mean * S.E.M. of
the MitoTracker/H33342 ratios. Mitochondrial permeability, an index of mitochondrial
dysfunction, was measured using the JC-1 assay [34-36]. Fluorescence was measured at
Ex485/Em530 to detect J-monomers and at Ex560/Em590 to detect J-aggregates. Results are
expressed as JC1 aggregate-to-monomer ratios [32, 36]. Relative increases in J-monomers
correlate with increased mitochondrial membrane permeability.

Cellular enzyme-linked immunosorbant assay (ELISA)

To examine effects of NDEA on proteins relevant to AD, 96-well cultures were treated for
48 hours with 15-250 pg/ml of NDEA. The cells were fixed over night in 4% buffered
paraformaldehyde solution, and immunoreactivity was quantified in situ using a cellular
ELISA [37]. Briefly, fixed cells were permeabilized with 0.05% Tween 20 in Tris-buffered
saline, pH 7.5, then treated with 0.3% H,0, in 60% methanol to quench endogenous
peroxidase, and blocked with SuperBlock-TBS (Pierce Chemical Company, Rockford, IL)
to adsorb non-specific binding sites. Cells were incubated over night at 4°C with 0.5-1
pg/ml primary antibody. Immunoreactivity was detected with horseradish peroxidase
conjugated Amplex Red soluble fluorophore (Molecular Probes, Eugene, OR), and
fluorescence intensity (Ex 530/Em 590) was measured with a Spectramax M5 microplate
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reader. To assess cell density, cells were then labeled with H33342 and fluorescence
intensity (Ex360 nm/Em460 nm) was measured in the M5 Spectromax. Immunoreactivity
was normalized to H33342 fluorescence. At least 8 replicate cultures were analyzed in each
experiment. All experiments were repeated 2 or 3 times.

Quantitataive Reverse Transcriptase Polymerase Chain Reaction (QRT-PCR) Assays of
Gene Expression

To examine effects of NDEA on genes pertinent to insulin and insulin-like growth factor
(IGF) signaling and AD, the cells were treated for 48 hours with 30 pg/ml NDEA, and
mMRNA expression was measured by gRT-PCR analysis as previously described [17].
Briefly, total RNA isolated from cultured cells was reverse transcribed, and the resulting
cDNA templates were used in PCR amplification reactions with gene specific primer pairs.
The primer sequences have already been published [17]. Amplified signals were detected
and analyzed in triplicate using the Mastercycler ep realplex instrument and software
(Eppendorf AG, Hamburg, Germany). Relative mRNA abundance was calculated from the
ratios of specific mMRNA to 18S measured in the same samples, and those data were used for
inter-group statistical comparisons. Control studies included template-free reactions, and
reactions in which RNA or genomic DNA was used instead of cDNA.

Statistical Analysis

Graphs depict the means + S.E.M.’s for each group, with 8-10 samples included per group.
Inter-group comparisons were made with Student t-tests using GraphPad Prism 5 software
(GraphPad Software, Inc., San Diego, CA). We used ANOVA to examine NDEA dose-
dependent effects on viability, mitochondrial function, oxidative stress, and
immunoreactivity, and the Deming (Model I1) linear regression analysis to determine if the
trends (regression lines) were significantly different from zero. Significant P-values are
indicated within the graph panels.

RESULTS

NDEA Impairs Mitochondrial Function and Increases Oxidative Stress and DNA Damage

