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Abstract.
Background: One of the key symptoms of Alzheimer’s disease (AD) is the impairment of short-term memory. Hippocampal
neurogenesis is essential for short-term memory and is known to decrease in patients with AD. Impaired short-term memory
and impaired neurogenesis are observed in aged mice alongside changes in RNA expression of gap junction and metabolism-
related genes in circulating leukocytes. Moreover, after penetrating the blood-brain barrier via the SDF1/CXCR4 axis,
circulating leukocytes directly interact with hippocampal neuronal stem cells via gap junctions.
Objective: Evaluation of RNA expression profiles in circulating leukocytes in patients with AD.
Methods: Patients with AD (MMSE � 23, n = 10) and age-matched controls (MMSE � 28, n = 10) were enrolled into this
study. RNA expression profiles of gap junction and metabolism-related genes in circulating leukocytes were compared
between the groups (jRCT: 1050210166).
Results: The ratios of gap junction and metabolism-related genes were significantly different between patients with AD and
age-matched controls. However, due to large inter-individual variations, there were no statistically significant differences in
the level of single RNA expression between these groups.
Conclusions: Our findings suggest a potential connection between the presence of circulating leukocytes and the process of
hippocampal neurogenesis in individuals with AD. Analyzing RNA in circulating leukocytes holds promise as a means to
offer novel insights into the pathology of AD, distinct from conventional markers.
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INTRODUCTION

Gap junctions are specialized intercellular connec-
tions [1]. They directly link the cytoplasm of two cells
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and allow the rapid movement of small water-soluble
molecules, including most metabolites, according
to their concentration gradient. Thus, gap junctions
have a significant impact on the metabolic status
of connected cells [2]. The therapeutic mechanisms
of action of cell therapies, for instance hematopoi-
etic or mesenchymal stem cells, can be mediated
by gap junctions [3, 4]. Moreover, systemically
administered hematopoietic stem cells and circulat-
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Table 1
Exclusion criteria

1 Diabetes
2 During cancer disease treatment, less than 5 years after the end of cancer treatment
3 Thyroid disease
4 Infectious diseases (AIDS, hepatitis B, hepatitis C)
5 Fever at the time of blood collection
6 Chronic subdural hematoma
7 Normal pressure hydrocephalus
8 During hemodialysis
9 Chronic Obstructive Pulmonary Disease
10 During home oxygen therapy
11 Smoking within the last 12 months
12 Taking drugs that have a clear effect on the immune system, such as anti-cancer drugs, steroids, and anti-rheumatic drugs
13 Patients with serious complications, or those who have a history of these and are judged by the investigator and the investigator to

be ineligible for this study
14 Others who are judged by the principal investigator and the investigator to be ineligible for this study

ing blood cells directly interact with hippocampal
neuronal stem cells via gap junction after penetrating
the blood-brain barrier (manuscript under review).
These findings are consistent with our previous report
showing that hematopoietic stem cell transplantation
increases post-stroke neurogenesis in mice [5].

One of the key symptoms of Alzheimer’s dis-
ease (AD) is the impairment of short-term memory.
Hippocampal neurogenesis is essential for short-
term memory but is known to sharply decrease
in AD patients [6]. Moreover, aged mice exhibit
short-term memory impairment, reduced neurogen-
esis, and significant changes in RNA expression of
metabolism-related and gap junction genes in cir-
culating leukocytes [7, 8]. According to the results
obtained in aged mice, we have hypothesized that
gap junction mediated cell-cell interaction between
circulating white blood cells (WBC) and endothe-
lial cells/neuronal stem cells has a significant role
in neurogenesis at hippocampus and reduction of
the cellular interaction induces the change of RNA
expression in WBC [8]. Based on the possible simi-
larity between AD patients and aged mice, we have
investigated RNA expression profiles of circulating
leukocytes in AD patients and compared them with
age-matched controls.

