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P301L mutant tau transgenic mice develop neurofibrillary tangles,
a histopathologic hallmark of Alzheimer’s disease and frontotem-
poral dementia (FTDP-17). To identify differentially expressed
genes and to gain insight into pathogenic mechanisms, we per-
formed a stringent analysis of the microarray dataset obtained
with RNA from whole brains of P301L mutant mice and identified
a single up-regulated gene, glyoxalase I. This enzyme plays a
critical role in the detoxification of dicarbonyl compounds and
thereby reduces the formation of advanced glycation end prod-
ucts. In situ hybridization analysis revealed expression of glyox-
alase I in all brain areas analyzed, both in transgenic and control
mice. However, levels of glyoxalase I protein were significantly
elevated in P301L brains, as shown by Western blot analysis and
immunohistochemistry. Moreover, a glyoxalase I-specific anti-
serum revealed many intensely stained flame-shaped neurons in
Alzheimer’s disease brain compared with brains from nonde-
mented controls. In addition, we examined a single nucleotide
polymorphism predicting a nonconservative amino acid substitu-
tion at position 111 (E111A) in ethnically independent populations.
We identified significant and consistent deviations from Hardy–
Weinberg equilibrium, which points to the presence of selection
forces. The E111A single nucleotide polymorphism was not asso-
ciated with the risk for Alzheimer’s disease in the overall popula-
tion. Together, our data demonstrate the potential of transcrip-
tomics applied to animal models of human diseases. They suggest
a previously unidentified role for glyoxalase I in neurodegenera-
tive disease.

A lzheimer’s disease (AD) and frontotemporal dementia are
common forms of age-related dementing diseases. They are

characterized by proteinaceous aggregates, which are resistant to
proteolysis due to conformational changes and posttranslational
modifications such as hyperphosphorylation and glycation (1–4).
In AD, these aggregates are �-amyloid plaques and neurofibril-
lary tangles (NFT). NFT formation, in the absence of overt
amyloid plaques, is found in a group of neurodegenerative
diseases, including frontotemporal dementia with Parkinsonism
linked to chromosome 17 (FTDP-17) (5, 6). In affected cells, the
microtubule-associated protein tau is abnormally phosphory-
lated and relocalized from axonal to somatodendritic compart-
ments, where it accumulates in aggregates that eventually as-
semble into NFT (7). The identification of mutations in the tau
gene in FTDP-17 established that dysfunction of tau in itself can
lead to dementia (6).

NFT formation has been reproduced in transgenic mice by
expression of FTDP-17 mutant tau, both in neurons (8–12) and
in glial cells (13–15). Moreover, intracerebral injection of �-amy-
loid fibrils caused significant increases of NFT in the amygdala
of P301L (FTDP-17) mutant mice (16). A similar increase was
achieved by crossing �-amyloid-producing amyloid precursor
protein mutant mice with P301L mice (17).

The pathologic similarities between the P301L transgenic mice
and AD suggest common pathogenic mechanisms. Therefore, we
undertook a transcriptomic analysis of whole brains obtained
from P301L transgenic mice and nontransgenic controls. By

applying highly stringent criteria, we identified glyoxalase I
(GLO) as the only up-regulated gene in P301L mice.

The glyoxalase system consists of the enzymes GLO and
glyoxalase II, together with the cofactor glutathione, and de-
toxifies �-ketoaldehydes, especially methylglyoxal (MG),
thereby preventing the formation of advanced glycation end
products (AGEs) (18–20). AGE modification renders tau resis-
tant to proteolysis, thus assisting in its aggregation (21).

To further address the role of GLO in AD, we assessed its
mRNA and protein levels in P301L transgenic mice and its
protein levels in AD brains. Finally, we observed that a nonsyn-
onymous single nucleotide polymorphism (SNP) deviated from
Hardy–Weinberg equilibrium in ethnically independent popu-
lations, suggesting the presence of yet unknown selection forces.
This SNP has previously been shown to be associated with the
risk for prostate cancer, demonstrating a potential role of GLO
in a broad range of human pathogenic conditions. Whereas
previous studies have shown a role for GLO in diabetes and
cancer, our biochemical and immunohistochemical data suggest
an additional role in AD.