Primary cerebellar neuron cultures treated for 48 h with NDEA in the range of 15 to 250
ug/ml, were used to measure viability, ATP content, mitochondrial mass, and mitochondrial
function. The CyQuant assay demonstrated that mean cell density was reduced when
neurons were treated with greater than 50 pg/ml of NDEA (Figure 1A). In contrast, H33342
fluorescence, which correlates with cell density, was not significantly changed as a function
of NDEA dose (Figure 1B). NDEA exposure caused dose-dependent reductions in
mitochondrial function/oxidative phosphorylation, as demonstrated with the MitoTracker
Red fluorescence assay (Figure 1C), reduction in mitochondrial potential, as shown by the
progressive decline in JC1 aggregate/monomer ratio (Figure 1E), and energy depletion with
loss of ATP content, as demonstrated with the ATP-Lite luminescence assay (Figure 1F). In
contrast, mitochondrial mass, assessed by MitoTracker Green fluorescence, was not
significantly altered by the NDEA treatments (Figure 1D).
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To examine the consequences of impaired mitochondrial function and ATP production, we
assessed oxidative stress and DNA damage by measuring 4-hydroxy-2-nonenal (HNE) and
8-hydroxy-2/-deoxyguanosine (8-OHdG) immunoreactivities by cellular ELISA. HNE is a
highly toxic lipid-derived aldehyde that is generated by lipid peroxidation. HNE covalently
modifies and cross-links cytoskeletal proteins and forms adducts with proteins [38, 39]. 8-
OHdG is an abnormal nucleoside that becomes progressively incorporated into damaged
DNA, leading to destabilization and increased breakage of DNA [40, 41]. Increased levels
of both HNE and 8-OHdG have been detected in AD [42, 43] and in brains treated by
intracerebral injection of STZ to generate an experimental model of AD [17]. NDEA
treatment caused dose-dependent increases in the levels of both 8-OHdG and HNE in CNS
neurons (Figures 1G-1H).

NDEA-Impaired Insulin/IGF Signaling Mechanisms

We examined the effects of NDEA treatment on the expression of genes that are required for
insulin and insulin-like growth factor (IGF) signaling in CNS neurons, by measuring mRNA
levels of insulin, IGF-1, and IGF-II polypeptides, and insulin, IGF-1, and IGF-II receptors
using qRT-PCR analysis. For the qRT-PCR analyses, cultures were treated with 50 pg/ml
NDEA for 48 h. The mRNA levels were normalized to 18S rRNA, which was measured
simultaneously in parallel reactions. NDEA-treated and control cells had similar expression
levels of insulin and IGF-I. In contrast, NDEA-treated neurons had significantly reduced
mean levels of IGF-I1 polypeptide, and insulin, IGF-I, and IGF-I1 receptors (Figure 2).
Therefore, NDEA treatment could cause insulin and IGF resistance, and IGF-11 deficiency in
CNS neurons.

Effects of NDEA on AD-Associated Genes

We used gRT-PCR analysis to examine the effects of NDEA treatment (50 pg/ml for 48 h)
on the MRNA levels of amyloid precursor protein (ABPP), Tau, choline acetyltransferase
(ChAT), and acetylcholinesterase (AChE) (Table 1), because these genes are highly relevant
to the AD neurodegeneration cascade. Similar mean levels of ABPP, Tau, and 18S RNA
were measured in vehicle-and NDEA-treated neuronal cells. In contrast, NDEA treatment
significantly reduced the mean levels of ChAT. Although the mean levels of AChE were
also lower in the NDEAtreated cultures, the inter-group difference was not statistically
significant due to the large standard errors.

We further examined the effects of NDEA treatment on the levels of AD-associated

proteins. We measured Tau, phospho-Tau (p-Tau), ABPP, ABPP-amyloid-f3 (ABPP-AB),
ubiquitin, and p-actin immunoreactivity by cellular ELISA after 48-hours treatment with 15—
250 pg/ml NDEA. Tau (Figure 3A), p-Tau (Figure 3B), and ubiquitin (Figure 3E)
immunoreactivity increased progressively in a dose-dependent manner. ABPP(Figure 3C)
and ABPP-AB (Figure 3D) levels remained unchanged relative to control following treatment
with less than 50 ug/ml NDEA, but at higher concentrations, the levels of each of the
proteins increased significantly. B-actin immunoreactivity was sharply reduced by 48-hours
treatment with the lowest dose of NDEA used, but the levels did not decline further with
increasing NDEA concentration (Figure 3F).
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DISCUSSION

