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Abstract

Brains from persons with Alzheimer disease (AD) and its earlier stage, amnestic mild cognitive 

impairment (MCI), exhibit high levels of oxidative damage, including that to phospholipids. One 

type of oxidative damage is lipid peroxidation, the most important index of which is protein-bound 

4-hydroxy-2-trans-nonenal (HNE). This highly reactive alkenal changes the conformations and 

lowers the activities of brain proteins to which HNE is covalently bound. Evidence exists that 

suggests that lipid peroxidation is the first type of oxidative damage associated with amyloid β-

peptide (Aβ), a 38-42 amino acid peptide that is highly neurotoxic and critical to the 

pathophysiology of AD. The Butterfield laboratory is one of, if not the, first research group to 

show that Aβ42 oligomers led to lipid peroxidation and to demonstrate this modification in brains 

of subjects with AD and MCI. The Mattson laboratory, particularly when Dr. Mattson was a 

faculty member at the University of Kentucky, also showed evidence for lipid peroxidation 

associated with Aβ peptides, mostly in in vitro systems. Consequently, there is synergy between 

our two laboratories. Since this special tribute issue of Aging Research Reviews is dedicated to the 

career of Dr. Mattson, a review of some aspects of this synergy of lipid peroxidation and its 

relevance to AD, as well as the role of lipid peroxidation in the progression of this dementing 

disorder seems germane. Accordingly, this review outlines some of the individual and/or 

complementary research on lipid peroxidation related to AD published from our two laboratories 

either separately or jointly.
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1. Introduction

This review focuses on lipid peroxidation in brains of persons with Alzheimer disease (AD) 

and its earlier stage, amnestic mild cognitive impairment (MCI). More specifically, this 

review focuses on the lipid peroxidation product, 4-hydroxy-2-nonenal (HNE), and the 
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changes in structure and function of brain proteins in AD and MCI relative to those control 

brains that this highly reactive and neurotoxic alkenal engenders. This review also focuses 

on the roles of HNE associated with amyloid β-peptide (Aβ) oligomers in AD-relevant in 
vitro, ex vivo, and in vivo systems reported by the Butterfield and/or Mattson laboratories. 

This emphasis is apropos given that this paper is part of a Special Issue of the journal, 

Ageing Research Reviews honoring Mark P. Mattson for his distinguished scientific career 

in these fields.

2.0. Alzheimer Disease and Mild Cognitive Impairment

2.1. Epidemiology, Pathophysiology, and Pathogenesis

An authoritative pathological exposition of AD and MCI has been reported by Nelson and 

Markesbery (Nelson and Markesbery, 2010; Markesbery, 2007; 2009) or other 

neuropathologists (Landau and Frosch,,2014; Malek-Ahmadi et al., 2018). The sixth leading 

cause of death in the United States, AD presents as a disorder associated with progressive 

loss of cognitive function finally ending in dementia. In later stages of AD, aphasia often 

occurs. AD patients often are restless, unsettled, and require nearly constant attention for 

safety, making AD a truly family disorder. The costs of caring for AD patients in the USA is 

enormous and will become more so as the Baby Boomer population group of approximately 

70-80 million Americans ages, as age is the single greatest risk factor of sporadic AD. In 

addition, there are several genes or gene alleles that increase risk of developing AD, but do 

not directly cause this disorder (Strittmatter et al., 1993; Tanzi and Bertram, 2001; 

Butterfield and Mattson, 2020). Presenting as a condition first characterized by diminishing 

memory, MCI arguably is a prodromal stage of AD in which patients have normal activities 

of daily living.

Both AD and, to a lesser degree, MCI brains are pathologically characterized by 

extracellular deposits of amyloid β-peptide (Aβ) coupled with dystrophic neurites and other 

moieties. These key pathological hallmarks of AD are named senile plaques (SP) or neuritic 

plaques. In addition, brains of both AD and MCI have intra-neuronal deposits of 

hyperphosphorylated tau, called neurofibrillary tangles (NFT), with MCI brain exhibiting 

these neuropathological alterations to a lesser degree. Loss of synapses and perhaps neurons 

characterize both conditions, with MCI having fewer synapses lost compared to AD.

Aβ is produced by proteolytic processing of amyloid precursor protein (APP), coded on 

chromosome 21, by two proteases: beta-secretase (BACE) and gamma-secretase (Yuksel and 

Tacal, 2019). BACE cleaves APP on the N-terminal side of the type I transmembrane 

protein, APP, while gamma-secretase cleaves APP at a site within the lipid bilayer.

2.2. Involvement of Oxidative Stress in AD

Aβ is postulated to be central to the pathogenesis of AD and its earlier stages, based mostly 

of genetics of familial AD, which accounts for 1-4 percent of AD subjects (Selkoe and 

Hardy, 2016; Butterfield et al., 2001). Persons with mutations in presenilin-1 or presenilin-2 
genes develop AD. Moreover, our laboratory, along with others (Butterfield et al., 2001; 

Butterfield et al., 2002; Keller et al., 2005; Markesbery, 1997; Nunomura al., 2001; 
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Butterfield and Halliwell, 2019), reported oxidative damage to brain proteins (indexed by 

elevated levels of protein resident protein carbonyls or 3-nitrotyrosine (3-NT)), brain DNA 

or RNA oxidation (indexed by elevated levels of 8-hydroxy-2-deoxyguanine or 8-

hydroxyguanine, respectively), or brain lipid peroxidation (indexed principally by protein-

bound HNE [Figure 1] (Di Domenico et al., 2017a; Butterfield and Boyd-Kimball, 2019; 

Sultana et al., 2013). Others used iso- or neuro-prostanes detected by mass spectrometry as 

markers of lipid peroxidation (Montine et al., 2007; Pratico, 2010).

Aβ is central to the pathogenesis of AD on the one hand, and the AD brain is rich in indices 

of oxidative damage on the other hand. In 1994, our laboratory developed a model for AD 

based on these two characteristics (Hensley et al., 1994). The model [Figure 2] posits the 

following:

a. Oxidative damage underlying AD is in major part due to the effects of Aβ 
oligomers, which being of relatively low molecular weight and highly 

hydrophobic (Butterfield et al., 2001), would enter lipid bilayers as small 

oligomers, i.e., dimers, trimers, tetramers, etc.

b. We discovered Aβ was associated with lipid peroxidation, the major and highly 

reactive product of which is HNE (Butterfield et al., 1994; Butterfield et al., 2001 

Butterfield and Lauderback, 2002; Butterfield et al., 2002; Di Domenico et al., 

2017a; Butterfield and Boyd-Kimball, 2019; Sultana et al., 2013; Montine et al., 

2007; Pratico, 2010).

c. HNE is known to covalently bind to and modify the structure of key neuronal 

membrane, cytosolic, and mitochondrial proteins (Esterbauer, 1991; Butterfield 

and Halliwell, 2019; Subramanian et al., 1997; Di Domenico et al., 2017a; 

Butterfield and Boyd-Kimball, 2019; Sultana et al., 2013); Halliwell and 

Gutteridge, 2015). Covalent binding of HNE to key neuronal proteins causes 

their dysfunction, leading to neuronal death.

d. When enough neurons have died, cognitive dysfunction and later dementia 

becomes apparent.