Materials and Methods
Transgenic Mice. The transgenic mice used here express the longest
human brain tau isoform with the human pathogenic mutation
P301L under control of the neuron-specific mThy1.2 promoter (9).
Line pR5–183 expressed tau in many brain areas, including hip-
pocampus and cortex; however, NFT formation was mainly con-
fined to the amygdala (16). The mice were caged in groups of up
to five and kept on a 12-h light�dark cycle at 22°C. Food pellets and
water were available ad libitum. This animal research has been
approved by the local animal studies committee.

RNA Preparation, Labeling, and Hybridization of Affymetrix Microar-
rays and Northern Blot Analysis. At 12 months of age, three P301L
transgenic mice and three nontransgenic littermates were killed by
decapitation. The cerebrum was dissected and homogenized in
TRIzol reagent (Life Technologies, Basel). The RNA pellet was
dissolved in DEPC-H2O and stored at �80°C until use. The
A260�A280 ratio was determined with the GENEQUANT PRO RNA�
DNA calculator software (Biochrom, Cambridge, U.K.) and was
within a range of 1.9–2.1 for all samples. The high quality was
further confirmed by agarose gel electrophoresis.

Double-stranded cDNA was synthesized from 20 �g of total
RNA by reverse transcription using the SuperScript cDNA
synthesis kit (Invitrogen) and a T7-(dT)24 primer (Microsynth,
Balgach, Switzerland), and then cleaned with Phase Lock Gel
Light (Vaudaux, Basel). Biotin-labeled cRNA was synthesized
with T7 RNA polymerase using the BioArray RNA labeling kit
(Loxo, Dossenheim, Germany), cleaned with the RNeasy kit
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(Qiagen, Valencia, CA), fragmented and hybridized to the
Affymetrix microarray murine chip MG-U74Av2, following the
manufacturer’s recommendations (Affymetrix, Santa Clara,
CA). Staining and scanning was carried out at the Microarray
Suit workstation (Functional Genomics Center Zurich). The
image data were converted into numeric data and analyzed with
the Affymetrix software MAS 5.0 and DMT 3.0. Each gene was
accompanied by a measure of the expression (signal intensity)
and by a detection flag (present, absent, and marginal).

To identify differentially expressed genes, the mean and
median value of the signals was determined. Differences were
considered significant when P � 0.05 in the Student t test and�or
the Mann–Whitney U test. We then applied a pairwise compar-
ison using the DMT 3.0 program. Each of the three P301L mice
was compared with all three wild-type mice, generating for each
gene nine comparisons, which were classified as increase, mar-
ginal increase, no change, marginal decrease, and decrease. A
gene was considered to be increased when it was detected as
‘‘increase’’ in all nine data sets. The same criterion was applied
to decreased genes.

The RNAs used in the above microarray analysis were also
used for Northern blot analysis as described (22). As a probe for
GLO, a 346-bp probe was generated by PCR using the oligo-
nucleotides 5�-CGGAACAAGGGGCAGCAGGCAGGAAA-
CTTCG-3� and 5�-TGAGTCAAGGGGGAGTCTGGCCTAT-
GCTCTC-3�. For normalization control, a 1.9-kb �-actin cDNA
was used (22).

Nonradioactive in Situ Hybridization. Oligonucleotide 5�-CTT-
GTCGAGGGAAATCTCTAGTGTCAACGATGACGGAC-
AGAG-3� was used as antisense probe for GLO. The comple-
mentary sequence was used as sense probe. For digoxigenin-
dUTP labeling, the DIG oligonucleotide tailing kit (Roche,
Mannheim, Germany) was used. It yielded �4 pmol��l, as
determined by dot blotting with an antidigoxigenin antibody
(Roche). Paraffin sections (7 �m thick) were cut and incubated
in 2� SSC, 1� Denhardt’s, 10% dextran sulfate, 50 mM phos-
phate buffer, pH 7.0, 50 mM DTT, 5 �g�ml polydeoxyadenylic
acid, 100 �g�ml polyadenylic acid, 250 �g�ml yeast tRNA, 500
�g�ml salmon sperm DNA, and 16% deionized formamide for
2 h at 37°C. Hybridization was carried out with 30 ng of labeled
oligonucleotide in a volume of 30 �l per section for 20 h at 37°C.
Negative controls included hybridization with the labeled sense
probe, a 1:100 mixture of labeled and unlabeled antisense probe,
and omission of the probe. After hybridization, sections were
washed, blocked, and incubated with an anti-DIG-antibody
(Roche, 1:200) for 4 h at room temperature. Finally, sections
were incubated in a buffer containing 100 mM Tris�Cl, pH 9.5,
100 mM NaCl, 50 mM MgCl2, 0.3% nitroblue tetrazolium, 0.35%
5-bromo-4-chloro-3-indolyl phosphate, and 1 mM levamisol and
protected from light for 20 h until the color developed.

