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and Marta Cześnikiewicz-Guzik
Volume 2014, Article ID 474016, 9 pages

Low Density Lipoprotein-Containing Circulating Immune Complexes: Role in Atherosclerosis and
Diagnostic Value, Igor A. Sobenin, Jukka T. Salonen, Andrey V. Zhelankin, Alexandra A. Melnichenko,
Jari Kaikkonen, Yuri V. Bobryshev, and Alexander N. Orekhov
Volume 2014, Article ID 205697, 7 pages

Periodontal Pathogens and Atherosclerosis: Implications of Inflammation and Oxidative Modification of
LDL, Tomoko Kurita-Ochiai and Masafumi Yamamoto
Volume 2014, Article ID 595981, 7 pages

The Yin and Yang of Innate Immunity in Stroke, Xiaomeng Xu and Yongjun Jiang
Volume 2014, Article ID 807978, 8 pages



Editorial
Immune Mechanisms in Vascular Disease and Stroke

Ban-Hock Toh,1 Alexander Bobik,2 Tin S. Kyaw,1 Grant R. Drummond,3

Christopher G. Sobey,3 and Tomasz J. Guzik4,5

1 Centre for Inflammatory Diseases, Department of Medicine, Southern Clinical School, Faculty of Medicine,
Nursing and Health Sciences, Monash University, Clayton, VIC, Australia

2 Baker IDI Heart and Diabetes Institute, Melbourne, Australia
3 Department of Pharmacology, Faculty of Medicine, Nursing and Health Sciences, Monash University, Clayton, VIC, Australia
4Department of Internal and Agricultural Medicine, Jagiellonian University Medical College, J. Dietl Hospital, Cracow, Poland
5 Institute of Cardiovascular and Medical Sciences, University of Glasgow, UK

Correspondence should be addressed to Ban-Hock Toh; ban-hock.toh@monash.edu

Received 15 July 2014; Accepted 15 July 2014; Published 14 August 2014

Copyright © 2014 Ban-Hock Toh et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

This special issue is a direct offshoot of a meeting of The
Australian-European Consortium on Immune Mechanisms
in Vascular Disease and Stroke held on October 10–12, 2013,
in Monash University Prato Centre, Prato, Italy, cohosted by
Monash University, Australia, and the Faculty of Medicine,
Jagiellonian University Medical College, Poland, and organ-
ised by Grant Drummond, Chris Sobey, and Tomasz Guzik.

In this special issue, the authors addressed issues related
to the immunopathogenesis, diagnosis and therapeutic rever-
sal of atherosclerosis, and the role of the immune system in
the development of hypertension and stroke.

In studies of immune activation in atherosclerosis, M.
Maddaluno et al. reported that that while murine primary
aortic smooth muscle cells express MHC class II and can
acquire exogenous antigens, they fail to activate T cells
through a failure in antigen presentation and a lack of cos-
timulatory molecule expression. The findings do not support
a role of antigen presentation by vascular smooth cells in
the activation of T cells in atherosclerosis development.
T. Kurita-Ochiai and M. Yamamoto examined the role of
P. gingivalis or A. actinomycetemcomitans in augmenting
inflammatory mechanisms and oxidative modification in the
formation and activation of atherosclerotic plaques in ApoE-
deficientmousemodel fed a high-fat diet.They also examined
whether mucosal vaccination with a periodontal pathogen
or the anti-inflammatory activity of catechins can reduce
periodontal pathogen-accelerated atherosclerosis. J. Maciag

et al. examined endothelial function and major vascular
disease risk factors in patients with dentureswith andwithout
clinical and microbiological features of patients’ denture-
related stomatitis. Patients with denture-related stomatitis
had significantly lower flow mediated dilatation suggesting
that it is associated with endothelial dysfunction that may
predispose to atherosclerosis development. S. Visentin et
al. examined relationships between levels of adipocytokine
(adiponectin and leptin), markers of inflammation (tumor
necrosis factor 𝛼, interleukin-6, and C reactive protein),
and vascular remodelling in pregnancies complicated by
intrauterine growth restriction. They found that these foe-
tuses had a higher intima medial thickness that was associ-
ated with decreased blood adiponectin levels and increased
adipocytokines concentrations that might be related to a
greater risk of vascular remodeling.

I. A. Sobenin et al. examined low density lipoprotein-
containing circulating immune complexes (LDL-CIC) and
found that the titer of LDL-CIC in blood serum significantly
correlated with atherosclerosis progression in humans and
has the highest diagnostic value among other measured
serum lipid parameters. They suggested that elevated CIC-
cholesterol might well be a possible risk factor of coronary
atherosclerosis.

M. A. Ulleryd et al. reported that metoprolol significantly
reduced atherosclerotic plaque area and macrophage content
in the thoracic aorta, accompanied by reduced serum levels
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of TNF𝛼 and CXCL1 chemokine while total cholesterol levels
were not affected. The findings suggest a potential role for
metoprolol in the therapeutic management of patients with
atherosclerosis.

Q. Dinh et al. reviewed evidence from human and animal
studies that inflammation, oxidative stress, and endothelial
dysfunction lead to the development of hypertension. Other
potential proinflammatory conditions such as aging and
elevated aldosterone that contribute to hypertension were
also discussed. The evidence suggested that inflammation
can lead to the development of hypertension and that oxida-
tive stress and endothelial dysfunction are involved in the
inflammatory cascade. The findings point to the potential
therapeutic benefit of anti-inflammatory drugs and statins
as antihypertensive therapy. C. T. Chan et al. described the
protein targets of antibodies that are elevated in individuals
with essential and pregnancy-related hypertension and the
likely pathophysiological consequences of antibody binding
to these targets. Potential mechanisms that underlie elevated
antibody levels in hypertensive individuals were discussed
and therapeutic opportunities that could arise with a better
understanding of how and why antibodies are produced in
hypertension were outlined. X. Xu and Y. Jiang reviewed the
role of the innate immune system in stroke.
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Christopher G. Sobey

Tomasz J. Guzik
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In the present study aortic murine smooth muscle cell (SMC) antigen presentation capacity was evaluated using the E𝛼-GFP/Y-
Ae system to visualize antigen uptake through a GFP tag and tracking of E𝛼 peptide/MHCII presentation using the Y-Ae Ab.
Stimulation with IFN-𝛾 (100 ng/mL) for 72 h caused a significant (𝑃 < 0.01) increase in the percentage of MHC class II positive
SMCs, compared with unstimulated cells. Treatment with E𝛼-GFP (100 𝜇g/mL) for 48 h induced a significant (𝑃 < 0.05) increase
in the percentage of GFP positive SMCs while it did not affect the percentage of Y-Ae positive cells, being indicative of antigen
uptake without its presentation in the context ofMHC class II. After IFN-𝛾-stimulation, ovalbumin- (OVA, 1mg/mL) orOVA

323−339

peptide-(0.5 𝜇g/mL) treated SMCs failed to induce OT-II CD4+ T cell activation/proliferation; this was also accompanied by a lack
of expression of key costimulatory molecules (OX40L, CD40, CD70, and CD86) on SMCs. Finally, OVA-treated SMCs failed to
induce DO11.10-GFP hybridoma activation, a process independent of costimulation. Our results demonstrate that while murine
primary aortic SMCs express MHC class II and can acquire exogenous antigens, they fail to activate T cells through a failure in
antigen presentation and a lack of costimulatory molecule expression.

1. Introduction

Atherosclerosis is an immunoinflammatory process [1, 2] in
which smooth muscle cells (SMCs) play a critical role [3–
5]. SMCs produce a broad range of immunoinflammatory
mediators contributing to vascular inflammation [6] and
participate in the formation of arterial tertiary lymphoid
tissue in experimental atherosclerosis [7]. Human SMCs
express class II major histocompatibility complex molecules
(MHC class II) in atherosclerotic plaques [8] and following
IFN-𝛾 stimulation [9–11]. In addition, SMC MHC class
II expression increases following vascular injury in rodent
models [12]. However, the possibility that SMCs can act as
antigen presenting cells (APCs) and consequently activate

vascular T cell response remains, to date, controversial.
In mice it has been demonstrated that brain microvessel
SMCs/pericytes can induce a proliferation of syngenic CD4+
T cells in vitro in a MHC class II dependent manner [13].
SMCs/pericytes were able to process and present exogenous
antigens to T cell hybridoma [14] and preferentially activated
Th1 T cell clones as compared with Th2 T cells of the same
antigen specificity [15]. In contrast to syngeneic cocultures
using wild type CD4+ T cells, microvascular SMCs did not
support proliferation of antigen specific T cell receptor (TCR)
transgenic CD4+ T cells [16]. Others demonstrated that
murine SMCs pulsed with antigen increased the expression
of the IL-2 receptor on T cells but were not able to induce T
cell proliferation [17].
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Human saphenous vein SMCs expressing MHC class II
molecules were unable to activate allogeneic memory T cells
[18] and failed to effectively support T cell proliferation to the
polyclonal activator, phytohemagglutinin [19]. This inability
resulted from a defect in costimulatory function, particularly
the lack of OX40 ligand (OX40L) [19]. SMCs from different
tissues may behave differently; for example, cultured human
airway smooth muscle cells were capable of presenting the
superantigen, staphylococcal enterotoxin A, viaMHC class II
molecules to CD4+ T cells [20].More selective approaches are
required to investigate SMC antigen presentation capacity.

Here we utilized the E𝛼-GFP/Y-Ae model that allows
visualization of antigen uptake through a GFP tagged E𝛼
peptide and tracking of antigen presentation using the Y-
Ae Ab. The E𝛼-GFP protein is internalized and processed by
APCs to generate E𝛼 peptide for presentation on MHC class
II. The monoclonal Ab Y-Ae detects E𝛼 only when bound
to MHC class II molecules (I-Ab) [21–24]. We demonstrate
that while murine primary aortic SMCs express MHC class
II and can acquire exogenous antigens, they fail to activate T
cells through a failure in antigen presentation and a lack of
costimulatory molecule expression.