This model is discussed in more biochemical and neurochemical detail later in this paper.

3.0. Studies of Lipid Peroxidation and Aβ

3.1. Aβ and lipid peroxidation: first evidence

Arguably, the first demonstration of lipid peroxidation induced by Aβ employed electron 

paramagnetic resonance (EPR) methods (Butterfield et al., 1994). A lipid bilayer-soluble 

stearic acid spin label, which contains a sterically protected nitroxide moiety from which the 

EPR spectrum arises, was added to a gerbil synaptosomal preparation. Addition of Aβ to 

synaptosomes prepared from gerbils led to diminution of the intensity of this EPR spectrum. 

This phenomenon arises because a lipid centered free radical associated with lipid 

peroxidation induced by Aβ reacted with the unpaired electron on the nitroxide moiety of 

the spin label to form the hydroxylamine moiety that has no unpaired electron and therefore 

led to decreased intensity of the EPR spectrum. Kinetics analyses of this process showed 
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that most of the loss of the EPR signal was completed by 10 min after Aβ addition, which is 

much faster than typically one sees for protein oxidation reactions. Dr. Mattson was a co-

author of this paper. Likewise, using a murine model of mutant presenilin-1 (PS-1, M146V), 

oxidative damage in brain was observed in collaborative studies with Dr. Mattson 

(LaFontaine et al., 2002).

Dr. Mattson and his laboratory team at the University of Kentucky demonstrated production 

of HNE using high performance liquid chromatography (HPLC) after addition of Aβ to 

primary neuronal cultures (Mark et al., 1997). Rather high concentrations of HNE were 

detected.

3.2. Proposed mechanism

Aβ42 is a relatively hydrophobic peptide as discerned from its amino acid sequence [Figure 

3]. In oligomeric form, Aβ leads to insoluble protofibrils and then fibrils external to the 

neuronal plasma membrane. In addition, these Aβ42 oligomers also solubilize into the 

hydrophobic milieu of the lipid bilayer of the neuronal membrane. In the latter case, this 

peptide, like nearly all proteins that solubilize in a lipid bilayer, would adopt an α-helical 

secondary structure in the membrane-spanning region of the peptide. The i+4 rule of helices 

in proteins states that every amino acid at position i would interact with an amino acid four 

residues away (Garrett and Grisham, 2017). Based on the importance of residue 35 (Met) of 

Aβ42 in oxidative damage associated with this peptide both in vitro and in vivo (Varadarajan 

et al., 2001; Yatin et al., 1999; Butterfield et al., 2010), and employing the I + 4 rule of 

protein helices, residue 31 (Ile) was substituted by Pro, a helical-breaking amino acid, and 

oxidative stress and neurotoxic measures were determined (Kanski et al., 2002). No elevated 

oxidative damage nor neurotoxicity were observed in primary neuronal cultures with 

Aβ(1-42)I35P, in marked contrast to the results with native oligomeric Aβ(1-42). These 

results suggest that the secondary structure of helical Aβ42 in the lipid bilayer contributes to 

the oxidative damage and neurotoxic properties of this AD- and MCI-relevant peptide. How 

this α-helix conformation within the lipid bilayer likely participates in the oxidative damage 

associated with Aβ oligomers is outlined in the following [Figure 4]:

a. The O-atom in the peptide bond of Ile in Aβ42 was shown to be within a van der 

Waals distance of the S-atom of Met (Shao et al., 1999).

b. The O atom is more electronegative than the S atom, so a lone pair of electrons 

on the Met S-atom will be drawn away from the S-atom nuclear attraction 

towards the O-atom of Ile peptide bond. Being less tightly held to the S atom 

than normal would make these electrons subject to a one-electron oxidation by 

an appropriate oxidant, R..

c. Such one-electron oxidation leads to a S.+ sulfuranyl free radical, that in the 

bilayer would immediately abstract a nearby labile allylic H-atom of the acyl 

chain of a phospholipid, forming a SH+ species. This latter moiety is an acid 

with a pKa of minus 5 (Schöneich et al., 2003). Hence, any base would 

immediately abstract the H+ from SH+, forming methionine again. That is, Met 

acts as a catalyst, starting as Met and ending as Met within Aβ42 when this 

BUTTERFIELD Page 4

Ageing Res Rev. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



peptide in oligomeric form is solubilized with helical secondary structure within 

the lipid bilayer.

d. The abstraction of the labile allylic H atom from the C-atom on the phospholipid 

acyl chain results in a lipid-resident C. radical. Oxygen [O2] is a paramagnetic 

molecule [two unpaired electrons], and as a homonuclear diatomic molecule 

oxygen has zero dipole moment. Consequently, O2 is non-polar, and, therefore, 

highly soluble in the hydrophobic environment of the lipid bilayer. One of the 

two unpaired electrons on O2 would immediately react with the unpaired 

electron on the C. forming the lipid peroxyl radical, COO.. This radical, in turn, 

abstracts another nearby labile allylic H-atom from the unsaturated β-acyl chain 

of a phospholipid to form the lipid hydroperoxide with chemical structure 

COOH.

Note that, because of [d] above, another C. radical results on a lipid β-acyl chain in the 

bilayer. That is, this reaction scheme becomes a propagating chain reaction, forming large 

amounts of lipid hydroperoxides. It is from lipid hydroperoxides that HNE is formed 

(Esterbauer et al., 1991; Butterfield et al., 2010; Butterfield and Halliwell, 2019).

Moreover, only a small amount of S.+ on Aβ42 is necessary to initiate the chain reaction 

leading to lipid peroxidation, and because there is such a relatively large amount of labile H-

atoms, production of copious amounts of highly damaging and neurotoxic HNE occurs. 

Lastly on this topic, an α-helix has an intrinsic dipole moment directed along the helical 

axis. This dipole moment in helical Aβ42 in the lipid bilayer conceivably could stabilize the 

S.+ radical long enough to permit the radical to abstract a labile allylic H-atom from the 

unsaturated β-chain of a phospholipid in the bilayer to initiate the chain reaction discussed 

above (Butterfield, 2014). Related to this discussion, the greater dipole moment of Aβ42 

compared to Aβ40 plausibly may be relevant to the greater neurotoxicity of the former 

compared to the latter due to the greater stabilization of the S.+ radical by the Aβ42 dipole 

moment compared to the dipole moment of Aβ40.

