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Abstract
Alzheimer’s disease (AD) brain is marked by severe neuronal death which has been partly
attributed to increased oxidative stress. The pathophysiology accounting for this free radical injury
is not well-delineated at this point, but one hypothesis is that a derangement in transition metal
metabolism contributes to the process. We tested the hypothesis that peripheral derangement of
transition metal metabolism is present early in the dementing process. We analyzed non-heme iron
and copper levels in serum from subjects with normal cognition, mild cognitive impairment, and
early stage senile dementia and followed these subjects over 5 years. An increase in the ratio of
serum copper to non-heme iron levels predicted which subjects with mild cognitive impairment
would progress to dementia versus those that would remain cognitively stable. This increase did
not correlate with changes in expression of iron regulatory protein 2 or selected downstream
targets in peripheral lymphocytes. A cDNA-based microarray (IronChip) containing genes
relevant to iron and copper metabolism was used to assess transition metal metabolism in
circulating lymphocytes from cognitively normal and demented subjects. No gene was identified
as being dysregulated more than 2-fold, and verification using quantitative RT-PCR demonstrated
no significant changes in expression for ALAS2, FOS, and CTR1. The increased ratio of serum
copper to serum iron prior to dementia has potential as a biomarker for cognitive decline and
mirrors other changes in serum previously reported by others, but iron and copper metabolism
pathways appear to be broadly unaffected in peripheral blood in AD.
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INTRODUCTION
An impressive body of literature has emerged implicating oxidative stress as a factor in the
profound neuronal death associated with Alzheimer’s disease (AD). The sources of this
oxidative stress have been the subject of considerable debate and the subject remains
contentious. Oxidative species originating outside of the central nervous system (CNS) may
impact the cells of the CNS. While the literature on this subject is extensive and in many
cases contradictory, several recent studies have demonstrated an increase in circulating
levels of various peroxidized lipid species, and decreased anti-oxidant defense systems
(particularly glutathione peroxidase and superoxide dismutase) in AD serum and serum from
subjects characterized as mild cognitive impairment (MCI) [1–3]. Additionally, evidence of
increased oxidative damage in serum was found in subjects with the APOE ε4 allele, a well-
known risk-factor for AD [2]. Further supportive evidence was presented in a recent
prospective study which demonstrated that markers of oxidative stress and reduced cellular
anti-oxidative responses in the peripheral circulation predicted which subjects with MCI
would progress to dementia versus those which would remain cognitively stable over time
[4]. This issue is complicated by studies reporting contradictory findings including one
which demonstrated significantly reduced levels of malondialdehyde, a marker of lipid
peroxidation, in AD serum [5]. Furthermore, while it is possible that toxic oxidative species
in the periphery are causally linked to the neuropathology of AD, these peripheral changes
may in fact be an effect of CNS pathologies (or may be an epiphenomenon unrelated
entirely). Nevertheless, identifying the potential source(s) of oxidative changes in the
periphery is likely a key step in understanding how to effectively intervene in the process of
neurodegeneration and may help explain the heterogeneity seen in levels of oxidative
markers observed by various groups. Dysregulated transition metal metabolism in the
periphery could conceptually account for the oxidative changes observed in blood in the
setting of AD.

Increased total and free (non-protein bound) copper levels have been shown to correlate
inversely with cognitive function in elderly patients [6, 7]. While the levels of copper
reported in serum from AD patients are markedly heterogeneous between studies, a recent
meta-analysis found that the data in aggregate suggest copper levels are increased [8]. Iron
levels in serum (particularly non-heme iron levels) are less well-described. Nevertheless,
changes in bulk metal levels and/or liganding could result in increased Fenton reactivity
catalyzing free radical generation.

In this study, we evaluated the degree to which iron and copper homeostasis were altered in
serum and lymphocytes from subjects with MCI and AD to determine if a generalized
dysregulation of transition metal metabolism could be detected in blood. The subjects were
followed for a period of five years enabling comparison between a group of MCI subjects
that remained cognitively stable and a group that progressed from MCI to dementia of the
Alzheimer’s type. We measured iron and copper parameters from both serum and whole
blood, including serum metal levels and expression of a major iron/copper regulatory gene,
IRP2, and selected downstream targets. Finally, a gene microarray analyzing 536 genes
relevant to iron and copper metabolic pathways (IronChip) was used to broadly analyze any
alteration in the handling of these transition metals between the disease states.

