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Summary Alzheimer’s disease (AD) is the most common progressive

neurodegenerative disease. Today, AD affects millions of people worldwide

and the number of AD cases will increase with increased life expectancy.

The AD brain is marked by severe neurodegeneration like the loss of

synapses and neurons, atrophy and depletion of neurotransmitter systems

in the hippocampus and cerebral cortex. Recent findings suggest that these

pathological changes are causally induced by mitochondrial dysfunction,

increased oxidative stress and elevated apoptosis. Until now, AD cannot be

diagnosed by a valid clinical method or a biomarker before the disease has

progressed so far that dementia is present. Furthermore, no valid method is

available to determine which patient with mild cognitive impairment (MCI)

will progress to AD. Therefore, a correct diagnosis in the early stage of AD

is not only of importance considering that early drug treatment is more

effective but also that the psychological burden of the patients and relatives

could be decreased. In this review, we discuss the potential role of elevated

apoptosis, increased oxidative stress and mitochondrial dysfunction as bio-

marker for AD in a peripheral cell model, the lymphocytes.
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Alzheimer’s disease (AD) is the most common neurode-

generative disease affecting more than 25 million people

world wide (Wimo et al., 2003). AD manifests as gradual

deterioration in memory and cognition, behavior and the

ability to perform activities of daily living. The AD brain is

marked by severe neurodegeneration like the loss of

synapses and neurons, atrophy and depletion of neurotrans-

mitter systems in the hippocampus and cerebral cortex. The

majority of AD patients suffer from sporadic AD where

ageing itself represents the main risk factor. The minority

of AD patients are affected from rare genetic mutations in

the amyloid precursor protein (APP) or in the presenilins

PS1 and PS2. The clinical progress of these familiar forms

is characterized by an early onset of cognitive symptoms.

The sporadic and familiar forms share the same pathologi-

cal hallmarks. They are both characterized by deposition

of b-amyloid (Ab) plaques, accumulation of intracellular

neurofibrillary tangles, and pronounced neuronal cell loss.

Altered proteolytic processing of APP resulting in the pro-

duction and aggregation of neurotoxic forms of amyloid

beta (Ab1-40, Ab1-42) is considered to be central for

AD (Selkoe, 2004). Currently, the main hypothesis con-

cerning the origin of AD is based on the neurotoxic effect

of Ab causing increased apoptosis in neurons, elevated

oxidative stress, hindered energy metabolism, mitochon-

drial dysfunction, and consequently synaptic dysfunction

(Malaplate-Armand et al., 2006; Kriem et al., 2005).

The diagnosis of AD is still largely based on exclusion

criteria of secondary causes and other forms of dementia

with similar clinical profile, thus the diagnostic accuracy is

only suboptimal. In the United States a diagnostic accu-

rancy of 50–60% and 80–90%, respectively at specialized

centers is reached using the common criteria (NINCDS-

ADRDA) (Ferris and Yan, 2003; Turner, 2006). Until

now, no valid clinical method or biomarker is available to

accurately identify AD in the very early phase and to deter-

mine which patient with mild cognitive impairment (MCI)

will progress to AD (Frisoni et al., 2004; Borroni et al.,

2006). This is of special relevance because drug treatment

is more effective in the early stage of the disease. There-

fore, a valid and easy accessible biomarker for AD or a

combination of biomarkers representing the multiplicity of

pathophysiological processes taking place in AD would
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simplify the diagnosis, increase the accuracy and enhance

the efficacy of drug therapy. At the moment, two differ-

ent types of biomarkers are discussed: cerebrospinal fluid

(CSF) markers like total tau protein or Ab1-42 and markers

in plasma or peripheral cell types like lymphocytes, plate-

lets or fibroblasts (Migliore et al., 2005a). In this review we

focus on lymphocytes as a peripheral cell model for AD.

Lymphocytes show similar defects like neurons in AD. We

and others observed elevated apoptosis, increased oxidative

stress and changes in mitochondrial function in lymphocytes.

