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The protein melanotransferrin (p97) is associated with the
brain lesions of Alzheimer’s disease (AD) and is a potential
marker of the disorder. We measured serum p97
concentrations in 211 subjects: 71 patients with AD, 56
patients with non-AD-type dementia, and 84 normal
control subjects. Serum p97 concentrations were elevated 3-
to 4-fold in AD (median 15.00 pg/ul, interquartile range
10.20-17.00 pg/ul) as compared to non AD dementia (2.85
pg/ml, 1.93-7.15 pg/ul) and normal controls (3.20 pg/ul,
2.55-3.95 pg/ul). The mean elevation was significant at

13.54 =+ 3.72 pg/ul, even in the 38 subjects with mild AD
(CDR stage 0.5-1). Receiver operating characteristic
analyses confirmed an optimal diagnostic threshold of 10.0
pg/pl, which yielded over-all accuracy of 0.882 to 0.915.
Serum p97 is a candidate marker of AD, even in the early
stage when clinical diagnosis is most uncertain.
[Neuropsychopharmacology 25:84-90, 2001] © 2001
American College of Neuropsychopharmacology. Published
by Elsevier Science Inc.
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Alzheimer’s disease (AD) is the most challenging of the
clinical dementias, accounting for 70% of cases in most
countries (Geldmacher and Whitehouse 1996). Early
recognition of AD is important for a variety of clinical
reasons, especially to initiate emerging treatments be-
fore neuronal loss occurs. However, the clinical diagno-
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sis is not always reliable, especially in mild AD (Nagy
et al. 1999; Varma et al. 1999). A biochemical marker of
AD would be a significant advance.

Candidate markers previously proposed include
B-amyloid protein (AB), tau protein, glutamine synthase,
apoliproprotein E (ApoE), oj-antichymotrypsin, and
chemokines. Another recently proposed marker is a
novel molecule for iron uptake, melanotransferrin, also
known as p97, that is expressed in capillary endothelium
and in microglia associated with amyloid plaques in AD
brain tissue (Jefferies et al. 1996a). The investigators who
reported this pathological finding also conducted a lim-
ited clinical study of 17 patients with AD and 15 normal
control subjects. They reported that the mean serum p97
concentration was elevated 6-fold in AD, with no over-
lap of the group distributions, and they suggested that
P97 might be a marker of AD (Kennard et al. 1996). We
have evaluated this suggestion in a more rigorous clini-
cal study of 211 subjects: 71 patients with AD, 56 with
non-AD-type dementias, and 84 normal subjects. The
two clinical dementia groups were very similar in age
and cognitive impairment (Table 1).
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Table 1. Characteristics of Subject Groups

ApoE alleles®
frequency

Group Number F/M Age, y Duration, m CDR* K-MMSE’ €2 €3 €4
Alzheimer-type dementia 71 54/17 70 (62-75) 28 (18-48) 1(1-2) 14 (10-21) 2.8% 66.2% 31.0%
Non-Alzheimer-type dementia 56 35/21 68 (64-73.5) 27 (12-52) 05(0.5-2) 16(13-21) 89% 81.3% 9.8%

Vascular dementia 41 26/15 68 (64-73) 30 (11-53) 1(0.5-2) 15(13-20) 9.8% 80.5%  9.8%

Parkinson’s disease 15 9/6 69 (63-74) 22(12-52)  05(0.5-1) 18(15-23) 6.7% 83.3% 10.0%
Normal controls 84 53/31 32 (29-60.5) 54% 86.3%  8.3%

Values of age, duration, CDR, and K-MMSE are reported as median and interquartile range.

“CDR = clinical dementia rating.
YK-MMSE = Korean version of mini-mental state examination.
‘ApoE genotype = apolipoprotein genotyping.