3.3. HNE-induced Protein Modifications

That HNE could alter the conformation of proteins was demonstrated by our laboratory 

using EPR spin labeling (Subramaniam et al., 1997). Proteins in synaptic membrane 

preparations that contained both pre- and post-synaptic membranes and other brain cells 

were covalently spin labeled by the predominantly Cys-binding N-(2,2,6,6-

tertramethylpiperidine-N-1 oxyl) maleimide [MAL-6]. Following HNE addition, the 

observed decreased heights and increased linewidths of the EPR spectrum of MAL-6 were 

indicative of slower motion of the spin label because of increased steric interference of 

components of the protein, i.e., reflective of conformational changes in the protein 

(Butterfield, 1982). Consistent with the principle that functions of proteins are directed by 

their structures, altered structures of proteins would be expected to lead to decreased 

function. We demonstrated that the vast majority of HNE-modified proteins from AD brain 

are characterized by oxidative dysfunction (Butterfield and Halliwell, 2019; Butterfield and 

Boyd-Kimball, 2019; Sultana et al., 2013b; Di Domenico et al., 2017a; Sultana et al., 2006; 

Aksenov et al., 1997; 2000; Castegna et al., 2002a,b; Butterfield, 2014).
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As noted above, the lipid peroxidation mechanism involves a chain reaction that leads to 

significant amounts of HNE produced. Vitamin E is a chain-breaking antioxidant, and 

supportive of the mechanism for lipid peroxidation is the observation that vitamin E addition 

to neurons in culture blocks formation of reaction oxygen species (Yatin et al., 2000). 

Moreover, vitamin E blocks polyamine uptake (Yatin et al., 2001), and blocks oxidative 

damage (Butterfield et al., 1999; Yatin et al., 2000; Mark et al., 1995). In collaborative 

research with the Mattson laboratory, overexpression of the anti-apoptotic protein, Bcl-2, 

protected neurons from lipid peroxidation-mediated cell death (Bruce-Keller et al., 1998).

The glutamate transporter EAAT2 (also called Glt-1), located principally in astrocyte 

membranes but also on neuronal membranes, was probed for HNE binding to Glt-1 in 

hippocampal specimens from subjects with AD (Lauderback et al., 2001). An approximately 

70 percent elevation of HNE binding of Glt-1 in AD compared to that in normal control 

specimens was found. In the same study, synaptic membrane preparations from gerbil brains 

were treated with Aβ42; Glt-1 pulldown followed by probing for HNE showed about a 70 

percent elevation of HNE binding to this glutamate transporter (Lauderback et al., 2001). 

That is, the HNE elevation in AD brain and specifically on Glt-1 (EAAT2) was replicated in 

rodent brain by the addition of Aβ42. Coupled with the knowledge that HNE binding 

changes the conformation of proteins as discussed above, this result provides an explanation 

for the loss of activity of Glt-1 in AD brain reported by the Masliah and Cook laboratories 

(Li et al., 1997; Scimemi et al., 2013). Moreover, given the inactivation of glutamine 

synthetase in AD brain due to oxidative modification (Butterfield et al. 1997; Castegna et al., 

2002), the oxidative dysfunction of Glt-1 suggests two mechanisms by which excess 

glutamate accrues in the synapse, leading to the likelihood of repetitive depolarization of 

post-synatpic neurons and consequent intracellular Ca2+, free radicals, and neuronal death, 

i.e., excitotoxicity [Figure 5] (Butterfield and Pocernich, 2003). This phenomenon was 

further described in papers by Mark Mattson (Bezprozvanny and Mattson, 2008; Mattson 

and Chan, 2003).

A similar examination of HNE binding to the low density-like receptor protein-1 (LRP-1), a 

key efflux protein from brain to blood of Aβ42 in AD hippocampus, showed an 

approximately 70 percent elevation of HNE binding to this efflux protein (Owen et al., 

2010). This oxidative modification of LRP-1 by HNE, which likely decreased its function, 

conceivably could contribute to Aβ42 accumulation in AD brain.

A prediction of our model of Aβ42 oligomer mediated oxidative damage and subsequent 

neurotoxicity in AD (Butterfield et al., 2001: Butterfield and Halliwell, 2019; Butterfield and 

Boyd-Kimball, 2019) is elevation of intracellular Ca2+. Collaboration of the Butterfield and 

Mattson laboratories showed that in AD brain the ion-motive ATPases, Na+,K+-ATPase and 

Ca2+-ATPase, were oxidatively modified and dysfunctional, and separately these ion-motive 

ATPases were made dysfunctional by addition of Aβ to preparations containing these 

transporters (Mark et al., 1995; 1997). Oxidative dysfunction would have the effect of 

decreasing the neuronal cell potential, opening voltage gated Ca2+ channels. Since there is 

104 more Ca2+ outside the neuron than inside this cell, such Ca2+ channel opening would 

lead to massive increased intracellular levels of this ion that can overwhelm intracellular 

Ca2+ stores in endoplasmic reticulum (ER) and mitochondria. For ER, excessive Ca2+ can 
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lead to alterations in the unfolded protein response, also leading to neuronal death 

(Butterfield and Halliwell, 2019). In the case of mitochondria, elevated mitochondrial Ca2+ 

can lead to opening of the mitochondrial permeability transition pore (MPTP), with 

subsequent release of cytochrome C and induction of apoptosis. Investigations of the role of 

Aβ in Ca2+ accumulation in neuronal cultures in the Mattson laboratory at UK showed that 

this neurotoxic peptide led to elevated Ca2+, and the neurons with excessive Ca2+ also were 

positive to anti-Aβ antibody, consistent with the scenario described above.

Alzheimer disease and MCI are characterized by decreased autophagy and other components 

of the proteostasis network and by insulin resistance, both associated with elevated lipid 

peroxidation and activation of the mechanistic target of rapamycin (Di Domenico et al., 

2017b; Tramutola et al., 2015; Nixon, 2017). Mattson also published on these aspects of 

neuronal function (Mattson et al., 1999). Decreased autophagy leads to diminution of 

removal of cellular detritus via the lysosome (Nixon, 2017; Tramutola et al., 2015), 

ultimately leading to neuronal death. Insulin resistance greatly deceases the brain’s 

utilization of its primary energy source, glucose, ending in neuronal damage and death 

[Figure 5] (Butterfield et al., 2014a; Tramutola et al., 2015, 2020; Butterfield and Halliwell, 

2019).