2. Materials and Methods

2.1. Animals. C57BL/6 mice (Harlan, Shardlow, UK) were
used to prepare SMCs and dendritic cells (DCs). OT-II
(CD45.1) mice bred in house were used as donors of Tg
T cells. These transgenic mice express the mouse alpha-
chain and beta-chain T cell receptor that pairs with the CD4
coreceptor and is specific for chicken ovalbumin 323–339 in
the context of I-Ab. Animals weremaintained on a 12/12-hour
light/dark cycle with free access to food and water and all the
procedures were performed in accordance with local ethical
and UK Home Office regulations.

2.2. Cell Cultures and Cocultures. Murine primary SMCs
were derived from the thoracic aorta of C57BL/6 mice
as previously described [25, 26] and grown in DMEM
supplemented with L-glutamine, 10% fetal bovine serum,
100U/mL penicillin, and 100 𝜇g/mL streptomycin (all from
Gibco, Paisley, UK). Before initiation of the assays, the SMCs
were starved into DMEM supplemented with 0.1% fetal
bovine serum for 48 hours [25, 27]. Cells were character-
ized by immunofluorescence microscopy using FITC labeled
anti-smooth muscle 𝛼-actin (𝛼-SMA) monoclonal antibody
(Ab) (clone 1A4; Sigma-Aldrich, Dorset, UK). Studies were
performed with cells at passages 3–6. OVA specific TCR
transgenic OT-II CD4+ T cells were isolated from OT-
II/CD45.1 mice using the MicroBead-based CD4+ T Cell
Isolation Kit II (Miltenyi Biotec, Bisley, UK) according to
manufacturer’s instructions and grown in complete RPMI
(containing L-glutamine, 10% fetal bovine serum, 100U/mL
penicillin, and 100 𝜇g/mL streptomycin). The DO11.10-GFP
hybridoma cells [28] were grown in complete RPMI con-
taining geneticin (0.5mg/mL, Sigma-Aldrich) as previously
described [29]. DCs were obtained by flushing the bone
marrow of C57BL/6 mice and grown in complete RPMI

containing 10% granulocyte-macrophage colony stimulating
factor (GM-CSF) for 7 days [30]. All cells used were kept in a
humidified incubator at 37∘C in 5% CO

2
.

Murine SMCs were cultured in 48 multiwell plates until
80% confluence. Subsequently cells were stimulated with
IFN-𝛾 (100 ng/mL; R&D Systems, Abingdon, UK) for 72 h to
enhance their MHC class II expression and then treated with
OVA (1mg/mL; InvivoGen, Toulouse, France) or OVA

323−339

peptide (0.5 𝜇g/mL; InvivoGen) overnight. Isolated OT-II
CD4+ T cell or DO11.10-GFP hybridoma cell preparations
were then introduced into the murine SMC cultures at a
1 : 5 ratio, for 24, 48, and 72 h or 24 h, respectively. OVA-
treated DCs, cocultured with both OT-II CD4+ T cells and
DO11.10-GFPhybridoma cells at the same ratio of SMCs,were
used as positive control. Subsequently, OT-II CD4+T cells or
DO11.10-GFP hybridoma cells were collected by rinsing the
cocultures three times followed by staining and preparation
for flow cytometric analysis. For the analysis of costimula-
tory molecule expression murine SMCs were cultured in 6
multiwell plates and stimulated with IFN-𝛾 (100 ng/mL) for
72 h before flow cytometry. In a separate set of experiments,
SMCs were stimulated with IFN-𝛾 (100 ng/mL) for 72 h and
then treated with fluorescein labeled-chicken OVA (FITC-
OVA, 1mg/mL, Molecular Probes) overnight. Subsequently,
the supernatant was removed and the cells washed with PBS.
TheFITC-OVAuptakewas visualized using the EVOSFLCell
Imaging System (Life Technologies Ltd., Paisley, UK).

2.3. Ealpha-GFP Preparation and Treatment. To assess the
ability of murine SMCs to act as APCs, we employed the
Ealpha- (E𝛼-) GFP/Y-Ae system as previously described [22–
24]. A recombinant Escherichia coli strain expressing the E𝛼-
GFP fusion protein was grown tomidlog phase before induc-
tion of protein expression. Protein expression was induced
by addition of isopropyl 𝛽-D-1-thiogalactopyranoside (IPTG;
Sigma-Aldrich) to a final concentration of 1mM and cultures
were incubated overnight at 30∘C with agitation (200 rpm).
The E𝛼-GFP fusion protein was purified from the bacterial
lysates using HisPur Cobalt Spin Columns (Thermo Sci-
entific, Loughborough, UK) and endotoxin was removed
using Detoxi-Gel Endotoxin Removing Columns (Thermo
Scientific). Murine SMCs were cultured in 6 multiwell plates,
as described above, stimulated with IFN-𝛾 (100 ng/mL) for
72 h, and then treated with E𝛼-GFP (100 𝜇g/mL). After 1, 24,
and 48 h of treatment, cells were collected for flow cytometric
analysis. DCs cultured under the same conditions and treated
with E𝛼-GFP (100𝜇g/mL) for 24 h were used as a positive
control.

2.4. Flow Cytometry. Aliquots of cells were washed and
resuspended in Fc block (2.4G2 hybridoma supernatant) for
25mins at 4∘C to block Fc receptors. Subsequently, cells
were incubated with Abs (in PBS containing 2% FBS) for
30mins at 4∘C, washed twice and then, where necessary,
incubated with streptavidin for additional 20mins at 4∘C.
Following washing, cells were analyzed on a FACScalibur
using CellQuest-Pro (BD Biosciences, Oxford, UK), or on
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a MACSQuant Analyzer (Miltenyi Biotec). Data analysis was
performedusing 6 FlowJo (Tree Star Inc., Olten, Switzerland).

Murine SMCs were stained with the following pri-
mary Abs: Y-Ae-Bio (specific for I-E𝛼 52–68 presented on
I-Ab; clone: eBioY-Ae), anti-MHC II (I-A/I-E)-APC (clone:
M5/114.15.2), anti-CD11c-APC (clone: N418), anti-CD54-PE
(clone: 3E2), anti-CD44-FITC (clone: IM7), anti-OX40L-Bio
(clone: RM134L) followed by streptavidin-PerCP, anti-CD80-
FITC (clone: 16-10A1), anti-CD40-PE (clone: 3/23), anti-
CD86-APC (clone: GL1), and anti-CD70-Bio (clone: FR70)
followed by streptavidin-PerCP. OT-II CD4+ T cells were
stainedwith primarymAbs anti-CD4-PerCP (clone: RM4-5),
anti-CD25-APC (clone: PC61), anti-CD44-PE (clone: IM7),
and anti-CD69-Bio (clone: H1.2F3) followed by streptavidin-
Pacific Blue. DO11.10-GFP hybridoma cells were stained with
the primary Ab anti-DO11.10 TCR-APC (clone: KJ 1-26).
Isotype-matched Abs were used as negative control. Y-Ae
Ab, anti-CD11c, and anti-MHC II Ab were from eBioscience
(Hatfield, UK); streptavidin-Pacific Blue was from Life Tech-
nologies Ltd.; all other Abs were from BD Biosciences.

2.5. CFSE Staining. OT-II CD4+ T cells were labeled with
the fluorescent dye carboxyl fluorescein succinimidyl ester
(CFSE, Molecular Probes) as previously described [31]. The
cells were washed and then cocultured with SMCs or DCs
(used as a positive control) for 72 h. The level of fluores-
cence intensity from the CFSE labeling was measured by
flow cytometry. Incremental loss of CFSE intensity showed
proliferation.

2.6. Statistical Analysis. Results are expressed asmean± SEM
of 3 experiments run in triplicate.The results were statistically
analyzed by the 𝑡-test or ANOVA (Two-Tail 𝑃 value) and the
Bonferroni post hoc test. The level of statistical significance
was 𝑃 < 0.05 per test.

3. Results

3.1. Assessment of Antigen Uptake/Presentation by SMCs
Using the E𝛼-GFP/Y-Ae System. Stimulation with IFN-𝛾
(100 ng/mL) for 72 h resulted in a significant (𝑃 < 0.01) 5-
to 6-fold increase in the percentage of MHC class II pos-
itive SMCs compared with unstimulated cells (Figure 1(a)).
Similar results were observed in IFN-𝛾-stimulated SMCs
subsequently treated with E𝛼 peptide (100 𝜇g/mL) for 1 and
24 h (𝑃 < 0.05), while no significant changes were observed
after 48 h of treatment (Figure 1(a)). As shown in Figure 1(b),
SMC treatment with E𝛼 peptide induced an increase in the
percentage of GFP positive cells, both in presence or absence
of IFN-𝛾-stimulation, being indicative of antigen uptake.The
increase in GFP positive cells observed was significant only
at 48 h (𝑃 < 0.05). No significant changes were observed in
the percentage of Y-Ae positive SMCs after IFN-𝛾-stimulation
and/or treatment with E𝛼 peptide (Figure 1(c)) suggesting
that, although SMCs internalize the antigen, they are not
able to present the E𝛼 peptide in the context of MHC class
II. Treatment of DCs with E𝛼 peptide (100 𝜇g/mL), used as

positive control, caused an increase in the percentage of Y-Ae
positive cells (Figure 1(d)).

