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Summary

An important means of determining how amyloid-beta peptide (Ab) affects cells is to

identify specific macromolecular targets and assess how Ab interaction with such

targets impacts on cellular functions. On the one hand, cell surface receptors interact-

ing with extracellular Ab have been identified, and their engagement by amyloid

peptide can trigger intracellular signaling cascades. Recent evidence has indicated a

potentially significant role for deposition of intracellular Ab in cell stress associated

with amyloidosis. Thus, specific intracellular targets of Ab might also be of interest.

Our review evaluates the potential significance of Ab interaction with a mitochondrial

enzyme termed Ab-binding alcohol dehydrogenase (ABAD), a member of the short-

chain dehydrogenase-reductase family concentrated in mitochondria of neurones.

Binding of Ab to ABAD distorts the enzyme’s structure, rendering it inactive with

respect to its metabolic properties, and promotes mitochondrial generation of free

radicals. Double transgenic mice in which increased levels of ABAD are expressed in

an Ab-rich environment, the latter provided by a mutant amyloid precursor protein

transgene, demonstrate accelerated decline in spatial learning/memory and pathologic

changes. These data suggest that mitochondria ABAD, ordinarily a contributor to

metabolic homeostasis, has the capacity to become a pathogenic factor in an Ab-rich

environment.
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There have been many links between mitochondrial function/

dysfunction and Alzheimer’s disease (AD) (Arispe et al. 1994)

over the years. Such a connection is rational, because meeting

neuronal requirements for metabolic (especially energetic)

homeostasis is a prerequisite for cognitive function. Regional

hypometabolism has been assessed by imaging studies using

positron emission tomography with 18F-fluorodeoxyglucose.

A pattern of bilateral temporo-parietal hypometabolism, espe-

cially associated with dementia, is considered characteristic of

AD (Silverman et al. 1999; Hoffman et al. 2000; Silverman

et al. 2002). Such defects in glucose utilization suggest possible

abnormalities in mitochondrial function in AD. In support of
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this possibility, a range of reports have shown altered mito-

chondrial properties in AD. For example, decreased activity of

complex IV (cytochrome c oxidase or COX) has been observed

in the central nervous system, and even in peripheral tissues,

such as platelets, of patients with AD (Kish et al. 1992; Mutisya

et al. 1994; Parker et al. 1994; Maurer et al. 2000; Bosetti et al.

2002). The latter is the most consistently noted mitochondrial

abnormality in AD tissue. Indeed, studies with cybrids, in

which mitochondria from patient tissue/cell samples (platelets)

are transferred to a cell line depleted of mitochondrial DNA

(thus, the only mitochondrial DNA is from the patient sample),

have also demonstrated decreased COX activity (Khan et al.

2000). In addition, others have shown a decrease in the area of

intact mitochondria in AD brain, vs. control, and evidence of

mitochondrial morphologic abnormalities associated with oxi-

dative modification of guanosine (8-hydroxyguanosine) and

increased levels of nitrotyrosine (Castellani et al. 2002).

Although such reports support the possibility of specific mito-

chondrial dysfunction, it is important to point out that complex

IV activity can be inhibited by a range of environmental per-

turbations, such as a milieu rich in nitric oxide and ischemia

(Lehninger et al. 1960; Lesnefsky et al. 2001; Chen et al. 2003).

Still, studies in cell culture demonstrating a role for proapopto-

tic Bax in Ab-induced apoptosis, mediated via Bax-induced

increased permeability of the outer mitochondrial membrane,

caspase activation and cell death (Giovanni et al. 2000; Zhang

et al. 2002), indicate that mitochondria remain important

suspects as pathogenic contributors to Ab-mediated cellular

dysfunction.

The counterpart of these studies on patient samples/intact

cells is experiments using isolated mitochondria exposed to

Ab. For example, rat brain mitochondria incubated with Ab
showed decreased state 3 and 4 mitochondrial respiration

(Casley et al. 2002). COX, b-ketoglutatrate dehydrogenase

and pyruvate dehydrogenase activities were also diminished

in mitochondria incubated with Ab (Casley et al. 2002)). In

another study, liver mitochondria exposed to Ab displayed a

drop in membrane potential and increased susceptibility to

matrix swelling, though brain mitochondria, by comparison,

were less vulnerable to the effects of Ab (Moreira et al. 2002).

As might be expected from studies using intact cells, in which

Ab can trigger apoptotic cascades (Loo et al. 1993; LaFerla

et al. 1995; Mattson et al. 1998), incubation of Ab with brain

mitochondria has been shown to cause cytochrome c release,

as well as mitochondrial swelling (Kim et al. 2002). The

relevance of these results, from experiments in which isolated

mitochondria were exposed to micromolar levels of synthetic

Ab peptides, to the in vivo situation is yet to be determined.