MATERIALS AND METHODS
The study design and manuscript preparation were done in accordance with the Code of
Ethics of the World Medical Association and the Uniform Requirements for Manuscripts
Submitted to Biomedical Journals. Subjects participating in this study did so with informed
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consent (and/or with the informed consent of appropriate surrogates) and with the approval
of the Loma Linda University Medical Center Institutional Review Board.

Serum iron and copper analysis
Subjects were enrolled in the study from a community-based recruitment as previously
reported [9, 10]. Briefly, individuals with subjective memory complaints were screened and
those classified as MCI or early AD were enrolled in the study. Patients with a history of
smoking, diabetes, head trauma, known cerebrovascular disease, or uncontrolled
hypertension were excluded from the study. The diagnosis of MCI was applied by Mayo
Clinic criteria including confirmation of an isolated memory complaint on
neuropsychological profiling (Clinical Dementia Rating (CDR) = 0.5) in subjects with
otherwise normal cognition capable of performing normal activities of daily living. A cohort
of (approximately age-matched) neurologic controls was also enrolled. Controls were
without subjective memory complaints and within normal limits on neuropsychological
testing consisting of a CDR score of 0. A sub-group of the larger cohort previously
described was available to participate in this study; 60 total cases enrolled including 18
subjects with MCI, seven of whom progressed to dementia, 19 subjects with very early
dementia (materials collected at the time of initial conversion from MCI to AD or within
two years) and 19 approximately age and gender-matched neurologic control subjects
(several controls were included who had a maximum of one neuropsychological assessment
as MCI, but ended the trial as neurological controls). Materials were not available from all
cases for each component of this study; cases included in individual analyses are detailed in
Table 1. Additionally, one subject was included only in the longitudinal data (Fig. 1) who
was enrolled as a neurologic control and progressed to MCI and later to dementia; this is the
only control subject in the cohort to have progressed in this way. All participants consented
to detailed, serial neuropsychological testing, blood donation, and neuroimaging (to assess
for cerebral amyloid angiopathy by the Boston criteria using susceptibility weighted imaging
at 3T field strength). Serum collection and cognitive evaluations were performed at
approximately six month intervals and neuroimaging was conducted approximately yearly
over the five year span of the study. Blood was collected from subjects at appointments for
neuropsychological screening. For the isolation of serum, blood specimens were
immediately placed on ice, allowed to clot overnight at 4°C, and centrifuged at 1800 g, 4°C
for 10 min to remove cellular elements and the majority of clotting factors. For non-heme
iron analysis, iron was extracted from serum as described before [11] using
ethylenediaminetetraacetic acid (EDTA) and trichloroacetic acid (TCA). Specifically, 20 µL
serum from each patient and time point was added to 360 µL 500 µM EDTA and 20% TCA
and incubated at 90°C for 30 min. After cooling to room temperature for 10 min, 700 µL
500 µM EDTA was added, samples were vortexed and subsequently centrifuged at 13,000 g
for 10 min at room temperature. The supernatant was collected as the non-heme iron
component of serum and stored at −80°Cuntil analysis. Non-heme iron was measured to
limit the impact of trace hemolysis during blood collection and clotting. Because of the
substantial iron stores in hemoglobin and the relatively low levels of iron in serum, even
trace hemolysis can result in distorted data (data not shown). For total copper analysis,
specimens were wet ashed as previously described [12]. Briefly, 50 µL serum was added to
300 µL 30% nitric acid and allowed to incubate overnight. The resulting solution was heated
to 80°C for 20 min, then allowed to cool to room temperature for 10 min. Hydrogen
peroxide was then added to dissolve lipid components (300 µL of 10% solution). The
samples were allowed to cool for 30 min at room temperature and were then heated to 70°C
for 15 min and allowed to cool. Atomic absorption spectra were acquired on a Varian
SpectrAA 220Z graphite furnace atomic absorption spectrometer. The standard curve was
produced from 25, 50, 75, and 100 parts per billion solutions of standardized iron or copper
in 1% nitric acid (Arcos Organics). The instrument was zeroed to a maximum of 0.005 mean
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absorbance. Samples were diluted 1 : 10 for iron analysis and 1 : 5 for copper. All values
reported were acquired as the mean of two to four measurements.