3.2. SMCs Fail to Induce OT-II CD4+ T Cell Activation
and Proliferation. We next assessed the ability of SMCs to
activateOVA-specific transgenicCD4+ Tcells. In preliminary
experiments by using FITC-OVAwe confirmed the uptake of
the model antigen by SMCs (data not shown). Using CFSE
to track proliferation, we evaluated the number of Tg T cells
undergoing proliferation after 72 h of coculture with SMCs or
bone marrow derived DCs, used as positive control.The pro-
portion of dividing T cells (expressed as percentage of CFSE−
CD4+ cells) was approximately 0.5–1% in both presence
and absence of cocultured unstimulated SMCs (Figure 2).
Neither stimulation with IFN-𝛾 nor treatment with OVA or
OVA
323−339

peptide of SMCs affected the proliferation of OT-
II CD4+ T cells. In contrast, coculture with OVA-treated DCs
significantly (𝑃 < 0.01) increased the proportion of dividing
OT-II CD4+T cells by around 20% (Figure 2).

We also examined cell surface expression of activation
markers such as CD25, CD44, and CD69 on OT-II CD4+
T cells after coculture with SMCs or bone marrow derived
DCs. CD25 and CD69 were detected in approximately 2% of
OT-II CD4+ T cells, alone or cocultured for 24, 48, and 72 h
with unstimulated SMCs, IFN-𝛾-stimulated SMCs, or IFN-
𝛾-stimulated SMCs treated with OVA or OVA

323−339
peptide.

Moreover, the percentage of CD25 and CD69 positive T cells
did not change after SMC treatment with OVA or OVA

323−339

peptide alone, while a significant (𝑃 < 0.001) increase was
observed only after coculture with OVA-treated DCs at all
of the time points considered (Figure 3). The percentage of
CD44 positive OT-II CD4+ T cells was about 7% at all of
the time points considered, in both presence and absence
of unstimulated SMCs. Stimulation with IFN-𝛾 and/or treat-
ment of SMCs with OVA or OVA

323−339
did not affect CD44

expression. A significant (𝑃 < 0.01) increase in CD44
positive OT-II CD4+ T cells was observed after 48 and 72 h
of coculture with OVA-treated DCs (Figure 3). These data
demonstrate that antigen-pulsed aortic murine SMCs are not
able to induce antigen-specific T cell activation/proliferation.

3.3. Effect of IFN-𝛾 Stimulation on Costimulatory/Adhesion
Molecules Expression byMurine SMCs. Previous studies have
correlated the inability of human SMCs to activate memory
T cells with the lack of costimulation [19]. Thus we exam-
ined whether murine SMCs express costimulatory/adhesion
molecules at baseline and after IFN-𝛾 (100 ng/mL) stimu-
lation for 72 h. As shown in Figure 4, unstimulated SMCs
expressed CD54 (ICAM-1), CD80, and CD44 (30%, 11%, and
87% positive cells, resp.). The stimulation with IFN-𝛾 caused
a 2-fold increase in the percentage of both ICAM-1 (𝑃 <
0.01) and CD80 (𝑃 < 0.001) positive cells while it did not
affect the percentage of CD44 positive cells. In contrast, only
low levels of OX40L, CD40, CD70, and CD86 expression
were detectable in unstimulated SMCs. IFN-𝛾 stimulation
did not increase the percentage of SMCs positive to these
molecules. The failure of SMCs to respond to IFN-𝛾, in this
case, was selective for the costimulatory molecules because
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Figure 1: SMCs acquire exogenous antigens but fail to present them in the context ofMHC class II. Evaluation of antigen uptake/presentation
by murine SMCs. SMCs were stimulated with IFN-𝛾 (100 ng/mL) for 72 h and subsequently treated with E𝛼-GFP peptide (100𝜇g/mL) for the
indicated time points. (a)MHC class II expression. (b) GFP expression. (c) Representative flow cytometry plots showing no positivity of SMCs
to the Y-Ae Ab or (d) positivity of DCs, used as a positive control. Results are expressed as mean ± SEM from three separate experiments.
∗
𝑃 < 0.05, ∗∗𝑃 < 0.01, versus unstimulated cells.
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Figure 2: SMCs fail to induce OT-II CD4+ T cell proliferation. Representative plots and relative statistical analysis showing the effect of SMCs
on OT-II CD4+ T cell proliferation. IFN-𝛾-stimulated SMCs were treated with OVA (1mg/mL) or OVA

323−339
peptide (0.5𝜇g/mL) overnight

and then cocultured with CFSE-labeled OT-II CD4+ T cells for 72 h. OVA-treated DCs were used as a positive control. Results are expressed
as mean ± SEM from three separate experiments run in triplicate. ∗∗𝑃 < 0.01 versus OT-II CD4+ T cells alone.

the percentage of MHC class II molecules was increased after
IFN-𝛾 stimulation under the same conditions (Figure 4).

3.4. SMCs Do Not Activate DO11.10-GFP Hybridoma Cells.
ThemurineDO11.10-GFP hybridomawas originally obtained
by stably transfecting a DO11.10 T cell hybridoma with
a construct in which GFP expression is under the con-
trol of a nuclear factor of activated T cells (NFAT) regu-
lated promoter [28]. Thus, once activated, hybridoma cells,
detectable using the KJ1-26 clonotypic antibody, become
GFP-positive. DO11.10 hybridoma cells express the TCR

recognizing OVA
323−339

peptide in the context of either I-Ad

or I-Ab MHC class II [32] without any requirement for
costimulation [29]. Coculture with unstimulated SMCs had
no effect onGFP expression byDO11.10-GFP hybridoma cells
and similar results were obtained after stimulation with IFN-
𝛾 and/or treatment of SMCswithOVAorOVA

323−339
peptide.

On the contrary, DCs treated with OVA, used as positive
control, caused a significant (𝑃 < 0.001) increase in GFP
expression by hybridoma cells (Figure 5).These data confirm
that SMCs are unable to present exogenous protein antigens
in the context of MHC class II.
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4. Discussion

In the present study, we demonstrated that (1) cultured
primary murine SMCs express MHC class II molecules
after stimulation with IFN-𝛾 and are able to acquire/uptake
antigens; however, they fail to present the peptide antigen
in the context of MHC class II, as demonstrated by using
the specific Ealpha- (E𝛼-) GFP/Y-Ae system; (2) OVA-treated
SMCs fail to induce activation/proliferation of OT-II CD4+ T
cells, data consistent with a defect in MHC class II-restricted
Ag presentation and in the expression of costimulatory
molecules, such as OX40L, CD40, CD70, and CD86; (3)
SMCs also fail to promote activation of OVA responding
DO11.10-GFP hybridoma T cells that do not require any
costimulatory signal for activation.

The first finding that murine aortic SMCs express MHC
class II molecules is in line with previous data showingMHC
class II expression in atheroma SMCs [8] and in rodent
arteries in response to injury [12], as well as in human
SMCs in culture following IFN-𝛾-stimulation [18]. Murray
and colleagues [18] demonstrated that class II molecules on
human saphenous vein SMCs were functional, since they

inducedCD25 expression on restingCD4+ T cells. Additional
studies demonstrated that survival and activation of T cells
occurred as a result of the specific interaction between TCR
on T cells and MHC molecules on SMCs, since treatment
with antibodies directed toward MHC class II blocked the
proliferation of CD4+ T cells cocultured with syngeneic
SMCs [13, 16]. On the contrary, in the context of nonspecific
generalized T cell stimulation or in the presence of polyclonal
activators such as phytohemagglutinin SMCs did not activate
CD4+ T cells [18, 19].

In order to understand whether an antigen specific
stimulation leads to immunological competence of SMCs,
engaging MHC molecules, we employed a novel and selec-
tive approach such as the E𝛼-GFP/Y-Ae model that allows
visualization of antigen uptake through a GFP tagged E𝛼
peptide and tracking of antigen presentation using the Y-
Ae Ab. The E𝛼-GFP protein is internalized and processed
by APCs to generate E𝛼 peptide for presentation on MHC
class II. The monoclonal Ab Y-Ae detects E𝛼 only when
bound to MHC class II molecules (I-Ab) [21–24]. E𝛼-GFP
treatment of SMCs increased the percentage of GFP positive
cells, without affecting the percentage of SMCs positive to
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the monoclonal Ab Y-Ae. These results clearly demonstrate
that primary aortic murine SMCs fail to present exogenous
protein antigens in the context of MHC class II.

Our results also prove the inability of SMCs in inducing
OVA specific OT-II CD4+ T cell activation and proliferation.
Apossible explanation for these observations is that SMCs fail
to activate T cells through a failure in antigen presentation
and a lack of costimulatory molecule expression. Indeed,
although human SMCs express the costimulatory molecules
CD44, CD54, CD58, and CD59 [18], they lack OX40L,
which is considered essential for T cell activation [19]. We
also observed lack of costimulatory molecule expression
(OX40L, CD40, CD70, and CD86) on SMC surface following

IFN-𝛾 stimulation, supporting the hypothesis that impaired
costimulation function contributes to the inability of SMCs
to induce T cells activation/proliferation.

In order to analyze this point further, we cocultured SMCs
with the DO11.10-GFP hybridoma cells that, in presence of
the model Ag OVA, undergo activation without requiring
any costimulatory signal [28, 29]. Importantly, SMCs failed
to activate DO11.10-GFP hybridoma cells, demonstrating that
other mechanisms, apart from a defect in costimulation
function, are liable for the limited capacity of SMCs to activate
T cells.