Taken together, these studies indicate the likelihood that

there is an association of mitochondrial dysfunction with AD.

However, it is difficult to discern cause–effect relationships

from such data, especially in view of the ability of Ab to non-

specifically perturb membranes (Arispe et al. 1994; Pillot et al.

1996; Muller et al. 2001). Nonetheless, cell culture studies in

which mitochondria were rendered non-functional by deple-

tion of mitochondrial DNA, resulting in lack of essential

subunits for the respiratory chain, demonstrated cytoprotec-

tion in the presence of Ab (Cardoso et al. 2001). These find-

ings, along with the results of the studies mentioned above, led

us to consider the possibility that mitochondria might have

particular macromolecular components rendering them vul-

nerable to the effects of Ab. This review describes our studies

to delineate a mitochondrial target of Ab in terms of the

consequences for neuronal function.

Recognition of ABAD as a binding protein for Ab
Some years ago, we hypothesized that early in the course of

AD, when levels of Ab were lower, the amyloid peptide would

seek out specific cellular targets through which it might mod-

ify neuronal function. In this regard, our laboratory identified

Receptor for Advanced Glycation Endproducts (RAGE) as a

multiligand receptor whose repertoire of ligands included

crossed b-sheet fibrils (Yan et al. 1996; Schmidt et al. 2001).

We have subsequently shown that the interaction of nanomolar

levels of Ab with RAGE-bearing cells induces stress with a

number of outcomes, including, at least in vitro, induction

of programmed cell death. Studies in transgenic mice over-

expressing mutant amyloid precursor protein (mAPP) and

wild-type RAGE under control of the platelet-derived growth

factor (PDGF) B-chain promoter have demonstrated accelerated

neuronal dysfunction at the level of behavioural studies,

markers of synaptic plasticity and enhanced neuropathologic

changes, compared with single transgenics (expressing only

the mAPP transgene) and other control groups (Arancio

et al. 2004). Other cell-surface receptors/binding sites, such

as the macrophage scavenger receptor (type A), a7-nicotinic

acetylcholine receptor, proteoglycans, a-5-b-1 integrins,

serpin enzyme complex receptor and neurotrophin receptor

(p75), have also been shown to bind Ab (Narindrasorasak

et al. 1991; Buee et al. 1993; Snow et al. 1994, 1995;

Boland et al. 1996; El Khoury et al. 1996; Paresce et al.

1996; Watson et al. 1997; Yaar et al. 1997; Matter et al. 1998;

Wang et al. 2000). Low density lipoprotein (LDL) receptor-

related protein interacts with Ab in complex with other

molecules, such as apolipoproteins and a2-macroglobulin

(Hammad et al. 1997; Narita et al. 1997). The pathophysiologic

significance of these cell surface-binding sites/receptors for Ab-

induced cellular dysfunction is something that remains to be

clarified.
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Several lines of investigation have indicated that intracellu-

lar Ab may be an important contributor to Ab-mediated

cytotoxic events. First, intracellular accumulation of Ab has

been demonstrated in the endoplasmic reticulum of cultured

cells by several laboratories (Cook et al. 1997; Hartmann

et al. 1997; Tienari et al. 1997; Wild-Bode et al. 1997), and

intracellular Ab has been shown in brains from patients

with AD and Down’s syndrome, as well as in transgenic

mice overexpressing mAPP (Hammad et al. 1997; Gouras

et al. 2000; D’Andrea et al. 2001; Gyure et al. 2001).

Importantly, intracellular Ab appears to accumulate prior to

the appearance of neurofibrillary tangles and senile plaques,

and to be present in AD-affected areas of the brain.

Furthermore, the toxic effects of intracellular Ab on cells has

been shown, in certain cases, to exceed those of extracellular

Ab (Kienlen-Campard et al. 2002; Zschocke et al. 2000).

These data are consistent with the relevance of intracellular

Ab to disturbances in cellular function associated with AD.