RNA extraction from whole blood
Blood was collected from subjects in tubes containing EDTA as an anticoagulant. Whole
blood RNA was extracted using the QIAamp RNA Mini Kit (Qiagen) following the
manufacturer’s protocol. The isolate was suspended in 60 µL ddH20 and stored at −80°C
until analysis. Two micrograms of total RNA from each sample was allocated for
microarray analysis, the remainder was retained for RT-PCR.

cDNA microarray–IronChip
A total 26 subjects were analyzed, including 12 early AD subjects and 14 age- and gender-
matched neurological controls. A 2 µg sample of total RNA isolated from whole blood was
allocated for microarray analysis from each subject. The cDNA-based microarray, IronChip,
detects alterations in gene expression related to iron and copper metabolism. A total of 536
genes were analyzed concurrently with this technique, as previously described [13]. Because
the IronChip is a two-color array, normal samples were pooled and analyzed against each
AD case. Because this technique did not assess the variance in control samples, the variance
for each gene in the AD cases was used as an estimate of variance for controls to enable
statistical interpretation of the data. To be considered a gene of interest, a difference in
mRNA expression had to be detected for 50% or more of the AD cases, with mean fold
difference of 1.3 or greater.

Quantitative RT-PCR
The iron regulatory protein IRP2, and a downstream target DMT1 (IRE and non-IRE forms)
were prospectively chosen for analysis by qRT-PCR. Additionally, CTR1, ALAS2, and FOS
were selected from the IronChip microarray as genes of interest and their mRNA expression
levels were verified by RT-PCR. The stability of a panel of six potential housekeeping genes
was tested (beta actin, GAPDH, RPL32, HPRT1, HMBS, UBC) in control, MCI and AD
patient samples using the BestKeeper software [14]. Based on this analysis, the expression
levels of all target genes were normalized by the geometric mean of HPRT1, RPL32, and
HMBS. Primers for each gene were designed and are shown in Table 2. Gene expression
was determined using a fluorescent probe SYBR green and a BioRad thermocycler
according to standard protocols.

Statistical analysis
Serum iron and copper data are presented as means ± SEM. Normality of the data was
determined by the Shapiro-Wilk test. Following an ANOVA (non-parametric Kruskal-
Wallis test for not normally distributed data) posthoc analysis of the statistically significant
findings was performed using Student’s t-test. A p < 0.05 was considered as significant
observation. For longitudinal data, datapoints nearest to one year prior to progression were
compared to data from the time of progression by the paired Student’s t test. Quantitative
RT-PCR results were normalized by the geometric mean of three housekeeping genes
(HPRT1, RPL31, HMBS) and analyzed using the REST2009 software [15] using respective
reaction efficiencies and 2000 iterations. Data are shown using whisker-box plots with the
top and bottom error bars representing the upper and lower 25% of observations, the box
representing the middle 50% of observations and the bar within the box representing the
median. A p < 0.05, as estimated by the REST2009 software, was used to indicate
significance of the findings.
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RESULTS
Serum iron and copper levels