The strong advantage of lymphocytes as a peripheral model

compared to CSF is the simple non-invasive, inexpensive and

time-saving separation from blood of patients. Repeated sam-

ples from patients can be taken as the particular study

requires. Therefore, lymphocytes could be an applicable cell

model to find a valid and easy detectable biomarker for AD.

Similar effects of AD relevant stressors

on mitochondrial dysfunction and apoptosis

in human lymphocytes and neuronal cell lines

Lymphocytes show similar reactions to AD relevant stres-

sor like the neuronal like cell line, PC12 cells. We inves-

tigated the effects of staurosporine, Ab1-42, H2O2, sodium

nitroprusside and complex inhibitors of the mitochondrial

respiratory chain on apoptosis and mitochondrial mem-

brane potential (MMP) in human lymphocytes. Staurospor-

ine, which is widely used to induce apoptosis in a variety of

cell types, leads to a significant increase in apoptotic cells

in human lymphocytes as well as in PC12 cells (Table 1)

(Leutz et al., 2002). Additionally, lymphocyte treatment

with Ab1-42 and H2O2 results in enhanced apoptosis

(Eckert et al., 1998). Treatment of lymphocytes with rele-

vant concentrations of sodium nitroprusside, a NO donor,

induces a reduction of MMP in both cell types. Again,

the different inhibitors of the respiratory chain initiate a

decrease of MMP in human lymphocytes and PC12 cells.

Therefore, different AD relevant stressors lead to similar

effects like elevated apoptosis or decreased MMP in human

lymphocytes and PC12 cells. These results suggest that

lymphocytes are a suitable peripheral cell model to study

AD relevant pathological changes like apoptosis, oxidative

stress or mitochondrial dysfunction.

Elevated apoptosis in lymphocytes of AD patients

Despite the various genetic and environmental factors that

may lead to AD, increasing evidence from AD brain tis-

sue, transgenic animals, and cell lines suggest that the

underlying neurodegeneration is associated with morphol-

ogical and biochemical features of apoptosis (Culmsee and

Landshamer, 2006; Mattson, 2004). Apoptotic hallmarks

are DNA fragmentation, cytoplasmic shrinkage, chromatin

condensation and caspase activation (Jellinger, 2006). Two

major signaling pathways lead to apoptosis, the TNF-

receptor-mediated (extrinsic) and the mitochondria-based

(intrinsic) pathway. The extrinsic pathway is activated by

the stimulation of death receptors, e.g. cytokine receptors

of the TNF family like the Fas receptor (CD 95), whereas

the intrinsic pathway is associated with perturbed mito-

chondrial function including a loss of MMP, increase in

reactive oxygen species (ROS) and the release of cyto-

chrome C followed by caspase 9 and caspase 3 activation.

Evidence that many neurons undergo apoptosis in AD in-

cludes elevated neuronal DNA-fragmentation in AD post-

mortem brain tissue, and high levels of activated apoptotic

proteins such as caspase 3 and BAX in neurons that exhibit

neurofibrillary tangle pathology (Mattson, 2004; Eckert

et al., 2003). APP and PS mutations are shown to be suffi-

cient to trigger apoptosis in AD animal models (Keil et al.,

2004; Marques et al., 2003). Furthermore, recent findings

indicate that the expression of mutant PS1 or mutant APP

in PC12 cells sensitizes cells to apoptosis (Eckert et al.,

2001d; Guo et al., 1997). In addition to genetic evidence

that Ab induces neuron degradation in vivo, recent in vitro

experiments suggest that oligomeric, intracellular Ab and

not aggregated Ab like previously thought leads to apop-

tosis (Malaplate-Armand et al., 2006; Kriem et al., 2005;

Deshpande et al., 2006).