Immunohistochemistry. Six-month-old P301L transgenic mice and
nontransgenic littermates were perfused transcardially with 4%
paraformaldehyde in phosphate buffer, pH 7.4. Stainings were
done on 5-�m paraffin-embedded frontal brain sections as
previously described (23). Human brain samples were from
frontal and temporal cortex and the hippocampus of AD patients
and nondemented controls aged 78–85 years. Sections were
dehydrated and flat-embedded between glass slides and cover-
slips in Mowiol 4–88 (Roche). Antibody HT7 (Innogenetics,
Ghent, Belgium; diluted 1:600) was used to detect human tau;
AT100 to detect tau phosphorylated at Thr-212�Ser-214 (Inno-
genetics, 1:300); CP13 (P. Davies, Albert Einstein College of
Medicine, Bronx, NY 1:500) to detect tau phosphorylated at
Ser-202�Thr-205; and a monoclonal antibody (Innogenex, San
Ramon, CA; 1:500) to detect glial fibrillar acidic protein. GLO-
specific antisera were from S. Ranganathan and S. Staros (Fox

Chase Cancer Center, Philadelphia) (1:50) and P. J. Thornalley
(University of Essex, Wivenhoe Park, Colchester, U.K.) (1:10).
For peroxidase�diaminobenzidine stainings, secondary antibod-
ies were obtained from Vector Laboratories.

Western Blot Analysis. Total brain extracts were prepared from
P301L transgenic and control brains. For human extracts, the
gyrus inferior temporalis was obtained from three AD patients
(69–85 years) and three nondemented controls (68–88 years).
Extracts were normalized for protein content by using the DC
Protein Assay (Bio-Rad) and separated by PAGE, followed by
electrophoretic transfer onto a Hybond-ECL nitrocellulose
membrane (Amersham Pharmacia). Ponceau stainings were
included to confirm equal loading. Furthermore, signal intensi-
ties of GLO were normalized for �-actin and GAPDH levels.
The membranes were blocked and reacted with primary and
peroxidase-conjugated secondary antibodies as previously de-
scribed (22). The following antibodies were used: HT7 (1:4,000),
anti-GLO antiserum (S. Ranganathan and S. Staros; 1:500),
anti-�-actin monoclonal antibody (Abcam, Cambridge, UK;
1:5,000), and anti-GAPDH monoclonal antibody (BioDesign,
Kennebunk, ME; 1:6,000).

Human Studies: SNP Analysis and Statistics. Genetic studies on the
association between GLO genotypes and AD were conducted on
926 subjects recruited from specialized memory clinics in Swit-
zerland, Russia, and Greece. The clinical diagnoses of AD (n �
381; mean age of onset, 64.0 years; 165 women) were made
according to the National Institute of Neurological Disorders
and Stroke–Alzheimer’s Disease and Related Disorders Asso-
ciation criteria (24). The control group (n � 545; mean age, 67.4
years; 224 women) consisted of elderly individuals who were
either the spouses of patients with AD or subjects recruited from
the outpatient memory clinics. Dementia and memory deficits in
control subjects were excluded by neuropsychological testing,
consisting of the Consortium to Establish a Registry for Alz-
heimer’s Disease neuropsychological test battery (25) and the
MiniMental State Examination. Studies on Hardy–Weinberg
equilibrium of the GLO polymorphism in young individuals were
done in 365 healthy subjects (mean age, 22.9 years; 248 women)
recruited for neuropsychological testing. Information on poly-
morphic sites of GLO was derived from the SNP database
(dbSNP) established by the National Center for Biotechnology
Information (www.ncbi.nlm.nih.gov�SNP�index.html). SNP
candidate rs2736654, predicting a nonconservative amino acid
substitution at position 111 (E111A) was selected for genotyping
by pyrosequencing on a PSQ 96 machine (www.pyrosequencing.
com). Forward and reverse amplification primers for rs2736654
were 5�-GCAGGGGTTAGGCCAATTAT-3� and 5�-CAGG-
CAAACTTACCGAATCC-3�, respectively. The reverse primer
was biotinylated at the 5� end. For the sequencing primer,
5�-GGGGCACTGAAGATG-3� was used. Apolipoprotein E
genotyping was done on a LightCycler as previously described
(26). Informed consent was obtained from all participants, and
the local human studies committee approved the study protocol.
Genotype and allelic frequencies between patients with AD and
control subjects were compared by Pearson �2 tests and by
logistic regression analysis. Statistical significance was assumed
at P � 0.05.