Because trace hemolysis is a significant source of contaminant iron in serum samples, non-
heme iron was measured. No significant difference in serum non-heme iron levels was
found between any of the sample groups (Fig. 1). Sub-group analysis for males and females
separately also failed to demonstrate any significant differences between groups (not
shown). Although the presence of cerebral amyloid angiopathy has previously been shown
to correlate with increased iron levels in brain [12], no change in serum iron level was
associated with the presence of radiological evidence of cerebral amyloid angiopathy (data
not shown). Total copper levels were increased in MCI subjects who progressed to dementia
compared to those that remained cognitively stable (p < 0.05) and early AD subjects (p <
0.01, Fig. 1). Because iron and copper metabolism are intricately linked [16], we also
assessed the ratio of copper to non-heme iron. This analysis demonstrated that MCI subjects
who progressed to dementia had a higher index of total copper to non-heme iron than the
control group, the MCI subjects who were cognitively stable over five years, and subjects
demonstrating early AD (p < 0.01, p < 0.05, p < 0.001, respectively; Fig. 1). Serum samples
were available at multiple time-points from four progressive MCI cases which are shown in
Fig. 1. Additionally, one case (case 5 in the figure) enrolled in the cohort as a control and
progressed to dementia. These cases qualitatively demonstrate that the increase in the ratio
of copper to non-heme iron is transient. The highest value of the ratio in each case occurred
at MCI. Paired analysis between the time point closest to one year prior to decline and the
measurement taken at the time subjects first met criteria of AD demonstrated a significant
decrease (p < 0.05).

IRP2 and DMT1 expression in lymphocytes
To assess the biological background to the observed alteration of serum iron and copper in
progressive MCI subjects, mRNA expression of IRP2 and DMT1 was measured in
circulating lymphocytes. DMT1 is a major transporter of divalent metal species and exists in
two isoforms—one that contains an iron responsive element in the untranslated region and
would be expected to be regulated by IRP2 (DMT1-IRE) and a second that lacks an IRE and
should be regulated independently of IRP2 levels (DMT1-nonIRE). We only found a minor
increase in expression of DMT1-nonIRE compared to normal controls (1.2 fold increase, p <
0.1; Fig. 2), while DMT1-IRE and IRP2 mRNA expression remained unchanged. This
suggests that the extracellular alteration in the ratio of iron and copper does not induce
significant alterations of intracellular iron/copper regulation when cells are directly exposed
to this change in transition metal environment in the circulatory system.

IronChip microarray and gene validation
To further investigate the regulation of metal metabolism in peripheral lymphocytes during
AD, we used a metal metabolism specific gene microarray (IronChip) that was designed to
analyze genes related to iron and copper metabolism. Of these, 149 were found to be
undetectable in the blood samples analyzed in both the control and AD groups.
Representative images of the microarray and relative gene expression for one case are
shown in Fig. 3. Three genes met our criteria for genes of interest (difference in expression
for 50% or more of the AD cases, with a mean fold difference of at least 1.3): proto-
oncogene c-Fos (FOS), 5-aminolevulinate synthase (ALAS2) and early growth response
protein 1 (EGR1). No gene was regulated with a fold change in expression of ±2 or more.
Average fold changes for the three genes of interest were: FOS = 1.5, ALAS2 = −1.8, and
EGR1 = 1.7. We then chose to validate the expression of FOS and ALAS2 by quantitative
RT-PCR because FOS expression was found to be altered in the highest number of AD cases
(58%), while ALAS2 was exclusively downregulated in all males, with no regulation seen in
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any female subject. Although it was only regulated in 42% of subjects (average fold change
= 1.4), we further added high affinity copper uptake protein 1 (CTR1) to the qRT-PCR
analysis because of its direct involvement in copper transport.

None of the three genes was found to be significantly altered in AD subjects after qRT-PCR
analysis. Splitting samples into male and female resulted in a slight trend towards increased
expression of FOS (p < 0.1; Fig. 3).

DISCUSSION
Over the last several decades a growing body of research has implicated oxidative stress and
related tissue injury in the early stages of AD, but the source of this oxidative imbalance has
not yet been clearly explained. An enticing hypothesis suggested that dysregulated copper
and iron homeostasis resulted in iron and copper overload of the neocortex and these
redoxactive species could catalyze the sorts of oxidative reactions that might initiate
neurodegeneration. However, despite near-universal belief that brain iron levels were
increased in AD neocortex, the majority of evidence suggests there is no alteration in bulk
iron levels and copper levels are actually decreased [17]. An alternative explanation for
neocortical oxidative injury is that metal dysregulation in the periphery produces oxidative
species which could act centrally. The results of this study describe the levels and metabolic
regulation of iron and copper in the circulatory system in MCI and AD subjects to determine
whether this is consistent with that hypothesis.