Studies in lymphocytes from sporadic AD patients have

provided evidence for elevated apoptosis in peripheral

blood cells (Table 2). Aging itself induces an increase in

Table 1 Comparison of the effects of different stressor in human lympho-

cytes and PC12 cells on MMP and apoptosis

Human

lymphocytes

PC12

cells

MMP

Stressors:

SNP # #
Complex inhibitors

Complex I Rotenone # #
Complex II Thenoyltrifluoroaceton # #
Complex III Antimycin # #
Complex IV Natriumazide # #
Complex V Oligomycin # #
Apoptosis:

Ab1-42 " "
Staurosporin " "
H2O2 " "

Data published in part (Eckert et al., 1998a; Leutz et al., 2002).
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vulnerability to apoptosis (Schindowski et al., 2000). This

enhanced susceptibility seems to be even more pronounced

in lymphocytes from sporadic AD patients (Eckert et al.,

2001a, 2003; Schindowski et al., 2006). Elevated DNA

fragmentation was seen in freshly prepared AD lympho-

cytes compared to controls and spontaneous apoptotic cell

death after 24 h was significantly elevated. Importantly,

elevated basal apoptosis from AD patients correlated sig-

nificantly with the Mini Mental State Examination (MMSE)

of these AD patients (Fig. 1). Furthermore, lymphocytes

from AD patients showed an increased vulnerability to pro-

apoptotic stimuli like 2-desoxy-ribose (D-ribase) or stauro-

sporine. Analysis of activated lymphocytes gave further

evidence for elevated levels of apoptosis in these peripheral

blood cells. Significantly elevated levels of DNA-fragmenta-

tion were found in activated AD lymphocytes undergoing

spontaneous in vitro apoptosis or enhanced apoptosis after

the treatment with D-ribose. These result point to a faster

turnover of apoptotic pathways in AD patients (Eckert et al.,

2001a). Importantly, a robust difference in cell death sensi-

tivity between AD patients and patients suffering from vas-

cular dementia was detected.

Moreover, increased CD 95 expression on the surface of

T cells from sporadic AD patients and elevated caspase-3,

caspase-8 and caspase-9 levels in comparison with non-

demented controls refer to an enhanced proneness of AD

lymphocytes to cell death (Lombardi et al., 2004; Tacconi

et al., 2004; Frey et al., 2006). These findings suggest in-

volvement of the extrinsic and intrinsic apoptotic pathway.

CD 95=Fas leads via the extrinsic pathway to apoptotic cell

death by the activation of the initiator caspase-8 and the

effector caspase-3. Since the activation of the effector cas-

pase-3 is shared by the intrinsic and extrinsic pathway and

cytochrome c release from mitochondria is followed by

caspase-9 activation, the intrinsic apoptotic pathway could

be also important for the increased vulnerability of lym-

phocytes from AD patients.

Table 2. Elevated apoptosis in lymphocytes from AD patients and transgenic animals

Author Significant changes in sporadic AD patients

compared to aged controls

Significant changes in transgenic animals

Eckert et al. (1998a) – enhanced basal levels of DNA-fragmentation

Eckert et al. (1998b) – enhanced basal levels of DNA-fragmentation

– enhanced spontaneous apoptosis

– increased apoptosis after oxidative stress (d-ribose)

Eckert et al. (2001b) PS1 mutations

– enhanced basal apoptosis

– increased apoptosis after oxidative stress

(d-ribose, H2O2)

Schindowski et al. (2003) – enhanced basal apoptosis App and PS1 mutations

– enhanced spontaneous apoptosis – enhanced basal apoptosis

– increased apoptosis after oxidative stress (d-ribose) – enhanced spontaneous apoptosis

– increased apoptosis after oxidative stress (d-ribose)

Tacconi et al. (2004) – significant increase in caspase-3, caspase-6, caspase-8 activity

Lombardi et al. (2004) – hyperexpression of Fas mRNA and surface Fas receptor

Frey et al. (2006) – enhanced basal apoptosis

– enhanced spontaneous apoptosis

– increased apoptosis after oxidative stress (d-ribose)

