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Abstract

AIM: To investigate the effects of nicotine and nicotine
plus angiotensin 1 receptor blocker (ARB) on the gene
expression profile of human coronary artery endothelial
cells (HCAECs).

METHODS: The changes in gene expression profiles
in HCAECs treated with nicotine and nicotine plus ARB
olmesartan were analyzed by DNA microarray. In nic-
otine-treated HCAECs, 432 genes selected by P < 0.01
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were greater than 1.5-fold compared with the untreated
cells. Data were analyzed using IPA (Ingenuity® Sys-
tems, www.ingenuity.com).

RESULTS: The gene expression levels of tumor ne-
crosis factor-a, collagen type 1, matrix metalloprotein-
ase-10, and disintegrin and metalloprotease domain 8,
which are related to “cardiovascular function and dis-
ease”, were significantly increased. In canonical path-
way analyses using IPA, “atherosclerosis signaling” was
strongly affected by nicotine treatment and this effect
was reduced by co-incubation with ARB olmesartan.
These data indicate that the deleterious cardiovascular
consequences of cigarette smoking may, at least in
part, be due to the nicotine-induced gene expression
profile related to “atherosclerosis signaling”.

CONCLUSION: The inhibitory effect of ARB against
the nicotine-induced gene expression profile may possi-
bly induce anti-atherosclerotic effects that are indepen-
dent of those from lowering the blood pressure.

© 2014 Baishideng Publishing Group Co., Limited. All rights
reserved.

Key words: Angiotensin II; Atherosclerosis; Microarray;
Olmesartan; Smoking

Core tip: Tobacco smoking is well known as one of the
major risk factors for coronary heart disease and nico-
tine is recognized as the main addictive component. We
investigate the effects of nicotine and nicotine plus an-
giotensin I receptor blocker (ARB) on the gene expres-
sion profile of human coronary artery endothelial cells.
Nicotine induced changes in the gene expression profile
related to “atherosclerosis signaling” may increase the
risk for the initiation and progression of atherosclero-
sis. The inhibitory effect of ARB against the nicotine-
induced gene expression profile may possibly induce
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anti-atherosclerotic effects against tobacco smoking
independently of the lowering of the blood pressure.

Kudo M, Matsuda K, Sugawara K, Iki Y, Kogure N, Saito-Ito
T, Shimizu K, Sato I, Yoshikawa T, Uruno A, Ito R, Yokoyama
A, Saito-Hakoda A, Ito S, Sugawara A. ARB affects nicotine-
induced gene expression profile in human coronary artery endo-
thelial cells. World J Hypertens 2014; 4(1): 7-14 Available from:
URL: http://www.wjgnet.com/2220-3168/full/v4/i1/7.htm DOI:
http://dx.doi.org/10.5494/wjh.v4.i1.7

INTRODUCTION

Tobacco smoking is well known as one of the major risk
. 1-6 .
factors for coronary heart disease!™”. Tobacco smoke is

composed of a mixture of thousands of different mol-
ecules and nicotine is recognized as the main addictive
componentﬁm. Although nicotine is known to induce
vascular endothelial dysfunction/ atherosclerosism’IZ], its
molecular mechanism(s) in terms of gene transcription
regulation remain unknown. In 2001, the effects of nico-
tine on the gene expression in human coronary artery
endothelial cells (HCAECs) were examined by DNA mi-
croarray analyses' . However, due to technical limitations
at that time, only 4000 genes were analyzed. We therefore
re-examined the effects of nicotine on the gene expres-
sion profile of HCAECs using DNA microarray analyses
that cover the whole human genome and observed that
nicotine strongly affected the gene expression profiles re-
lated to “atherosclerosis signaling”. Moreover, we also ex-
amined the effects of an angiotensin Il receptor blocker
(ARB), olmesartan, on the nicotine-induced gene expres-
sion profile and observed its inhibitory effects against
nicotine in terms of “atherosclerosis signaling”.

MATERIALS AND METHODS

Reagents

Nicotine was purchased from Sigma (St. Louis, MO). Ol-
mesartan medoxomil (olmesartan) was purchased from
Toronto Research Chemicals (North York, Canada).

Cell culture

HCAECs were obtained from Lonza (Walkersville, MD)
and were grown in EGM-2MV medium. Cells were pas-
saged in a 1:3 dilution and the cells from passages 3-4
were used for experiments.

Nicotine treatment

When HCAECs were grown to approximately 90%
confluence (during the exponential phase), the cells were
treated either with 100 umol/L nicotine alone or with
100 pmol/L nicotine plus 10 pmol/L olmesartan for 24 h.

