
The Heme Degradation Pathway is a Promising Serum
Biomarker Source for the Early Detection of Alzheimer's Disease

Claudius Muellera,b, Weidong Zhoub, Amy VanMeterb, Michael Heibyb, Shino Magakia, Mark
M. Rossb, Virginia Espinab, Matthew Schraga, Cindy Dicksona, Lance A. Liottab, and Wolff
M. Kirscha,*

aNeurosurgery Center for Research, Training and Education, Loma Linda University School of
Medicine, Loma Linda, CA, USA
bCenter for Applied Proteomics and Molecular Medicine, George Mason University, Manassas,
VA, USA

Abstract
One of the remaining challenges in Alzheimer's disease (AD) research is the establishment of
biomarkers for early disease detection. As part of a prospective study spanning a period of five
years, we have collected serial serum samples from cognitively normal, mild cognitively impaired
(MCI), and mild AD participants, including same patient samples before and after cognitive
decline. Using mass spectrometry we identified several promising leads for biomarker
development, such as prosaposin, phospholipase D1, biliverdin reductase B, and S100 calcium
binding protein A7. Selected candidate markers were verified using reverse phase protein
microarray assays. Of 15 protein/protein abundance ratios that were significantly altered in sera
from subjects with mild AD compared to Normal or MCI subjects, 14 were composed of ratios
containing heme oxygenase-1, biliverdin reductase A, or biliverdin reductase B. Moreover, an
increase in the protein abundance ratio of matrix metallopeptidase 9/biliverdin reductase
differentiated stable MCI subjects from MCI subjects progressing into mild AD before the onset
of cognitive decline. These findings strongly implicate the heme degradation pathway as a
promising source of protein biomarkers for the early detection of AD.

Keywords
Alzheimer's disease; biomarker; BLVR; BVR; complement factor H; heme; heme oxyengase-1;
phospholipase D1; prosaposin; S100A7; serum

INTRODUCTION
To date, the only methods to diagnose Alzheimer's disease (AD) are clinical diagnosis based
on screening tests and postmortem brain histochemical staining for clinical hallmarks such
as neurofibrillary tangles and amyloid-β deposits in the parenchyma and blood vessel walls.
Although several therapies for AD are being tested in clinical trials, no biomarker exists to
estimate the effectiveness of treatment. The ideal biomarker must facilitate the detection of
early stage disease while there is still potential to therapeutically prevent neurodegeneration.
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A diagnostic marker for late stage disease may have no clinical therapeutic utility because
late stage disease is largely irreversible. Mild cognitive impairment (MCI) has been
recognized as a transitional stage between normal aging and AD [1] and may offer the
critical treatment window before significant and irreversible neurodegeneration occurs. Thus
a biomarker for MCI could provide significant clinical utility for early disease detection.

AD biomarkers based on imaging and body fluid analytes have been proposed, with in vivo
magnetic resonance imaging providing the best results. For example, hippocampal atrophy is
used to aid in the diagnosis of AD as well as predicting which MCI patients will progress
into AD [2]. However, a considerable drawback is the significant fluctuation between
individuals, which makes sequential measurements over a period of time necessary for
correct interpretation of results. A source of potential protein biomarkers that has been
studied extensively is cerebrospinal fluid (CSF), with levels of phospho-tau and Aβ in
various abundance ratios providing the best results [3,4]. However, specificity and
sensitivity vary between studies and the ability to differentiate between types of dementia is
currently under debate [5].

Although farther removed from the brain, peripheral blood, serum, or plasma offer several
advantages as potential biomarker sources. These fluids are much more accessible compared
to CSF and therefore can be tested easily in a regular clinical setting. Furthermore, during
the initial biomarker discovery phase, serum or plasma can be collected from patients at
different stages of the disease, whereas antemortem CSF samples are significantly more
difficult to obtain. Multiple alterations have been observed in AD blood, such as altered
gene expression profiles in AD lymphocytes [6,7], increased serum copper [8], increased
membrane fluidity, and an abnormal expression pattern of amyloid-β protein precursor
isoforms in AD platelets [9]. Therefore it is not surprising that several groups are working
on the identification of plasma biomarker candidates for AD [10, 11].