Recent studies have linked the molecular and biochemical pathology of AD to impairments
in insulin and IGF signaling mechanisms in the brain [14, 16, 44, 45]. Because of the
similarities between AD and diabetes mellitus, experimental models were generated to test
the hypothesis that AD represents a brain-specific form of diabetes, i.e. Type 3 diabetes [14,
16, 45]. Intracerebral injection with Streptozotocin (STZ), which is a glucosamine-
nitrosourea compound and derivative of N-methyl-N-nitrosourea (MNU) and routinely used
to produce models of diabetes mellitus, was found to cause AD-type neurodegeneration with
cognitive impairment in rats [17]. Those results prompted us to question whether related
compounds in the environment could mediate similar neurodegenerative effects. We
considered the potential role of nitrosamines, including NDEA and NDMA, because of their
structural similarity to STZ [7], 2) the fact that STZ, like NDEA and NDMA, causes cellular
injury and disease by functioning as an alkylating agent, mutagen, and inducer of DNA
adducts, single-strand DNA breakage, and nitric oxide, superoxide anion, H,O,, and OH~
radical formation [25, 28]. Although NDMA and NDEA are aqueous soluble, they are found
in lipid fractions, are distributed in adipose tissue in vivo [46—48], and cause lipid
peroxidation [10], indicating potential for penetrating and/or disrupting the blood-brain
barrier. Moreover, experimental and epidemiological studies linking nitrosamine exposures
from foods to the pathogenesis of primary brain tumors [49-54] provide evidence that these
compounds partition into the CNS and cause disease. Radical ion accumulation impairs
oxidative metabolism, mitochondrial function, ATP production, and cell survival [25, 29]. In
the present study, we examined the hypothesis that relatively brief and low level (sub-
mutagenic) exposure to NDEA, a nitrosamine compound commonly present in processed
food, can produce neurodegeneration similar to that caused by intracerebral STZ injection
and associated with sporadic AD in humans.

Post-mitotic CNS neuronal cultures were briefly (48 h) exposed to a range in concentration
of NDEA to examine dose-effects on viability, energy metabolism, mitochondrial function,
DNA damage, and oxidative stress. The studies demonstrated that NDEA treatment causes
dose-dependent decreases in mitochondrial function and ATP production, and dose-
dependent increases in DNA damage and oxidative stress, similar to the effects of STZ
treatment and AD neurodegeneration [15, 17]. The NDEA-induced impairments in energy
metabolism and mitochondrial function, coupled with increased DNA damage and lipid
peroxidation observed in CNS neurons are consistent with nitrosamine’s, including
NDEA’s, known alkylating properties and capacity to induce DNA adducts, single-strand
DNA breakage, and radical formation in other cell types [6, 10, 11, 25, 28, 29, 55, 56].
Therefore, it’s important to emphasize that post-mitotic neurons are susceptible to
nitrosamine-mediated injury and degeneration.

Modest levels of NDEA treatment significantly reduced expression of insulin, IGF-I, and
IGF-11 receptors, which are needed to transmit signals that mediate neuronal survival,
energy metabolism, plasticity, and neurotransmitter function [16, 57]. Therefore, it is likely
that the NDEA-associated impairments in energy metabolism and mitochondrial function
were mediated in part by decreased expression of these critical receptors. Inhibition of
insulin/IGF signaling increases oxidative stress and DNA damage [15, 20, 25, 26, 58-60],
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and correspondingly, the NDEA-treated neuronal cells had significantly increased levels of
HNE and 8-OHdG immunoreactivity over vehicle-treated control cells. Other important
consequences of both impaired insulin/IGF signaling and oxidative stress include increased
activation of kinases that phosphorylate Tau, increased expression of ABPP, accumulation of
APPP-Ap, and decreased expression of ChAT [32], which has a critical role in CNS
cognitive and motor functions. Moreover, the hypometabolic state induced by neuronal
insulin resistance could itself promote tau hyperphosphorylation in brain [61]. Altogether,
the abnormalities produced by NDEA exposure in vitro correspond with the critical features
of AD neurodegeneration. Finally, the NDEA-mediated increases in ubiquitin
immunoreactivity most likely correspond with increased oxidative stress, cytoskeletal
collapse, and adduct formation.