One possibility could be that SMCs cannot process
protein antigens, rather than not being able to present



8 BioMed Research International

96.50 0.34 48.20 35.00 92.60 0.63 93.40 1.02

92.60 1.22 95.20 0.72 92.20 0.92 94.30 0.91

DO11.10

D
O

11
.1

0

DO11.10-DCs (OVA)

D
O

11
.1

0-
D

Cs
 (O

VA
)

DO11.10-unstimulated SMCs

D
O

11
.1

0-
un

sti
m

ul
at

ed
 S

M
Cs

DO11.10-SMCs (IFN-γ)

D
O

11
.1

0-
SM

Cs
 (I

FN
-γ

)

DO11.10-SMCs 

D
O

11
.1

0-
SM

Cs
 (I

FN
-γ

 +
 O

VA
) 

DO11.10-SMCs 

D
O

11
.1

0-
SM

Cs
 (I

FN
-γ

 +
 O

VA
32

3 
  3

39
) 

DO11.10-SMCs (OVA)

D
O

11
.1

0-
SM

Cs
 (O

VA
)

DO11.10-SMCs (OVA323-339)

D
O

11
.1

0-
SM

Cs
 (O

VA
32

3 
  3

39
)

GFPGFPGFP GFP

D
O

11
.1

0 
TC

R

0

5

10

15

20

25

30

35

 G
FP

 p
os

iti
ve

 ce
lls

 (%
)

102 103 104 105

102 103 104 105 000 0

0000

0 0 0

0 0

0

00

102 103 104 105 102 103 104 105 102 103 104 105

102 103 104 105 102 103 104 105 102 103 104 105

102

103

104

105

D
O

11
.1

0 
TC

R

102

103

104

105

102

103

104

105

102

103

104

105

102

103

104

105

102

103

104

105

102

103

104

105

102

103

104

105

(IFN-γ + OVA) (IFN-γ + OVA323-339)

∗∗∗

6.12 4.07 4.74

3.12 2.51 6.77 5.52

6.82

14.3

0.033

0.044

0.0260.018

0.0136.61e − 3

3.91e − 3

––

Figure 5: Effect of SMCs on DO11.10-GFP hybridoma cell activation. IFN-𝛾-stimulated SMCs were treated with (OVA, 1mg/mL) or
OVA
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peptide (0.5 𝜇g/mL) overnight and then cocultured with DO11.10-GFP hybridoma cells for 24 h. OVA-treated DCs were used
as positive control. Results are expressed as mean ± SEM from three separate experiments run in triplicate. ∗∗∗𝑃 < 0.001 versus DO11.10-GFP
hybridoma cells alone.

them. Nevertheless, in our experiments, treatment of
SMCs with OVA

323−339
peptide, which does not require

any processing to be presented in the context of MHC
molecules, did not affect activation/proliferation of
neither OT-II CD4+ T cell nor DO11.10-GFP hybridoma
cells. This observation demonstrates that the SMC
inability in presentation cannot lie in a defect in the
antigen processing; thus further investigations will be
necessary to understand the mechanisms underlining this
deficiency.

5. Conclusions

In summary, our work demonstrates that while murine
primary aortic SMCs express MHC class II and can acquire
exogenous antigens, they fail to activate T cells through
a failure in antigen presentation and a lack of costimula-
tory molecule expression. Our results do not preclude the
possibility that SMCs could act as APCs, depending on
the environment (e.g., in atherosclerotic arteries) and the
vascular bed; however, they suggest that antigen presentation
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may not be the key immunological feature of SMCs in the
initiation of vascular inflammation.
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Hypertension is a complex condition and is themost common cardiovascular risk factor, contributing to widespreadmorbidity and
mortality. Approximately 90% of hypertension cases are classified as essential hypertension, where the precise cause is unknown.
Hypertension is associated with inflammation; however, whether inflammation is a cause or effect of hypertension is not well
understood. The purpose of this review is to describe evidence from human and animal studies that inflammation leads to the
development of hypertension, as well as the evidence for involvement of oxidative stress and endothelial dysfunction—both thought
to be key steps in the development of hypertension. Other potential proinflammatory conditions that contribute to hypertension—
such as activation of the sympathetic nervous system, aging, and elevated aldosterone—are also discussed. Finally, we consider
the potential benefit of anti-inflammatory drugs and statins for antihypertensive therapy. The evidence reviewed suggests that
inflammation can lead to the development of hypertension and that oxidative stress and endothelial dysfunction are involved in
the inflammatory cascade. Aging and aldosterone may also both be involved in inflammation and hypertension. Hence, in the
absence of serious side effects, anti-inflammatory drugs could potentially be used to treat hypertension in the future.

1. Introduction

Hypertension is the most common cardiovascular risk factor
[1] and contributes to widespread morbidity and mortality
worldwide [2]. Hypertension is a complex condition, and
about 90% of cases are classified as essential hypertension,
where the precise cause is unknown [3]. A small minority of
hypertensive patients have secondary hypertension, in which
a known factor is specifically responsible for raising blood
pressure. Many secondary causes of hypertension include
primary aldosteronism, obstructive sleep apnea, and renovas-
cular disease [4]. An association between hypertension and
inflammation has now been clearly demonstrated; however, it
is presently unclear whether inflammation is predominately a
cause or effect of hypertension.This brief reviewwill describe
evidence that inflammationmight lead to the development of
hypertension (Figure 1).

2. Inflammation in Human Hypertension

Current therapies for human hypertension include angi-
otensin II (Ang II) type 1 receptor (AT1R) inhibitors,
angiotensin converting enzyme (ACE) inhibitors, diuretics,
calcium channel antagonists, and 𝛽-blockers. Treatment
with commonly used antihypertensives reduces the risk
of total major cardiovascular events, and importantly, it
appears that the larger the reduction in blood pressure,
the larger the reduction in cardiovascular risk [5]. Insulin
resistance contributes causally toward the pathogenesis of
hypertension [6, 7]. Indeed, hypertension has been found to
be associated with hyperinsulinemia and insulin resistance
in humans [8]. Yet, while the above-mentioned therapies
successfully lower blood pressure in most individuals, there
are a group of patients who are resistant to such treat-
ments. Furthermore, even when blood pressure targets are
achieved, many hypertensive patients remain at risk for
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Figure 1: Schematic diagram illustrating the relationship between inflammation and hypertension and the contributing factors involved.
Anti-inflammatory drugs and statins may be effective antihypertensive due to their anti-inflammatory properties.

a cardiovascular event, which may be due to underlying
inflammation.

Inflammation is a protective response to injury or infec-
tion. It is a complex process that involves inflammatory cells
first identifying the affected tissue, leukocyte recruitment into
tissue, elimination of the offending agent, and repair of the
site of injury. Inflammation requires interactions between
cell surfaces, extracellular matrix, and proinflammatory
mediators [9]. Excessive inflammation can have detrimental
effects and contribute to the progression of chronic and/or
prolonged diseases such as atherosclerosis [10], rheumatoid
arthritis [11], and systemic lupus erythematosus [12].

The acute phase protein, C-reactive protein (CRP), is
involved in innate immune responses and has roles that
include activating the complement system and enhancing
phagocytosis [13]. CRP can stimulate monocytes to release
proinflammatory cytokines such as interleukin-6 (IL-6),
interleukin-1 beta (IL-1𝛽), and tumour necrosis factor alpha
(TNF-𝛼) [14] and also endothelial cells to express intracellular
adhesion molecule (ICAM)-1 and vascular cell adhesion
molecule (VCAM)-1 [15], effects which will further promote
inflammation.

CRP is considered the inflammatory marker with the
strongest association with hypertension. It has been demon-
strated in numerous clinical trials that hypertensive patients
commonly have increased plasma CRP levels [16–21]. Both
males and females participated in these studies and the ages
of these patients varied from young [16] to middle aged
[17]. Prehypertensive patients generally have higher plasma
CRP levels than normotensive patients [22], and higher
baseline CRP levels are reportedly associated with a higher

risk of developing overt hypertension [23–25], consistent
with the concept that systemic low-grade inflammation may
precede hypertension. Systemic low-grade inflammation can
be defined as a 2- to 3-fold increase in plasma levels of
cytokines and acute phase proteins [26]. As discussed below,
hypertensive patients have been reported to have higher
plasma concentrations of proinflammatory cytokines. Non-
hypertensive offspring of hypertensive parents tend to have
higher serum CRP levels than offspring of nonhypertensive
parents [27]. Studies have also demonstrated higher plasma
IL-6 [28–30], IL-1𝛽 [31, 32], and TNF-𝛼 [28, 33, 34] levels in
hypertensive patients compared to normotensive patients.

There is also evidence for involvement of immune cells in
human hypertension. Patients with hypertensive nephroscle-
rosis have higher renal infiltration of CD4+ and CD8+ T
cells than normotensive control patients [35]. Furthermore,
C-X-C chemokine receptor type 3 (CXCR3) chemokines
are well-known tissue-homing chemokines for T cells, and
circulating levels of CXCR3 chemokines have been reported
to be elevated in hypertensive patients [35]. Acquired immun-
odeficiency syndrome (AIDS) patients have reduced CD4+ T
cells and the incidence of hypertension has been reported to
be lower in AIDS patients than in HIV-negative participants.
The highly active antiretroviral therapy (HAART) which can
raise T cell levels increases the incidence of hypertension
in AIDS patients similar to HIV-negative participants after
treatment for less than 2 years, and the incidence of hyper-
tension in AIDS patients is higher than in HIV-negative
participants after treatment for 2 to 5 years [36]. In addition,
it is becoming increasingly recognized that both neonatal
and childhood health and disease are linked to the prenatal
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environment. Indeed, infants born following intrauterine
inflammation are at increased risk of perinatal morbidity and
mortality than infants born to healthy mothers [37–39].

3. Inflammation in Experimental
Hypertension

Findings from animal studies have also suggested a role
for inflammation in the pathophysiology of hypertension.
Spontaneously hypertensive rats (SHR) are a genetic model
of essential hypertension that develop hypertension as they
age. SHR at 3 weeks of age are not yet hypertensive, yet
their kidneys have higher levels of infiltrating lymphocytes
and macrophages and activation of nuclear factor-kappaB
(NF-𝜅B) than in Wistar Kyoto (WKY) normotensive control
rats. These inflammatory changes in the kidneys continue to
increase, together with blood pressure, with age in the SHR
[40]. Junctional adhesion molecule (JAM)-1 is involved in
leukocyte binding to the endothelium and has been found
to be upregulated in the brainstem of SHR compared to
WKY rats. Overexpression of JAM-1 in WKY rats resulted in
elevated systolic blood pressure [41].