Serum proteome screening approaches are not limited by our current, incomplete
understanding of the mechanisms involved in AD. However, they face the challenge that
most of the protein mass in serum corresponds to a few highly abundant proteins such as
albumin and immunoglobulins. Yet it is the low abundance, low molecular weight (LMW)
proteome, which contains cleavage fragments and proteins small enough to passively enter
the blood stream, which has been shown to contain disease associated biomarkers [12].
Whereas some studies of serum proteins have used two dimensional gel electrophoresis
coupled with mass spec-trometry (MS) [13], we have developed a method that focuses on
the detection of LMW proteins and protein fragments complexed with highly abundant
serum proteins [14]. A similar technique has been independently applied by Lopez and
colleagues to successfully identify unique mass fingerprints in AD serum [15]. We took this
one step further, utilizing liquid chromatography coupled to tandem mass spectrometry (LC-
MS/MS) to identify “free” and complexed LMW proteins and protein fragments in serial
serum samples obtained from a community-based cohort of cognitively normal, MCI, and
mild AD subjects.

MATERIALS AND METHODS
Subjects

Blood samples were collected from a community-based cohort of cognitively normal and
MCI participants after obtaining informed consent. Collection protocols were approved by
the Institutional Review Board of Loma Linda University. Subjects were recruited and
followed clinically for a period of five years. Subject classification was based on extensive
and repeated psychometric evaluation according to the criteria published by Petersen [1,16]
and Reisberg [17]. A detailed description of the subject cohort and classification has been
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previously described by Kirsch and colleagues [18]. Histopathological confirmation of
diagnosis was unavailable because no deaths occurred within the time-frame of this study.

In short, diagnosis was based on bi-yearly cognitive testing, including Logical Memory I
and II, Wisconsin Card Sorting Test, Trail Making Test A and B, Boston Naming Test,
Draw-A-Clock, Geriatric Depression Scale, Word Fluency (Phonemic and Semantic) as well
as videotaped Global Clinical Dementia Rating (CDR) with informant. Cognitively normal
subjects had a CDR of 0, a CDR memory component of 0, and a maximum sum of CDR
boxes of 1 at baseline. MCI subjects had a CDR of 0.5 with confirmed memory complaint,
abnormal memory according to age and education but no dementia, normal general
cognitive function, and normal daily living activities. Progression to dementia (mild AD)
was determined by a sum of CDR boxes of 3.5 or more, NINCDS-ADRDA criteria and
clinical judgment. Patient demographic data is shown in Tables 1 and 2.

Serum sample collection
Consecutive blood samples were collected approximately every six months from a cohort of
cognitively normal controls as well as MCI and mild AD subjects who we have followed
clinically for the past five years. Blood collection tubes containing no anticoagulant were
stored at 4°C overnight to allow the blood to clot. Subsequently, the serum was separated by
centrifugation at 1800 g, 4°C for 10 min. Following separation, the serum was mixed by
gently inverting it in a 15 mL Falcon tube and aliquots of 500 μL were stored at −80°C until
analysis.

Low molecular weight fractionation
Serum samples were prepared in a loading solution as 25 μL serum, 75 μL 2× SDS Tris
Glycine Sample buffer, 15 μL 1M DTT, 35 μL ddH20, and 3 μL Bromophenol Blue. A
Mini Prep Cell Apparatus (Bio-Rad) was used according to manufacturer specifications to
isolate low molecular weight proteins. A 4% stacking and 10% cylindrical gel were used for
electrophoretic separation, followed by elution with a peristaltic pump into five 500 μL
aliquots. Fractions containing proteins and peptides with molecular weights < 35 kDa were
combined and concentrated with Microcon Ultracel YM-3 (Millipore) filter cartridges
according to manufacturer specifications. A final volume of 40 μL was achieved by adding
1× Tris-Glycine SDS Running Buffer. For reverse phase protein microarray printing,
samples were diluted 1:2 in a solution of 2× Tris-Glycine SDS Sample Buffer with 20%
glycerol and 2.5% 2-mercaptoethanol. For mass spectrometry analysis, SDS was removed
from the LMW fraction by tricholoroacetic acid (TCA) precipitation. Samples were
incubated with an equal volume of 10% TCA (w/v) on ice for 1 h and then centrifuged at
15,000 g, 4°C for 30 min. The pellet containing the precipitated proteins/peptides was
washed in cold acetone and dissolved in 8 M urea.