Noting from the above discussion that lipid peroxidation is initiated by abstraction of an acyl 

chain allylic hydrogen atom, several studies by others showed that if allylic H-atoms were 

replaced by allylic deuterium-atoms, and reasoning that since C-D bonds are much stronger 

than C-H bonds, less or no lipid peroxidation would occur. Some in vivo oxidative stress 

models were examined (Beaudoin-Chabot et al., 2019; Chistryakov et al., 2018). Indeed, 

essentially no lipid peroxidation occurred, and better clinical outcomes were observed in a 

human trial of D-polyunsaturated fatty acid (D-PUFA) in Friedreich’s ataxia (Zesiewicz at 

al., 2018). The Mattson laboratory reasoned that similar considerations could be applied to 

an AD mouse model (APP/PS1 transgenic model). As predicted, there was less lipid 

peroxidation found assessed by F2-isoprostanes and neuroprostanes (Raefsky et al., 2018). 

However, although there was an apparent early protection against loss of cognition in these 

mice, by the end of the experiment, no significant differences in cognitive loss were 

observed between mice treated with D-PUFA and these transgenic mice with no treatment. 

The authors suggested that had they used an APP/PS1 human double-mutant knock-in 

mouse model of AD (Abdul et al., 2008), cognitive protection may have been observed. This 

mouse is characterized by the correct amount and location of the two human mutant genes 

and associated proteins and not the unlimited amount and undirected protein location of the 

transgenic mouse.

4.0. AD-related In Vivo or Ex Vivo Studies Involving Aβ and Lipid 

Peroxidation

Table 1 shows selected examples of AD-related in vivo or ex vivo studies involving Aβ from 

the Butterfield and Mattson laboratories. The main takeaways from these studies are:

a. Aβ42 and lipid peroxidation are intimately associated. This association makes 

sense, as this hydrophobic, oligomeric peptide intercalates into the lipid bilayer, 

BUTTERFIELD Page 7

Ageing Res Rev. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in which there are copious amounts of labile lipid allylic H-atoms that can be 

xtracted by a radical, leading to a cascade of events that culminates in production 

of HNE. Being a highly neurotoxic product of lipid peroxidation, HNE causes 

dysfunction of glucose metabolism, and coupled with consequent decreased ATP 

production, HNE modification disrupts ion-motive ATPases and Ca2+ signaling. 

These HNE-mediated alterations lead to neuronal death and are of critical 

importance to the pathogenesis and progression of AD. (See further discussion 

on this topic below).

b. Methionine residue 35 of Aβ42 is critical to the in vitro and in vivo oxidative 

damage associated with this neurotoxic peptide.

c. Neuronal Ca2+ dyshomeostasis is a key factor in neurodegeneration in AD and 

associated with Aβ42, as are dysfunctions in glutamate signaling.

d. Synaptic remodeling, key to learning and memory, is highly disrupted in AD and 

by Aβ42 oligomers.

e. Generally, investigations of brains isolated from animal models of AD replicate 

what is observed in AD brain.

4.1. Small Molecule Antioxidants and Studies Involving Aβ

Table 2 shows selected examples from the Butterfield and Mattson laboratories of small 

molecules and their relationship to oxidative damage associated with Aβ or in AD and MCI 

brain. Antioxidants have different mechanisms of action. Some directly scavenge radicals, 

while others induced a hormetic response. For the latter antioxidants, their model of action 

often is to induce a small stress to cells, to which the cells respond by upregulating 

protective genes, often employing the transcription factor, nuclear factor erythroid 2-related 

factor 2 (Nrf2). This, in turn, leads to upregulation of antioxidant proteins such as γ-

glutamylcysteine ligase, Mn-superoxide dismutase, heme oxygenase-1, etc. (Raefsky and 

Mattson, 2017; Calabrese et al., 2007). Mark Mattson has been a pioneer of this concept 

along with Vittorio Calabrese and Cesare Mancuso, among others (Mattson, 2008; Calabrese 

et al., 2007; Mancuso et al., 2007).

The main takeaways from these above-mentioned studies and those of others (Mecocci et al., 

2018; Picco et al., 2014) are:

a. Low molecular weight antioxidants often are of lower concentrations in plasma 

of persons with AD and MCI.

b. When elevated in brain, thiol-based antioxidants such as N-acetylcysteine, lipoic 

acid, D609, or glutathione, act as protective moieties against Aβ42.

c. Polyphenols are highly effective in scavenging radicals in the periphery when at 

low concentration, less so in the CNS since BBB permeability is marginal, and 

cellular toxicity can occur when concentrations of these fruit-based 

phytochemicals are elevated.
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d. Intercepting Aβ42-associated oxidative damage prior to damaging cellular 

components by such low molecular weight antioxidants conceivably could be 

part of a multi-pronged therapeutic strategy to slow progression of AD.

5.0. Redox Proteomics, Glucose Dysmetabolism, and AD

Redox proteomics is that branch of proteomics that is used to identify oxidatively modified 

proteins (Butterfield et al., 2012; Butterfield et al., 2014b; Butterfield and Boyd-Kimball, 

2019). In essentially all oxidatively modified brain proteins, loss of activity of such proteins 

was observed. Loss of activity likely results from either oxidative modification of active site 

amino acids (e.g., cysteine; serine) and/or structural changes to oxidized proteins caused by 

oxidative modification of hydrophobic amino acids. In the latter case, the 3-dimenisional 

structure of proteins becomes altered because the polar dipole introduced on these 

hydrophobic amino acids by carbonyl formation from HNE or protein carbonyls forces these 

normally internally located amino acids to the protein-water interface (Butterfield and 

Stadtman, 1997).

A recent paper (Butterfield and Boyd-Kimball, 2019) summarizes redox proteomics-

mediated identification of Aβ-associated, and therefore AD-relevant, proteins in in vitro, ex 
vivo and in vivo systems. Identification of oxidatively modified proteins following in the 

following systems are listed in this paper:

a. addition of Aβ42 oligomers to primary neuronal cultures;

b. expression of Aβ42 in C.elegans and in brains of rodent models of AD;

c. brains obtained at very short post-mortem intervals from subjects with AD, early 

AD, amnestic mild cognitive impairment (MCI), and preclinical AD, along with 

brains from corresponding non-disease age- and gender-matched controls.

Redox proteomics-mediated identification of oxidatively-modified proteins, whose 

dysfunctions are consistent with biochemical and pathological alterations and clinical 

presentations in MCI and AD, included proteins associated with altered: 1) glutamate 

signaling and glutamate excitotoxicity; 2) proteostasis network; 3) synaptic remodeling for 

learning and memory involving long-term potentiation; 4) antioxidant defense; 5) lipid 

structure; 6) regulation of protein structure, particularly proteins involved in tau 

phosphorylation and dephosphorylation, Aβ production, and exit of neurons from the cell 

cycle; 7) neuritic function and elongation to form synaptic connections; 8) cell signaling; 9) 

glucose metabolism; and 10) mitochondrial functions, including proteins associated with 

apoptosis, anaplerotic reactions to refill the TCA cycle, and, of particular importance, ATP 

production [Figure 6].