Results
Pairwise Comparison of Microarray Data Specifically Identifies Glyox-
alase I as Up-Regulated Gene in P301L Mice. To identify differentially
expressed genes in NFT-forming P301L tau transgenic mice, we
used the Affymetrix microarray chip technology. Of the �6,000
known genes and 6,000 expressed sequence tags on the MG-
U74Av2 chip, �40% were present in both P301L and wild-type
mice, as defined by the MAS 5.0 software. The general expression
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pattern was not affected by the transgene, as genes that were
present in both groups showed a symmetrical pattern of alignment,
ranging from very low signal intensities of around 100 to high
intensities of up to 20,000 units, thus representing the entire
spectrum of low to high abundant genes. Only a few genes were
exclusively expressed by one group. To avoid false positives, these
genes were not analyzed further as intensities were below 400 units.

Based on absolute signal intensities of the present genes, we
identified, by either the t test or the Mann–Whitney U test (P �
0.05), 133 up-regulated and 99 down-regulated genes in P301L
mouse brain (Fig. 1A). When both tests were applied simulta-
neously, 60 genes were differentially regulated. None of the genes
displayed a �2-fold difference in signal intensities. These included
low to high abundant genes with intensities ranging from 100 to
10,000 units. When a cutoff of 400 units was chosen, 34 up-regulated
and 12 down-regulated genes remained (Fig. 1A).

When this group of genes was subjected to a further selection
step, a highly stringent pairwise comparison (DMT 3.0 software), the
number of differentially expressed genes was narrowed down to just
one, GLO: probe 93269�at encoding GLO was increased in all nine
datasets (Fig. 1A). A second probe for GLO, 93268�at, encoding a
different portion of the gene, did not fulfill these criteria, possibly
because it hybridizes to a second chromosomal locus. In terms of
absolute intensities, GLO was 1.6-fold up-regulated in P301L
compared with control brains (P � 0.003, t test).

Northern blotting followed by densitometric analysis revealed
GLO mRNA levels, which were 1.52-fold increased in the P301L
compared with control brains (P � 0.045, t test) (Fig. 1B).

Distribution of Glyoxalase I mRNA in Wild-Type and P301L Transgenic
Brain. To determine the mRNA distribution of GLO in mouse
brain, coronal sections from wild-type and P301L mice were
hybridized with a GLO antisense probe (Fig. 2). The sense probe
was used as a negative control (Fig. 2 A Inset). GLO was strongly
expressed in many brain areas, including cortex, hippocampus,
and amygdala of all mice analyzed, irrespective of the genotype

(Fig. 2). In the hippocampus, staining was most pronounced in
CA1 pyramidal neurons and DG granule cells, whereas signal
intensities were slightly lower for CA3 neurons (Fig. 2 A–C). The
hybridization signal was weaker in additional brain areas such as
cortex (Fig. 2 A and B) and amygdala (Fig. 2D). In addition to
neurons, staining of cells in the corpus callosum demonstrated
that glial cell types also transcribe the GLO gene at high levels
(Fig. 2B). The in situ hybridization analysis did not reveal
differences between P301L and control mice (data not shown).
However, as this method is not sensitive enough to identify
differences that are in the range of �3.5-fold (27), we analyzed
brain extracts by Western blotting and stained brain sections with
a GLO-specific antibody.