Mass spectrometry
LC-MS/MS analysis was performed using a Thermo hybrid LTQ-Orbitrap mass
spectrometer. LMW serum fractions from three individual patients collected before and after
significant cognitive decline (Fig. 1 and Table 1) were each reduced by reaction with 15 mM
DTT, alkylated by 50 mM iodoacetamide, and followed by trypsin digestion.

Peptide and protein identification was performed using the SEQUEST algorithm to search
the MS data against the human protein database available at NCBI. To obtain high
confidence identifications the search results were filtered based on rank of match (RSp = 1),
cross-correlation score for the peptide molecular ion charge state (XCorr > 1.9 (1+), 2.2 (2+)
and 3.5 (3+)), difference between the first and second ranked match (Δ Cn > 0.1) and the
probability of a random match (p < 0.01). An estimated “false discovery rate” of lower than
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0.1% was obtained by searching a combined forward-reversed protein sequence database as
described by Elias and colleagues [19]. Raw data were visualized, filtered and sorted using
Scaffold (Proteome Software Inc.). Candidates for further analysis were selected by filtering
according to the following criteria: protein identification by at least four spectra within a
single disease group (before or after cognitive decline), ≥ 100% difference in number of
MS-MS spectra between before and after cognitive decline and the direction of change in
spectral count had to be the same in at least two subjects and could not be counter
directional in the third subject. Percent difference was calculated as the difference between
two variables divided by the average of both variables.

Analysis according to biological significance was performed using Ingenuity Pathway
Analysis (Ingenuity Systems), DAVID bioinformatics database (National Institute of
Allergy and Infectious Diseases, NIH), GeneCards (Weizmann Institute of Science and
Xennex), GNF SymAtlas (Genomics Institute of the Novartis Research Foundation), and a
custom software program developed in-house that allows batch searching of Medline
through PubMed using automatically combined lists of proteins and specified search terms.

Reverse-phase protein arrays
To verify selected biomarker candidates, study samples were evaluated: (A) by disease
group: serum LMW fractions from Normal (n = 10), MCI (n = 10), and mild AD (n = 10)
subjects (Fig. 1 and Table 1); (B) by disease progression: LMW fractions of serum samples
from six patients collected before and after significant cognitive decline, as well as six
patients that remained stable with MCI during the same time span (Fig. 1 and Table 2).

Protein levels were measured using reverse phase protein microarrays (RPPA), a well
established quantitative method with high precision and sensitivity that was first described
in 2001 [20]. Precision, sensitivity, linearity and antibody validation for RPPAs have been
previously reported by VanMeter et al. [21].