In aggregate, these results demonstrate that NDEA can cause molecular and biochemical
abnormalities in post-mitotic CNS neurons that resemble the effects of STZ treatment and
AD neurodegeneration. NDEA and other nitrosamines, are widely present in processed/
preserved foods. Nitrosamines readily form in amine-rich (protein-containing) foods, such
as meat and fish that have been preserved or flavored with nitrites. In addition, ingested
nitrites and nitrates in food and water can lead to endogenous production of nitrosamines in
the highly acidic gastric environment [62]. Given the widespread and ever-increasing
presence of NDEA, related compounds, and their precursors in foods, particularly processed
foods, beverages, and tobacco [63-66], it is conceivable that these exposures have
contributed to the growing prevalence of AD and possibly other forms of neurodegeneration.
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Figure 1.

NDEA treatment impairs neurons mitochondrial function and causes oxidative stress and
DNA damage. Post-mitatic rat cerebellar granule neurons were treated with 0-250 pg/ml
NDEA for 48 h. The cultures were analyzed for: (A) viability using the CyQuant assay; (B)
cell density by measuring Hoechst H33342 fluorescence; (C) mitochondrial function and (D)
mitochondrial mass using the MitoTracker Red and Green assays, respectively; (E)
mitochondrial membrane permeability using the JC-1 assay; (F) ATP content by the ATP-
Lite luminescence assay; and (G) DNA damage and (H) oxidative stress/lipid peroxidation,
by measuring 8-OHdG and HNE immunoreactivity separately. All assays except ATP-Lite
were fluorescence-based, and quantified with a M-5 Spectromax microplate reader
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(FLU=fluorescence light units). MitoTracker fluorescence and 8-OHdG and HNE
immunoreactivity were normalized against H33342 fluorescence. ATP luminescence was
measured in a TopCount machine (RLU=relative light units). Each data point reflects the
mean + S.E.M. for 16 replicate cultures. P-values correspond to levels of significance for
dose-effect increasing or decreasing linear trends. Asterisks indicate values that significantly
differ from control by ANOVA (P<0.05 or better).
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Figure 2.
NDEA exposure inhibits expression of genes required for insulin and IGF signaling. Post-

mitotic rat cerebellar granule neurons were treated with 50 ug/ml NDEA for 48 h. RNA was
reverse transcribed and cDNA templates were used in gRT-PCR amplification assays with
gene-specific primer pairs to detect (A) insulin, (B) IGF-I, and (C) IGF-II polypeptide, and
(D) insulin, (E) IGF-1, and (F) IGF-I1 receptor genes. Results were normalized to 18S rRNA
measured in parallel reactions. Graphs depict the mean + S.E.M. corresponding to 6
replicate cultures. Inter-group statistical comparisons were made using Student T-tests and
significant P-values are indicated over the bars.
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Figure 3.
NDEA treatment causes AD-type molecular abnormalities. Post-mitotic rat cerebellar

granule neurons were treated with 0-250 pg/ml NDEA for 48 h. We used cellular ELISASs to
measure immunoreactivity corresponding to: (A) Tau; (B) phospho-Tau (p-Tau); (C)
amyloid beta precursor protein (ABPP); (D) ABPP-AB; (E) ubiquitin; (F) and p-actin.
Immunoreactivity was detected with the horseradish peroxidase conjugated Amplex Red
soluble fluorophore and quantified in an M-5 Spectromax microplate reader
(FLU=fluorescence light units) with results normalized to H33342 fluorescence. Each data
point reflects the mean + S.E.M. for 16 replicate cultures. P-values correspond to levels of
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significance for dose-effect increasing or decreasing linear trends. Asterisks indicate values
that significantly differ from control by ANOVA (P<0.05 or better).
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Table 1

Effects of NDEA Treatment on AD-Associated Genes

Gene' Control NDEA P-Value
Tau (x107%) 6.03+0.72 | 6.20£0.74 | NS
ABPP(x1076) 264+032 | 229+0.28 | NS
AChE (x1076) | 414+0.74 | 265£0.26 | NS
ChAT (x1076) | 9.88+0.98 | 6.83+0.34 | 0.02
18S rRNA 0.95+0.04 | 0.98+0.02 | NS

Page 17

*

Tau, amyloid precursor protein (ABPP), acetylcholinesterase (AChE), and choline acetyltransferase (ChAT) mRNA levels were normalized to 18S
rRNA (ng input) and values shown represent mean = S.E.M. calculated from 5 replicate samples. Inter-group statistical comparisons were made
using Student T-tests. NS=not significant.
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