– increased caspase 3-activity

– increase in Fas expression

Schindowski et al. (2006) – enhanced basal apoptosis

Fig. 1. Correlation of apoptosis in lymphocytes of AD patients with

MMSE. Basal levels of apoptotic nuclei in lymphocytes of sporadic AD

patients correlate significantly with cognitive decline determined with

MMSE (n¼ 34, �p<0.05) (Schindowski et al., 2006)
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The above illustrated findings cannot be explained by

changes in the distribution of lymphocyte subsets. No

changes in subset distribution of T, B or NK cells were found

inADpatients compared to aged controls (Schindowski et al.,

2003, 2006). In contrast, a significant decrease in T lym-

phocytes was determined in healthy persons >60 years

compared to young persons<30 years (Schindowski et al.,

2002). Again, no changes in the distribution of T lympho-

cyte population in AD patients compared to aged controls

were found (Schindowski et al., 2003, 2006; Frey et al.,

2006), but a significant loss of CD3þ, CD4þ and CD8þ

occurred during aging. Interestingly, several recent findings

indicate that mainly CD4þ cells contribute to the increased

apoptotic levels in peripheral lymphocytes of AD patients,

whereas no changes in the susceptibility of CD8þ T cells

to apoptosis were determined (Fig. 2) (Schindowski et al.,

2003, 2006; Frey et al., 2006).

Besides aging, apolipoprotein E (ApoE) genotype is the

most important risk factor for sporadic AD. The three

major human isoforms E2, E3 and E4 differ in two amino

acids in the positions 112 and 158. The isoform ApoE4

is associated with an increased risk to develop AD. Dif-

ferent effects of ApoE 4 contributing to the pathophysiology

of AD like the modulation of the deposition and clearance

of Ab, the impairment of the antioxidative defense system

or an increased phosphorylation of Tau are currently dis-

cussed (Huang, 2006). Interestingly, lymphocytes from AD

patients bearing one or two Apo e 4 alleles (heterogen

e4=e3 or homogen e4=e4) exhibit a higher rate of apoptotic
cell death and caspase 3 activation than Apoe3=e3 carrier

(Frey et al., 2006; Schindowski et al., 2006).

Further, elevated apoptosis was also found in lympho-

cytes of familiar AD-patients and AD animal models bear-

ing AD relevant APP or PS1 mutations (Fig. 2) (Parshad

et al., 1996; Eckert et al., 2001b; Schindowski et al., 2003),

supporting the idea that AD specific changes lead to ele-

vated susceptibility of T lymphocytes.

Increased oxidative stress in lymphocytes

of AD patients

A large body of evidence suggests that enhanced oxidative

stress plays an important role in the dysfunction and apop-

totic death of neurons in AD. Studies in post mortem

brain tissue of AD patients provided evidence for increased

levels of cellular oxidative stress, immunohistochemistry

revealed increased protein oxidation, protein nitration, and

lipid peroxidation in brain areas with neurofibrillary tan-

gles and Ab plaques (Perry et al., 2000; Mattson, 2002).

Additionally, alteration in levels of antioxidant enzymes

such as catalase, Cu=Zn-superoxide-dismutase, and Mn-

superoxide-dismutase support the evidence for increased

oxidative stress in AD post-mortem tissue and AD ani-

mal models (Aksenov et al., 1998; Schuessel et al., 2005,

2006). Membrane lipid oxidation, particularly toxic for

neurons, leads to the generation of toxic aldehyds such

as 4-Hydroxynonenal (HNE) or malondialdehyde (MDA).

The mechanism how oxidative stress accumulates in AD is

still unknown but several findings suggest a link between

Ab toxicity and generation of reactive oxygen species

(Abdul et al., 2006). Lipid membrane damage is promoted

by Ab aggregates (Murray et al., 2005; Schuessel et al.,

2006) and enhanced ROS were found as a consequence of

Fig. 2. Increased spontaneous apoptosis in CD4þ lymphocytes compared

to CD8þlymphocytes of AD patients and PS1 and APP transgenic mice. A

Spontaneous in vitro apoptosis in CD4þ and CD8þ T cells from young

controls (n¼ 11), non-demented aged controls (n¼ 12), and AD patients

(n¼ 12) after 24 h incubation, ��p<0.01 vs CD4þ from aged controls;
���p<0.001 vs CD4þ from young controls; þþp<0.01 vs CD4þ from

young controls; #p<0.05 vs CD8þ from young controls. B Spontaneous

in vitro apoptosis in CD4þ and CD8þ T cells from nontransgenic, controls

and transgenic animals expressing either mutant human APP (APP695SL)

or mutant human PS1 (PS1 M146L) or human wild-type PS1 (PS1 wt)

(n¼ 6=group). �p<0.05, ��p<0.01 vs CD4þ from control; þþp<0.01,
þþp<0.001 vs CD4þ from PS1wt; #p<0.05, #p<0.01 vs CD8þ from

controls, $$p<0.01, $$$p<0.001 vs CD8þ from PS1wt; modified accord-

ing to Schindowski et al. (2003)
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Ab mediated mitochondrial dysfunction (Keil et al., 2004;

Marques et al., 2003).