Samples were heated at 100°C for 5 min prior to printing onto FAST nitrocellulose slides
(Whatman) with an Aushon 2470 arrayer equipped with 350 μm solid pins. Arrays were
stored with dessicant at −20°C prior to immunostaining. Arrays were blocked (I-Block,
Applied Biosystems) for 1 h and subsequently probed with primary antibodies, previously
validated by Western blotting, to biliverdin reductase B (BLVRB, Abnova), biliverdin
reductase A (BLVRA, Stressgen), Cu/Zn superoxide dismutase (SOD, Stressgen), estrogen
receptor alpha (ERA, Cell Signaling Technology), heme oxygenase-1 (HO1, BIOMOL
International, LP), matrix metallopeptidase-9 (MMP9, BIOMOL International, LP), platelet-
derived growth factor receptor Tyr716 (PDGFR Tyr716, Upstate), and S100 calcium
binding protein A7 (S100A7, Abnova). Immunostaining was performed on an automated
slide stainer per manufacturer's instructions (Autostainer CSA kit, Dako). Secondary
antibody was biotinylated goat anti-rabbit IgG H+L (1:5000) (Vector Labs, Burlingame,
CA) or biotinylated rabbit anti-mouse IgG (1:10) (Dako). Subsequent protein detection was
amplified via horseradish peroxidase mediated biotinyl tyramide with chromogenic
detection (Diaminobenzidine) per manufacturer's instructions (Dako). Each antibody array
was scanned on a flatbed scanner (UMAX PowerLook 1120), spot intensity analyzed, and a
standardized, negative control subtracted, single data value was generated for each sample
on the array (Image-Quant 5.2, Molecular Dynamics).

Statistical analysis
We used a Spearman's Rho non-parametric analysis of the non-normalized spot intensities to
identify potential protein linkages (JMP 5.2, SAS). Correlations with a Spearman's Rho
coefficient ≥ 0.85 and a p value ≤ 0.05 were considered for further analysis as protein
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abundance ratios. Differences in protein abundance ratios were determined using the Mann-
Whitney nonparametric test (SPSS 16). A difference was considered significant if both
arrangements of the ratio (a/b and b/a) resulted in a p value < 0.05.

RESULTS
Mass spectrometry

We used LC-MS/MS to identify candidate protein biomarkers in LMW serum fractions from
three MCI subjects before and after cognitive decline to mild AD. Of the 570 proteins
identified we selected 18 candidate biomarkers, of which 9 had increased and 9 had
decreased spectral counts corresponding to subjects with cognitive decline (Table 3). In fact,
7 proteins were exclusively found either before or after cognitive decline. Several of the 18
candidates have been associated with AD, such as prosaposin, phospholipase D1,
complement factor H, S100A7, and BLVRB (see Discussion for details).

Reverse phase protein arrays
To verify the protein abundance of selected candidate biomarkers identified by mass
spectrometry analysis, RPPAs were constructed using age- and gender-matched LMW
serum samples from Normal, MCI, and mild AD participants. Furthermore, LMW serum
samples from two groups of MCI participants were included: group (a) that progressed into
mild AD, and group (b) who remained stable at MCI over the same time span of
approximately 2 years. For each participant blood samples were collected at two distinct
time points, thus providing before and after cognitive decline samples from the same patient.
Two potential biomarker candidates were selected for verification based upon our mass
spectrometry analysis: BLVRB and S100A7. To evaluate the expression of additional
proteins involved in heme degradation we investigated HO1 and BLVRA. BLVRA and
BLVRB both reduce biliverdin to bilirubin but their protein sequences and primary locations
are very different. BLVRA is found primarily in adult human liver, while BLVRB is
abundant in adult erythrocytes [22,23]. We further included SOD, MMP9, PDGFR Tyr716,
and ERA based on their biological significance and previous observations in our laboratory.

No significant difference in abundance of any of the investigated proteins was found (data
not shown). We subsequently used a Spearman's Rho non-parametric analysis to identify
potential protein-protein linkages. We calculated a ratio for each antibody pair that met the
cut-off criteria and compared these ratios in serum samples from Normal, MCI, and mild
AD subjects, as well as before and after cognitive decline samples.

Comparing serum collection 1 (before cognitive decline) and collection 2 (after cognitive
decline) in the MCI group progressing to mild AD revealed an increase in the ratio of ERA/
BLVRA (Fig. 2A). This same ratio did not change in the stable MCI group over the same
time span (data not shown). Furthermore, before progression to mild AD, cognitively
declining MCI participants had an increased ratio of MMP9/BLVRA compared to patients
with stable MCI (Fig. 2B). After cognitive decline six protein abundance ratios were
elevated compared to the stable MCI group: BLVRB/BLVRA, ERA/BLVRA, HO1/
BLVRA, MMP9/BLVRA, PDGFR Tyr716/BLVRA, and S100A7/BLVRA (Fig. 2C).