MATERIALS AND METHODS

The clinical study was approved by the institu-
tional review board of the Institute of Biomedical
Research and Innovation at Kobe and Matsui Dietary
& Dementia Clinic and was registered with the Japan
registry of clinical trials (jRCT: 1050210166). Ani-
mal experiments were approved by the Animal Care
and Use Committee of Foundation for Biomedical

Research and Innovation and complies with the Guide
for the Care and Use of Animals published by the
Japanese Ministry of Education, Culture, Sports, Sci-
ence and Technology.

Clinical study enrollment

The outline of this exploratory study, including
the number of enrolled patients and molecules for
PCR analysis, was designed according to the findings
obtained in aged mice with cognitive impairment and
reduced neurogenesis at hippocampus [8]. Patients
with probable AD and age-matched controls were
enrolled in this study (n = 10, each group). The
diagnosis of probable AD was made according to
the National Institute on Aging-Alzheimer’s Asso-
ciation (NIA-AA) AD diagnostic criteria [9]. Only
males were enrolled in this study in order to avoid
possible variation in the experimental observations
between sexes whilst being consistent with previ-
ous animal studies which also only involved male
mice [8]. The minimum enrollment age was 65
years. The Mini-Mental State Examination (MMSE)
scores of all AD patients was �23 whereas MMSE
scores of age-matched controls were �28 [10].
The exclusion criteria for the clinical study are
listed at Table 1. Written informed consent was
obtained from all AD patients and/or their appropriate
guardian, and healthy volunteers. The characteristic
of the enrolled patients and volunteers are shown in
Table 2.

Quantitative PCR (qPCR) analysis of circulating
leukocytes

Fasting blood was obtained from the cubital
vein and RNA expression in mononuclear cells
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and all leukocytes were evaluated in each group.
In this study, two cell populations were evalu-
ated, as the major cell populations in leukocytes
that express gap junction are mononuclear cells.
Mononuclear cells were isolated using a mononu-
clear cell preparation tube (BD Vacutainer #362760,
BD Bioscience, NJ, USA). The target genes for
RNA analysis were selected based on the results
obtained in aged mice with cognitive impairment
[8]. The absence of non-specific amplification with
these primers was confirmed by the primer blast
program provided by National Library of Medicine
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/ ).

The RNA of mononuclear cells and all leuko-
cytes were stabilized with PAXgene Blood RNA
Tube (#762165, BD Bioscience, NJ). Total RNA was
isolated using a NucleoSpin RNA (Takara, Kyoto,
Japan) according to the manufacturer’s instructions.
cDNA was synthesized from 0.3 �g total RNA
using PrimeScript™ II 1st strand cDNA Synthe-
sis Kit (TAKARA, Kyoto, Japan). Transcription of
mRNA was analyzed using PowerUp™ SYBR™
Green Master Mix (Applied Biosystems, CA, USA)
and the Agilent AriaMx real time quantitative PCR
System. 18 S ribosomal RNA was used for the
reference gene. The list of target genes, primer
sequences, and amplification protocols are shown in
Table 3.

qPCR analysis of cultured human umbilical vein
endothelial cells and mice brain

Human umbilical vein endothelial cells (HUVEC,
Kurabo, Osaka, Japan) were cultured in medium,
serum and growth factors (HuMedia-EB2, Kurabo).
HUVEC in passage 3 and 10 were used for qPCR
analysis (n = 4, each). Male CB-17 mice aged 5 and 80
weeks old were used for brain tissue analysis (n = 5,
each). Total RNA from HUVEC and mice hippocam-
pus were isolated using RNeasy Plus Universal Mini
Kit or Micro Kit (Qiagen, CA, USA) according to the
manufacturer’s protocol, followed by qPCR analysis
as described above. The list of target genes, primer
sequences, and amplification protocols are shown in
Table 3.