A large body of evidence describing circulating markers of oxidative stress has been
published, and results are somewhat heterogeneous. Thiobarbituric acid reactive substances
(TBARS) are a general marker of lipid peroxidation and while several reports suggested
levels in AD serum or erythrocytes were unchanged [18–20], multiple recent (larger) studies
have shown very significant elevations [21–23]. Additionally, malondyaldehyde levels,
another marker of lipid peroxidation, are thought to be increased in AD [24–26], although
this finding has not been confirmed by every study [27, 28] and has recently been
contradicted by Gironi et al. who found a very significant reduction in malondyaldehyde
levels [5]. Evidence of oxidative injury to circulating proteins is also accumulating;
although, again, results are inconsistent. Plasma carbonyl content has been used as a marker
of broad protein oxidation, and levels have been reported to increase [29, 30], but several
other studies were unable to reproduce these findings [31, 32]. Aldred and colleagues argue
that oxidation of plasma proteins does not appear to represent a global increase in oxidative
injury, but rather more specific oxidative changes [31]. This is a significant question in
continuing research, as efforts to understand why oxidative changes are occurring in both
the brain and peripheral sites in AD focus on explaining the mechanism(s) of injury.

Several potential mechanisms of oxidative injury have been evaluated. Total antioxidant
capacity (TAC) in serum and plasma from AD patients was reported to be markedly
decreased [33]. Since this report, the finding has been confirmed by several studies [34, 35]
and questioned by others [5, 23, 27, 31]. TAC was found not to correlate with cognitive
outcomes in a prospective study [36] and dietary supplementation with antioxidant vitamins
was not found to produce any clinical benefit in AD subjects in several clinical trials [37,
38]. Additionally, a small clinical trial with d-penicillamine in AD patients demonstrated a
significant reduction in circulating markers of oxidative stress, but this did not correlate with
any delay in clinical progression of cognitive decline [39]. Key enzymes of cellular
antioxidant pathways such as glutathione peroxidase and superoxide dismutase have also
been extensively studied (in both serum and erythrocytes), and again results are strongly
heterogeneous with a few studies showing significant increases [22–24] or decreases [1, 3]
and most showing no change [19, 25, 29, 40].
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Another mechanism that would account for broad oxidative injury is increased reactivity of
transition metal stores, either by increasing total metal levels or altering the liganding of
reactive species, enabling them to participate in Fenton and Haber-Weiss chemistry. A fairly
common familial hemochromatosis allele, C282Y, has been associated with a slight genetic
susceptibility to AD. Patients with both the C282Y allele and the C2 mutation in the
transferrin gene have a substantially (reportedly up to 5 fold) increased risk of developing
AD, which suggests that multiple “hits” in the iron metabolism cascade may confer
meaningful risk [41]. These observations led to the hypothesis that dysregulation of
peripheral iron and/or copper metabolism may be a major source of oxidative injury in AD
patients. Iron levels reported in serum of AD patients are inconsistent, although no study to
the best of our knowledge has specifically analyzed for nonheme (chelatable) iron [6, 24]. A
recent meta-analysis revealed that copper levels are slightly increased in serum from AD
patients [8]. We note, however, that the studies included in that meta-analysis were very
heterogeneous with the bulk of the studies suggesting a positive association originating from
the same laboratory. Also notable, several studies reporting no association or negative
association of serum copper levels with AD were not considered in the analysis although the
inclusion/exclusion criteria used would have supported their inclusion [42, 43]. In our
opinion, there is currently limited evidence for increased levels of total copper in serum in
AD, and the heterogeneity between reports is difficult to explain.