To further compare potential protein biomarkers based on disease groups, LMW serum
samples from 10 age- and gender-matched Normal, MCI, and mild AD participants were
printed on RPPAs and analyzed with the same antibodies. The protein ratios of ERA/
BLVRB, HO1/BLVRA, and HO1/BLVRB were elevated in mild AD serum versus Normal
and MCI (Fig. 3). A similar ratio increase was significant only in serum from patients with
mild AD versus MCI for MMP9/BLVRA. PDGFR Tyr716/HO1 and S100A7/ERA ratios
were reduced in the serum of patients with mild AD compared to Normal subjects, as well as

Mueller et al. Page 5

J Alzheimers Dis. Author manuscript; available in PMC 2013 March 05.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



sera from patients with MCI. The reduction of MMP9/HO1 was significant only in mild AD
versus Normal subjects.

DISCUSSION
One of the remaining challenges in AD treatment and/or prevention is early disease
diagnosis. To implement successful therapy, it is necessary to begin treatment before
irreversible neurodegeneration has progressed. However, AD is currently diagnosed by
neuropathologic examination of postmortem brain tissue or neuropsychological evaluation,
which relies on symptoms triggered by severe neurodegeneration. In an attempt to identify
potential serum protein biomarkers of AD, we performed mass spectrometry and reverse
phase protein microarray analysis of low molecular weight serum proteins from a
community-based cohort of Normal, MCI, and mild AD participants. These subjects were
followed with extensive psychometric evaluation bi-annually over a period of five years.
Using stringent and generally accepted criteria [16,17] for subject classification as well as
subject inclusion and exclusion, we secured a very well-characterized set of samples.
Moreover, due to the prospective nature of this study and the increased progression rate of
MCI to AD (12% per year) compared to age-matched cognitively normal controls (1–2% per
year) [1], we were able to collect serum samples from study participants before and after the
onset of dementia. Thus, although the sample set evaluated during the course of this study
was comparatively small, it proved to be very valuable for biomarker discovery.

Using LC-MS/MS, we identified 570 proteins in LMW fractions (< 35 kDa) of serum
obtained from three subjects before and after cognitive decline. Eighteen of these proteins
were selected as potential biomarkers, several of which have been correlated with AD.
Prosaposin, the precursor protein for saposins A-D, is involved in lysosomal degradation of
sphingolipids [24], which are thought to affect γ-secretase activity and amyloid-β protein
precursor cleavage [25]. We identified prosaposin only in subject samples after cognitive
decline. This correlates well with the recent report that prosaposin expression is increased in
zebrafish following interference with splicing of presenilin 1 and 2 genes [26].
Phospholipase D1 catalyzes the hydrolysis of phosphatidylcholine,and it was shown that
binding to presenilin 1 decreases amyloid-β production [27]. We found phospholipase D1 to
be increased with cognitive decline, which agrees with reports that phospholipase D1 is
upregulated in AD brain mitochondria [28]. Complement factor H, an inhibitor for the
alternative pathway of complement [29], is present in amyloid-β plaques [30] and has been
shown to be increased in AD plasma [13]. In contrast, we observed a decrease in
complement factor H with cognitive decline. However, we have focused on the LMW
fraction of the serum proteome, which excludes full-length complement factor H due to its
size. Although the abundance of protein fragments is linked to the abundance of the
corresponding full-length protein, factors such as increased/decreased cleavage or secretion
can influence this balance. S100A7 is an inflammatory response protein that promotes non-
amyloidogenic cleavage of amyloid-β protein precursor by enhancing the activity of α-
secretase [31]. We found S100A7 to be increased with cognitive decline, which is in
agreement with the recent finding of Qin and colleagues that S100A7 is elevated in AD CSF
[31]. BLVRB reduces biliverdin, a degradation product of heme, to bilirubin. We identified
BLVRB only in subject sera after cognitive decline. Although BLVRB itself has not been
implicated in AD, another component of the heme degradation pathway, HO1, is
upregulated in AD brain tissue and is associated with neurofibrillary tangles and senile
plaque neurites [32]. In fact, upregulation of HO1 appears to be an early occurrence in AD
brain and correlates with decreased cognitive function [33].