Data analysis

The individual comparisons were performed using
Student’s t-test. Normal distribution of the data was
confirmed using JMP 7 (JMP Statistical Discovery,
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Table 3
Target genes, primer list and amplification protocol

Human
Gene NCBI Accession No. Sequences bp Tm

hAMPKa NM 001355034.2 Forward CGGCAAAGTGAAGGTTGGC 96 60.01
(AMP-activated protein kinase A) Reverse CCTACCACATCAAGGCTCCG 60.18
hCx37 NM 002060.3 Forward CACCATGCCCCACCTACAAT 134 60.03
(Connexin 37) Reverse TGGGGGTTTTTGGCCATTCT 60.10
hCx43 NM 000165.5 Forward AGGAGTTCAATCACTTGGCGT 128 59.93
(Connexin 43) Reverse CCCTCCAGCAGTTGAGTAGG 59.46
hGlut1 NM 006516.3 Forward CCTGCAGTTTGGCTACAACAC 103 60.00
(Glucose transporter 1) Reverse CAGGATGCTCTCCCCATAGC 59.68
hGlut3 NM 006931.3 Forward ATTACAGCGATGGGGACACA 84 59.09
(Glucose transporter 3) Reverse GCCAAATTGGAAAGAGCCGA 59.11
hHif1� NM 001530.4 Forward CCAGACGATCATGCAGCTACT 138 59.93
(Hypoxia inducible factor 1�) Reverse TGATTGCCCCAGCAGTCTAC 59.75
hMCT4 NM 001042423.3 Forward CGGAGCATCATCCAGGTCTAC 71 60.00
(Monocarboxylate transporter 4) Reverse GGCTGGAAGTTGAGTGCCAA 60.82
hPDK1 NM 001278549.1 Forward GCAAAATCACCAGGACAGCC 117 59.76
(Pyruvate dehydrogenase kinase 1) Reverse TCTGTTGGCATGGTGTTCCA 59.82
hPHD3 NM 022073.3 Forward GATCGTAGGAACCCACACGA 161 59.19
(Prolyl hydroxylase 3) Reverse TCAGAGCACGGTCAGTCTTC 59.40
h18s NR 003286.4 Forward GGCCCTGTAATTGGAATGAGTC 155 59.05
(18 s ribosomal RNA) Reverse CCAAGATCCAACTACGAGCTT 57.75
Mouse
Gene NCBI Accession No. Sequences bp Tm
mAMPKa NM 001013367.3 Forward ACCAGGTCATCAGTACACCA 142 57.98

Reverse ACACCGGAAAGGATCTGCTG 60.04
mCx37 NM 008120.3 Forward CAGCTGCGCGCTATTTAAGG 134 60.04

Reverse CCATGTTTCCAGGGCCTCTC 60.39
mCx43 NM 010288.3 Forward GAGTTCCACCACTTTGGCGT 117 60.82

Reverse GTGGAGTAGGCTTGGACCTT 59.02
mGlut1 NM 011400.3 Forward TGGCGGGAGACGCATAGTTA 132 61.04

Reverse CTCCCACAGCCAACATGAGG 60.68
mPHD3 NM 028133.2 Forward ATCCACATGAAGTCCAGCCC 149 59.74

Reverse ACACCACAGTCAGTCTTTAGCA 59.57
m18s NR 003278.3 Forward ACTCAACACGGGAAACCTCACC 121 62.70

Reverse CCAGACAAATCGCTCCACCA 60.32
Amplification protocol
Segment Plateau Temperature Duration Cycle
Hot Start 1 50 00:03:00 1
Hot Start 2 1 95 00:03:00 1
Amplification 1 95 00:00:05 40
Amplification 2 60 00:00:30 40
Melt 1 95 00:00:30 1
Melt 2 65 00:00:30 1
Melt 3 95 00:00:30 1

NC, USA) with Shapiro-Wilk test. All data are shown
as 95% CI.

RESULTS

RNA expression patterns in mononuclear cells of
AD patients

The qPCR results of the level of RNA expression
in mononuclear cells in AD and control patients indi-
cated no statistical difference between the groups,

due to the significant variation between individuals
(Fig. 1A, B). In order to normalize the results for inter-
individual differences, the ratios of connexin gene
and metabolism related genes, that were known to be
decreased and increased in aged mice with cognitive
impairment, respectively [8], were determined. It is
noteworthy that in the case of Cx37/PHD3 ratio, sta-
tistical differences between the patient groups were
observed (Fig. 1C). Furthermore, the Cx37/Cx43
ratio was also found to be statistical different between
the groups (Fig. 1D).