For this reason, we have sought possible intracellular tar-

gets of Ab. Using the yeast two-hybrid system, our laboratory

found that a member of the short chain dehydrogenase-

reductase family, which we have termed amyloid-b alcohol

dehydrogenase (ABAD), binds Ab (Yan et al. 1997). From

screening brain and HeLa libraries using the yeast two-hybrid

system, we obtained four positives: three from the brain

library and one from the HeLa library. In each case, the

positive clones encoded ABAD. ABAD is identical to L-3-

hydroxyacyl Coenzyme A dehydrogenase type II, first identi-

fied by investigators analysing fatty acid b-oxidation

(Kobayashi et al. 1996; Furuta et al. 1997) in their analysis

of 3-hydroxyacyl CoA dehydrogenase activity in liver. The

enzyme shares many properties with other members of the

superfamily of short-chain dehydrogenase reductases or short-

chain alcohol dehydrogenase family, including dinucleotide

cofactor binding and catalytic sites (Eaton et al. 1996;

Krozowski 1994). Unique features of ABAD include its pre-

sence in endoplasmic reticulum and mitochondria, its broad

substrate specificity, and its capacity to bind Ab and promote

Ab-induced cell stress (Yan et al. 1997; Yan et al. 1999, 2000;

Lustbader et al. 2004). In neurons, ABAD is especially

enriched in mitochondria (Furuta et al. 1997; Torroja et al.

1998; He et al. 2001) where it appears to serve important

functions in metabolic homeostasis.

Role of ABAD in metabolic homeostasis

ABAD is an enzyme with broad substrate specificity. The

enzyme catalyses the reversible NAD/NADH-dependent oxi-

dation/reduction of a range of substrates, linear alcohols and

steroid substrates (such as 17b-estradiol), S-acetoacetyl-CoA

and b-hydroxybutyrate (Yan et al. 1999, 2000). Although

these data provide insights into the repertoire of substrates

with which ABAD can interact, they do not provide a clear

concept of physiologic properties/substrates of ABAD. For

example, mitochondrial D-b-hydroxybutyrate dehydrogenase

displays Km approximately 1 mm towards its substrate

(Lehninger et al. 1960; Bock & Fleischer 1975). Futhemore,

Vmax of the latter enzyme for D-b-hydroxybutyrate is over

1000 times greater than that of ABAD. Thus, it is possible

to conclude that ABAD might have little or no role in

b-hydroxybutyrate metabolism in vivo. However, such a con-

clusion would not take into account the local environment,

and we have found that ABAD expression is sensitive to

situations such as ischaemic/nutritional stress, in which

b-hydroxybutyrate becomes a critical substrate for metabolic

homeostasis.

To analyse the role of ABAD in b-hydroxybutyrate meta-

bolism, we have overexpressed the enzyme in COS cells and

placed cultures in medium devoid of glucose using b-

hydroxybutyrate as the principal energy substrate (serum in

the culture medium was dialysed to remove glucose) (Yan

et al. 2000). Whereas control (vector-transfected) COS cells

displayed loss of viability over 2–4 days in culture under these

conditions, accompanied by a rapid fall in ATP, COS cells

overexpressing ABAD better maintained their viability and

ATP content. NMR analysis of cultures following addition

of [13C]D-b-hydroxybutyrate demonstrated increased flux of

acetyl-CoA through the tricarboxylic acid/Krebs cycle in COS

cells overexpressing ABAD, compared with controls (Yan

et al. 2000). To determine the relevance of these in vitro

data to neuronal stress in vivo, experiments were performed

using a murine model of stroke, transient middle cerebral

ischemia (Yan et al. 2000). First, wild-type animals were

subjected to stroke, and expression of ABAD was assessed.

Increased ABAD antigen was observed in neurons proximal to

the infracted area, especially those in the penumbra, com-

pared with controls. Image analysis of immunohistochemical

data demonstrated apptoximately 5-fold increased levels of

ABAD antigen in cortical neurones in the ischaemic territory

compared with controls. These experiments, indicating the

relevance of ABAD to the setting of ischaemic stress, led us

to produce transgenic (Tg) mice overexpressing ABAD under

control of the PDGF B-chain promoter (Yan et al. 2000). The

latter animals, termed Tg ABAD mice, displayed increased

neuronal expression of ABAD in the cerebral cortex, which

was present in the appropriate subcellular locations, including

mitochondria. To our surprise, Tg ABAD animals had higher

baseline levels of brain ATP and showed increased flux of

acetyl-CoA through the tricarboxylic acid cycle following

administration of [13C]D-b-hydroxybutyrate in the fasted
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state (Yan et al. 2000). Following induction of stroke, Tg

ABAD mice displayed infarcts of lower volume and decreased

neurological deficit scores, consistent with greater resistance

to ischaemic stress, compared with non-Tg littermates (Yan

et al. 2000). These data are consistent with a role for ABAD in

the metabolic defence against ischaemic stress.

Studies of ABAD deficiency have provided considerable insight

into the role of the enzyme in development and neuronal

homeostasis. When the ABAD homolog in Drosophila,

scully, was functionally inactivated, a developmentally lethal

phenotype with multiple abnormalities was observed (Torroja

et al. 1998). Certain salient features of the scully/ABAD-

deficient flies included mutant testes which were small and

undeveloped. The testes displayed deficiency of 3-hydroxyacyl-

CoA dehydrogenase activity, indicating that ABAD is the

principal enzyme with such activity in this tissue.