Isolation of total RNA for analyses
Total RNA of HCAECs was extracted using TaKaRa
FastPure RNA Kit (Takara Bio, Ohtsu, Japan) accord-
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ing to the manufacturer’s instructions. Trace genomic
DNA in the crude total RNA samples was removed by
incubation with 4-10 units DNase [ per 100 pg total
RNA (Takara Bio, Ohtsu, Japan) at 37 ‘C for 15 min. The
concentration of the total RNA was determined with a
NanoDrop ND-1000 spectrophotometer (NanoDrop
Technologies, Rockland, DE) and the RNA integrity was
verified with a Bioanalyzer 1000 (Agilent, Palo Alto, CA).

DNA microarray analyses

The generated cDNA was fragmented and biotin labeled
using a Low Input Quick Amp Labeling kit (Agilent).
Fragmented biotin-labeled cDNA was hybridized to an
individual Human Gene Expression 4 X 44K v2 Mi-
croarray Kit (Agilent, Palo Alto, CA). The arrays were
thereafter washed, stained and scanned under the low
photo multiplier tube setting, Quality metric parameters
including noise level, background and the efficiency of
transcription were ascertained for all hybridizations. The
array results were normalized by GeneSpring 12 (Agilent)
to identify differentially expressed genes and associated
fold changes. Data cleansing was performed to remove
the values for which the fluorescent intensity was too
low compared with negative controls. In each (nicotine,
nicotine plus olmesartan) group (# = 4), the genes that
demonstrated significant differences compared with an
untreated group were selected by the Welch 7 test. To
limit the number of false positives, only genes whose P
value was less than 0.01 and whose change was greater
than 1.5 fold were selected.

Pathway analyses and network generation

Data were analyzed using IPA (Ingenuity® Systems, www.
ingenuity.com). A data set containing gene identifiers
and corresponding expression values was uploaded into
the application. Each gene identifier was mapped to its
corresponding gene object in the Ingenuity Pathways
Knowledge Base. These genes, called Focus Genes, were
overlaid onto a global molecular network developed from
information contained in the Ingenuity Pathways Knowl-
edge Base. Networks of these Focus Genes were then
algorithmically generated based on their connectivity.

Graphical representation of network pathway

A network pathway is a graphical representation of the
molecular relationships between genes/gene products.
Genes or gene products are represented as nodes and the
biological relationship between two nodes is represented
as an edge (line). All edges are supported by at least one
reference from the literature, from a textbook, or from
canonical information stored in the Ingenuity Pathways
Knowledge Base. The intensity of the node color indi-
cates the degree of up- (red) or down- (green) regulation.

Canonical pathway analyses of data sets

Analyses of canonical pathways identified the pathways
from the IPA library of canonical pathways that were
most significant to the data set. Genes from the data set
that were associated with a canonical pathway in the Inge-
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Table 1 Among these selected genes, the top ten genes up-regulated or down-regulated by nicotine treatment in human coronary

artery endothelial cells were detected by IPA

Symbol Gene name Expression change
KCNQ1 Potassium voltage-gated channel, KQT-like subfamily, member 1 6.09
MYCN V-myc myelocytomatosis viral related oncogene, neuroblastoma derived 5.761
RRAGD Ras-related GTP binding D 4.56
TNNI1 Troponin [ type 1 3.933
FCN1 Ficolin 1 (collagen/fibrinogen domain containing) 3.866
Clorf204 Chromosome 1 open reading frame 204 3.792
PCDHGC4 Protocadherin gamma subfamily C, 4 3.657
C14orf165 Chromosome 14 open reading frame 165 3.461
TLR2 Toll-like receptor 2 3.443
RCAN2 Regulator of calcineurin 2 3.431
LAIR1 Leukocyte-associated immunoglobulin-like receptor 1 -5.014
SIX3 SIX homeobox 3 -4.926
MYO1A Myosin IA -4.824
PRTN3 Proteinase 3 -4.173
MRGPRE MAS-related GPR, member E -3.914
EGR2 Early growth response 2 -3.766
CASQ1 Calsequestrin 1 -3.587
CLEC12B C-type lectin domain family 12, member B -3.338
ALPI Alkaline phosphatase, intestinal -3.033
SLC7A14 Solute carrier family 7, member 14 -2.941

Table 2 In the nicotine-treated human coronary artery endothelial cells, IPA generated the networks

Associated network functions Score
Tissue development, cardiovascular system development and function, cell-to-cell signaling and interaction 40
Cellular movement, immune cell trafficking, inflammatory response 32
Cellular growth and proliferation, cellular movement, cellular development 30
Cellular growth and proliferation, carbohydrate metabolism, molecular transport 27
Antimicrobial response, humoral immune response, cell-to-cell signaling and interaction 24

nuity Pathways Knowledge Base were considered for the
analysis. The significance of the association between the
data set and the canonical pathway was measured in two
ways: (1) The ratio of the number of genes from the data
set that map to the pathway divided by the total number
of genes that map to the canonical pathway is displayed;
and (2) Fischer’s exact test was used to calculate the P
value determining the probability that the association be-
tween the genes in the data set and the canonical pathway
can be explained by chance alone.