Macrophage colony-stimulating factor (m-CSF) acts as a
chemotactic factor for monocytes and regulates both effector
functions of mature monocytes and macrophages, and pro-
duction of cytokines.Mice deficient inm-CSF [42], IL-6 [43],
TNF-𝛼 [44], or interleukin-17 (IL-17) [45] develop a lower
blood pressure in response to a hypertensive dose of Ang II
compared with control mice. RNA interference knockdown
of IL-6 in rats has also been shown to inhibit hyperten-
sion [46]. Suppression of NF-𝜅B reportedly inhibits the
increase in blood pressure that normally occurs in SHR [47].
Lipopolysaccharide (LPS)- endotoxin from gram-negative
bacteria elicits a strong immune response and intraperitoneal
injection of LPS is a well-characterised model of systemic
inflammation in rodents. In rats, LPS-induced increases in
plasma levels of CRP, TNF-𝛼, and IL-1𝛽 are associated with
an increase in blood pressure [48]. Inhibition of Cox-2 in
LPS-treated rats inhibited the increase in blood pressure,
suggesting that inflammation in response to LPS treatment
contributed to the hypertensive effect [48]. Offspring with
prenatal exposure to LPS [49, 50] or IL-6 [51] have higher
blood pressure than control offspring.

Immune cells have been implicated to play a role in the
development of hypertension. RAG-1 deficient mice, which
lack T and B cells, do not develop hypertension in response to
Ang II [52], DOCA-salt [52], or chronic stress [53]. Adoptive
transfer of T cells but not B cells restored the hypertensive
effect in RAG-deficient mice [52]. An analogous effect has
been reported to occur in macrophage-depleted mice in
response to Ang II infusion [54].

T cells have been demonstrated to expressAT1R (themain
target receptor of Ang II), ACE, angiotensinogen, renin, and
the renin receptor, all important components of the renin
angiotensin aldosterone system (RAAS) [55]. The RAAS is a
key regulator of blood pressure, and excessive stimulation of
this system can cause hypertension. While T cells are capable
of producing Ang II [56], which can cause vasoconstriction,

stimulate inflammation, and aldosterone production [57], the
role of T cell-derivedAng II in such effects is uncertain.There
is some evidence that inflammation can overstimulate the
RAAS. Inflammatory markers such as CRP [58], TNF-𝛼, and
IL-1𝛽 [59] have been found to upregulate AT1R. Furthermore,
central administration of LPS to rats increases AT1R mRNA
expression in the hypothalamus [60].

Given the importance of this recent concept that immune
cells are involved in hypertension, we will briefly discuss a
hypothesis presented in the literature by Harrison’s group
regarding how immune cells are activated in hypertension.
Hypertensive stimuli, including salt, overactivity of the
RAAS, oxidative stress, and inflammation lead to an initial
elevation in blood pressure (mainly because of central actions
but also due to endogenous hormones such as Ang II and
aldosterone), which results in protein modifications. These
altered proteins are no longer recognized as self (i.e., they
serve as neoantigens), and T cells are activated. T cell-
derived signals promote entry of macrophages (and other
inflammatory cells) into the vasculature and kidney which
results in cytokine release. In the vasculature, activated T cells
promote vasoconstriction and remodeling. Together with the
promotion of sodium andwater retention in the kidney,more
severe hypertension can result [61, 62].

4. Inflammation and Endothelial Dysfunction
in Hypertension

One potential mechanism by which inflammation may pro-
mote hypertension is by causing endothelial dysfunction.The
endothelium is a single cell layer that lines the luminal surface
of blood vessels and is involved in regulation of vascular
tone and structure. Nitric oxide (NO) derived from endothe-
lial nitric oxide synthase (eNOS) is a signalling molecule
important in regulating vascular tone. When NO is released
from endothelial cells it causes smooth muscle relaxation
and subsequent vasodilation (Figure 2) [63]. Endothelial
dysfunction may contribute to increased systemic vascular
resistance and thus lead to the development of hypertension
and is commonly manifested as impaired endothelium-
dependent vasodilation due to an imbalance between vaso-
constrictors and vasodilators [64]. Inflammation can alter the
rates of synthesis and degradation of vasoconstrictors and
vasodilators including NO, and impaired NO bioactivity is
associated with hypertension. Rats chronically treated with
the NO synthase inhibitor, N-nitro-L-arginine methyl ester,
have higher blood pressure than controls [65]. Inflammation
has been shown to downregulate NO synthase activity. For
example, CRP [66] and TNF [67] have both been demon-
strated to attenuate NO production by destabilising eNOS
mRNA, which reduces NOS protein expression, and inhibi-
tion of TNF restores endothelial-dependent vasodilation in
humans [68] (Figure 2). IL-17 has been reported to cause
endothelial dysfunction by activating Rho-kinase, which
leads to phosphorylation of the inhibitory eNOS residue,
threonine 495 [69]. Inhibition of eNOS increases vascular
tone [70] and consistent with this, Rho-kinase has been
shown to contribute to cerebral vascular tone in vivo and this
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Figure 2: (a) Diagram illustrating endothelium-dependent relaxation during health. (b) Diagram illustrating mechanism by which
inflammation and oxidative stress cause endothelial dysfunction. Inflammatory mediators such as CRP and TNF destabilise eNOS mRNA
(thus inhibiting eNOS).NOprotects endotheliumby inhibiting leukocyte adhesion; thus, impairedNO function results in increased leukocyte
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is enhanced during chronic hypertension. In contrast, protein
kinase C was not found to contribute to cerebral vascular
tone in either normotensive or hypertensive animals [71].
Increased serum CRP levels also correlate with reduced NO
bioavailability in coronary artery disease patients [72]. Mice
deficient in m-CSF were found to develop less endothelial
dysfunction and vascular oxidative stress in response to Ang
II compared to wild type mice [42].

Importantly, normal healthy endothelium exerts anti-
inflammatory effects such as NO-dependent inhibition of
leukocyte adhesion [73]. Inhibition of eNOS activity aug-
ments expression of leukocyte adhesion molecules and
chemokines such as monocyte chemotactic protein 1 (MCP-
1) [74, 75]. Furthermore, gene therapy to augment vascu-
lar NO synthase activity attenuates hypercholesterolemia-
induced leukocyte adhesion molecule expression and mono-
cyte infiltration [76]. Therefore, endothelial dysfunction can
further exacerbate vascular inflammation, whichmay in turn
contribute to the development of hypertension.

5. Inflammation and Oxidative Stress in
Hypertension

Chronic inflammation can also trigger oxidative stress, which
has been associated with hypertension [77]. As mentioned,
inflammation is the primary immune response to eliminate
pathogens or to repair tissue damage. Innate immune cells,
such as neutrophils and macrophages, produce reactive
oxygen species (ROS) such as superoxide and hydrogen per-
oxide in order to kill pathogens [77]. Nicotinamide adenine
dinucleotide phosphate-oxidase (NADPH) oxidase is amajor
source of ROS in immune cells and also in the vasculature
[78]. Inflammatory processes continue until the pathogens

are destroyed or the tissue repair process has been completed.
However, sustained inflammation can lead to an overpro-
duction of ROS. Oxidative stress (defined as an imbalance
between the production and breakdown of ROS) is a major
cause of endothelial dysfunction, primarily through reducing
NO bioavailability via the direct chemical reaction of super-
oxide with NO, resulting in the formation of peroxynitrite
[79]. The reaction between superoxide and NO is faster [80]
than the breakdown of superoxide via superoxide dismutase
[81]. Furthermore, peroxynitrite formation may result in
further impairment of NO levels and enhanced oxidative
stress by inhibiting eNOS activity through oxidation of 4-
tetrahydrobiopterin (BH

4
), a cofactor of eNOS. This leads to

eNOS uncoupling, where eNOS produces superoxide instead
of NO [82]. Excessive ROS levels can also induce cellular
damage by interacting with DNA, lipids, and proteins [83],
which may further impair vascular structure and function.
Immune cells such as T cells, macrophages, and neutrophils
express NADPH oxidase subunits and produce ROS. In the
setting of Ang II-induced hypertension, T cells express higher
levels of p47phox, p22phox, and NOX2, components of NOX2
oxidase. Furthermore, adoptive transfer of T cells deficient in
NADPH oxidase results in lower superoxide production and
hypertension in response to Ang II [52]. Oxidative stress can
promote inflammatory processes by activating transcription
factors such as NF-𝜅B [84]. CRP levels have been shown to
correlate with the level of oxidative stress in inflammatory
cells from hypertensive patients [85].

The kidney is an important organ involved in regulating
blood pressure, and chronic kidney disease is one of the most
common causes of secondary hypertension [86]. Elevated
renal oxidative stress can be seen in the early stages of
chronic kidney disease [87], and inflammation [88] and
oxidative stress [87] increase as renal dysfunction progresses.
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Prehypertensive SHR from 2-3 weeks of age have elevated
renal inflammation and oxidative stress compared to age-
matched WKY rats [89]. Renal artery stenosis results in
reduced renal perfusion and pressure at the afferent arteriole,
thus stimulating the release of renin and, hence, activation of
the RAAS [90]. Renal artery stenosis can cause renovascular
hypertension, a secondary form of hypertension due to
kidney dysfunction. Indeed, reduced blood flow to the kidney
decreases renal function and can lead to chronic kidney dis-
ease [91]. Renal artery stenosis is the most common primary
disease of renal arteries, and up to 90% of cases are caused
by atherosclerosis [92], a chronic inflammatory disease that
predominately occurs in large arteries, and oxidative stress
plays a major role in its development [93].