Spermatocytes displayed cytoplasmic accumulation of fat-

containing vesicles and scarce mitochondria, consistent with

a defect in fatty acid oxidation and scarce mitochondria.

Photoreceptor cell mitochondria were small, few and showed

swollen cristae compared with controls. Although these data

do not necessarily assign ABAD activity to a particular meta-

bolic pathway, the enzyme’s central role in metabolic home-

ostasis is clear. Furthermore, its contribution to fatty acid

b-oxidation is emphasized. However, ABAD clearly has

properties in addition to the latter in the in vivo setting, in

view of its role in the central nervous system where fatty acids

are not a key energy substrate (it is possible that b-

hydroxybutyrate is an essential substrate of ABAD in the brain).

Another important piece of evidence was derived from

observations in patients with methyl-3-hydroxybutyryl-CoA

dehydrogenase (MHBD). The latter enzyme identified based

on its participation in the catabolism of isoleucine and

branched-chain fatty acids turns out to be identical to

ABAD. Five cases of clinical MHBD/ABAD deficiency have

been observed as of 2004 (Zschocke et al. 2000; Ofman et al.

2003; Sass et al. 2004), based on elevated levels of two urinary

metabolites (2-methyl-3-hydroxybutyrate and tiglyl glycine)

and absence of MHBD activity (NAD-dependent conversion

of 2-methyl-3-hydroxybutyryl-CoA to 2-methyl-acetoacetyl-

CoA). Patients with defects in MHBD/ABAD activity showed

severe neurologic symptoms, including psychomotor retarda-

tion and progressive infantile neurodegeneration.

Taken together, these data indicate that ABAD might have

several important roles in metabolic homeostasis related to

energy metabolism and catabolism of isoleucine and

branched-chain fatty acids. Of course, there may be other

properties of the enzyme that are also important for the

protective effect associated with ABAD under homeostatic

conditions and in response to stress. In this context, we have

observed that ABAD binds the mitochondrial chaperonin

molecule cyclophilin D (unpublished observed, Yan & Stern

2004), a peptidylprolyl cis-trans isomerase whose activity and

association with the inner mitochondrial membrane have been

linked to opening of the mitochondrial membrane permeabil-

ity transition pore (MPT) (Crompton et al. 1998; Woodfield

et al. 1998; Crompton 1999). Furthermore, in the 1-methyl-4-

phenyl-1,2,3,6-tetrahydropyridine (MPTP) model of murine

Parkinsonism, overexpression of ABAD in neurons had a

cytoprotective effect (Tieu et al. 2004). It appeared that

increased levels of ABAD mitigated MPTP-induced inhibition

of oxidative phosphorylation and ATP production. Thus,

there is reason to believe that ABAD might have multiple

protective effects on cellular functions.

Role of ABAD in Ab-induced cell stress

In order to assess the possible relevance of ABAD to AD,

studies in AD brain (n 5 19) and non-demented controls

(n 5 15), matched for age, were performed using samples

harvested according to the rapid autopsy method developed

at Sun Health Research Institute, in order to minimize post-

mortem delay (Lue et al. 2001). Immunoblots of brain

extracts were compared by laser densitometry, and each

band was normalized according to the intensity of the

b-actin band. The results showed that the intensity of the

ABAD band was increased approximately 28% (inferior tem-

poral lobe gyrus) and 40% (hippocampus) in samples from

AD patients vs. non-demented controls (Lustbader et al.

2004). These data are consistent with our previous work

(Yan et al. 2000), demonstrating enhanced expression of

ABAD in AD brain by immunoblotting with anti-ABAD anti-

body. In contrast, protein extracts prepared from the cerebel-

lar region, a portion of the brain not affected by AD, showed

no significant differences in ABAD expression compared with

non-demented controls. These data indicate that ABAD

expression increases in affected regions of AD brain.

However, it was equally possible that such elevated levels of

ABAD could reflect either a protective or deleterious response

to the Ab-rich environment.