€2=2Xe2/2+€2/3+€2/4,e3=2Xe3/3+€3/2+€3/4,e4=2Xed/4+€4/3+€4/2

METHODS
Subjects

Patients were attending the Clinical Trials Program of
the Samsung Medical Center Geropsychiatry Clinic.
Standard diagnostic criteria were used for AD (Mc-
Khann et al. 1984), for vascular dementia (VD) (Roman
et al. 1993), and for Parkinson’s disease (PD) (Hughes et
al. 1992). In our Geropsychiatry Clinic, the interob-
server diagnostic reliability of AD and non-AD demen-
tias is 90.3%. Brain magnetic resonance imaging and
electroencephalography were performed in all cases to
exclude other possible causes of dementia. Patients
with other neurologic or psychiatric disorders or clini-
cally significant medical conditions were excluded. No
patient had a history of head trauma, or alcohol or drug
abuse. The study was approved by the Institutional Re-
view Board. Written informed consent was obtained
from all subjects, their spouses, or their legal guardians.
All patients received a comprehensive neuropsycholog-
ical screening battery, which cannot be detailed in this
brief report. Severity of dementia was assessed with the
Korean version of the Mini-Mental State Examination
(K-MMSE) (Folstein et al. 1975) and the Clinical Demen-
tia Rating (CDR) scale (Morris 1993). Duration of cogni-
tive symptomatology was estimated. Normal subjects
were healthy volunteers (n = 60) or spousal caregivers
(n = 24) without cognitive impairment (K-MMSE score
26 or higher). Subjects provided a blood sample from
which serum and DNA were prepared. Blood samples
were stored at 4°C immediately after venipuncture and
were assayed for p97 within 24 h.

Cell Culture

SK-MEL 28 (a human melanoma cell line) and 1.235 (a
hybrid cell line producing the melanoprotein mono-

clonal antibody) were supplied by ATCC, Rockville,
MD. Media and supplements were obtained from
GIBCO, Grand Island, NY. These cell lines were grown
into a 75cm?® flask in Dulbecco’s medium (DMEM) con-
taining 10% heat-inactivated (30 min. at 56°C) fetal bo-
vine serum, 100 mU potassium penicillin G/ml, 100 pg
streptomycin/ml, 2 mM glutamine, and 20 mM sodium
bicarbonate. The cells were incubated at 5% CO,, 95%
humidity, and 37°C for 3 days.

p97 Assay

Each serum sample (1 pl) and the standard p97 (iso-
lated from SK-MEL 28 cell line) were spotted on a nitro-
cellulose membrane and dried completely. After soak-
ing in the blocking solution for 1 h at room
temperature, the membrane was incubated with p97
monoclonal antibody, 1234 [ATCC-HB 8446 1235 (H-
19)] overnight at 4°C. After washing three times in PBS
(phosphate-buffered saline) containing 0.01% Tween
20, the membrane was incubated with the secondary
antibody conjugated with horseradish peroxidase for 1
h at room temperature. The membrane was washed
three more times in PBS containing 0.01% Tween 20,
then incubated with the peroxidase substrate solution
(LumiGLO, New England Biolabs, Inc.) for 1 min at room
temperature. The membrane was exposed on X-ray film
for 1 min. The spot darkness on X-ray film was mea-
sured with the computer scanner, and the standard
curve was constructed (pixel number vs. p97 standard
concentration). Serum p97 concentrations were deter-
mined from a calibration curve prepared from the p97
standard as described by Kennard et al (1995). All val-
ues are reported as the average of triplicate determina-
tions. Laboratory assays were performed blind to clini-
cal diagnosis. The average coefficient of variation of the
assay for p97 was 18.3%.
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ApoE Genotyping

ApoE genotyping was determined by the method of
Hixson and Vernier (1990).

Statistical Analysis

Medians and interquartile ranges of serum levels of
p97, K-MMSE, duration of cognitive symptomatology,
and age are presented as descriptive statistics. Non-
parametric methods were applied to the statistical anal-
yses of these variables, which were not normally dis-
tributed. The sex distributions of the groups were
compared by Chi-square testing. For correlations be-
tween continuous variables, we used Spearman’s rank
correlation method. Serum p97 concentrations were ad-
justed for age by the analysis of covariance using ranks
followed by the least significant difference test. Sensi-
tivity, specificity, and accuracy were computed for the
range of serum p97 concentrations, and receiver operat-
ing characteristic (ROC) curves were then constructed.
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The optimal ROC solution was determined as the value
with the least calculated distance from complete accuracy
(Streiner and Norman 1995). SAS software (version 6.12)
was used for statistical analyses.