It is this last altered function in MCI and AD brains, glucose dysmetabolism associated with 

HNE-modified proteins that is discussed in the following. PET scanning employing [18F]-2-

deoxyglucose [FDG] demonstrated decreased glucose metabolism in MCI and significantly 

greater loss of glucose metabolism in AD brain (Cohen and Klunk, 2014; Brown et al., 

2014). Redox proteomics studies from our laboratory identified several oxidatively 

dysfunctional glycolytic, TCA enzymes, and components of ATPase synthase as oxidatively 
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modified by the lipid peroxidation product, HNE, that are proposed to significantly 

contribute to the diminished glucose metabolism in MCI and AD brains (Butterfield and 

Boyd-Kimball, 2019; Butterfield and Halliwell, 2019).

The consequences of decreased glucose metabolism are profound for neuronal survival. 

Specifically, not only is ATP essential for axonal transport and neurotransmission, but ATP 

also is essential for maintenance of neuronal cell potentials largely maintained by ion-motive 

ATPases, such as Na+/K+-ATPase and Ca2+-ATPase. Loss of ATP secondary to oxidative 

modification of proteins involved in glucose metabolism would lead to changes of neuronal 

cell potential with consequent opening of voltage gated Ca2+ channels with massive influx 

of this dipositive cations in neurons. This, in turn, would lead to saturation of endoplasmic 

reticulum and mitochondria stores of Ca2+. In the case of mitochondria, the response to this 

large increase in Ca2+ would lead to large influx of water in an osmotic process that would 

greatly swell the mitochondria, opening the mitochondrial permeability transition pore 

(MPTP). Once opened, cytochrome c, a peripheral membrane protein held to the membrane 

by electrostatic interactions, would exit the mitochondria via the MPTP. Apoptosis would 

ensue and the neuron would die. When enough neurons die, cognitive dysfunction would 

occur. As this process continues, one would see decreased glucose metabolism manifested in 

FDG-PET scans, and MRI imaging would demonstrate decreased volumes of hippocampus 

and frontal cortex, two regions highly involved in Aβ-mediated loss of glucose utilization 

and neurodegeneration (Kato et al., 2016).

When redox proteomics identification of HNE-modified brain proteins was applied to 

different stages of the progression of AD, i.e., MCI, early AD, late-stage AD, two proteins 

were prominently modified in each of these stages: enolase and ATP-synthase. That is, two 

proteins directly involved in processes associated with production of ATP were modified by 

the lipid peroxidation product HNE at each stage of the progression of AD from memory 

loss though the development of dementia (Butterfield and Halliwell, 2019; Butterfield and 

Boyd-Kimball, 2019). These results are consistent with the notion that enolase [known to be 

multifunctional (Butterfield and Lange, 2009)] and ATP synthase are damaged by HNE in 

AD brain are central to the progression of AD. More research is required to test if this 

concept is sustained.

The following scenario of events proposed from our laboratory (Butterfield et al., 2001; 

Butterfield and Halliwell, 2019) has been validated by multiple imaging methods performed 

on asymptomatic persons with inherited AD (Gordon et al., 2018) as described below:

a. oligomeric Aβ42 insertion into the neuronal lipid bilayer;

b. initiation of lipid peroxidation and subsequent formation of large amounts of 

HNE in the lipid bilayer but also diffusible into the cytosol or mitochondria 

(Butterfield and Stadtman, 1997; Sultana et al., 2013; Di Domenico et al., 

2017a);

c. covalent modification of key proteins associated with glucose metabolism 

resulting in their dysfunction with consequent decreased ATP production, 

massive influx of Ca2+ into neurons and subsequent neuronal death, which would 
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lead to shrinkage of hippocampus and frontal cortex and cognitive dysfunction 

resulting in dementia [Figure 6] (Butterfield and Halliwell, 2019).

In the study reported by Gordon et al., 2018, persons in the Dominantly Inherited Alzheimer 

Network (DIAN), comprised of thousands of individuals from multiple continents who are 

positive for development of autosomal-dominant inheritance of AD, agreed to be imaged for 

Aβ42 deposition (by PET scanning for Aβ42 fibrils), glucose metabolism (FDG-PET), and 

for thickness of hippocampus and frontal cortex (MRI) repeatedly over a period of up to 22 

years prior to the development of clinical symptoms of AD and for three years following 

onset of symptoms, i.e., over a 25-year period. The principal questions addressed by this 

study were: what imaging-detected pathology occurred first, what occurred second, and 

what occurred last? As reported, Aβ42 deposition [which implicates the presence of 

oligomers, since Aβ42 fibrils are formed from precursor aggregates that include oligomeric 

Aβ42] occurred first. At some time later, glucose dysmetabolism was found, and lastly 

decreased hippocampal and frontal cortical thicknesses were observed (Gordon et al., 2018). 

This order of events for inherited AD follows those predicted from our model of sporadic 

AD and enumerated above (Butterfield et al., 2001; Butterfield and Halliwell, 2019).

6.0. Synergy of Studies between the Butterfield and Mattson Laboratories.

The highly reactive and neurotoxic product of lipid peroxidation, HNE, by covalently 

binding to and modifying the structure and function of target proteins in brains of persons 

with AD, MCI, or animal models thereof, contributes significantly to the pathology, 

biochemistry, and clinical presentation of AD and its earlier stages, as described above. The 

Butterfield laboratory for the most part has focused on oxidative damage, with emphasis on 

lipid peroxidation and its sequale, in AD and MCI brains and additional studies of mice and 

canine models thereof (Lauderback et al., 2001; Butterfield and Lauderback, 2002; 

Butterfield et al., 2002; Sultana et al., 2013; Di Domenico et al., 2017a; Butterfield and 

Halliwell, 2019; Butterfield and Boyd-Kimball, 2019; Abdul et al., 2008; Sultana et al., 

2011b; Opii et al., 2008). In a complementary approach, the Mattson laboratory has focused 

for the most part on cellular adaptations to oxidative damage in mice models and neuronal 

culture models of AD, with additional studies of human brain specimens of AD (Texel and 

Mattson, 2011; Kapogiannis and Mattson, 2011; Mattson and Arumugam, 2018). In 

essentially every case, major conclusions and predictions reached by one laboratory have 

been confirmed by the other laboratory. In this sense, there is synergy between our two 

laboratories. It is my hope and trust that the reader of this paper will appreciate this synergy 

and the resultant intellectual satisfaction and increased understanding of AD that this 

synergy has provided the author and Dr. Mattson, as well as the AD research community.

7.0. Brief Reflections on Mark Mattson and His Outstanding Career.

While he was at the University of Kentucky, Mark Mattson and I became very good friends 

and colleagues, and we remain so. We were both recruited to be part of the Sanders-Brown 

Center on Aging by the founder of this Center, Dr. William R. Markesbery, who also was a 

gifted Alzheimer disease researcher, clinician, and neuropathologist. Mark and I talked often 

of research ideas and plans, and we were separate Project Leaders together on two NIA-
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funded P01 Program Project Grants headed by Dr. Markesbery and Dr. Philip Landfield, 

respectively, for more than 10 years.