RESULTS

Results of DNA microarray analyses

After normalizing and cleansing the data, there were
34183 genes to be analyzed in the HCAECs. In the nico-
tine treated HCAECs, 432 genes satisfying the criteria P
< 0.01 and greater than 1.5 fold compared with untreated
cells were selected. There were 287 genes up-regulated
and 145 genes down-regulated. Among these selected
genes, the top ten genes up-regulated or down-regulated
by nicotine treatment in HCAECs were detected by IPA
and are listed in Table 1.

In the nicotine-treated HCAECs, IPA generated
the networks listed in Table 2. Among these networks,
we focused on the “tissue development, cardiovascular
system development and function, cell-to-cell signaling
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and interaction” network, since its score was the highest
(40 score). The pathway network of gene expression in
HCAECs treated with 100 prnol/ L nicotine is shown in
Figure 1. In this network, genes involved in cardiovas-
cular diseases, including tumor necrosis factor (TNF)-qa,
collagen type 1, and matrix metalloproteinase (MMP)-10,
and a disintegrin and metalloprotease domain 8§ (ADAMS)
were up-regulated.

In HCAECs treated with nicotine plus olmesartan,
424 genes were selected. When the two data sets were
filtered and compared, there were a total of 667 genes
in the two data sets for comparison; 189 genes were
common in the two sets, 243 genes were unique in the
nicotine-treated HCAECs, and 235 genes were unique in
nicotine plus olmesartan-treated HCAECs (Figure 2).

Canonical pathways analyses and comparison of
datasets using IPA

When comparing two data sets using Global Canonical
Pathway analyses, the significance calculated for each ca-
nonical pathway is a measurement of the likelihood that
the pathway is associated with the dysregulated genes
by random chance. Figure 3 shows the top 10 canoni-
cal pathways that were significantly regulated by nicotine
treatment and a comparison with nicotine plus olmesar-
tan treatment is shown side by side. Nicotine thus induced
a significant change in the gene expression profile related
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Figure 2 Venn diagrams demonstrating the results of comparing two da-
tasets (100 umol/L nicotine and 100 pmol/L nicotine plus 10 umol/L olm-
esartan, compared to untreated cells, respectively). There were 189 genes
in common in the two data sets. Red circle: Nicotine; Blue circle: Nicotine plus
olmesartan. These data represent the unique genes that were modified by their
respective treatments. Oml: Olmesartan.

to the signaling pathway of atherosclerosis and cell pro-
liferation, while ARB olmesartan appeared to significantly
antagonize the cell response to nicotine treatment.

We therefore analyzed their effects on the “athero-
sclerosis signaling”. Graphical representation of “athero-
sclerosis signaling” is shown in Figures 4A and 4B for
comparison. In this pathway, the genes that play central
roles in response to nicotine treatment are TNF-o and
collagen type 1. These factors were significantly up-regu-
lated when HCAECs were treated with nicotine (Figure
4A). However, when the cells were treated with nicotine
plus olmesartan, their up-regulation was abrogated (Figure
4B). Olmesartan thus altered the response of HCAECs
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Figure 1 Gene network in human coronary artery en-
dothelial cell cultured with 100 umol/L nicotine for 24 h
was generated by ingenuity pathway analysis software.
We focused on one network whose function was implicated
in “tissue development, cardiovascular system development
and function, cell-to-cell signaling and interaction”. Genes are
represented as nodes and the biological relationship between
two nodes is represented as a line. Solid lines are for direct
and broken ones for indirect associations. Lines beginning and
ending at a single node show self-regulation, whereas a line
without an arrowhead represents binding. Arrowheads repre-
sent directionality of the relationship. The node color intensity
indicates the degree of increase (red) or decrease (green).
ADAM: A disintegrin and metalloprotease domain; MMP: Matrix
metalloproteinase.

3A1
2.223

to nicotine in terms of gene expression regulation.

DISCUSSION

Our study using DNA microarray analyses revealed that
the gene expression levels of TNF-q, collagen type 1,
MMP-10 and ADAMS, which are related to “cardiovas-
cular function and disease”, were significantly increased
in HCAECs treated with nicotine. In canonical pathway
analyses using IPA, “atherosclerosis signaling” was most
strongly affected by nicotine treatment and this effect
was reduced by co-incubation with olmesartan.