In view of the presence of ABAD in mitochondria, a com-

partment not previously shown to accumulate Ab, it was

important to determine if ABAD–Ab interaction might occur

in AD brain. Protein extracts of AD brain were subjected to

immunoprecipitation with anti-Ab imuunoglobulin G (IgG)

followed by SDS-PAGE, transfer of proteins to nitrocellulose

membranes and immunoblotting with anti-ABAD IgG

(Lustbader et al. 2004). The results demonstrated a strong

immunoreactive band in AD brain, though not in non-demented

controls (the same result was obtained when the order of the

164 S. D. Yan & D. M. Stern

� 2005 Blackwell Publishing Ltd, International Journal of Experimental Pathology, 86, 161–171



antibodies was switched, though no specific band was

observed when either antibody was replaced with with non-

immune IgG). Because preparation of samples for immuno-

precipitation disturbs tissue architecture, morphologic studies

were performed. Confocal microscopy of affected regions

of AD brain displayed colocalization of ABAD and Ab
antigens. In addition, ABAD antigen was colocalized with a

mitochondrial marker, voltage-dependent anion channel. At

the level of transmission electron microscopy, ABAD and Ab
were also colocalized to mitochondria using gold-labelled

antibodies (Ab, 12 nM gold particles; ABAD, 18 nM gold

particles; Figure 1a,b) (Lustbader et al. 2004). These studies

demonstrate that ABAD–Ab interaction can occur in AD

brain, and that Ab is present in mitochondria, a previously

unrecognized observation.

Results in the yeast two-hybrid system, indicating the possi-

bility that Ab bound to ABAD, lead us to perform further

studies to determine parameters of this interaction. Using plas-

mon resonance, Ab(1–40), Ab(1–42) and Ab(1–20) were found

to bind to ABAD in a dose-dependent manner with half-max-

imal occupancy of binding sites at 40–80 nM (Lustbader et al.

2004). In contrast, Ab(25–35), Ab-derived peptides with a

reversed sequence, amylin, and prion-derived peptide (109–

141) displayed no specific binding. To further characterize

this interaction, structural studies were performed on crystals

of ABAD-Ab mixtures formed in the presence of NAD

(Lustbader et al. 2004). To our surprise, NAD was not bound

to ABAD in the crystal structure suggesting that Ab resulted in

a considerable distortion of ABAD. This indeed proved to be

the case; native ABAD displays an NAD-binding pocket and

the expected catalytic triad associated with enzymatic activity

(Figure 2; the native enzyme is shown in cyano). Note the

prominent distortion of ABAD in the presence of Ab, with

deformation of the LD, LE and LF loops, as well as the NAD-

binding pocket (Figure 2, Ab-bound ABAD is shown in

magenta). Another salient feature of ABAD structure is the

LD loop. Comparison of the LD loop of native ABAD with

that of another similar member of the short-chain dehyrogen-

ase reductase family, 3 b-hydroxysteroid dehydrogenase

(Figure 2, shown in yellow) demonstrates the possibility of an

insertion in this portion of the ABAD sequence. In fact, exten-

sive sequence comparisons of ABAD from five different species

with four other members of this enzyme superfamily indicate

the likelihood of an 11 amino acid insertion in the LD loop of

ABAD. Taken together with the disordered structure of the LD

in ABAD-Ab crystals and the apparent absence (disorder) of Ab
in the crystals, we considered the possibility that this portion of

ABAD (residence 91–119) might be the actual binding site for

Ab. Studies with this ABAD-derived peptide [termed ABAD

(91–119) or ABAD decoy peptide or DP] indicated that it

served as an inhibitor of ABAD–Ab interaction, whereas a

(a) (b)

Figure 1 Colocalization of amyloid-beta peptide alcohol dehy-

drogenase (ABAD) and Ab in the brain of a patient with

Alzheimer’s disease. Double immunogold staining with anti-Ab
immunoglobulin G (IgG) and anti-ABAD IgG was employed.

Twelve nanomolar gold particles denote sites of binding of the

primary anti-Ab(1–42) antibody, and 18 nM gold particles

denote sites of binding of the primary anti-ABAD antibody.

Arrowheads depict gold particles localizing ABAD antigen. Panels

a and b show two representative fields. Modified from reference

(Lustbader et al. 2004).

Aβ-binding
loop

LD

LF

LF

Figure 2 Structure of Ab-bound human amyloid-beta peptide

alcohol dehydrogenase (ABAD)/superposition of Ab-bound human

ABAD (magenta) and rat ABAD in complex with NAD (cyano).

The LD loop of 3b-hydroxysteroid dehydrogenase (3b-HSD) is

shown in yellow. The proposed Ab-binding loop is indicated. The

LD, LE and LF loops of ABAD are shown, along with a ball and

stick model for the binding site of NAD in rat ABAD–NAD com-

plex. Modified from reference (Lustbader et al. 2004).
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peptide with the same amino acids, but reversed sequence

[termed ABAD(119–91) or ABAD reversed peptide or RP]

was inactive.