Mark always kept the highest ethical standards with respect to research. And his penchant 

for getting the fruition of research ideas published in good journals and with some regularity 

was noteworthy. Indeed, at a recent celebration of Mark Mattson’s career in Baltimore held 

at Johns Hopkins University, it was announced that Dr. Mattson had reached the 1000 

published paper milestone, an extraordinary accomplishment. This amazing achievement is 

not surprising: Mark got to his lab at UK early in the morning darkness, oftentimes jogging 

to work and jogging back to his home in the darkness at the end of the workday for him.

We worked together on specific projects and published 11 papers jointly [Table 3]. His 

departure to the NIA Intramural Research Program was a great professional loss for the 

University and for me personally, since we had developed a very good personal and 

professional relationship. To Mark’s credit, he kept in touch with Sanders-Brown personnel 

at UK, and he continued to publish with Sanders-Brown faculty, including me.

When not in the lab at UK, Mark enjoyed the horse environment that is famous in 

Lexington, Kentucky. He regularly raised and raced trotter horses at the Red Mile Racetrack 

and found a stress-relieving avocation in trotter-horse racing.

It is a great pleasure to dedicate this paper to Mark Mattson in honor of his extraordinary 

scientific career, and I wish him continued good health, good retirement from NIA, and a 

continued productive involvement in life’s new adventures for him.
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Figure 1. 
Mechanism of Michael addition reaction of HNE with Cysteine to form a covalent adduct 

with this amino acid. Such reactions on proteins, including also potentially with His and Lys 

residues, changes the conformation of such proteins with consequent diminution or loss of 

function.
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Figure 2. 
Schematic diagram of hydrophobic Aβ oligomer inserting into the neuronal lipid bilayer, 

where lipid peroxidation takes place leading to formation of HNE. This highly reactive 

moiety then forms covalent adducts with membrane, cytosolic, and mitochondrial proteins, 

resulting in protein dysfunction and neuronal death. Cognitive loss is a consequence of 

neuronal death in key brain regions.

BUTTERFIELD Page 22

Ageing Res Rev. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Amino acid sequence of Aβ42 showing the generally hydrophobic nature of this peptide, 

which drives oligomers to solubilize in the lipid bilayer. Also shown are Aβ42 variants that 

were used to establish the critical importance of the helical conformation of the peptide in 

the lipid bilayer and the single methionine residue for the oxidative stress produced by 

Aβ(1-42) in in vitro [Aβ(1-42)I31P] (Kanski et al., 2002) and in in vivo [Aβ(1-42)M35L] 

(Butterfield et al., 2010) studies.
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Figure 4. 
Role of Methionine residue 35 in Aβ42-associated lipid peroxidation and HNE formation. 

After insertion into the lipid bilayer, Aβ42 oligomer, with its Met-35 residue, adopts an 

alpha-helical secondary structure with the latter’s i + 4 rule of amino acid interactions 

(highlighted as expanded view) showing that the O-atom of the peptide bond of Ile-31 is 

within a 3.7 Angstrom distance of the S-atom of Met-35. The greater electronegativity of O 

vs. S leads to one of the lone pairs of electrons on the S-atom being pulled toward the 

Ile-31’s O-atom, which causes less attraction of these electron to the protons in the S-atom 

nucleus and thereby making these electrons vulnerable to a one-electron oxidation by a 

radical R. shown near the word “Start.” The resulting S.+ radical immediately abstracts a 

nearby labile allylic H-atom from an unsaturated acyl chain of a lipid in the bilayer, leading 

to SH+ on Met and a C. radical on the allylic carbon atom. The SH+, being an acid with pKa 

of −5, immediately loses the H+ to any base B, to regenerate Met. That is, this is a catalytic 

reaction in which Met starts and ends the reaction on the peptide. Meanwhile, because 

radical-radical reactions are among the fastest reactions known, the C. radical on the allylic 

carbon atom immediately binds a paramagnetic oxygen molecule (there are 2 unpaired 

electrons on molecular oxygen), which has zero dipole moment and is therefore highly 

soluble in a hydrophobic environment like a lipid bilayer. The resulting COO. lipid peroxyl 

radical abstracts another nearby labile allylic H-atom from an unsaturated acyl chain of a 

phospholipid to form the lipid hydroperoxide, COOH, and another C. radical on the allylic 

carbon atom from which the second allylic H-atom was obtained. That is, this becomes a 

chain reaction that constantly repeats as long as there are present oxygen and sufficient 

number of unsaturated lipid acyl chains with allylic H-atoms. The lipid hydroperoxide is the 

moiety from which HNE is derived. Note that only a small amount of the original S.+ radical 

needs to be formed, since a large amount of HNE will be formed from the chain reaction 

associated with lipid peroxidation. The nature of the initiating radical or other species are 

not known. This author speculates that either molecular oxygen (which results in superoxide 

formation after obtaining an electron from the S-atom of Met) or weakly-associated Cu2+ on 

Met is reduced to Cu+ , which would react by Fenton Chemistry with hydrogen peroxide to 

form the highly reactive .OH radical, are the most likely possibilities for formation of the S.+ 

radical.

BUTTERFIELD Page 24

Ageing Res Rev. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Aβ42 oligomer-associated lipid peroxidation leads to inhibition of the low density-like 

receptor protein-1 (LRP-1), whose loss of function could contribute to brain accumulation of 

Aβ42 and resulting oxidative damage. In addition, Aβ42 oligomers are reportedly capable of 

initiating the PI3K/Akt/mTOR axis, with resulting insulin resistance and inhibition of 

autophagy. Similarly, Aβ42 oligomer-associated lipid peroxidation leads to HNE binding to 

and inhibition of the glutamate transporter, EAAT2 (also called Glt-1) in AD brain, likely 

contributing to excitotoxicity and neuronal death.
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Figure 6. 
Brains in persons with AD or MCI have elevated HNE-bound proteins compared to aged-

matched controls. In the middle ring, various functional pathways are noted that are 

damaged secondary to covalent HNE binding to Cys, His, or Lys residues. Other processes 

and pathways also are affected. The outer ring indicates the resulting dysfunctions that are 

seen in AD and MCI brain as a consequence of HNE-bound proteins in the various pathways 

noted. See text for more details.
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Table 1.

In Vivo and Ex Vivo AD-related Studies Involving Aβ from the Butterfield and Mattson Laboratories

Selected Studies from the Butterfield Laboratory

Reference System In vivo or
Ex Vivo Comments

Hensley et al. (1995) AD brain In vivo
Compared to control brain, oxidative damage occurs in 

AD brain regions rich in Aβ, but not in Aβ-poor 
cerebellum

Yatin et al. (1999); Drake et al. 
(2003); Boyd-Kimball et al. 