Overall, with oxidative stress being able to act as a key
trigger of both inflammation and hypertension, it remains
unclear whether inflammation is predominately a cause
or effect of hypertension, with evidence to support either
scenario in a likely vicious cycle.

6. The Sympathetic Nervous System and
Inflammation in Hypertension

Sympathetic nervous system (SNS) activation is a common
feature of hypertension and can contribute to the develop-
ment of hypertension [94]. Essential hypertension patients
are reported to have increased renal sympathetic outflow
[95]. Autonomic dysfunction is characterised by increased
sympathetic and decreased parasympathetic activity, and the
SHR has been shown to be a good rodent model of human
autonomic dysfunction [96]. The SNS innervates primary
and secondary lymphoid organs and most immune cells
express receptors for catecholamines such as noradrenaline
[97]. The SNS can enhance inflammatory responses. For
example, deletion of extracellular superoxide dismutase in
the circumventricular organs of mice increased sympathetic
outflow, modestly elevated blood pressure and increased T
cell activation [98]. Renal sympathetic nerves have been
suggested to play a role in kidney inflammation. Rats that
have undergone renal sympathetic denervation have reduced
renal macrophage levels and cortical TNF expression [99].
Neuroinflammation has been associated with increased sym-
pathetic drive during cardiovascular disease. Inflammation
may also promote SNS activation. Central administration of
LPS to rats is reported to increase renal sympathetic drive
and blood pressure [60]. Blood-borne pro-inflammatory
cytokines may also act on receptors in the microvasculature
of the brain to induce Cox-2 activity and the production of
prostaglandins which penetrate the blood brain barrier to
activate the SNS [100]. Overall, these studies suggest a poten-
tially important link between the SNS and inflammation in
the development of hypertension.

Increased sympathetic drive to the kidneys causes the
release of renin and subsequently raises blood pressure [101].
Catheter-based renal denervation is a promising therapeutic
approach to treat resistant hypertension [102]. Catheter-
based renal denervation involves the application of radiofre-
quency energy in short bursts along themain renal arteries to

disrupt the renal nerves. However, the recent SYMPLICITY
HTN-3 clinical trial has reported that renal denervation
does not result in a significant reduction in systolic blood
pressure in resistant hypertensive patients with systolic blood
pressure readings above 160mmHg when compared to sham
control [103].The previous SYMPLICITY HTN clinical trials
[102, 104] had reported that renal denervation can cause
large reductions in blood pressure; however, these clinical
trials were unblinded, had small sample sizes, and lacked
sham controls as opposed to SYMPLICITYHTN-3.This does
not necessarily mean that renal denervation is ineffective in
lowering blood pressure as SYMPLICITY HTN-3 used the
Medtronic catheter and there are other catheters available;
hence, future clinical trials could study the use of other
catheters to lower blood pressure. Currently there is a clinical
trial examining Covidien’s OneShot device [105].

7. Aging and Chronic Inflammation

More than half of the elderly (above 65 years of age)
have hypertension [106], and the prevalence of hypertension
increases with age [107]. Secondary causes of hypertension
such as obstructive sleep apnea, chronic kidney disease, and
renal artery stenosis, which are all associated with inflam-
mation, are highly prevalent in the elderly [108]. Chronic
low-grade inflammation commonly occurs with aging and
this has been termed “inflammaging” [109]. Inflammaging is
characterised by an imbalance of proinflammatory markers
and anti-inflammatory markers. Levels of proinflamma-
tory markers such as IL-6, TNF-𝛼, and CRP are elevated,
while anti-inflammatory cytokines such as interleukin-10
are reduced [110]. Inflammaging is believed to be caused
by continuous lifelong exposure to antigens, due either to
infection and/or nonpathogenic antigens.

8. Aldosterone and Inflammation

Patients with primary aldosteronism have elevated aldos-
terone levels, and as mentioned earlier, primary aldostero-
nism is a common secondary cause of hypertension. More
than 10% of hypertensive patients have raised aldosterone
levels [111], and drugs that block the mineralocorticoid
receptor (MR), the main target receptor of aldosterone, are
used to treat hypertension that is resistant to ACE inhibition
and AT1R antagonism [112]. Aldosterone is involved in the
RAAS whereby a fall in blood pressure under physiologi-
cal conditions leads to Ang II generation which, through
its action on the AT1R in the adrenal zona glomerulosa,
stimulates the release of the mineralocorticoid, aldosterone.
Aldosterone activates the MR in the distal renal tubule of
the kidney to increase sodium and water retention, and
potassium excretion, leading to an increase in blood volume
and thus blood pressure [113]. Actions of aldosterone were,
until recently, believed to be restricted to the kidney, but it
is now understood that aldosterone can target other tissues
relevant to blood pressure control, including the brain [114],
vasculature [115], and heart [116].
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Aldosterone has been reported to exert proinflammatory
effects that appear to be MR-mediated. Administration of
exogenous aldosterone to experimental animals results in
elevated levels of ICAM-1, MCP-1, and TNF-𝛼 in coro-
nary arteries [117], and increased vascular infiltration of
macrophages and lymphocytes [118]. In the heart, aldos-
terone can increase vascular expression of ICAM-1, MCP-
1, osteopontin, and COX-2, which can be blocked by the
MR antagonist, eplerenone [116], indicating involvement of
the MR. Proinflammatory effects of aldosterone have also
been reported to occur in the kidney, where aldosterone and
salt treatment caused MR-dependent leukocyte infiltration
and elevation of osteopontin, IL-6, IL-1𝛽, and MCP-1 levels
[119]. Association between aldosterone and inflammation has
been reported in essential hypertensive patients, where high
plasma aldosterone levels were correlated with high levels of
circulating CRP and leukocytes [120].

9. Anti-Inflammatory Drugs and Hypertension

Currently, anti-inflammatory drugs are not used to treat
hypertension. Of the different classes of anti-inflammatory
agents, immunosuppressant drugs could potentially be used
to treat hypertension.Mycophenolatemofetil, which blocks T
cell and B cell proliferation by inhibiting inosine monophos-
phate dehydrogenase, has been demonstrated to reduce
hypertension in SHR [121], inDahl salt-sensitive rats (another
rodent model of hypertension) [122, 123], and in psoriasis
and rheumatoid arthritis patients [124]. Another immuno-
suppressant, tacrolimus, a calcineurin inhibitor which blocks
T cell activation, is reported to reduce hypertension in Dahl
salt-sensitive rats [125]. Furthermore, chronic kidney disease
patients with hypertension and who are on immunosup-
pressant drugs were found to require less antihypertensive
medication than patients who were not taking immunosup-
pressant drugs [126]. Based on these studies, T cells may be a
potential target in treating hypertension. T cells are an impor-
tant component of the immune system and are involved
in various aspects such as regulating immune responses by
secreting anti- and proinflammatory cytokines. Ang II and
aldosterone have proinflammatory effects; hence, targeting
the RAAS could also target inflammation in hypertension.
Ang II has been demonstrated to stimulate T cell proliferation
and T cells deficient in the AT1R proliferate much less than
T cells from wild type mice [127]. Vaccines that target the
RAAS are currently in development to treat hypertension.
The CYT006-AngGb vaccine which targets Ang II has been
reported to reduce blood pressure in patients with mild to
moderate hypertension with no serious safety issues in a
phase IIa clinical trial [128]. Recently, theATRQ𝛽-001 vaccine
which targets the AT1R has been found to be successful
in lowering blood pressure in Ang II-induced hypertensive
mice and SHR [129]. However, further studies are required to
demonstrate the long-term safety of vaccines which target the
RAAS, as one of the earlier vaccines developedwhich targeted
renin was found to cause fatal autoimmunity [130].

Immunosuppressants can have serious side effects [131];
hence, their potential use to treat hypertension should be

carefully considered and is not currently justified. Moreover,
it is noteworthy that nonsteroidal anti-inflammatory drugs
can increase blood pressure by causing sodium retention
[132]. The use of immunosuppressants to treat treatment-
resistant hypertension could possibly be justified. Treatment-
resistant hypertension is defined as blood pressure that is
above the patient’s goal, despite treatment with at least
three different classes of antihypertensive drugs, including
a diuretic, at optimal doses. Patients with controlled blood
pressure, and taking at least four antihypertensive medica-
tions, are also considered to be treatment-resistant [133]. It
is difficult to determine the exact prevalence of treatment-
resistant hypertension, but clinical trials have suggested that
this may include up to 30% of hypertensive patients [134].
Currently, there are few therapeutic options available to treat
resistant hypertension.

Statins were developed to inhibit cholesterol synthesis
by blocking HMG-CoA reductase, but these drugs may
also have anti-inflammatory effects and can cause a small
reduction in systolic blood pressure in hypercholesterolemic
patients, an effect that is greater in patients with a higher
baseline blood pressure [135]. Statins can reduce levels
of proinflammatory cytokines such as IL-1, IL-6, TNF-
𝛼, ICAM-1, and CRP [136]. Even in participants without
hyperlipidemia, rosuvastatin has been shown to reduce CRP
levels in association with a lower incidence of cardiovascular
events [137]. The anti-inflammatory effects of statins may
occur through the mevalonate pathway (i.e., HMG-CoA
reductase pathway), which is responsible for cholesterol
synthesis [138]. Pitavastatin has been shown to reduce IL-
6 and IL-8 secretions and mRNA expression of IL-6, IL-8,
and granulocytemacrophage colony-stimulating factor (GM-
CSF) in LPS-stimulated human bronchial epithelium cells.
These effects were inhibited by treatment with mevalonate,
the initial product of HMG-CoA reductase [139]. The anti-
inflammatory effects of statins may also occur through NO.
Statins have been shown to enhance mRNA and protein
expression of eNOS in human endothelial cells by inhibit-
ing Rho-kinase geranylgeranyl-phosphorylation [140], and
as discussed earlier NO has protective anti-inflammatory
effects. Statins may also improve eNOS coupling by reducing
plasma asymmetrical dimethylarginine (ADMA) [141], as
ADMA has been associated with eNOS uncoupling [142].