An important prediction of these structural studies was that

Ab would inhibit ABAD enzymatic activity towards all of its

substrates. This prediction was borne out in experiments with

multiple substrates, including S-acetoacetyl-CoA, octanol and

17b-estradiol (Yan et al. 1999). However, the concentration

of Ab necessary for half-maximal inhibition of ABAD was in

the low micromolar range (1–3 mm), rather than in the nano-

molar range (40–80 nm), the latter corresponding to concen-

trations of Ab which bind ABAD. Our concept is that the

N-terminus of the peptide serves to localize Ab at critical

sites within the cell (in this case, associated with ABAD),

and the C-terminal portion of the peptide is free to interact

with additional molecules of Ab forming oligomers, poten-

tially fibrillar structures that further deform protein structure.

Thus, binding of an initial molecule of Ab to ABAD probably

does not affect the enzyme’s activity significantly. However,

when oligomers of Ab form, using the initial ABAD-bound Ab
as a nidus (at higher concentrations of Ab, such as that used

for our crystallization studies), the resulting macromolecular

assembly distorts the enzyme and alters its function. In this

context, it is important to note that from a structural stand-

point, there is a large cavity (‘hole’) in the structure of the

ABAD-Ab complex which could accommodate a fibrillar

assembly. Specifically, inspection of the crystal packing

shows that ordered ends of the LD loop point into intercon-

nected huge solvent channels with estimated dimensions of

70 Å. We estimate that the ordered part of the crystal only

occupies about 30% of the total crystal volume. Sufficient

space is therefore left available for the disordered loops and

the bound Ab (as well as macromolecular assemblies of Ab),

which could drift freely in the large solvent channels in the

crystal to cause disorder and/or non-specifically bind and clog

the active site region to inactivate the enzyme.

For the purpose of developing an experimental system to

use in future studies, Tg mice overexpressing ABAD in an Ab-

rich environment were made (Lustbader et al. 2004; Takuma

et al. 2005). Overexpression of mAPP was achieved using

mice made in the laboratory of Dr Lennart Mucke (Hsia

et al. 1999). These animals (termed Tg mutant or mAPP)

express an alternatively spliced human APP minigene that

encodes human APP695, APP751 and APP770 bearing muta-

tions linked to familial AD (V717F, K670M, N671L) under

control of the PDGF B-chain promoter and have been back-

crossed into the C57BL6 background for these studies (Yan

et al. 2000). Tg mice overexpressing ABAD, also under con-

trol of the PDGF B-chain promoter and in the C57BL6 back-

ground, were crossed with Tg mAPP to generate four

genotypes; Tg mAPP/ABAD (double transgenics), Tg mAPP,

Tg ABAD (single transgenics) and nonTg littermates.

First, we analysed cortical neurones from Tg mAPP/ABAD

mice to determine if they displayed exaggerated evidence of

Ab-induced stress in cell culture. Specifically, we evaluated

induction of oxidant stress, which has a counterpart in AD

brain and transgenic models of AD-type pathology (Wild-

bode et al. 1997; Pappolla et al. 1998; Perry et al. 1998;

Eckert et al. 2001; Tabner et al. 2002; Marques et al. 2003;

Tamagno et al. 2003). Neurons from Tg mAPP/ABAD mice

demonstrated evidence of free radical-induced stress based on

oxidation of 20,70-dichlorofuorescin (Yaar et al. 1997). Next,

we wanted to determine whether ABAD–Ab interaction was

involved in such generation of oxidant stress. In order to

utilize ABAD-DP to antagonize this interaction, we had to

produce a membrane permeable form. The latter was accom-

plished using the membrane transduction domain of the

human immunodeficiency virus type 1 (Aarts et al. 2002). A

fusion peptide, tat-ABAD-DP, was added to culture medium

of neurones from Tg mAPP/ABAD mice. In the presence of

tat-ABAD-DP, induction of oxidant stress and, specifically,

generation of superoxide anion and hydrogen peroxide were

inhibited, though the reversed peptide was without effect

(Lustbader et al. 2004; Takuma et al. 2005).

3370 3410 3450

Magnetic field (Gauss)

mAPP/ABAD

mAPP

ABAD

NonTg

Figure 3 Generation of free radicals in transgenic mutant amyloid

precursor protein (Tg mAPP)/ amyloid-beta peptide alcohol

dehydrogenase (ABAD) mouse brain is shown by the peak at

3410 Gauss in electron paramagnetic resonance spectra recorded

on brain tissues froezen in liquid nitrogen using a quartz dewar at

X-band. The amplitude of the spectra for Tg mAPP, Tg ABAD

and non-Tg animals has been increased by 10-fold to display

spectra, which showed only low-level changes. Modified from

reference (Lustbader et al. 2004).
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These data suggested that increased levels of ABAD in an