Y. Okinaka et al. / Novel Biomarker for Alzheimer’s Disease 1677

Fig. 1. Change in RNA expression in circulating mononuclear cells. A, B) There were no statistically significant differences in metabolism-
related (A) and gap junction (B) genes between AD patients and age-matched controls. C, D) Cx37/PHD3 (C) and Cx37/Cx43 ratios (D)
were significantly lower in AD patients. *p < 0.05.

Cx37/metabolism related genes ratios are
significantly altered in aged mice and in vitro cell
passage

In order to verify the significance of the changes in
RNA expression ratio during aging, RNA expression
of PHD3, Glut1, AMP-activated protein kinase alpha
(AMPKa), and Cx37 in brain hippocampus of young
and aged mice with cognitive impairment were evalu-
ated and found to be significantly different (Fig. 2A).
It was striking that the Cx37/Cx43 ratio was also sig-
nificantly altered in aging brains (Fig. 2B). Moreover,
RNA expression ratios were investigated in HUVEC
after short (passage 3) and long term culture (passage
10), revealing comparable differences (Fig. 2C, D).

Change in RNA expression pattern in white blood
cells (WBC) of AD patients

The qPCR analysis of RNA expression levels in
AD patient leukocytes and age-matched controls are

shown in Fig. 3. These are similar to the results
obtained from the analysis of mononuclear cells, with
the Cx37/PHD3 ratio being significantly lower in AD
patients (Fig. 3C). However, Cx37/Cx43 ratios were
indifferent between the groups (Fig. 3D). These find-
ings indicate that analysis of isolated mononuclear
cells and whole leukocytes would have a potential
to provide information on AD pathology from a dif-
ferent perspective than existing blood markers, such
as phosphorylated tau 181 [11] and ratio of various
amyloid-� proteins [12].

DISCUSSION

We report herein that RNA expression of circu-
lating leukocytes in AD patients contrasts with that
of age-matched controls. These results indicate a
possible link between circulating leukocytes and neu-
rogenesis in AD patients and provide a novel concept
that RNA analysis of circulating leukocytes would
serve as a blood-based biomarker for AD.
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Fig. 2. Change in RNA expression in the hippocampus of aged mice brain and cultured human endothelial cells. A, B) Cx37/PHD3,
Cx37/Glut1 and Cx37/AMPk ratios (A) as well as the Cx37/Cx43 ratio (B) were significantly lower in aged mice (80 weeks). C, D)
Moreover, Cx37/PHD3, Cx37/Glut1 and Cx37/AMPKa ratios (C) as well as the Cx37/Cx43 ratio (D) were significantly lower in long
term-cultured HUVEC. ***p < 0.001.

Cellular interaction via the gap junction has
a prominent role in development, cellular dif-
ferentiation and regeneration processes [1, 3, 4].
Hematopoietic stem cell transplantation is known
to initiate angiogenesis [13] and its mechanisms of
action include the supply of metabolites to injured
endothelium via gap junction resulting in hypoxia
inducible factor-1� (Hif1�) activation [3]. This con-
trasts with mesenchymal stem cell transplantation
which can be detrimental as it removes metabo-
lites from activated endothelium and circulating
mononuclear cell via gap junction [4]. Furthermore,
we have recently found that circulating leukocytes
directly interact with neuronal stem cells at the
hippocampus via the gap junction, resulting in the
inactivation of Hif1� in nestin-positive neuronal stem
cells (manuscript under review). These findings ade-
quately rationalize our current observations, in that
the RNA expression of metabolism-related genes in
AD patients significantly change concomitant with