While neither non-heme iron, nor copper levels were altered in AD serum in the current
study, copper was found to be significantly dysregulated in MCI subjects who subsequently
progressed to dementia. In fact, the ratio of copper/non-heme iron as well as copper levels
alone clearly distinguished progressive MCI subjects from cognitively stable MCI subjects.
The necessity to identify the group at risk of progression at the MCI stage of cognitive
decline is key for future treatment of AD and makes this a very useful potential biomarker.
Moreover, this ratio mirrors the findings of a recent report describing the ratio of
ceruloplasmin and transferrin (the major protein carriers of copper and iron, respectively) in
serum from early AD cases: ceruloplasmin was increased while transferrin was decreased
[7]. Notably, an older study confirms the significant increase in serum ceruloplasmin, but
challenges the decrease in serum transferrin in AD [42].

While this finding may be valuable as a biomarker, it is not by itself clear evidence of global
iron/copper dysregulation. Analysis of the expression of IRP2, a central regulator of
intracellular iron metabolism and a player in copper metabolism, and a downstream target of
IRP2, the IRE-containing gene DMT1, in peripheral lymphocytes failed to demonstrate any
abnormalities. Moreover, microarray analysis of 536 genes associated with transition metal
homeostasis failed to identify a single gene which was significantly dysregulated above a 2-
fold expression difference in AD lymphocytes. Three genes identified in the microarray as
having the potential for dysregulation (FOS, ALAS2, and CTR1) were subsequently found
not to be significantly altered after qRT-PCR validation. A limitation of this study has been
the small sample size with respect to the large biological variation seen in the expression of
the genes evaluated. But these data could be viewed to argue that circulating iron and copper
homeostasis remains essentially intact in AD.

On the other hand, it is well established that the liver is a key center for iron and copper
metabolism outside of the brain and a major source for proteins involved in metal
homeostasis. Changes in hepatic gene expression could therefore hold the key to our
understanding of the transient alteration of peripheral iron/copper metabolism seen during
the transition from MCI to AD.

Previously, measurements of oxidative injury at various stages of AD have not been found
to correlate with disease severity [23]. This observation may be supported by the current

Mueller et al. Page 7

J Alzheimers Dis. Author manuscript; available in PMC 2013 March 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



study; changes in iron and copper metabolism peaked transiently at the preclinical stage (a
stage of the disease not evaluated in the microarray experiment) and then resolved. This may
suggest that oxidative injury occurs early in the disease process as an oxidative burst (of
sorts), setting the stage for cognitive decline.

We draw several insights based on these findings and the larger context offered by the
extensive literature on serum/plasma oxidative changes in AD. First of all, while a large
number of studies suggest there are oxidative changes in blood in patient populations
undergoing cognitive decline, no consistent pattern of changes has emerged. Sufficient
unexplained heterogeneity is present between these studies that it may be reasonable to
question whether global oxidative stress in blood is a feature of this disease. The findings
from the current study suggest that global iron and/or copper dysmetabolism is transient and
unlikely the major source of such a change. Alternatively, the observation that multiple
genetic alterations in the iron metabolism pathway (C282Y and C2) together contribute
substantial risk for AD while individually they are relatively benign could be extended to
argue that multiple subtle pro-oxidative alterations could have significant effect, while
remaining difficult to detect when analyzed in aggregate. Unfortunately, at present the
available data are difficult to interpret with confidence and the failure of major clinical trials
of antioxidant therapy raises meaningful questions as to whether peripheral oxidation status
is a meaningful factor in the process of neurodegeneration.