(2005a)

C. elgans expressing human 
Aβ(142) In vivo

Demonstrated that protein oxidation occurred prior to 
Aβ42 deposition, i.e., consistent with the role of Aβ42 

oligomers.

Boyd-Kimball et al. (2005b)
Human Aβ42 injected into 
rat nucleus baysalis of 
Mynert

In vivo Demonstrated elevated HNE-bound proteins in 
hippocampus

Abdul et al. (2008)
Human double mutant 
APP/PS1 knock-in mice as a 
function of age

In vivo
Elevated oxidative damage in brain that correlated with 
levels of soluble Aβ42 and prior to deposition of this 

peptide, i.e., consistent with the role of Aβ42 oligomers.

Lauderback et al. 
(2001);Castegna et al. 

(2002a,b); Butterfield et al. 
(1997);Aksenov et al. (1997)

AD brain or rodent 
synaptosomal preparations to 

which Aβ42 was added

In vivo Ex 
vivo

In AD brain, HNE covalently binds to and causes 
dysfunction of the major astrocyte glutamate transporter, 
Glt-1, also known as EAAT2, which coupled to oxidative 

dysfunction of glutamine synthetase, leads to excess 
synaptic levels of glutamate that can contribute to 
excitotoxic neuronal death. Addition of Aβ42 to 

synaptosomal preparations replicates the HNE binding to 
Glt-1 (EAAT2).

Reed et al. (2009a) Early AD brain In vivo
HNE-modified proteins found in brain of early AD 

subjects, a condition in the progression of AD between 
MCI and late-stage AD.

Sultana et al. 
(2011b);Butterfield et al. 

(2012);Butterfield and Boyd-
Kimball (2019)

Human double mutant 
APP/PS1 knock-in mice as a 
function of age. AD and MCI 

brains

In vivo

Redox proteomics demonstrated specific brain proteins, 
including proteins involved in glucose metabolism, were 
oxidatively modified and dysfunctional. Similar results 

were found in MCI and AD brain.

Butterfield et al. 
(2010);Robinson et al. (2011a)

Human double mutant 
APP(Swe/Ind) J20 mice with 

third mutation [M631L] = 
Met35 of Aβ42 replaced by 

Leucine.

In vivo

At one year of age, AD mice lacking Met-35 of Aβ42 
had no brain oxidative damage, in marked contrast to the 
APP(Swe/Ind) J20 mice. Demonstrates the critical role 

of Met35 in Aβ42-associated oxidative damage.

Butterfield and Halliwell, 
(2019);Butterfield and Boyd-

Kimball (2019)
AD and MCI brain In vivo Demonstrates relationships among oxidative damage, 

glucose dysmetabolism, and AD

Butterfield and Boyd-Kimball, 
(2019)

C.elegans, neuronal cell 
cultures, brain from AD mice 

models, and AD and MCI 
brain

In vivo, Ex 
vivo, In vitro

Compendium of redox proteomics results in relation to 
brains from subjects with AD and its earlier stages, and 

ex vivo and in vitro studies of Aβ.

 

Selected Studies from the Mattson Laboratory

Reference System
In vivo, Ex 
Vivo, or In 

vitro
Comments

Mark et al., 1995; Mark et al., 
1997

Neuronal cell cultures, AD 
brain

In vitro, In 
vivo

Demonstrated that Aβ disrupts ion channels and ion-
motive ATPases.

Smith-Swintosky et al., 1994 Neuronal Cultures In vitro Reviews relationships among glutamate, Aβ and 
neurotoxicity.

Mattson, 2007 Neuronal cultures, AD 
animal models, AD brain

In vivo In 
vitro

Solidifies Mattson’s role as a major leader in 
dysregulation of Ca2+ signaling in AD.
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Selected Studies from the Butterfield Laboratory

Reference System In vivo or
Ex Vivo Comments

Wang and Mattson, 2014 3 X Tg AD Mice Ex vivo

Demonstrated age-dependent increased Ca2+ currents of 
L-type Ca2+ channels at neuronal synapses in in CA1 

region of hippocampus, but not in CA3 or dendate 
granule regions.

Guo et al (1999a,b) PC6 Neuronal cultures, AD 
animal models,

In vitro; In 
vivo

Superoxide radical anion facilitates lipid peroxidation 
and neuronal death in human PS-1 mutations following 
Aβ42 addition. Similar conclusions by Butterfield study 

on PS-1 mutations.
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Table 2.

Selected Studies of Small Molecule Antioxidants and AD or MCI or Involving Aβ from the Butterfield and 

Mattson Laboratories

A. Selected Studies from the Butterfield Laboratory

Reference System In vivo or
Ex Vivo Comments

Sultana et al. (2011a); Sultana et 
al. (2013a)

Mitochondria isolated 
from lymphocytes from 

persons with AD or MCI
Ex Vivo

Elevated oxidative damage that correlated inversely both 
with cognitive performance and in vivo plasma levels of 

small molecule antioxidants

Pocernich et al. (2001); Drake et 
al. (2002); Drake et al. (2003a); 
Boyd-Kimball et al. (2005c,d); 

Reed et al. (2009b); Pocernich et 
al. (2012)

Rodent brain; 
Mitochondria; Primary 
neuronal cultures; Brain 

from traumatic brain-
injured rats; AD brain;

In vitro, Ex 
vivo

Glutathione Ethyl Ester or γ-Glutamylcysteine Ethyl Ester 
(GCEE)

Farr et al. (2003); Huang et al. 
(2010); Robinson et al. (2011b);

Aged-accelerated SAMP8 
Mice; APP/PS-1 human 
double mutant knock-in 

mice;

Ex vivo; In 
vivo

N-Acetylcysteine (NAC) in drinking water or injected s.q. 
protected brain against oxidative damage by raising 

glutathione levels, consistent with the notion that inhibition 
of free radical oxidative stress is critical to improved 

cognition.

Poon et al. (2005a); Fiorini et al. 
(2013); Farr et al. (2014)

APP/PS-1 human double 
mutant knock-in mice; 

SAMP8 Mice

Ex vivo; In 
vivo

Antisense oligonucleotides against the Aβ region of APP, 
presenilin-1, or GSK-3β improved cognition and reduced 

oxidative damage, consistent with decreased Aβ and hyper-
phosphorylated tau.

Farr et al. (2003); Poon et al. 
(2005b); Opii et al., (2010)

Brain from SAMP8 age-
accelerated mice, and 

beagle dogs
In vivo

Lipoic Acid (LA) sq. led to improved cognition and 
decreased oxidative stress in SAMP8 mice. LA led to 

changes in the brain proteome reflecting increased brain 
function and decreased oxidative damage. LA as part of 
high antioxidant diet and a program of social enrichment 
over 3-year program led to much improved learning and 
memory in 15 year-old beagle dogs, who deposited less 
Aβ42 (of same amino acid sequence as humans) in brain 

than dog-chow controls.