Increases in Glyoxylase I Protein in P301L Transgenic and Human AD
Brain. Western blot analysis of whole brain extracts revealed
1.8-fold increased GLO levels in P301L mice when normalized
for �-actin (P � 0.003, t test) and 1.4-fold when normalized for

Fig. 1. Transcriptomic analysis of P301L and wild-type mice with Affymetrix
chips. To identify differentially expressed genes in P301L tau transgenic mice,
the Affymetrix microarray chip technology was applied (A). Of the �6,000
known genes and 6,000 expressed sequence tags on the MG-U74Av2 chip,
40% were present in both P301L and wild-type mice. Based on absolute signal
intensities of the present genes, we identified, by either the t test or the
Mann–Whitney U test (P � 0.05), 133 up-regulated and 99 down-regulated
genes in P301L brain. Of these, 46 genes were significantly up-regulated and
14 were down-regulated by both tests. To avoid false positives, a cutoff of 400
units was chosen. A further selection step was included by applying a highly
stringent pairwise comparison, narrowing down the number of increased
genes to just one, GLO, that was 1.6-fold up-regulated in P301L brains (P �
0.003, t test). Northern blotting of three P301L and three control RNAs
followed by densitometric analysis revealed 1.5-fold increased GLO mRNA
levels in P301L compared with control brains (P � 0.045, t test) (B). The GLO-
(2.0 kb) and �-actin-specific (1.9 kb) bands are shown for one pair of P301L and
control RNA samples.

Fig. 2. In situ hybridization analysis of glyoxalase I in murine brain. Digoxi-
genin-labeled oligonucleotide probes were hybridized to brain sections from
wild-type mice (A–C). Digoxigenin-labeled sense probes were used as control
(A�). The distribution pattern of the GLO mRNA is shown for cortex and
hippocampus, where it was strongest (A–C), and the amygdala (D). GLO
expression is not restricted to neurons, as shown by the presence of stained
glial cells in the corpus callosum (*). The general pattern and relative inten-
sities were identical in P301L mice (data not shown). Scale bar: 400 �m (A), 900
�m (A�), 115 �m (B), and 60 �m (C and D).
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GAPDH (P � 0.037, t test) (Fig. 3A). A 2-fold dilution series of
purified GLO protein and murine brain extracts was included as
control (data not shown). When AD brain extracts were com-
pared with those from healthy controls, normalization for �-ac-
tin revealed a 1.5-fold difference (P � 0.226, t test) and for
GAPDH a 0.9-fold difference (P � 0.502, t test), possibly
reflecting a more advanced stage of the disease with many dead
neurons and likely lower GLO expression.

Next, we performed an immunohistochemical analysis of
P301L transgenic brain. Many pyramidal neurons, as determined
by costaining with a MAP2-specific antibody, were stained by
the GLO-specific antibody (from Dr. Ranganathan) and at much
higher intensities than in controls (Fig. 4 A and B and data not
shown). To determine whether glial cells would also express
GLO as suggested by the in situ hybridization analysis, we
included costainings with a glial fibrillar acidic protein-specific
antibody (data not shown). The GLO-specific antibody stained
predominantly, but not exclusively, neurons.

To determine whether GLO was also differentially expressed
in human AD brain, we stained sections taken from the frontal
and temporal cortex and the hippocampus of human brains with
confirmed AD pathology and corresponding sections of healthy
controls. We found strong staining for GLO in all analyzed brain
areas of AD but not control brains (Fig. 4 C and D). In particular,
f lame-shaped neurons were strongly stained by the antiserum. A
similar staining pattern was obtained with a second antiserum
(from P. J. Thornalley) but intensities were much lower (data not
shown). To determine whether these flame-shaped neurons
were bearing NFT, we did a GLO staining, stripped the sections,
and restained them with the NFT-specific phosphorylation-
dependent anti-tau antibody AT100 (Fig. 4 E and F).

Although GLO staining was mostly weak, those neurons that
were strongly stained for GLO did not display a strong AT100
staining. The reverse was also true. When neurons showed an
intermediate AT100 reactivity, GLO and AT100-tau showed a
different subcellular distribution (Fig. 4 E and F, open arrow-
head). Whereas AT100-tau was more condensed, GLO was
more uniformly distributed. Together, our data show increased
levels of GLO in P301L transgenic compared with wild-type
brains and in AD brains compared with brains from nonde-
mented controls.