Ab-rich environment potentiate amyloid peptide-induced cell

stress. To probe this issue further, brains from each of the

genotypes of transgenic mice (as above) were studied using

electron paramagnetic resonance (EPR) spectroscopy to iden-

tify free radicals (Figure 3). Higher levels of radicals were

observed in the Tg mAPP/ABAD mouse brains, compared

with brains from non-Tg, Tg ABAD or Tg mAPP mice. The

species of free radicals, which could be from ascorbyl or a

one-electron reduced ubiquinone radical, is likely to be gen-

erated because of the higher level of oxidant stress in the

double transgenics. In addition to enhanced oxidant stress,

Tg mAPP/ABAD mice displayed impaired spatial learning/

memory in the radial arm water maze test to detect

hippocampal-dependent learning/memory defects (Bliss &

Collingridge 1993; Morgan et al. 2000). In contrast to non-

Tg littermates, Tg mAPP and Tg ABAD mice, double trans-

genic animals at only 5 months of age already failed to learn

efficiently. Furthermore, the area occupied by acetylcholin-

esterase-positive neurites in the subiculum, entorhinal cortex

and CA-1 was significantly decreased in Tg mAPP/ABAD

mice compared with the other genotypes (Figure 4). These

data indicate that Tg mAPP/ABAD mice display exaggerated

cytotoxicity of a type associated with AD-type pathology.

Our findings in transgenic mice led us to analyse in further

detail properties of cortical neurones cultured from each of

the genotypes. Although these studies are ongoing, several

findings have already been clearly delineated. First, neurones

from Tg mAPP/ABAD mice spontaneously generate super-

oxide anion and hydrogen peroxide as a consequence of mito-

chondrial leakage of reactive oxygen species (Takuma et al.

2005). Production of oxygen radicals occurs at the level of

complex III, and is also associated with opening of the MPT.

These oxygen-free radicals trigger a programmed cell death

pathway leading to activation of caspase-3, DNA fragmenta-

tion and, ultimately, loss of cell viability. Thus, neurones from

mice overexpressing both mutant APP and ABAD display

evidence of severe cellular stress. We propose that these mice

are a model of accelerated and exaggerated cell stress relevant

to the role of ABAD in AD. Further studies to link ABAD to

the pathogenesis of cellular dysfunction in Alzheimer’s-type

pathology in murine models are underway through generation

of animals deficient in ABAD and studies using agents to

inhibit ABAD–Ab interaction in vivo.

Hypothesis

ABAD is a member of the short-chain dehydrogenase reduc-

tase superfamily of intracellular enzymes present within neu-

rones predominately in mitochondria. In the absence of Ab,

ABAD appears to have cytoprotective functions under homeo-

static conditions and in response to stress. Result of studies in

which the Drosophila counterpart of ABAD (scully) was

inactivated displayed a phenotype resembling that observed

in other defects in the fatty acid b-oxidation pathway (Eaton

et al. 1996). The latter display cytoplasmic accumulation of

lipid, because fatty acids are not effectively imported into

mitochondria due to depletion of the mitochondrial CoA

pool. Targeted overexpression of ABAD in neurones of trans-

genic mice caused an increase in baseline ATP and more

effective utilization of b-hydroxybutyrate, a substrate mobil-

ized and metabolized in response to nutritional and other

stresses. Nonetheless, it is difficult to be certain which sub-

strate of ABAD is physiologically relevant in the brain. For

example, systemic fatty acids are not considered an important

contributor to energy homeostasis in the brain. In the rodent

brain, this may be due to the low levels of 3-ketoacyl-CoA

thiolase activity (Yang et al. 1987). However, it is clear that

higher levels of ABAD impacted positively on brain energetics.

Consistent with cytoprotective properties of ABAD, recently

described rare genetic deficiency states of MHBD/ABAD have

been reported. The latter syndrome is associated with prom-

inent clinical neurologic findings and pathologic neurodegen-

eration. Because MHBD/ABAD is in the catabolic pathway

for isoleucine and branched-chain fatty acids, it is possible

that accumulation of metabolites in this pathway exerts toxic

effects on neurones. This hypothesis remains to be tested.

In terms of the cellular response to stress, ABAD also seems

to have a beneficial role. Following induction of cerebral

ischaemia, ABAD expression increased in neurones. In a mur-

ine stroke model, high levels of ABAD in transgenic mice were

cytoprotective with respect to stroke volume and clinical

NonTg Tg ABAD Tg mAPP Tg mAPP/ABAD

NonTg Tg ABAD Tg mAPP mAPP/ABAD

P < 0.05
P = 0.0232
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Figure 4 AChE activity was determined histochemically in the

subiculum of mice of the indicated genotype at 12 months old.