changes in expression of the gap protein genes. Our
observations can explain the positive impact of cir-
culating leukocytes in the maturation of cerebral
endothelium and differentiation of neuronal stem
cells into neuron at the hippocampus (Fig. 4). Thus
far, our results indicate the significant role that the
gap junction mediated cellular interaction has on opti-
mization of the cellular metabolite status. A possible
mechanism that links the metabolism of leukocyte
and endothelium is shown in Fig. 5. The concen-
tration of various glycolytic substrates and AMP
in cytosol of leukocyte was higher than those of
endothelium [14]. The transfer of glycolytic sub-
strates and AMP from leukocyte to endothelium
would reduce O2 consumption with inactivation of
Hif1� and AMPKa mediated cascade in leukocyte. In
contrast, the transfer to endothelium would activate
Hif1� and AMPKa mediated cascade in endothe-
lium. These possible mechanisms are consistent with
our previous result that transfer of glycolytic sub-
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Fig. 3. Change in RNA expression in circulating whole leukocytes. A, B) There were no statistical differences in metabolism-related (A)
and the gap junction (B) genes between the AD patients and age-matched controls. C, D) The Cx37/PHD3 ratio (C), but not Cx37/Cx43
ratio (D) was significantly lower in AD patients. *p < 0.05.

strates from hematopoietic stem cell to endothelium
activates Hif1� in endothelium [3].

Our results suggest that the Cx37/PHD3 ratio may
serve as a biomarker of AD, which has been validated
directly in circulating leukocytes in AD patients and
indirectly in aged mice brain and long term cultured
HUVEC as model systems. Direct cellular interaction
between hematopoietic stem cells and endothelial
cells via gap junctions and concomitant activation of
cellular metabolism has been shown to play a promi-
nent role in tissue repair [3]. Potentially, the changes
in RNA expression profiles in circulating leukocytes
of AD patients are a general phenomenon that also
occurs during age-related cognitive decline, as well
as in other forms of dementia. This is also consistent
with the proposition that AD in elderly is not only due
to the accumulation of amyloid-� and/or tau protein,
but also an age-related impairment characterized by
vascular dysfunction, chronic inflammation, abnor-
mal glucose metabolism and decrease of tissue stem
cells [8, 15–17]. Although the fundamental cause of

AD and senescence are still poorly understood [18,
19], the results from clinical trials of anti-amyloid-
� therapies indicated that amyloid-� would not be
the cause of AD, but a modifier of injured brain
during aging [20–22]. These findings show the impor-
tance of using aged wild type mice and long-term
cultured cells in AD research, instead of amyloid-
� modulated mice and cells. Although the role of
Cx37 and Cx43 are also poorly understood, Cx37
of leukocytes have been shown to have protective
effect against atherosclerosis [23]. In contrast, Cx43
has been shown to enhance monocyte intimal migra-
tion, proliferation and apoptosis of endothelial cells
[24]. Herein, reduction of Cx37 relative to Cx43 was
found in AD which may contribute to AD pathol-
ogy. In addition, RNA transcription of PHD3 is also
activated following Hif1� activation and this is one
of the major regulators of cellular metabolism [25].
Our results from the study reported herein also sup-
ports the association of the gap junction and Hif1�
mediated cellular metabolism.
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Fig. 4. Proposed hypothesis that links circulating leukocytes and AD. A) In healthy elderly, the physiological cellular interaction between
circulating leukocytes and endothelium/neuronal stem cell via Cx37 contributes towards the maintenance of hippocampal neurogenesis. B)
In patients with AD, the impairment of physiological cellular interaction between circulating leukocytes and endothelium/neuronal stem cell
via Cx37 induces impaired neurogenesis with lower ratio of Cx37/PHD3 gene.

Fig. 5. Possible mechanism linking the metabolism of leukocyte and endothelium. Without (A) and with (B) formation of gap junction
mediated cell-cell interaction. Transfer of glycolytic substrate from leukocyte to endothelium via gap junction reduces O2 consumption
followed by inactivation of Hif1� mediated pathways. Transfer of AMP from leukocyte to endothelium inactivates AMPKa in leukocyte.
Blue and grey boxes indicate activated and inactivated molecules/states, respectively. Blue line and grey dashed lines indicate active and
inactive pathways, respectively. Red and yellow lines indicate glycolytic substrate and AMP, respectively.

