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Abstract Preventive measures, prognosis, or selected therapy in multifactorial maladies, including
Alzheimer’s disease (AD), require the application of a wide range of diagnostic assays. There
is a large unmet need for relatively simple, blood-based biomarkers in this regard. We have
recently developed a rapid and reliable flow cytometry and antibody-based method for the quan-
titative measurement of various red blood cell (RBC) membrane proteins from a drop of blood.
Here, we document that the RBC expression of certain membrane proteins, especially that of the
GLUT1 transporter and the insulin receptor (INSR), is significantly higher in AD patients than in
age-matched healthy subjects. The observed differences may reflect long-term metabolic alter-
ations relevant in the development of AD. These findings may pave the way for a diagnostic
application of RBC membrane proteins as relatively stable and easily accessible personalized
biomarkers in AD.
� 2015 The Authors. Published by Elsevier Inc. on behalf of the Alzheimer’s Association. This
is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Alzheimer’s disease (AD) is manifested in a progressive
dementia that currently affects over 40 million people
worldwide. There are no reliable cures or disease-
modifying therapies available, and there is no early diag-
nostic method to indicate AD before it has progressed to
major memory loss and functional decline [1,2]. Current
biomarkers for this disease, including cerebrospinal fluid
tau and amyloid-b determinations, MRI, and other
imaging methods, are invasive, time-consuming, or
expensive. New biomarkers for predicting the appearance,
determining the progress, and reporting the effects of

disease-modifying or preventative treatments are definitely
required. Blood-based biomarkers may be an attractive
option, but those available from among plasma proteins
or lipids still need higher sensitivity and specificity.
Measuring membrane proteins in blood cell samples may
open a new avenue in this regard [3].

According to our recent work, the quantitative determina-
tion of human red blood cell (RBC) membrane proteins as
biomarkers may offer new diagnostic possibilities. The
expression and function of RBC membrane proteins for
long has been suggested to provide information regarding
various disease conditions and were considered as potential
biomarkers [4]. As examples, in complex metabolic condi-
tions, the RBC adrenergic receptor activation and a related
adenosine triphosphate release, the Na-Li countertransport,
or the alterations of glucose transport and the insulin recep-
tor have been suggested to correlate with disease susceptibil-
ity, treatment response, or complications [5,6].
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We have developed a simple, rapid, and reliable flow
cytometry-based diagnostic assay for the quantitative
determination of the ABCG2 membrane protein in the hu-
man erythrocyte membrane [7]. In that work, we have
documented a direct correlation between ABCG2 geno-
types and RBC membrane expression levels, which may
be useful to characterize patients potentially developing
hyperuricemia and becoming afflicted with gout [7]. In
a further study, we found low level RBC expression of
the ABCB6 protein and documented a hereditary genetic
basis for these altered expression levels [8]. Recently,
we have further developed the panel of quantitative mem-
brane protein detection in the RBC membrane, by exam-
ining several transporters and receptors through antibody
binding in flow cytometry [9,10]. These membrane
proteins include the multidrug transporters ABCC1 and
ABCC4, the glucose exchanger GLUT3, the sodium-
glucose transporter SLC5A2 (SGLT2), the uric acid trans-
porters SLC2A9 and URAT1 (SLC22A12), and PLSCR1
(a phospholipase scramblase). In as yet unpublished set
of experiments, we performed quantitative measurements
for these membrane proteins in numerous healthy subjects
and in various multifactorial disease conditions with a
strong metabolic background. An emerging picture based
on these studies suggests a significant regulation of mem-
brane protein expression under altered metabolic condi-
tions, including type 2 diabetes and hyperuricemia/gout
(unpublished data). To compile the potential RBC mem-
brane biomarkers, we also performed mass spectrometry
studies and generated a comprehensive, searchable data-
base for the RBC membrane proteins [11].

In the present study, we have quantitatively analyzed the
changes in the expression levels of several RBC membrane
proteins in the groups of late and early onset AD patients,
already characterized by a wide range of clinical and labora-
tory examinations. In this study, we have selected RBC
membrane proteins based on a bioinformatics and network
analysis of genome-wide association (GWA) studies, Online
Mendelian Inheritance in Man (OMIM), and red blood cell
(RBC) databases [11,12] for a potential involvement in
Alzheimer’s disease. Here, we document that a limited
number of transporters and receptors, potentially relevant
in AD, show significant differences in RBC membrane
expression in the AD patients as compared with normal,
age-matched controls.

2. Methods

2.1. Selection of patients and controls

Forty patients diagnosed with Alzheimer’s disease were
included in this study. Twenty-seven of these patients were
considered to have late onset AD (ages.70) and 13 patients
were classified into early onset AD (age ,61). All patients
have been characterized by detailed clinical examinations,
including imaging studies. For patient recruitment, clinical

evaluation, and ethical permission, see the Supplementary
Materials.

General laboratory diagnostic data were obtained at the
University of Szeged, Hungary. For all AD patients and
healthy individuals, the laboratory diagnostics were
performed. The list of laboratory data obtained in this study
and some of the key results are summarized in
Supplementary Table 1.

RBC membrane protein determinations were performed
by flow cytometry, according to our recently developed
method [7–10]. After antibody titration and using
saturating amounts of selected antibodies, we quantitated
the following red cell membrane protein levels: GLUT1
(SLC2A1), ABCA1, ABCB6, ABCG2, INSR, and
PMCA4b. For the details of the RBC labeling, antibody
sources, expression analysis, and statistics, see the
Supplementary Materials.

3. Results

In all AD patients and control participants, detailed labo-
ratory blood analytic examinations were performed. As
documented in the Supplementary Table 1, the results of
the laboratory tests showed no specific alterations between
the patients and the control subjects. The only significant dif-
ferences we found were somewhat increased granulocyte
and decreased lymphocyte percentages and elevated alkaline
phosphatase levels in the AD patients, probably reflecting
the mild inflammatory-like conditions characteristic for
this disease [1,4]. Although some studies found altered
levels in the major plasma lipids and lipid-binding proteins
in AD patients [1], we did not observe such differences here.

In addition to the general clinical and laboratory exami-
nations, we have examined the expression levels of several
transporters and the insulin receptor in the RBC membranes
of normal healthy and AD patients. The obtained data indi-
cate that in late onset AD patients (Fig. 1A), the RBC mem-
brane expression levels of the GLUT1 transporter and the
insulin receptor (INSR) were significantly increased. In
addition, we found significantly increased RBC membrane
expression levels for the ABCA1 and the ABCG2 trans-
porters, as compared with those in the age-matched control
subjects. No measurable changes were observed in the
expression levels of the plasma membrane calcium pump
(PMCA) and the ABCB6 transporter.

In early onset AD patients (Fig. 1B), the results also
showed a significant increase for the RBC membrane
expression of GLUT1 and INSR, whereas we did not find
significant alterations in the RBC membrane expression
levels for ABCA1, ABCG2, PMCA, and ABCB6 between
the early onset AD patients and the age-matched controls.
When examining potential gender-related differences in
these RBC membrane protein expression levels, we did not
observe any significant differences either in the group of
late or early onset AD patients and normal subjects
(not shown).
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