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The search is ongoing for a reliable serum biomarker for AD.
The level of iron is elevated in the brain of Alzheimer’s dis-
ease (AD) patients. Our studies have demonstrated that the
level of the iron transport protein, p97, is increased in the
serum of AD patients but not in various control groups. These
results have recently been confirmed by another laboratory
who extended our findings by demonstrating that p97 is not

itation and death within 12 years of onset [39]. Patho-
logically, AD selectively damages brain regions and
neural circuits critical for cognition and memory, and
its pathological characteristics include the presence of
senile plagues and intracellular neurofibrillary tangles
(NFTSs) in the brain tissue [31].

Although patient history, physical exams and neu-
roimaging are used in conjunction with cognitive tests
and could be helpful in ruling out other forms of demen-
tia, definitive diagnosis can only be made during post-
mortem examination of brain tissues [20,22]. Presently
available therapeutics, such as tacrine hydrochloride
and donepezil hydrochloride, are targeted to preserv-
ing cholinergic activities thereby protecting cholinergic

elevated in other neurodegenerative diseases. This qualifiesN€urons[9,13,26]. Since neuronalloss s currentlyirre-

p97 as a potentially powerful biomarker for AD. Although

versible, early intervention in preventing further dam-

the relationship between increased level of iron and p97 in age to neurons becomes critical in slowing down the
the AD brain is not well understood, our research supports progression of the disease. In addition to the benefits of
the hypothesis that p97 over-expressed by senile plaque asso-starting prescriptions promptly, early diagnosis allows
ciated reactive microglia is exocytosed and appears in blood. the patient and caregivers time to plan how to manage

The relationship between elevated levels of serum p97 and
AD, together with the possible future clinical application of
p97 are considered in this report.

1. Introduction

As the overall longevity of the world population is
extended, the number of people suffering from demen-
tia is also increasing. Alzheimer’s disease (AD) is the
most common form of dementia [10] and is estimated to
account for 50-70% of dementia in elderly people [12,
14,15]. Progressive memory and cognitive decline as
well as difficulty in language, praxis and visual percep-
tion are the clinical manifestations which characterize
the disease. The decline in observed intellectual func-
tion progresses at a slow rate and leads to severe debil-
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this progressive and chronic disease.

2. AD and iron metabolism

Iron is essential for cell growth and survival. In
addition to its importance in normal physiology, iron
also plays a key role in some human pathology. Since
unbound iron induces the formation of free radicals,
it generally circulates as low molecular weight com-
plexes in association with ascorbate, amino acids and
some serum proteins such as albumin or transferrin
(Tf). Due to its toxicity, regulatory mechanisms have
evolved to closely monitor and control the absorption
and distribution of iron within the body. In the case of
AD, however, redox-active iron accumulates in senile
plaques and NFTs of the brain [40]. The elevated levels
of free radicals lead to the generation of reactive oxy-
gen species and attack particularly sensitive neuronal
tissues in the AD brain.

The brain, like other organs, requires iron yet the
mechanisms of iron uptake remains unclear. The brain
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has a unique anatomical structure called the blood-brain
barrier (BBB) which effectively protects the sensitive
neuropil from directly coming in contact with the blood.
The selective barrier prevents large and/or hydrophilic
molecules from entering the brain parenchyma. Iron
uptake into the brain was initially assumed to be exclu-
sively regulated by the classically defined transferrin
receptor (TfR) since Tf level is high in normal serum
and most of the iron in the plasma is bound to Tf. This
concept is supported by a study in which int&&tl-Tf
complexes were recovered in the brain parenchyma af-
ter being intravenously injected into the rat [11]. More
recent studies suggest that although Tf and TfR are un-
doubtedly important mediators of iron uptake by the
brain [6,41], they do not account for all the iron present
in the brain [11]. For example, Fishman [11] showed
that although some of the injected Tf crosses the BBB,
much of it was retained in the endothelial cytoplasm. In
addition, hypotransferrinemic mice deficientin Tf have
a normal level of iron in the brain [7]. We reasoned
that a Tf/TfR independent iron transporter, p97, might
also be involved in transporting iron across the BBB,
and that its over-expression might be associated with
AD pathology.

3. p97 (Melanotransferrin)

Melanotransferrin, also known as the human
melanoma associated antigen p97, was first identified
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of p97 has yet to be established. It is known, how-
ever, that the GPI-linked form of p97 can bind iron and
internalize into cells by a mechanism independent of
Tf/ITfR endocytosis [24,35]. p97 is also unique in that
it can bind to other metals such as zinc and copper [un-
published] and may functionin their transport. A study
has shown that unlike other members of the group that
have two iron binding sites, p97 has only one iron bind-
ing site on its N-terminus and the C-terminus binding
site is unable to bind iron [2]. Recent data, however,
suggests that under specific conditions p97 is able to
bind two molecules of iron but with different affinity
[unpublished].