The bar graph shows the results of the multiple images from

numbers of mice. Upper panel indicates representative images

from AChE histochemical staining from subiculum of mice.
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neurologic deficit score. The latter findings paralleled higher

levels of brain ATP and more effective utilization of b-hydroxy-

butyrate in Tg ABAD mice. Similarly, in the MPTP-induced

murine model of Parkinsonism, overexpression of ABAD had

a cytoprotective effect on neurones. Another contributor to

the beneficial effects of ABAD on cellular functions might be

related to its sequestration of cyclophilin D in the mitochon-

drial matrix. By maintaining cyclophilin D in the matrix

compartment, this chaperone molecule is unable to translo-

cate to the inner mitochondrial membrane, where it could

interact with other components of the MPT and, potentially,

destabilize mitochondrial function. Taken together, these data

are consistent with cytoprotective properties of ABAD in

health and disease (Figure 5).

In an environment rich in Ab, the protective properties of

ABAD appear to be negated. Crystallographic studies demon-

strated deformation of ABAD with loss of the NAD-binding

site and a marked change in the enzyme’s catalytic site. These

structural changes were associated with inhibition of ABAD

activity towards its diverse substrates. This leads to the

hypothesis that decreased ABAD activity has negative effects

on brain energetics and, possibly, other functions. For example,

decreased MHBD/ABAD activity might result in accumu-

lation of toxic metabolites that could have deleterious effects

(as mentioned above). In addition, ABAD–Ab interaction

might displace cyclophilin D, resulting in its translocation to

the inner mitochondrial membrane (as our preliminary find-

ings suggest; Yan S-D. & Stern D., 2005). Others have

hypothesized that loss of ABAD’s activity as a hydroxysteroid

dehydrogenase might alter metabolism of oestrogenic hor-

mones involved in neuroprotection (He et al. 1999).

Observations in double transgenic mice, overexpressing

ABAD in an Ab-rich environment, provided a means of testing

the implications of Ab for functional properties of the enzyme.

Double transgenics demonstrated accelerated and more severe

impairment of spatial learning/memory and loss of area occu-

pied by acetylcholinesterase-positive neuronal fibers, com-

pared with the other genotypes. In terms of the underlying

mechanism, a prominent signal for free radicals was seen in

brains from Tg mAPP/ABAD mice, and oxidant stress was

evident in neurones cultured from these animals. These data

lead us to hypothesize that ABAD–Ab complex promotes

leakage of oxygen-free radicals from mitochondria.

Specifically, ABAD-Ab-associated dysfunction of complex IV

appears to result in leakage of oxygen-free radicals upstream

at the level of complex III (Tieu et al. 2004). In vitro, oxidant

stress initiates a cascade of events including reduced mito-

chondrial membrane potential and decreased cellular energy

charge. The ultimate result is triggering of an apoptotic path-

way that results in loss of cell viability. The latter pathway

also appears to involve opening of the MPT (Tieu et al. 2004).

Thus, in the presence of Ab, the properties of ABAD are

considerably distorted from that of a cytoprotective enzyme

involved in metabolic homeostasis on multiple levels (in the

absence of Ab) to a perturbant. We speculate that ABAD–Ab
complex causes cellular dysfunction by several potential

mechanisms, including loss of enzymatic activity, accumula-

tion of upstream toxic metabolites, stimulating leakage of

mitochondrial oxygen-free radicals, loss of cellular energy

charge and enhanced opening of the MPT (Figure 5).

In closing, it is also important to point out that these studies

provide the first description of Ab accumulation in mitochon-

dria. In addition to ABAD, it is certainly reasonable to specu-

late that there may be other mitochondrial targets of Ab.

These results raise questions concerning the mechanism of Ab
import into mitochondria, and whether such mitochondrial

Maintenance of homeostasis Aβ-rich environment

β-hydroxybutyrate
fatty acids
other substrates

sequestration of
cyp D

catabolism of ILE and
branched-chain fatty
acids

MPT

cellular energy charge

ROS

ψm

cellular energy
charge

Cytoprotection Cellular perturbation

ABAD

ABAD

ABAD

ABAD

ABAD

Figure 5 Schematic depiction of potential

roles of amyloid-beta peptide alcohol dehy-

drogenase (ABAD) in physiologic and

pathophysiologic settings. CypD, cyclophi-

lin D; ILE, isoleucine; MPT, membrane

permeability transition pore; Cm, inner

mitochondrial membrane potential; ROS,

reactive oxygen species.
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Ab has early and profound effects on mitochondrial function

at the level of energy metabolism and control of apoptotic

mechanisms. Although future studies will be required to

address these issues, the current studies provide a first step

in indicating a direct mechanism through which Ab can

impact on mitochondrial function.
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