10. Conclusion

It is unclear whether inflammation is a cause or effect
of hypertension, but as discussed in this review there is
evidence from human and animal studies suggesting that
inflammation can lead to the development of hypertension.
Oxidative stress and endothelial dysfunction are known
to be associated with inflammation and can contribute to
hypertension, at least in part, by exacerbating the inflam-
matory response. Other factors that contribute to hyper-
tension such as SNS activation, aging, or aldosterone are
also associated with inflammation (summarized in Figure 1).
Future studies should focus on whether anti-inflammatory
drugs are beneficial in reversing hypertension, oxidative
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stress, and endothelial dysfunction in experimental models
of hypertension. Hence, in the absence of serious side
effects, anti-inflammatory drugs could potentially be used
not only to treat hypertension in the future but also to treat
other cardiovascular diseases by minimizing the impact of
oxidative stress and endothelial dysfunction.
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A few studies in animals and humans suggest that metoprolol (𝛽1-selective adrenoceptor antagonist) may have a direct
antiatherosclerotic effect. However, the mechanism behind this protective effect has not been established. The aim of the present
study was to evaluate the effect of metoprolol on development of atherosclerosis in ApoE−/− mice and investigate its effect on
the release of proinflammatory cytokines. Male ApoE−/− mice were treated with metoprolol (2.5mg/kg/h) or saline for 11 weeks
via osmotic minipumps. Atherosclerosis was assessed in thoracic aorta and aortic root. Total cholesterol levels and Th1/Th2
cytokines were analyzed in serum and macrophage content in lesions by immunohistochemistry. Metoprolol significantly reduced
atherosclerotic plaque area in thoracic aorta (𝑃 < 0.05 versus Control). Further, metoprolol reduced serum TNF𝛼 and the
chemokine CXCL1 (𝑃 < 0.01 versus Control for both) as well as decreasing the macrophage content in the plaques (𝑃 < 0.01
versus Control). Total cholesterol levels were not affected. In this study we found that a moderate dose of metoprolol significantly
reduced atherosclerotic plaque area in thoracic aorta of ApoE−/− mice. Metoprolol also decreased serum levels of proinflammatory
cytokines TNF𝛼 and CXCL1 and macrophage content in the plaques, showing that metoprolol has an anti-inflammatory effect.

1. Introduction

Cardiovascular events are most often caused by complica-
tions to atherosclerotic disease. 𝛽-Blockers have been shown
to reduce the risk of cardiovascular events after myocardial
infarction [1, 2]. The mechanisms behind this cardioprotec-
tive effect have been attributed to the many positive effects
that 𝛽-blockers have on cardiac function: antiarrhythmic
effects, improvement of myocardial function, lowering of
cardiac oxygen consumption, and lowering of blood pressure.
In addition, a few studies have also suggested that 𝛽-blockers
may have direct antiatherosclerotic effects in rabbits and
monkeys, as well as in humans [3, 4].

In landmark studies, Kaplan and coworkers showed that
atherosclerosis development was accelerated in dominant
male cynomolgus monkeys living in unstable hierarchies

[5, 6].The effect on atherosclerosis was inhibited by nonselec-
tive 𝛽-blockade using propranolol [7]. In later experiments,
blockade withmetoprolol protected against acute endothelial
injury induced by unstable social conditions in the same
animal model, suggesting that stress-induced atherogenesis
is mediated via the 𝛽

1
-receptor [8]. The protective effect of

metoprolol was also seen under nonstressed conditions in
rabbit models of atherosclerosis [9]. It has also been shown in
two separate studies that low-dose metoprolol administered
during three years slows the progression of intima media
thickness (IMT) in humans [10, 11] and alters the grey scale
of carotid plaques [12]. However, despite these convincing
data, the mechanisms behind this protective effect have not
yet been established.

We hypothesized that metoprolol would reduce pro-
gression of atherosclerosis in ApoE−/− mice and therefore
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studied whether long-term treatment with metoprolol would
reduce plaque area. We also studied the potential effects of
metoprolol on proinflammatory cytokines known to play a
role in development of atherosclerosis.

2. Methods

2.1. Animals. Mice were housed at 21 to 24∘C in a room with
a 12 h light/12 h dark cycle. Water and food were available
ad libitum. All procedures involving mice were approved by
the Regional Animal Ethics Committee at the University of
Gothenburg, in accordance with the European Communities
Council Directives of 24 November 1986 (86/609/ECC).

2.2. Study I: Dose-Finding

2.2.1. Experimental Design. To find an appropriate dose
of metoprolol we randomly divided male C57BL/6 mice
(Taconic, Denmark), 9 weeks of age, into four groups: (i)
Control (𝐶, 𝑛 = 4), (ii) Metoprolol Dose 1 (1.4mg/kg per
hour, Sigma Aldrich St. Louis, Missouri, USA, 𝑛 = 4), (iii)
Metoprolol Dose 2 (2.5mg/kg per hour, 𝑛 = 4), and (iv)
Metoprolol Dose 3 (4.1mg/kg per hour, 𝑛 = 4).

At 10 weeks of age, mice were implanted with ECG
telemetry probes (PhysioTel Transmitters TA-F20, weight
3.9 g, Data Science International, Inc., St. Paul, MN, USA)
as previously described [13]. At 12 weeks of age osmotic
minipumps (Alzet model 1002, DURECT Corporation,
ALZETOsmotic Pumps, Cupertino, CA,USA)with the three
different doses of metoprolol were implanted as previously
described [14]. Mice were anesthetized with isoflurane for 5–
10 minutes and minipumps were implanted subcutaneously
on the back of the mouse.

2.2.2. Effects of Metoprolol on Heart Rate. At 13 weeks of
age heart rate was measured with radiotelemetry in an
undisturbed room during 24 hours at baseline conditions.
Further, heart rate was recorded one hour prior to air-jet
stress (baseline) and twohours during air-jet stress (stress) for
baseline and stress measurements, respectively, as previously
described [13].

2.2.3. Plasma Concentration of Metoprolol. Plasma concen-
trations ofmetoprolol weremeasuredwith liquid chromatog-
raphy coupled with tandemmass spectrometry (LC/MS/MS)
from blood samples collected at termination.

2.3. Study II: Effects on Atherosclerosis

2.3.1. Experimental Design. Male ApoE−/− mice (Taconic
Transgenic Models Strain B6.129P2-Apoetm1Unc/N11 Taconic,
Denmark), 6 weeks of age, were randomly divided into two
groups: (i) Control (𝐶, 𝑛 = 12) and (ii) Metoprolol infusion
(2.5mg/kg per hour, Met, 𝑛 = 12). From 9 weeks of age and
throughout the experiment, mice in both groups were fed a
high fat, cholesterol enriched diet, “western diet” (21% fat,
0.15% cholesterol; R638, Lantmännen, Sweden).

At 9 weeks of age, mice were implanted with osmotic
minipumps (Alzet model 2006) delivering saline ormetopro-
lol, as described above. Since the duration of the minipumps
was six weeks, minipumps were replaced once during the
experiment.

2.3.2. Termination and Fixation. The mice in the atheroscle-
rosis study were sacrificed at 19 weeks of age with an
overdose of pentobarbital (Apoteksbolaget, Sweden, 0.9mg/g
BW i.p.), as previously described [15]. Briefly, blood was
collected from the right ventricle into standard coated tubes
for Li-heparin and serum. The heart and vascular tree were
perfused by intracardiac saline infusion to clear the lumen
from blood. The heart and aorta were then fixed in 4%
paraformaldehyde. After fixation, the thoracic aorta (from
the left common carotid artery to the right renal artery)
was cleared from surrounding fat and tissue and kept in 4%
paraformaldehyde.

2.4. Quantification of Atherosclerosis
and Immunohistochemistry

2.4.1. En Face Quantification of Thoracic Aorta. The thoracic
aorta was analyzed en face, as previously described [15].
Briefly, the aortas were cut open longitudinally, pinned onto
silicone dishes, and stained with Sudan IV for lipids. Images
were captured with Canon Utilities Remote Capture 2.7
(Canon Inc., Tokyo, Japan) using a digital camera connected
to a dissection microscope. The outline of the intima was
manually traced using Adobe Photoshop, by a blinded
observer, to calculate the total area of the vessel. Lesions were
outlined in the same manner and plaque area was calculated
as the percentage of the total vessel area covered with
lesions.

2.4.2. Cross-Sectional Quantification of Aortic Root. The aor-
tic root was serially sectioned and stained with Oil Red O as
previously described [16]. Briefly, the aortic root was serially
sectioned at six different levels, 100–600𝜇m from the aortic
valves.The cross-sections of the vessel were then stained with
Oil Red O and lesions were measured by a blinded observer.
Lesion size was normalized by IEL length.