Chronic inflammation is one of the major fac-
tors that cause AD [26]. A significant number of
reports have revealed these inflammatory character-

istics in the leukocytes of AD patients, including
clonal expansion of CD8-positive cells [27], expres-
sion of inositol polyphosphate-5-phosphatase [28],
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activation of double-stranded RNA-dependent pro-
tein kinase [29] and triggering receptor expression
on myeloid cells [30–32]. In addition, transcrip-
tome analysis of RNA expression in leukocytes
have revealed a variety of molecular changes in AD
patients, including double-stranded RNA-specific
editase 1 which is responsible for pre-mRNA edit-
ing of the glutamate receptor [33], neutrophil-derived
microvesicles that may impact blood-brain barrier
integrity [34] and human leukocyte antigen-B (HLA-
B) that can modulate natural killer cell activity [35].
These observations are supported by in vitro analysis
of AD associated inflammation [36]. In contrast, our
previous reports in aged animal model revealed the
link between increased RNA expression of glycolysis
related genes in peripheral blood, decreased expres-
sion of glycolysis related genes in brain, decreased
neurogenesis at hippocampus and impaired short-
term memory [7, 8]. As well as chronic inflammation,
the change of energy metabolism with aging can
be another factor that causes AD [37]. These find-
ings provided the idea and rationale for evaluating
metabolism-related genes in peripheral blood of AD
patients. Unlike in animal samples, a comparison
of simple molecules in human samples did not
yield statistically difference between groups, prob-
ably because of larger variation between individual
in human compared to the animal model. To reduce
inter-individual variation, we employed the ratio of
RNA expression and found similar results relative to
the animal model. It is notable that the link between
cellular metabolism of leukocyte and inflammation
has also been shown in other diseases [38]. Fur-
ther studies are required to reveal the link between
metabolic state and inflammatory markers of leuko-
cyte in order to identify the overall changes in AD
patients.

In this study, we employed qPCR analysis for each
gene based on the results obtained in aged mice with
cognitive impairment [8]. Though comprehensive
RNA analysis, such as RNA-seq, has an advantage
in the number of analyzed genes, optimal RNA-seq
quantification methods are ambiguous [39, 40], espe-
cially when detecting small differences as in the case
of this study. In contrast, the techniques utilized in
simple conventional qPCR methods are well estab-
lished. Further studies of comprehensive RNA with
sensitive protein analysis of WBC using established
methods will be expected to provide information link-
ing circulating WBC and the pathology of AD.

There are limitations of our study, for example,
only males were enrolled to avoid possible varia-

tion between the sexes and the low patient numbers
did not yield a significant difference in single RNA
expression between the AD and age matched control
groups. This will be addressed in future studies with
an increased number of enrolled patients including
females. A comparison with other blood biomarkers
for AD were also not performed. The link between
circulating WBC and amyloid-� levels in peripheral
blood/cerebrospinal fluid as well as detailed evalua-
tion of cognitive function and morphological analysis
with brain MRI would provide new information relat-
ing to this. Finally, it should be noted that the results
obtained in this exploratory research needs to be
confirmed in more extensive confirmatory studies to
avoid false-positive conclusions.

Despite these limitations, the main outcome of our
work is that the RNA expression profile of circulat-
ing WBC with AD can be different from age matched
controls according to established qPCR methods.
These findings can now be further developed into
a simple and novel diagnostic tool for AD. Recent
clinical trials assessing the therapeutic impact of an
anti-amyloid-� antibody [20, 21] showed that the
anti-amyloid-� therapy has a mild potential to slow
down the progression of AD but do not improve cog-
nitive function. These clinical results indicate the
need of novel perspectives in AD research, besides
neuronal cell death.

In conclusion, our results reveal a possible link
between circulating leukocytes and brain function in
patients with AD. Our results also indicate that RNA
analysis of circulating leukocytes would have a poten-
tial to provide information on AD pathology from a
different perspective than existing blood markers.
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