Elevated oxidative stress is again not only found in neu-

rons of AD patients but also in peripheral cells like lym-

phocytes and fibroblasts (Table 3) (Drouet et al., 1999;

Schindowski et al., 2003; Huang et al., 2005). The leakage

of reactive oxygen species (ROS) from mitochondria, e.g.

the superoxide anion radical is converted to H2O2 which

can take part in the Fenton reaction resulting in the pro-

duction of the reactive hydroxyl radical cumulating in

DNA-oxidation. Here, a major product is 8-hydroxy-

2-deoxyguanosine (8-OHdG). Our group showed that

lymphocytes from AD patients handle oxidative stress

differently than lymphocytes of aged-matched controls.

Firstly, lymphocytes of AD patients have increased basal

ROS levels and secondly they react differently to oxidative

stressors like staurosporine. They show increased levels of

ROS after the treatment with staurosporine (Leutner et al.,

2005). Our findings are supported by results of altered

levels and activities of antioxidant enzymes. De Leo et al.

provided evidence that the activity of the Cu=Zn superox-

ide-dismutase in red blood cells is significantly elevated

and mRNA levels of Mn-superoxide dismutase are signifi-

cantly increased in lymphocytes, supporting the hypothesis

of an increased level of ROS in AD (De Leo et al., 1998).

These results are supported by different groups (Mecocci

et al., 1997, 2002; Cecchi et al., 2002; Morocz et al., 2002;

Kadioglu et al., 2004; Migliore et al., 2005b). They all

found significantly higher concentrations of 8-OHdG in

different peripheral cell models. Supporting the hypoth-

esis of elevated peripheral oxidative stress in AD, signifi-

cantly lower plasma levels of antioxidants were detected in

blood from sporadic AD patients compared to aged con-

trols (Mecocci et al., 2002; Straface et al., 2005). Another

group reported significantly elevated levels of oxidative

DNA damage at basal levels in lymphocytes of sporadic

AD and after additional oxidative stress induced by H2O2

(Morocz et al., 2002). In addition, DNA-oxidation altered

activity and expression of antioxidant enzymes were found

in peripheral blood cells of sporadic AD patients (De Leo

et al., 1998).

In lymphoblasts and fibroblasts from familial AD pa-

tients with PS and APP mutations a clear increase in lipid-

peroxidation products, MDA and HNE was found (Cecchi

et al., 2002). Furthermore, the anti-oxidant capacity in

lymphoblasts from peripheral blood of familial AD patients

was reduced (Cecchi et al., 1999). These results are con-

firmed by findings in transgenic animals. Elevated ROS

levels were found in lymphocytes of PS1 mutant mice

(Eckert et al., 2001b; Schuessel et al., 2006).

Mitochondrial dysfunction in lymphocytes

as a potential biomarker for AD

The increased ROS levels and enhanced apoptosis found in

AD brain and periphery can be explained by mitochondrial

dysfunction taken place in AD. Mitochondria are essential

for the maintenance of cell function and viability. Mito-

chondria are the major source of ROS. They are exposed

to high concentrations of ROS and may therefore be par-

ticularly susceptible to oxidative stress. Analyses of AD

brains provide substantial evidence for disturbed mitochon-

drial energy metabolism (Beal, 2000) and for decreased

glucose metabolism (Hoyer, 2000; Blass et al., 2002).