To verify the abundance of selected biomarker candidates identified during the MS-based
discovery phase of the project, we measured relative protein levels using RPPA technology.
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Of the candidates identified, we first chose to verify the serum level of BLVRB and
S100A7. Based on our previous observations and biological relevance in AD, we also
included MMP9, PDGFR Y716, SOD, and ERA in the analysis. Furthermore, to extend our
evaluation to the entire heme degradation pathway, we included antibodies against BLVRA
and HO1. While BLVRB is found abundantly in adult erythrocytes, BLVRA is the primary
biliverdin reductase located in the human adult liver [22]. In fact, BLVRB shares very little
sequence identity with BLVRA, but rather was found to be identical with flavin reductase
[23].

Of the 15 protein ratios observed to be significantly altered in sera from patients with mild
AD compared to Normal or MCI, 14 contained HO1, BLVRA, or BLVRB. This strongly
implicates the heme degradation pathway as a potential biomarker target for AD. Previous
evidence indicates that heme biosynthesis and catabolism are altered in AD. The expression
of aminolevulinate synthase and porphobilinogen deaminase, two of the rate limiting
enzymes for heme biosynthesis, is downregulated in AD brain [34]. In contrast, the level of
ferrochelatase, which inserts iron into protoporphyrin IX during the final step of heme
biosynthesis, is increased [35]. Heme complexes with amyloid-β, which is believed to cause
free heme deficiency [36]. This, in turn, could be involved in the mitochondrial dysfunction
observed in AD [37]. Alterations in heme degradation include the early upregulation of HO1
and the increased level of bilirubin in AD CSF [33,38]. In contrast, due to the inhibitory
action of α1-antitrypsin, reduced levels of HO1 and bilirubin have been reported in plasma
of patients with AD [?]. This is consistent with our observations, in which all 12 protein
ratios with BLVRA or BLVRB as the denominator resulted in ratio increases, thereby
indicating a reduction in either BLVRA or BLVRB. Comparing subjects after cognitive
decline with those that remained stable at MCI, we found an increase in the ratio of BLVRB/
BLVRA and HO1/BLVRA. This points to a skewed ratio of heme degradation enzymes.
Furthermore, we discovered an increased ratio of MMP9/BLVRA, which distinguished
cognitively stable subjects from those with progressing cognitive decline.

To our knowledge, the expression and activity patterns of BLVRA and BLVRB in AD brain
have not been investigated. We believe that this protein pair may be a key component of
several observations typical of AD pathology. BLVRA is not only essential for heme
catabolism but also is a soluble dual specificity kinase that is critically involved in cell
signaling [42,43]. It functions as a kinase in the insulin receptor/MAPK pathway and a
transcription factor for ATF-2/CREB, influencing apoptosis, glucose transport, and protein
synthesis. BLVRA is an ERK activator in insulin-like growth factor (IGF) 1 signaling, a
pathway that regulates maximum lifespan [44,45]. Insulin signaling is perturbed in AD and
the expression of several key components, such as IGF1 and IGF1 receptor, is
downregulated [46]. IGF1 receptor signaling also modulates the ratio of the neurotrophin
receptors p75NTR and TrkA, which are known to influence beta cleavage of amyloid-β
protein precursor [45]. Interestingly, another protein that is known to regulate p75NTR and
TrkA expression is estrogen [47]. Although the beneficial effect of estrogen on the risk for
AD is well known [48], the involved mechanisms are still unclear. In our study the only
significant difference found between the same patient samples before and after cognitive
decline was an increase in the ratio of ERA/BLVRA. We demonstrated that this is not due to
an increase in age because this ratio did not change in a similar group that remained stable at
MCI over the same time span. It remains to be determined if both proteins are
mechanistically related or if their correlation relies on respective downstream effects.