RESULTS

Distribution of Serum p97 in AD, Non-AD and
Normal Subjects

Serum p97 concentrations (Figure 1) were higher in AD
(median 15.00 pg/wl, interquartile range 10.20-17.00
pg/wl) than in non-AD dementia (2.85 pg/ul, 1.93-7.15
pg/wl) and normal subjects (3.20 pg/pl, 2.55-3.95 pg/
wl). The over-all group differences were significant (p <
.0001 by Kruskal-Wallis test). The over-all group differ-
ences remained significant after adjusting for age by
analysis of covariance (ANCOVA) using ranks (p =
.0001). Post-hoc testing revealed significant elevation of
the serum p97 concentration in AD as compared to both
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Figure 1. Boxplot comparison of serum p97 concentrations from patients with Alzheimer’s disease (AD), non-Alzheimer
type (non-AD) demented patients, and normal subjects. Each box displays the median, 75th percentile, and 25th percentile
values; horizontal bars indicate the highest and lowest observed values.
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Figure 2. Scatter plot of p97 versus age from patients with Alzheimer’s disease, non-Alzheimer type (non-AD) dementia,
and normal controls; dotted line represents the cut-off level of p97 (10 pg/ul).

non-AD dementia and normal controls, but no differ-
ence between non-AD dementia and normal controls. A
scatter plot of p97 versus age from patients and normal
controls is shown in Figure 2. The p97 values of the 24
normal subjects over age 50 did not differ from those of
the 60 younger normal subjects (3.15 pg/pl, 2.03-5.63
pg/wl vs. 325 pg/pl, 2.90-3.80 pg/ul, p = .66 by
Kruskal-Wallis test). Because of the age difference be-
tween the normal subjects and the two clinical groups
and no difference of age between the two clinical
groups, we conducted a further analysis in which only
the 24 normal subjects above age 50, the lowest age of
any patient, were included. These 24 elderly controls
had a median age of 65.5 years (interquartile range 62—
68), somewhat below the corresponding age of the AD
group (median 70 years, interquartile range 62-75) (p <
.04). Nevertheless, the significant group contrasts were
the same as in the analysis without age restriction. No
significant correlation was found between serum p97
concentration and age (p > .3 for each group). There
was no significant sex difference of serum p97 concen-
tration in any group.

Serum p97 and Staging of AD

Age-adjusted comparisons of serum p97 concentrations
in 38 mild AD subjects (CDR = 0.5 or 1.0; median 14.45

pg/ul, interquartile range 10.20-17.00 pg/wl), 33 late
AD subjects (CDR = 2.0 or 3.0; median 15.00 pg/ul, in-
terquartile range 12.05-17.50 pg/pl), and 140 non-AD
subjects (patient controls and normal controls; 3.15 pg/
wl, interquartile range 2.10-4.50 pg/ pl) showed that se-
rum p97 concentration was elevated in mild AD (p =
.0001 by analysis of covariance using ranks adjusting
for age), but not further elevated in late AD.

There was a significant negative correlation between
serum p97 concentration and severity of dementia by
K-MMSE score in the total group of 127 demented sub-
jects (p = —0.22, p = .025), but not within each sub-
group (p = —0.19,p = .14 for AD, p = —0.16, p = .36 for
non-AD dementia). Duration of illness was not corre-
lated significantly with serum p97 in AD (p = .05, p =
.70 by Spearman rank correlation method). There was
no significant difference of serum p97 among the four
different groups of AD based on CDR staging (p = .65,
using the Kruskal-Wallis test).