Influence of a Coding SNP of Glyoxalase I on AD Risk and AD-Related
Traits. In a first series of 677 unrelated AD cases and controls,
genotype and allelic frequencies did not differ significantly (P �
0.2). However, sex-specific analysis revealed a significant associa-
tion of the ala allele with AD in males (P � 0.01) but not in females

(P � 0.4) There was no significant interaction between the apoli-
poprotein E and GLO genotypes with influence on AD risk. To
confirm the sex-specific association of the GLO genotype with AD,
we studied an additional sample of 249 male AD patients and
control subjects and failed to detect a significant association both in
this subsample and in the pooled sample (P � 0.3). Analysis of
genotype frequency revealed significant deviations from Hardy–
Weinberg equilibrium in the Swiss, the Russian, and the Greek
samples independent of affection status (P � 0.04). To assess
whether this deviation was confined to the elderly population, we
additionally genotyped 365 young Swiss subjects between 18 and 35
years. Again, genotype frequencies deviated significantly from
Hardy–Weinberg equilibrium (P � 0.001).

Discussion
The present study provides evidence for a role of GLO in AD.
Selective up-regulation of GLO mRNA was found by a stringent
microarray data analysis in P301L mutant tau transgenic mice,

Fig. 3. Western blot analysis of glyoxalase I. Western blot analyses of whole
brain extracts reveals that GLO levels are 1.8-fold increased in P301L tau-
expressing mice when normalized for �-actin (P � 0.003, t test) and 1.4-fold
when normalized for GAPDH (P � 0.037, t test). Lanes 1–4, HT7 (human
tau)-reactive P301L mice; lanes 5–8, wild-type littermate controls; lane 9,
purified human GLO protein.

Fig. 4. Distribution of glyoxalase I protein in transgenic and AD brain. An
immunohistochemical analysis with a GLO-specific antiserum (from Dr. Ran-
ganathan) identifies many flame-shaped pyramidal neurons in P301L trans-
genic (A) compared with control brain (B). When different brain areas are
obtained from three AD brains, a prominent staining including flame-shaped,
NFT-like neurons is found as shown for the temporal cortex (C), which is absent
in nondemented controls (D). We first performed a GLO staining (E), stripped
the sections, and restained them with the NFT-specific phosphorylation-
dependent anti-tau antibody AT100 (F). AT100-tau is more condensed,
whereas GLO shows a more uniform and mostly weak cellular distribution. In
neurons with an intermediate AT100 reactivity, GLO and AT100-tau show a
different subcellular distribution (open arrowhead). Those neurons that are
strongly stained for AT100 do not display a strong GLO staining (black arrow-
head). The reverse is also true. Scale bar, 50 �m.
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which model central aspects of the tau pathology of AD. Moreover,
by analyzing murine and AD brains, we found that GLO protein
accumulated in P301L transgenic mice and in human AD brain.
Increased GLO levels have been reported for other human patho-
logic conditions such as cancer and diabetes (28, 29).

Of several organs studied, GLO expression has been shown in all
tissues examined including brain (30). A detailed expression pat-
tern, however, has so far not been performed. Here, we showed by
in situ hybridization analysis that GLO is expressed in neurons and
glial cells throughout the brain, with highest levels in the CA1 region
and the dentate gyrus. The general expression pattern did not differ
in the P301L mice compared with wild-type controls. Also, the
staining did not reveal differences in signal intensities, possibly
reflecting the insensitivity of this technique to detect 1.6-fold
differences in gene expression. An at least 3.5-fold difference as
detected by the Affymetrix chip is required to detect differences by
in situ hybridization analysis (27). However, by Western blotting, we
were able to demonstrate significantly increased protein levels of
GLO in P301L mice. Similarly, by immunohistochemistry, we
identified many flame-shaped pyramidal neurons that were strongly
stained. When we analyzed human brain samples, we observed an
even stronger staining in AD brains, whereas healthy control brains
were only very weakly stained. Among the prominently stained cell
types were many NFT-like flame-shaped neurons, suggesting that
GLO is up-regulated in response to tau aggregation. When we used
the NFT-specific phosphorylation-dependent anti-tau antibody
AT100, we found that neurons which were strongly stained for
AT100 did not display a strong GLO staining and vice versa. In
neurons with an intermediate AT100 reactivity, AT100-tau was
more condensed revealing tau filament (NFT) formation, whereas
GLO was more uniformly distributed. This argues in favor of
increases in GLO protein during earlier stages of the disease rather
than for the inclusion or trapping of (hyperphosphorylated) GLO
in NFT.