The most well-established receptors for nicotine are
nicotinic acetylcholine receptors (nAChRs) that belong
to a family of neurotransmitter-gated ion channels.
These receptors are ubiquitously expressed in almost all
cell types in blood vessels'' """, Nicotine stimulation is
thought to activate nAChRs, resulting in the induction of
angiogenesis and atherogenesis[m’m. It has also been re-
ported that nicotine induces the gene expression of cell-
cell adhesion molecules such as monocyte chemotactic
protein-1 and MMPs in different cell types™ !, In the
present study, we have newly identified that various genes
associated with “cellular growth and proliferation, cellular
movement and cellular development” are regulated by
nicotine stimulation. In addition, we have also observed
that ARB (olmesartan) inhibits the gene expression pro-
file regulated by nicotine stimulation. It has previously
been reported that the renin-angiotensin system does
not contribute to smoking-induced endothelial dysfunc-
tion in vive™. However, it has also been reported that
perinatal nicotine exposure epigenetically represses type
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Figure 3 Global canonical path-
way analyses demonstrating the
comparison of two data sets (100
umol/L nicotine and 100 pmol/L
nicotine plus 10 pmol/L olmes-
artan, compared to untreated
cells, respectively). Data sets were
analyzed by the Ingenuity Pathways
Analysis Software. The significance
is expressed as a P value, which
was calculated using the right-tailed
Fisher’s exact test. Figure shows ten
major canonical signaling pathways.
Threshold: P < 0.05.
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Figure 4 Graphical representations of atherosclerosis signaling pathways and comparison of the gene-perturbation induced by the treatments. A: 100
pmol/L nicotine treatment; B: 100 umol/L nicotine plus 10 umol/L olmesartan treatment, compared to untreated cells, respectively. Red notes and green notes indicate
up- and down- (green) regulation. MMP: Matrix metalloproteasea; TF: Tissue factor; SMC: Smooth muscle cell; TNF: Tumor necrosis factor; IFN-y: Interferone gamma.

2 angiotensin II receptor gene in the developing brain™.

Our present data therefore suggest that ARB may play an
important role in reducing the deleterious effects of ciga-
rette smoking on endothelial function, independently of
its blood pressure lowering effect.

In summary, we have here indicated that the delete-
rious cardiovascular consequences of cigarette smok-
ing may, at least in part, be due to the nicotine-induced
changes in the gene expression profile related to “ath-
erosclerosis signaling” that may increase the risk for the
initiation and progression of atherosclerosis. The inhibi-
tory effect of ARB against the nicotine-induced gene ex-
pression profile may possibly induce anti-atherosclerotic
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effects against tobacco smoking independently of the
lowering of the blood pressure. Future studies will be
needed to confirm whether ARB might help decrease the
incidence of cardiovascular events in smokets.

COMMENTS

Background

Tobacco smoking is well known as one of the major risk factors for coronary
heart disease. Nicotine is recognized as the main addictive component and it is
known to induce vascular endothelial dysfunction/atherosclerosis.

Research frontiers

Nicotine stimulation is thought to activate nicotinic acetylcholine receptors
(nAChRs), resulting in the induction of angiogenesis and atherogenesis. It
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has also been reported that nicotine induces the gene expression of cell-cell
adhesion molecules such as monocyte chemotactic protein-1 and matrix metal-
loproteinases in different cell types. Nevertheless, its molecular mechanism(s)
in terms of gene transcription regulation remain unknown.

Innovations and breakthroughs

The effects of nicotine on the gene expression in human coronary artery
endothelial cells (HCAECs) were previously examined by DNA microarray
analyses. However, due to technical limitations at that time, only 4000 genes
were analyzed. The authors therefore re-examined the effects of nicotine on the
gene expression profile of HCAECs using DNA microarray analyses that cover
the whole human genome and, moreover, they also examined the effects of an
angiotensin II receptor blocker (ARB). They newly determined that “atheroscle-
rosis signaling” was strongly affected by nicotine treatment and this effect was
reduced by co-incubation with ARB using pathway analysis.

Applications

The inhibitory effect of ARB against the nicotine-induced gene expression pro-
file may possibly induce anti-atherosclerotic effects against tobacco smoking

independently of the lowering of the blood pressure. ARB might help decrease
the incidence of cardiovascular events in smokers.

Terminology

ARB is an antihypertensive medication most frequently used. nAChRs is the
most well-established receptors for nicotine that belong to a family of neu-
rotransmitter-gated ion channels. These receptors are ubiquitously expressed
in almost all cell types in blood vessels.

Peer review

The authors demonstrate that the vascular endothelial dysfunction/atheroscle-
rosis induced by smoking may be due to the nicotine-induced changes in the
gene expression profile related to “atherosclerosis signaling” and that the inhibi-
tory effect of ARB against the nicotine-induced gene expression profile may
induce anti-atherosclerotic effects independently of blood pressure.
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