These metabolic changes are due to the dysfunction of the

mitochondrial electron transport enzymes. The most con-

sistent finding in AD is a deficiency in complex I (cyto-

chrome C oxidase) of the respiratory chain (Parker Jr, 1991;

Parker Jr et al., 1994; Maurer et al., 2000; Butterfield et al.,

2001). Additionally, a reduction of the activities of pyruvate

dehydrogenase, isocitrate dehydrogenase and a-ketogluta-
rate were found in AD brains (Bubber et al., 2005). Fur-

Table 3. Increased oxidative stress in lymphocytes from AD patients and transgenic animals

Author Significant changes in sporadic AD patients

compared to aged controls

Significant changes in

transgenic animals

Mecocci et al. (1997) – elevated basal levels of oxidative DNA damage

De Leo et al. (1998) – increased Mn-superoxide-dismutase mRNA levels

Morocz et al. (2002) – elevated basal levels of oxidative DNA damage

– elevated levels of oxidative DNA damage after oxidative stress (H2O2)

Mecocci et al. (2002) – elevated basal levels of oxidative DNA damage

Kadioglu et al. (2004) – elevated basal levels of oxidative DNA damage

Migliore et al. (2005) – elevated basal levels of oxidative DNA damage

Leutner et. al. (2006) – enhanced basal ROS levels

– elevated ROS levels after staurosporine

Sch€uussel et al. (2006) – elevated ROS levels

– increased HNE levels
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thermore, Hirai et al. found an increase in mitochondrial

DNA in neurons of AD patients and ultrastructural changes

of the mitochondria (Hirai et al., 2001; Rodriguez-Santiago

and Nunes, 2005). These results are confirmed in AD ani-

mal and cell models (Anandatheerthavarada et al., 2003;

Blanchard et al., 2003; Marques et al., 2003; Keil et al.,

2004). Our group found decreased mitochondrial mem-

brane potential and diminished enzymatic activity of

respiratory chain complexes III and IV in 3 months old

APP transgenic mice, which show no Ab plaques at this

age. We suggest that oligomeric Ab induces mitochondrial

dysfunction in these mice (Hauptmann et al., 2006). There-

fore, we suggest that mitochondrial dysfunction is an early

event in AD leading to several pathological features of this

disease. In addition, we determined reduced complex I

activity, impaired mitochondrial respiration and ATP syn-

thesis in P301L tau transgenic mice (David et al., 2005).

We propose the following hypothetical sequence of events

linking to AD (see Fig. 3). Ab as well as Tau pathology

lead to mitochondrial dysfunction before Ab plaques or

Tau tangles can be detected. Consequently, ATP levels

are reduced and ROS production is increased. We suggest

that when the inhibition of mitochondrial function has

reached a threshold and severe energy deprivation appears,

mitochondrial and synaptic dysfunction can appear.

Therefore, mitochondrial dysfunction could be an early

marker for AD. Furthermore, the detection of mitochon-

drial dysfunction could become a tool to distinguish

between MCI patients who develop AD or not.

Again, mitochondrial dysfunction was not only observed

in brains of AD patients, but also in peripheral tissues such

as platelets. Several studies showed a decreased cyto-

chrome c activity in human platelets from AD patients

(Bosetti et al., 2002; Mancuso et al., 2003; Cardoso et al.,

2004). In accordance with these findings, platelets of AD

patients show decreased ATP levels and increased levels of

ROS (Cardoso et al., 2004).

In lymphocytes of sporadic AD patients only few studies

were conducted referring to mitochondrial dysfunction. Our

group investigated a protein factor that act upstream of mito-

chondrial dysfunction, Bcl2 (Schindowski et al., 2006). The

antiapoptotic Bcl2 can form heteromers with the proapopto-

tic Bax and can therefore prevent its apoptogenic activity

(Culmsee and Landshamer, 2006). We found a tendency of

elevated Bcl2 in T cells of sporadic AD patients compared to

aged controls. Again, CD4þ cells were more sensitive to AD

related changes. Bcl2 levels were significantly elevated in

CD4þ cells compared to CD8þ cells. Interestingly, when

splitting up AD-patients into mild (MMSE >20) and severe

(MMSE <20) AD, a dual regulation was observed. Bcl2 is

up-regulated in mild AD while further progression of the

disease the Bcl2 content decreases with cognitive loss. We

Fig. 3. Mitochondrial dysfunction as an early event in sporadic and familiar AD. Mitochondrial dysfunction as an early common pathway of aging, tau