4. Localization of p97 in AD brain

The distribution of p97, Tf and TfR in the brain
was studied to identify the locations in which they may
function [18,19]. In the 1996 immunocyto study [19],
AD brains were compared with brains of patients who
died from neurodegenerative diseases other than AD.
Interestingly, p97 was found co-localized with TfR on
the surfaces of microvessels, while Tf localization was
limited to neuroglia. The distribution of p97 in the non-
AD brain appeared to be limited to the BBB, with oc-
casional positive stains for astrocytes and oligodendro-
cytes. In the AD brain, p97 was also detected in reac-
tive microglia associated with senile plaques. Reactive
microglia that stained positive with HLA-DR antibody

as a cell surface marker associated with human skin but those not closely positioned to senile plaques did
cancer [5] and subsequently described as an onco-fetal not express p97. There is most likely an increased re-
protein due to its high expression in fetal tissues. Wood- quirement for the utilization and/or scavenging of iron
bury et al. [42] demonstrated the expression of p97 in by reactive microglia associated with senile plaques
neoplastic human tissues, particularly melanomas. In since in addition to p97, increased concentrations of
addition, they found that the protein was highly ex- iron, Tf [27] and ferritin [16,21,29] have been noted
pressed in fetal colon, lung and umbilical cord as com- in the region. The distribution of iron and p97 has not
pared to adult tissues. Further studies revealed that p97 been directly correlated in the AD brain, however, and

is also highly expressed in fetal liver and placenta [5].
In addition to its expression in human tissues, p97 is
expressed in many cultures of normal cells including
liver, intestinal epithelial cells, fetal intestinal cells and

sweat gland ducts [1,4,8,33,37].

Human p97 is a member of a group of iron binding
proteins that include Tf, lactoferrin and ovotransfer-
rin. In humans, the p97 gene maps to the same region
of chromosome 3q as Tf and TfR [30]. Unlike other
members of this family, p97 is found in two forms;
a glycosyl-phosphatidylinositol (GPI) anchored form
on the plasma membrane and a soluble form found in
blood and cerebrospinal fluid [1,5,23]. The function

we intend to examine this relationship in the future.

An additional study was carried out to compare the
sites of expression and function for p97. p97 protein
and mRNA localization in the AD brain were examined
using immunocyto andn situ hybridization, respec-
tively [43]. In the AD brain, a strong signal for p97
MRNA was found in reactive microglia associated with
senile plagues and weak signals were detected around
endothelial cells, while the p97 protein was localized on
reactive microglia associated with senile plaques and
on endothelial cells. In the non-AD brain, endothelial
cells stained weakly for p97 mRNA and strongly for the
p97 antigen. The presence of p97 on endothelial cells
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may be an indication of the function of the soluble form
of p97 to shuttle iron and other metals across the BBB,
from the blood into the neuropil, thereby transporting
the iron necessary for normal physiology. Addition-
ally, our results show that p97 is highly expressed in re-
active microglia around senile plaques in the AD brain.
Although the precise mechanism remains unclear, the
secreted form of p97 expressed in reactive microglia
might be carried out of the neuronal parenchyma into
the peripheral blood in AD causing the level of serum
p97 to increase (Fig. 1). Experiments are currently un-
derway to examine the relationship between microglial
activation and expression of p97, and the role of p97 in
the transcytosis of metals across the BBB.

5. p97 serum level in AD patients

With the finding that p97 is detected on the BBB
and in the reactive microglia associated with the se-
nile plaques of AD patients [19], it was postulated
that p97 may represent a biological marker for AD.
Our initial studies [23] investigated this putative rela-
tionship and found evidence that the soluble form of
p97 is elevated in the serum taken from AD patients
as compared to controls (= 17, 43.8 £+ 11.6 ng/ml
andn = 15, 7.04 £ 3.28 ng/ml, respectively). All of

341

National Institute of Neurological and Communicative
Disorders and Alzheimer's Disease and Related Dis-
orders Association criteria) and 7 age-matched control
without dementia. For this blinded study, 19 ng of p97
per 1 ml of serum was used as the cutoff point with
71% sensitivity and specificity. Statistical analysis us-
ing Kruskal-Wallis test and ANOVA both showed a sig-
nificant increase in the level of p97 in the “probable”
group (mean concentration 56.2 + 2.1 ng/ml) when
compared with "possible” and control groups (mean
concentration of 3.8 +5.5 ng/mlandl2.8 +-2.1 ng/ml,
respectively. These two published studies consistently
noted an elevated serum level of p97 in AD patients
suggesting that p97 has potential as a biomarker.

A subsequent study using the RIA and a larger co-
hort of subjectsi{ = 123) showed that there is a 2 fold
significant increase in serum p97 levels from patients
with AD compared to hon-AD controlgl{ ng/ml ver-
sus20 ng/ml,p < 0.001) [Feldman et al., in press]. In
this double-blinded study, the data were compiled and
analyzed by an independent consulting group (SERC)
which was assigned the task of combining the identity
of the patients with the estimates of serum p97 levels.
Little correlation between serum p97 concentration and
age, gender and severity of the disease was noted in the
cohort of 123 subjects included in this study (52 “prob-
able” and “possible” AD patients and 71 controls). By