Sultana et al. (2005); Mohmmad-
Abdul et al. (2005); Perluigi et 

al. (2006);

Primary neuronal cultures 
treated with FAEE then 

Aβ42; synaptic 
membranes from rodents 

following i.p. 
administration of FAEE. 

Synaptic membranes were 
treated with Aβ42

In vitro; Ex 
vivo

Ferulic Acid Ethyl Ester (FAEE) protected against added 
Aβ42-induced oxidative damage in neurons. FAEE was 
administered i.p. to rodents. Synaptic membranes were 
isolated and then exposed to Aβ42. Decreased oxidative 

damage was associated with hormetic elevation of 
protective genes and downregulation of a potentially 

damaging gene in both neurons and synaptic cultures. 
Insights into polyphenols in neuroprotection were gained, 

even though polyphenols do not easily cross the BBB.

Ansari et al., 2006; Sultana et al. 
(2004; 2006); Perluigi et al. 

(2006); Mohmmad-Abdul et al. 
(2005);Lauderback et al. (2003)

Primary neuronal cultures; 
synaptic membranes or 

brain mitochondria 
isolated from D609-treated 

rodents

In vitro; Ex 
vivo

D609, a xanthate, protected neurons, synaptic membranes, 
and brain mitochondria against Aβ42. D609 has a free thiol 
that when oxidized forms a disulfide bond that is reducible 

by glutathione reductase and NADPH

Ansari et al. (2009) Primary neurons In vitro

Quercetin, at low concentrations, protects neurons against 
Aβ42-mediated oxidative damage. However, at a sufficient 
and still relatively small concentration, this polyphenol is 

toxic to neurons.

B. Selected Studies from the Mattson Laboratory

Reference System In vivo or
Ex Vivo Comments

Zhang et al. (2019) AD and AD rodent models Ex Vivo 
and In Vitro

Senescent oligodendrocyte progenitor cells (OPC) were 
found in AD brain in areas rich in Aβ42. Aβ was shown to 

cause senescent characteristics of oligodendrocyte 
progenitor cells, which then become sensitive to being 

killed by desatnib and quercetin.
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A. Selected Studies from the Butterfield Laboratory

Reference System In vivo or
Ex Vivo Comments

Liu et al. (2019) AD mouse model In vivo
The mitochondrial deacetylase, SIRT 3, mediates benefits 
of intermittent fasting on improved cognition in AD mice. 

May be an important intervention in AD.

Cutler et al. (2015); Yu et al. 
(1998)

AD and AD rodent 
models; primary neuronal 

cultures

In vitro and 
Ex vivo

Uric acid shown to be preventative of age-related 
neurodegenerative disorders. Uric acid is a good scavenger 

of peroxynitrite, preventing 3-NT formation.

Kennedy et al., 2016 AD animal models and 
AD patients

In vivo and 
Ex vivo

A specific BACE inhibitor inhibits Aβ production in the 
CNS. Therefore, less neurotoxic Aβ.

Lee et al. (2014) Plants Ex vivo

Plants produce anti-feedants that discourage their being 
eaten. These phytochemicals appear to protect the CNS by 

inducing a hormetic response to produce anti-oxidant 
proteins.
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Table 3.

Joint Publications of D. Allan Butterfield and Mark P. Mattson

Hensley K, Carney J, Mattson M, Aksenova M, Harris M, Wu JF, Floyd R,. Butterfield DA (1994) A Model for β-Amyloid aggregation and 
neurotoxicity based on free radical generating capacity of the peptide: Insights into Alzheimer disease. Proc Nat Acad Sci USA 91, 3270-3274.

Butterfield DA, Hensley K, Harris M, Mattson M, Carney J. (1994) beta-Amyloid peptide free radical fragments initiate synaptosomal 
lipoperoxidation in a sequence-specific fashion: implications to Alzheimer’s disease. Biochem Biophys Res Commun 200, 710-715.

M.P. Mattson, J.M. Carney, and D.A. Butterfield (1995) Glycation: A Tombstone in AD? Nature 373, 481.

Mark RJ, Hensley K, Butterfield DA, Mattson MP (1995) Amyloid beta-peptide impairs ion-motive ATPase activities: evidence for a role in 
loss of neuronal Ca2+ homeostasis and cell death. J Neurosci 15, 6239-6249.

Hensley K, Butterfield DA, Mattson M, Aksenova M, Harris M, Wu JF, Floyd R, Carney J. (1995) A model for beta-amyloid aggregation and 
neurotoxicity based on the free radical generating capacity of the peptide: implications of "molecular shrapnel" for Alzheimer's disease. Proc 
West Pharmacol Soc 38, 113-120.

Hensley K, Butterfield DA, Hall N, Cole P, Subramaniam R, Mark R, Mattson MP, Markesbery WR, Harris ME, Aksenov M, Aksenova, M, Wu 
JF, Carney JM (1996) Reactive oxygen species as causal agents in the neurotoxicity of the Alzheimer’s disease-associated amyloid beta peptide. 
Ann N Y Acad Sci 786, 120-134.

Subramaniam R, Roediger F, Jordan B, Mattson MP, Keller JN, Waeg, G..Butterfield DA (1997) The lipid peroxidation product, 4-hydroxy-2-
trans-nonenal, alters the conformation of cortical synaptosomal membrane proteins. J Neurochem 69, 1161-1169.

Begley JG, Butterfield DA, Keller JN, Koppal T, Drake J, Mattson MP (1998) Cryopreservation of rat cortical synaptosomes and analysis of 
glucose and glutamate transporter activities, and mitochondrial function. Brain Res Brain Res Protoc 3, 76-82.

Bruce-Keller AJ, Begley JG, Fu W, Butterfield DA, Bredesen DE, Hutchins JB, Hensley K, Mattson MP (1998) Bcl-2 protects isolated plasma 
and mitochondrial membranes against lipid peroxidation induced by hydrogen peroxide and amyloid beta-peptide. J Neurochem 70, 31-39.

Guo Z, Ersoz A, Butterfield DA, Mattson MP (2000) Beneficial effects of dietary restriction on cerebral cortical synaptic terminals: 
preservation of glucose and glutamate transport and mitochondrial function after exposure to amyloid beta-peptide, iron, and 3-nitropropionic 
acid. J Neurochem 75, 314-320.

LaFontaine MA, Mattson MP, Butterfield DA (2002) Oxidative stress in synaptosomal proteins from mutant presenilin-1 knock-in mice: 
Implications for familial Alzheimer’s disease. Neurochem Res 27, 417-421.
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