Finally, we observed a significant elevation in the ratio of copper to iron in serum in MCI
subjects who subsequently progressed to dementia. This elevation appears to be transient as
subjects with early AD were nearly identical to controls and stable MCI subjects and
longitudinal data show progressive MCI cases trend downward over time. The
pathophysiological significance of this observation is unclear, but it may serve as a
biomarker to identify subjects with subject memory complaints who are at risk of
developing further cognitive decline. Further studies in a larger cohort and serial
measurements to clarify the time course of the elevation in the ratio during the transition
from normal cognition to AD are warranted to validate this potential biomarker of
progressive MCI.
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Fig. 1.
Serum non-heme iron and copper levels are altered in progressive MCI subjects. A) Copper
levels are increased compared to early AD and MCI stable for at least five years (p < 0.01
and p < 0.05, respectively). The ratio of copper to non-heme iron levels in serum clearly
separated progressive MCI subjects from all other groups, indicating a specific effect
associated with cognitive decline (p < 0.01, p < 0.05, p < 0.005 for controls, stable MCI and
AD, respectively; for n see Table 1). B) In five subjects who eventually developed AD (4
enrolled with MCI, case 5 enrolled as a neurological control), longitudinal data were
collected. The maximum value of the copper/iron ratio occurred in the MCI stage for all
subjects and significantly declined with cognitive decline (p < 0.05 between time of
progression and 1 year prior). The peak in the copper/iron ratio appears to be transient. (gray
areas = AD; subject 1 neurocognitive status: a control, b control, c MCI, d control, e MCI).
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Fig. 2.
IRP2 and DMT1 expression are largely unchanged in stable MCI, progressive MCI as well
as early AD subjects. Only DMT1-nonIRE, which is not controlled by IRP2, is slightly
elevated in MCI subjects that were cognitively stable for at least five years (1.2 fold
increase, p < 0.1). Cumulatively, these data suggests that the iron regulatory axis remained
largely intact in lymphocytes of pre-dementia and early dementia patients. (For n see Table
1).
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Fig. 3.
The analysis of a representative microarray experiment is shown as a scatter-plot in the top
row. It demonstrates that very few genes are differentially expressed in early AD (no fold-
change >2). mRNA expression of three genes of interest was further validated using qRT-
PCR: ALAS2, CTR1 and FOS. No significant difference in mRNA expression was found
for any of the three genes evaluated. (For n see Table 1).
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Table 1

Demographics

Diagnosis n
(Males/Females)

Age (±SD) Time to
progression

Figure 1

    Control 19 (10/9) 75.6±4.0 n/a

    Stable MCI 8 (4/4) 78.7±6.2 n/a

    Progressive MCI 7 (2/5) 82.7±1.7 14.4 months

    Early AD 14 (5/9) 80.6±2.7 n/a

Figure 2

    Control 20 (11/9) 75.2±4.7 n/a

    Stable MCI 10 (5/5) 77.6±5.4 n/a

    Progressive MCI 6 (2/4) 82.8±3.9 10.3 months

    Early AD 15 (5/10) 80.1±2.7 n/a

Figure 3

    Control 14 (7/7) 76.4±4.8 n/a

    Early AD 12 (6/6) 81.7±4.8 n/a
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Table 2

Primer pairs

RPL32 F: 5′-CAT CTC CTT CTC GGC ATC A-3′ R: 5′- AAC CCT GTT GTC AAT GCC TC -3′

HPRT1 F: 5′-GAC CAG TCA ACA GGG GAC AT-3′ R: 5′- AAC ACT TCG TGG GGT CCT TTT C -3′

HMBS F: 5′-ACC AAG GAG CTT GAA CAT GC-3′ R: 5′- GAA AGA CAA CAG CAT CAT GAG -3′

IRP2 F: 5′-CAA AGC ACC TCA GGC AAG TAG G-3′ R: 5′- TGT CAA CAG GGA AAA AGC -3′

DMT1 F: 5′-TCT ACT TGG GTT GGC AAT GTT T-3′ R: 5′- ACA CAC TGG CTC TGA TGG CTA C -3′

DMT1-nonIRE F: 5′-GTG GTG GCT GCT GTG GTCA-3′ R: 5′- TCA ATC CCA GAT GGC ACG TAT -3′

ALAS2 F: 5′-CTG CCA GGG TGC GAG ATT-3′ R: 5′- TTG GCT CCA CTG TTA CG -3′

CTR1 F: 5′-TCA CCA TCA CCC AAC CAC TT-3′ R: 5′- TCT TAA AGC CAA AGT AGA AGG TCA -3′

FOS F: 5′-GGC AAG GTG GAA CAG TTA TCT C-3′ R: 5′- CCG CTT GGA GTG TAT CAG TCA G -3′
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