Diagnostic Performance of Serum p97 as a Marker
of AD

The sensitivity, specificity, and diagnostic accuracy as-
sociated with each cut-off concentration of serum p97
were computed, and from these results ROC curves
were derived. By age-adjusted analysis in the total sam-
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Figure 3. Receiver operating charac-
teristic curve for the diagnosis of
Alzheimer’s disease by age-adjusted
serum p97 concentration. The optimum
serum p97 concentration of 10 pg/ul is
indicated for the comparison of 71
patients with AD from 56 patients with
non-AD dementia plus 84 normal con-
trol subjects.
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ple, the optimal ROC solution was found with a serum
P97 concentration higher than or equal to 10.0 pg/ul
(Figure 3). With this cut-off value, sensitivity, specific-
ity, and accuracy for the diagnosis of AD from all other
subjects were 0.915, 0.914, and 0.915, respectively. In the
subanalyses involving only subjects over age 50, age
adjustment was not required, and the optimal ROC so-
lution was identical at a serum p97 concentration of
10.0 pg/wl. The sensitivity, specificity, and accuracy of
this threshold in distinguishing the 71 subjects with AD
from the 80 other subjects over age 50 (24 normal con-
trols and 56 patients with non-AD dementia) were
0.901, 0.888, and 0.894, respectively. Likewise, for the
distinction simply between AD and non-AD dementia,
the optimal serum p97 concentration without adjust-
ment for age also was identical at 10.0 pg/pl, with sen-
sitivity, specificity, and accuracy of 0.901, 0.857, and
0.882, respectively. Finally, to distinguish patients with
AD from the normal control subjects over age 50, the
optimal serum p97 concentration without adjustment
for age was 9.0 pg/pl, at which sensitivity, specificity,
and accuracy were 0.915, 0.917, and 0.916, respectively.

Serum p97 and ApoE Genotyping

Allelic frequencies of ApoE e4 differed significantly be-
tween the 71 AD subjects and the 140 non-AD subjects
(31 and 9%, respectively; p (< .001). Serum p97 concen-
trations did not differ among the ApoE genotypes or in
the presence of the €4 allele (p > .1).

DISCUSSION

Our findings confirm and modify the initial report of
Kennard et al. (1996). Based on a larger sample (71 pa-
tients with the clinical diagnosis of AD, 56 demented
patients with non-AD dementia diagnoses, and 84 nor-
mal subjects) we can more confidently conclude and
confirm that elevated serum p97 concentrations are
strongly associated with the diagnosis of AD. At a diag-
nostic threshold of 10 pg/ul, both with and without ad-
justment for age, we obtained sensitivity estimates of
0.90 to 0.92 and specificity estimates of 0.86 to 0.91.
These results fulfill the criteria proposed by the Work-
ing Group on Molecular and Biochemical Markers of
Alzheimer’s Disease (The Ronald and Nancy Reagan
Research Institute of the Alzheimer’s Association and
the National Institute on Aging Work Group 1998). The
age distribution of the control group differed from that
of the AD group, but no significant correlation between
serum p97 concentration and age was detected within
any group, implying that age differences among the
three groups have no influence on the result. In sepa-
rate analyses using only normal control subjects aged
50 years or greater, the serum p97 concentrations of the
three groups remained significantly different, again
with the values significantly elevated only in AD. In
this elderly sample, ROC analyses revealed an identical
diagnostic threshold of 10 pg/ul serum p97 concentra-
tion to distinguish AD from all other subjects or just
from non-AD dementia, with only minor loss of diag-
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nostic performance in the latter contrast (specificity
0.86).

Our results differ in some respects from the initial
limited report of Kennard et al (1996). With our larger
sample, we could not confirm the absence of overlap
between normal and AD distributions of serum p97
concentrations. In our data, the mean AD/control ratio
of serum p97 concentrations was 3.8 as compared with
6.2 in the data of Kennard et al. There also was a differ-
ence between the two studies with respect to the mean
serum p97 concentration of control subjects: 7.04 pg/ul
in the study of Kennard et al. who used a sandwich
fluorescence immunoassay, as compared with 3.58 pg/
pl by the immunoblot assay used in the present study.
Pending research confirmation of our findings, further
work will be needed to standardize the assay for serum
P97 across laboratories before clinical application is
considered.