How the synthesis and enzymatic activation of GLO are regu-
lated is not understood. The sequence of GLO contains several
potential phosphorylation sites, and one study proposed that phos-
phorylation by PKA would affect its function (19, 28). As several
kinases are up-regulated both in tau transgenic mice and in AD (31,
32), GLO may be differentially phosphorylated in P301L tau
transgenic mice. However, in our Affymetrix dataset, we have no
evidence for PKA up-regulation, although we cannot exclude slight
increases that we would fail to detect by our method.

As GLO is up-regulated in the P301L tau transgenic mice with
only modest numbers of NFT compared with AD (9, 16), this
suggests that, in AD, aggregation of tau itself (and not neuronal cell
death) may cause increased GLO levels, possibly as a response to
cellular stress elicited by the accumulation of aggregated proteins.
This notion is supported by the finding that GLO staining is not
detectable in strongly AT100-positive neurons. Interestingly, the
Alz50 conformational epitope of tau, which discriminates normal
from fibrillar tau, is found in AD and P301L tau transgenic mice (5).
This epitope is the result of the reaction of phosphorylated tau with
the carbonyl hydroxy-nonenal, suggesting that an interplay between
tau phosphorylation and oxidative stress is important for the
formation of NFT (33).

Insight into the role of GLO in disease is also provided by the
analysis of toxic substrates of GLO, such as MG and of AGEs.
Under normal conditions, most MG is bound to cellular proteins

as adducts formed with lysine, arginine, and cysteine residues.
Elevated concentrations of MG can lead to irreversible modifi-
cations of lysine and arginine residues through formation of
AGEs. Their formation is thought to contribute to several
pathophysiological conditions, including tissue damage after
ischemia, aging, and the development of blindness and vascular
diseases in diabetic patients (34, 35). In AD, cross-linking by
AGEs of lysine residues in the microtubule binding domain of
tau results in the formation of detergent-insoluble and protease-
resistant aggregates such as NFT (2, 3, 36, 37). In these, AGE
determinants were localized in their fibrillar protein component,
the tau filaments, by electron microscopy (38). NFT may inter-
fere with axonal transport and intracellular protein traffic, as has
been previously reported for tau transgenic mice (5). Finally, the
finding that anti-AGE antibodies reacted predominantly with
intracellular NFT in AD brain (an earlier stage) compared with
extracellular NFT (a final stage) suggests that AGE modification
may be involved in early stages of the disease and not be a
secondary consequence of the deposits (3, 39).

This sequence of events may also hold true for GLO, as a
relationship between AGE and GLO has been demonstrated. GLO
inhibition is toxic to tumor cells (40), and overexpression of GLO
in endothelial cells prevents hyperglycemia-induced AGE forma-
tion (41). In addition, a hemodialysis patient with unusual high
levels of AGEs and a very low activity of GLO has been reported,
demonstrating a possible causal relationship between low GLO
levels and increased formation of AGEs (42). In the P301L
transgenic mice and in AD, GLO may be up-regulated to reduce
levels of MG and to decrease AGE formation. Alternatively, it may
be up-regulated as a general stress response, independent of the
levels of MG or reduced glutathione.

In the course of our study, we found that the ala allele of the
coding SNP rs2736654 was moderately associated with the risk for
AD in males. Because of the small effect size, we tried to confirm
these results in additional samples and failed to replicate the initial
association. Interestingly, the coding SNP deviated significantly
from Hardy–Weinberg equilibrium in both young and elderly
subjects. This deviation from Hardy–Weinberg equilibrium, which
has been also reported in other populations (43), suggests the
existence of yet unknown selection forces. Of note, this SNP has
also been associated with diseases leading to decreased life expect-
ancy such as prostate cancer and diabetes (44–47).

Together, our studies suggest a role for GLO in AD. More-
over, our approach demonstrates that transcriptomic approaches
are suited to identify genes that are differentially expressed in
human neurodegenerative disease. Crossing tau mutant mice
with mice that either lack or overexpress GLO will provide
additional insight into the role of GLO in AD.
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