these assays were conducted with a quantitative fluores- segregating control subjects according to age, it was
cence immuno-assay, termed Pandex assay. It relies onfound thatin subjects over 60 years of age the mean p97
the use of two non-competitive monoclonal antibodies, concentrations for AD subjects was double that of con-
L235 against p97 [17] and Hybridoma C, and is simi- trols with average levels of 40.9 ng/ml and 19.2 ng/ml
lar to traditional ELISA or radioimmunoassay. Further respectively. While there was some overlap in p97 con-
more regression analysis of this data revealed that there centrations, a cutoff level of 23 ng/ml equalized the
was no correlation between p97 levels and age. To specificity and sensitivity (72% and 71% respectively).
eliminate the possibility that environmental factorsmay We also detected a subgroup of approximately 5% of
result in the increased levels observed, serum samplesboth AD and controls which had exceptionally high
from AD patients and their cognitively normal spouses backgrounds in this assay, although the reason for this
(n = 10) were obtained [23]. We found that the levels is not clear.
of p97 from patients compared to their spouses were In addition, p97 serum levels in patients who were
significantly elevated thereby suggesting that environ- taking anti-inflammatory agents including nonsteroidal
mental factors have no influence on serum p97 levels. anti-inflammatory drugs (NSAID) and aspirin were
We also found that storage conditions and temperature measured. There appeared to be a lack of association
changes could affect the apparent concentration of p97 between NSAID or aspirin use and p97 levels. How-
determined in this assay. ever, since the number of subjects were limited and use
The finding that serum concentration of p97 in AD and dose of NSAID were not properly monitored, it
patients is elevated using the established two stage fluo- is too early to conclude whether or not a relationship
rescence immuno-assay was confirmed by a follow-up exists between p97 and anti-inflammatory agents.
study with a different cohort using a quantitative RIA In addition to our laboratory, another group of inves-
based on the monoclonal antibodies which were used in tigators have also performed studies demonstrating the
the first study [28]. The subjects consisted of 21 “prob- putative role of p97 as a biomarker for AD. The find-
able”, 4 “possible” AD patients (as diagnosed by the ings made by Kim et al. [25] agree with those previ-
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Fig. 1. Hypothetical model of the relationship between p97 and AD. A pathological hallmark of the AD brain, senile plague, with associated
reactive microglia is shown in this diagram. The mechanism of iron transport across the BBB is unclear. Although Tf does play a role, it does
not appear to cross the abluminal surface of the BBB effectively. p97 is capable of transcytosing bi-directionally through the BBB (A). In the AD
brain, reactive microglia associated with senile plagues express high levels of p97. As an explanation for the elevated level of p97 found in the
serum of AD patients, we hypothesize that p97 expressed by microglia are exocytosed across the BBB into the bloodstream, possibly transporting
iron out of the brain (B).

ously established by our laboratory and also add some dition, there appeared to be no trend with the levels of
new and important evidence to further substantiate the p97 and severity of disease. Serum p97 levels were
correlation between p97 levels and AD. In contrastto elevated in early AD (14.45 pgl), however, there was
the studies conducted in our lab [23,28], the p97 assay no subsequentincrease of serum levelsin late AD cases
utilized by Kim et al. [25] was based on a quantitative (15.00 pg/l). Finally, ApoE allelic frequencies were
immuno blot analysis using L235, one of the p97 mon- analyzed with respect to p97 serum levels. From the
oclonal antibodies used in our studies. p97 serum con- data obtained it was determined that ApoE genotypes,
centrations were determined by densometric scanning in particular the presence e#, had no significant im-

of autoradiographs of immuno blots of patient serum pact on the serum p97 levels. Collectively these are
samples. A standard curve of p97 concentrations was compelling findings which independently corroborate
calculated which allowed the quantification of p97 lev-  the potential of serum p97 levels as a biomarker of AD.
els. Moreover, this study involved 211 subjects: 71 pa-

tients with AD, 56 patients with non-AD type dementia

and 84 normal control subjects. Their findings indicate 6. AD biomarkersassociated with iron metabolism

that there was a 3 to 4 fold significant increase in the

serum p97 levels in AD cases compared to non-AD  Although there are several candidate biomarkers for
cases of dementia and controls (15.0Q4d2.85 pgll AD, none have previously been compelling enough to
and 3.20 pgtl respectively) with a specificity of 91.4%  replace cognitive testing or act as an aid to cognitive
and a sensitivity of 91.5%. Kim et al. [25] noted no  diagnosis. The use of tau and amylgifi3,38] as CSF
correlation between p97 serum levels and age. In ad- biomarkers have been suggested to aid in AD diagno-
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sis. Obtaining CSF via lumbar punctures, however, is References

impractical due to the invasiveness of the procedure,
especially in the elderly population. Analysis of blood,
urine or saliva samples is simple and would be prefer-
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biomarkers for the disease. In addition to p97, heme
oxygenase 1 (HO-1) is being tested as another possi- [3]
ble serum biomarker for AD. Research by Schipper et

al. [36] has demonstrated that the free iron and car-
bon monoxide particles that are generated from heme [4]
oxygenase 1 (HO-1) mediated catabolism may con-
tribute to the abnormal patterns of iron deposition and
metabolism seen in AD patients. Early studies based
on ELISA assays have demonstrated that plasma levels
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