pathology and other unknown risk factors of sporadic AD as well as APP and PS1 mutations, modified according to Hauptmann et al., 2006
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suggest that in the early stage of AD, Bcl2 is up-regulated

to protect cells against apoptosis. Furthermore, we found in

a preliminary set of patients (Table 4) increased sensitivity

of complex I–V in lymphocytes of AD patients compared

to aged controls (Table 4). The mitochondrial membrane

potential was significantly reduced after stressing lympho-

cytes of AD patients with complex I, III, IV, and V inhibitors

of the respiratory chain. Importantly, here we found a

graduation of susceptibility to complex inhibitors between

AD patients, MCIs and aged controls. Additionally, there was

a significant decrease in ATP-levels graduated from AD

patients to MCI and aged controls after stimulation with

the complex II inhibitor.

However, other groups investigated the basal activities of

the complexes of the respiratory chain in lymphocytes of

sporadic AD patients. They found no significant differences

between aged controls and AD patients (Molina et al.,

1997; Casademont et al., 2003).

Conclusion

In several studies, lymphocytes were shown to be a suitable

cell model studying pathological changes in AD. This cell

type shows similar vulnerability to AD relevant stressors

like Ab1-42 or nitrosative or oxidative stress in vitro.

Increased basal apoptosis, elevated ROS levels, altered

levels of antioxidant enzymes, elevated hydroxyl radical

induced DNA-oxidation and increased mitochondrial sus-

ceptibility were found in AD patients compared to controls.

According to the proposal of a consensus group on molec-

ular and biochemical markers for AD (Consensus report of

the Working group on molecular and Biochemical Markers

of Alzheimer Disease, 1998), an ideal biomarker should

detect the essential feature of neuropathology of AD. Its

sensitivity for detecting AD and its specificity for distin-

guishing other dementias should be more than 80%. Also,

the biomarker should be reliable, reproducible, non-invasive,

simple to perform and inexpensive. Keeping these require-

ments in mind, lymphocytes are an adequate biomarker

model. Lymphocytes can be easily obtained from blood

samples. Their separation is inexpensive and time-saving.

Repeated samples from patients can be taken as the parti-

cular study requires.

Considering the applicability of the above discussed pa-

rameters, elevated apoptosis, increased oxidative stress and

mitochondrial dysfunction are essential for the neuropathol-

ogy of AD. Therefore, they meet one crucial criteria of the

consensus group. Regarding the specificity, we detected ro-

bust differences in cell death susceptibility between AD and

vascular dementia. For oxidative stress and mitochondrial

dysfunction, studies comparing different forms of dementia

need to be conducted. Furthermore considering the reliabil-

ity, elevated apoptosis and increased oxidative stress were

found in many studies. The measurement of oxidative stress

as a biomarker has one disadvantage. Oxidative stress is also

found in other neurodegenerative disease e.g. Parkinson dis-

ease (PD). Increased levels of MDA in serum, plasma and

CSF for example were observed in PD patients (Ilic et al.,

1999). Furthermore, elevated oxidative DNA-damage could

be detected in lymphocytes of PD patients (Petrozzi et al.,

2002) as well as significantly increased levels of 8-OHdG

in serum and CSF of PD patients (Kikuchi et al., 2002).

From our point of view, mitochondrial dysfunction could

be a promising concept as a biomarker for AD. Although

in AD, like in PD no basal changes of complex activities

of the respiratory chain in lymphocytes could be detected

(Martin et al., 1996), we found enhanced susceptibility of

complex I–V of the respiratory chain in a small sample of

AD patients. Importantly, only here a graduation of sus-

ceptibility between AD patients, MCIs and aged controls

could be detected. These results need to be confirmed in

larger sample of patients.

Taken together, lymphocytes are a promising cell model

for establishing biomarkers for AD, but further studies need

to be conducted to evaluate which is the most adequate

biomarker.
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