In conclusion, we identified 11 protein abundance ratios that distinguished mild AD sera
from either MCI or Normal, indicating their potential for monitoring the progression from
cognitively normal or MCI status to mild AD. Additionally, one protein ratio distinguished
MCI subjects who would progress into mild AD from those who remained stable at MCI,
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before the onset of cognitive decline. As over 90% of these protein ratios contained at least
one enzyme involved in heme catabolism and because heme metabolism has a well-
established biological correlation with AD, these data justify further studies evaluating these
biomarker candidates in blinded validation study sets of MCI patients and matched Normal
subjects. The results also provide motivation for further targeted proteomic studies of the
heme protein biochemistry that could yield more detailed insights into this AD-associated
sub-proteome. Ultimately, it will be necessary to combine a panel of such biomarkers,
containing a variety of proteins with different functions to reduce dependence on one
particular pathway and provide the necessary sensitivity and specificity to correctly diagnose
AD.
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Fig. 1.
Flowchart of experimental setup. During the discovery phase of the project low molecular
weight (LMW) serum samples from the same subjects before and after cognitive decline
were analyzed using LC-MS/MS. During the validation phase relative abundances of
selected biomarker candidates were measured in LMW serum fractions using reverse phase
protein arrays.
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Fig. 2.
Ratio of staining intensities. Low molecular weight serum samples were analyzed using
reverse phase protein arrays. (A) Same subject samples before and after significant cognitive
decline. (B) Samples of stable MCI subjects (stable) versus cognitively declining MCI
subjects (decline), before cognitive decline in the second group. (C) Samples of stable MCI
subjects (stable) versus cognitively declining MCI subjects (decline), after cognitive decline
in the second group (about 2 years later). Differences were evaluated using the Mann-
Whitney non-parametric test and were considered significant if both arrangements of the
protein abundance ratio (a/b and b/a) had a p <0.05.
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Fig. 3.
Ratio of staining intensities. Low molecular weight serum samples were analyzed using
reverse phase protein arrays. Samples were analyzed by disease group. Differences were
evaluated using the Mann-Whitney non-parametric test and were considered significant if
both arrangements of the protein abundance ratio (a/b and b/a) had a p < 0.05.
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Table 1

Demographic subject data for experiments that were analyzed by disease group (Normal, MCI, mild AD).
Errors represent SD. Ages were compared using the Mann-Whitney non-parametric test. No significant
difference in age between groups was found

Experiment Disposition n (female/male) Age [years]

Reverse Phase Protein Array: analysis by disease group Normal 10 (5/5) 78.3 ± 2.5

MCI 10 (5/5) 80.4 ± 3.8

mild AD 10 (5/5) 79.3 ± 3.4
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Table 2

Demographic subject data for experiments that were analyzed longitudinally before and after cognitive decline
in the same subject. Cognitive Development: subjects marked as “decline” deteriorated cognitively over the
time span indicated under Δ Time, while “stable” subjects did not change cognitively over the same time span
(MCI => MCI). Sampling date: a = first serum collection, b = second serum collection. Δ Time: average time
between first and second serum collection in the same subject. Errors represent SD. Differences in Age and Δ
Time were evaluated using the Mann-Whitney non-parametric test. No significant differences between sample
sets were found

Experiment Cognitive development Sampling date n (female/male) Age [years] Δ Time [years]

Mass Spectrometry: analysis by disease
progression decline a 3 (2/1) 79.0 ± 2.7

b 3 (2/1) 80.0 ± 2.7 1 ± 0.0

Reverse Phase Protein Array: analysis by
disease progression stable a 6 (4/2) 80.5 ± 5.6

b 6 (4/2) 81.8 ± 5.7 1.5 ± 0.5

decline a 6 (4/2) 80.2 ± 7.2

b 6 (4/2) 82.0 ± 6.9 1.8 ± 0.4
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