In a crucial validating comparison, we found that the
serum p97 concentration not only distinguished pa-
tients with AD from normal control subjects, but also
from patients with other forms of dementia, with only
slight apparent loss of diagnostic performance. Ken-
nard et al. (1996) did not report data comparing AD
with other forms of dementia. They did report nonele-
vated serum p97 concentrations in a very small group
of five patients with nondementing neurologic disor-
ders. We have now extended the clinical specificity of
the serum p97 concentration to include vascular de-
mentia (n = 41) and dementia associated with Parkin-
son’s disease (n = 15).

We found elevation of the serum p97 concentration
even in mild AD (CDR = 0.5 or 1.0), which suggests
that the serum p97 concentration may be useful in the
differential diagnosis of AD from other dementias early
in the illness, when clinical uncertainty is greatest. Pre-
vious reports indicate that the neurofibrillary lesions
and amyloid plaques that are diagnostic of AD and that
are associated with elevated p97 concentrations in brain
tissue (Jefferies et al. 1996a) commence in the medial
temporal lobe long before clinical symptoms appear
(Nagy et al. 1999; Delacourte et al. 1999). This finding
makes elevation of serum p97 concentration early in the
clinical course of AD more understandable. It remains
to be seen whether elevated serum p97 concentrations
will identify presymptomatic individuals who will later
develop clinical AD.

At the same time, the absence of further elevation of
serum p97 concentration in late AD (CDR = 2.0 or 3.0)
and the lack of significant correlations with duration of
symptoms or severity of dementia in AD suggest that
the serum p97 concentration would not be a useful
marker of the progression of AD. In this respect, our
data differ from those of Kennard et al. (1996), who did
report a significant correlation of serum p97 concentra-
tion with duration of clinical symptoms. Whether the
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serum p97 concentration might be useful in evaluating
the effects of treatment in AD is unknown.

The lack of complete agreement between clinical di-
agnosis and classification by serum p97 concentration
may reflect true nonspecificity and incomplete sensitiv-
ity of the laboratory measure, or it could rather reflect
error in the clinical diagnoses. Mathematical modeling
(Carroll 1989) reveals that a laboratory measure that ac-
tually has 100% sensitivity, and 100% specificity will
seem to be 85% sensitive and 85% specific when Co-
hen’s kappa coefficient of agreement between the clini-
cal diagnoses and the “gold standard” pathologic diag-
noses is 0.7. At that level of diagnostic accuracy and
assuming symmetrical errors, the over-all agreement of
clinical and pathologic diagnoses will be 85%, a figure
commonly cited in AD research units. In particular, the
specificity of standard clinical criteria for AD may be
quite low for such contrasts such as frontotemporal de-
mentia (Varma et al. 1999; Klatka et al. 1996).

It is known that p97 co-localizes with the transferrin
receptor in brain capillary endothelium, which suggests
that the soluble p97 protein could cross the blood-brain
barrier by interacting with the transferrin receptor
(Rothenberger et al. 1996). p97 provides a novel route
for cellular uptake of iron from Fe-citrate that does not
require transferrin (Jefferies et al. 1996b). Kennard and
colleagues reported that the concentration of the solu-
ble form of p97 in cerebrospinal fluid is two to four
times that in serum (Kennard et al. 1996). Hence, eleva-
tion of p97 in the brain may result in the elevation of se-
rum p97 concentration through the CSF route. Because
P97 is localized to microglial cells associated with amy-
loid plaques in AD, an elevated serum p97 concentra-
tion would have to be regarded as a surrogate marker
(Feinstein 1977) of AD. It clearly would not be a candi-
date etiopathologic marker of AD.

Additional studies will be needed to validate these
promising findings. Priority follow-up studies now in-
dicated are: (1) an expanded sample of elderly normal
subjects; (2) patients with such other prevalent causes
of dementia as alcohol-related dementia, frontotempo-
ral dementia, and dementia with Lewy bodies; (3) inde-
pendent samples of the clinical groups we studied (AD,
vascular dementia, and Parkinson’s disease with de-
mentia); (4) autopsy checking of the premortem diag-
nostic performance of the serum p97 concentration; (5)
longitudinal studies of incident dementia; and (6) docu-
mentation of serum p97 concentrations in other disor-
ders of iron transport and metabolism.
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