2.4.3. Immunohistochemistry. Immunostaining was per-
formed on formalin-fixed cross-sections of the aortic root
as previously described [14, 17]. The following antibodies
were used: Mac-2 (CL8942AP: Cedarlane Laboratories Ltd.,
Burlington, Ontario, CA) and biotinylated rabbit anti-rat
IgG (BA-4001: Vector Laboratories, Burlingame, CA, USA).
Binding was visualized by DAB kit (Vector Laboratories) and
counterstained with Hematoxylin (HARRIS HTX Histolab:
Histolab Procuts AB, Gothenburg, Sweden). Images were
produced with an Olympus BX60F5 microscope with a 10X
objective connected to an Olympus DP72 camera. Positive
staining for Mac-2 was automatically traced using cellSens
Dimension analysis software (Version 1.5, Olympus Optical
Company, Hamburg, Germany) and normalized to lesion
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Figure 1: Metoprolol dose-finding (Study I). (a) 24-hour heart rate during baseline conditions after three different doses of metoprolol
compared with Control mice. Metoprolol was administrated to C57BL76 mice via osmotic minipumps delivering 1.4mg/kg per hour (dose
1, 𝑛 = 4), 2.5mg/kg per hour (dose 2, 𝑛 = 4), or 4.1mg/kg per hour (dose 3, 𝑛 = 4). Average 24-hour values for each group are given in
the figure; ∗𝑃 < 0.05, ∗∗𝑃 < 0.01 versus Control. (b) Heart rate increased for Control mice and metoprolol treated mice receiving dose
1 and dose 2 (1.4mg/kg per hour and 2.5mg/kg per hour, resp.) during air-jet stress compared to baseline. For mice receiving metoprolol
dose 3 (4.1mg/kg per hour) heart rate did not increase during air-jet stress, compared to baseline. ∗𝑃 < 0.05 versus baseline. Mice received
metoprolol treatment for one week prior to heart rate measurements. Data are expressed as mean ± SEM.

area. Data are presented as the average staining from two
consecutive sections.

2.5. Blood Sample Analysis

2.5.1. Analysis ofTh1 andTh2 Cytokines. Serum samples were
used for analysis of Th1 cytokines: IL-1𝛽, IL-2, IL-12 total,
IFN-𝛾, TNF𝛼, and CXCL1 andTh2 cytokines: IL-4, IL-5, and
IL-10, using a Mouse Th1/Th2 Multiplex ELISA (Meso Scale
Discovery, Gaithersburg, Maryland, USA) according to the
manufacturer’s protocol.

2.5.2. Total Cholesterol. Total serum cholesterol was deter-
mined colorimetrically after enzymatic hydrolysis and oxida-
tion using a cholesterol kit (cholesterol enzymatic endpoint
method, RANDOX Laboratories Ltd., United Kingdom),
according to the manufacturers protocol.

2.6. Statistics. 24-hour heart ratewas analyzed using repeated
measurement ANOVA followed by Dunnett’s post hoc test
(SPSS Statistics version 17.0, Chicago, IL, USA). All other
data was analyzed with the nonparametric Mann-Whitney𝑈
test (SPSS). One mouse in the metoprolol treated group in
Study II was considered an outlier in SPSS regarding plaque
area. This mouse was removed from all analysis in the study.
All data are expressed as mean ± SEM. 𝑃 < 0.05 was
considered as statistically significant for all data except for
Th1/Th2 cytokines. To reduce the risk formass significance in
the analysis of Th1/Th2 cytokines we used a 99% significance
level (𝑃 < 0.01) for this data.

3. Results

3.1. Study I: Dose-Finding

3.1.1. Metoprolol Lowered 24-Hour Heart Rate. To find an
appropriate dose of metoprolol for the atherosclerosis study
we tested three different doses and their effects on heart
rate. All three doses of metoprolol lowered resting heart
rate during a 24-hour period. Although both doses 1 and 2
significantly reduced heart rate (Dunnett’s, 𝑃 < 0.05 and
𝑃 < 0.01, resp.), the circadian rhythm was similar to the
control situation. Dose 3, on the other hand, disrupted the
circadian rhythm as well as markedly reducing heart rate
(𝑃 < 0.01, Figure 1(a)). To further validate the metoprolol
doses we performed air-jet stress. Air-jet stress markedly
increased heart rate in control animals. Metoprolol doses 1
and 2 decreased the air-jet induced rise in heart rate; however,
there was still a significant increase in heart rate. Only dose
3 abolished the heart rate response to air-jet stress (𝑃 <
0.05, Figure 1(b)). Hence, dose 2 was chosen for the following
atherosclerosis study.

3.1.2. Plasma Metoprolol Concentrations. Plasma concentra-
tions of metoprolol were 79 ± 11, 119 ± 15, and 225 ± 18 nM,
respectively, for the three different doses of metoprolol.

3.2. Study II: Effects on Atherosclerosis

3.2.1. Metoprolol Reduced Atherosclerotic Plaque Area. Eleven
weeks of metoprolol treatment significantly decreased
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Figure 2: Metoprolol decreases atherosclerosis. (a)-(b) Metoprolol treatment (2.5mg/kg per hour) decreased atherosclerotic plaque area in
thoracic aorta. (c)-(d) A similar trend was seen in the aortic root, although this did not reach significance (𝑃 = 0.053). (e)-(f) Metoprolol
treatment decreased the macrophage content in aortic lesions. Representative micrographs of thoracic aorta stained with Sudan IV (b), aortic
root stained with Oil Red O (d), and macrophage marker Mac-2 (f). Left panel: Controls; right panel: metoprolol treated. Scale bar represents
200 𝜇m. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01 versus Control.

atherosclerotic plaque area in thoracic aorta (𝑃 < 0.05,
Figures 2(a) and 2(b)). A similar pattern was seen in
the aortic root; however, this did not reach significance
(𝑃 = 0.053, Figures 2(c) and 2(d)).

3.2.2. Metoprolol Reduced Lesion Macrophages and Serum
Levels of TNF𝛼 and CXCL1. Macrophage marker Mac-2 was
significantly decreased in metoprolol treated compared to
Controlmice (𝑃 < 0.01, Figures 2(e) and 2(f)). Further,meto-
prolol treatment reduced serum levels of the Th1 cytokines
TNF𝛼 and CXCL1, by approximately 30%, compared to
untreated controls (𝑃 < 0.01, Table 1).

3.2.3. Total Cholesterol. Metoprolol treatment was not associ-
ated with changes in total plasma cholesterol levels (Control
12.3 ± 0.5 versus Metoprolol 11.6 ± 0.4mmol/L).

4. Discussion

In the present study we demonstrated that treatment with a
moderate dose of the selective 𝛽

1
-adrenoceptor antagonist

metoprolol reduced atherosclerotic plaque area in ApoE−/−
mice. Further, metoprolol reduced macrophage content in
atherosclerotic lesions and decreased serum levels of the
proinflammatory Th1 cytokines TNF𝛼 and CXCL1. Our
study confirms the atheroprotective effect of metoprolol as
previously reported [18] and complements the previous study
by showing an effect on proinflammatory cytokines.

Different mechanisms may contribute to the decreased
atherogenesis in the current study. Metoprolol is known to
lower heart rate and reduce blood pressure. Hypertension
is a well-known risk factor for atherosclerosis in humans
and we cannot exclude that the antihypertensive effects of
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Table 1: Effects of metoprolol treatment onTh1/Th2 cytokines (Study II).

Th1 Th2
IL-1𝛽

(pg/mL)
IL-2

(pg/mL)
IL-12 total
(pg/mL)

IFN-𝛾
(pg/mL)

TNF𝛼
(pg/mL)

CXCL1
(pg/mL)

IL-4
(pg/mL)

IL-5
(pg/mL)

IL-10
(pg/mL)

Control 4.8 ± 0.2 7.8 ± 0.5 3016 ± 106 4.0 ± 1.0 1.6 ± 0.1 241 ± 18 7.8 ± 1.7 7.2 ± 0.8 81.8 ± 14

Metoprolol 4.9 ± 0.5 21.3 ± 14 2904 ± 95 5.9 ± 3.3 1.1 ± 0.1 161 ± 18 13.0 ± 7.4 8.0 ± 1.7 121 ± 52

𝑃 value
(Mann-
Whitney)

0.712 0.538 0.389 0.735 0.008 0.005 0.601 0.951 1.000

Serum cytokine concentrations (pg/mL) were analyzedwith theMann-Whitney𝑈 test. Data are expressed asmean± SEM.𝑃 < 0.01was considered statistically
significant.

metoprolol explain the reduced atherogenesis in the present
study. However, in normotensive patients metoprolol has
little impact on blood pressure [11] and in normotensive
mice blood pressure lowering seems to have little influence
on atherogenesis [19]. The only valid way to study possible
metoprolol effects on arterial blood pressure in the present
experiments would be to perform long-term blood pressure
telemetry experiments in ApoE−/− mice with simultaneous
chronic metoprolol infusions. We do not have such data.
However, in a recent study investigating the effects of different
𝛽-antagonists on atherosclerosis none of the 𝛽-antagonists
used, including metoprolol given at a similar dose as in
the current study, influenced blood pressure [18]. Our sug-
gestions are that blood pressure reduction may come into
play but it is unlikely to be the sole effect on the decreased
atherosclerosis.

Another, perhaps neglected, mechanism is the reduction
in central sympathetic drive [20, 21]. The lipophilic property
of metoprolol allows this 𝛽-blocker to enter the central
nervous system and acts by decreasing sympathetic activity
and increases vagal activation [22, 23]. This is of particular
interest since recent studies show an anti-inflammatory
signaling mediated via the vagus nerve [24]. Stimulation of
the vagus nerve decreases release of the proinflammatory
cytokine TNF𝛼 in a model of endotoxemia and vagotomy
increases serum levels of TNF𝛼 [25]. It is interesting to
speculate whether the anti-inflammatory effect of metoprolol
could be attributed to decreased sympathetic activity and
increased vagal tone. Indeed, in the current study we found
decreased serum levels of the proinflammatory cytokines
TNF𝛼 and CXCL1.

Previous studies show thatmetoprolol reduces the expres-
sion of adhesion molecules VCAM-1, ICAM-1, and MMP-
1 in atherosclerotic lesions in rabbit aorta [26]. In line with
this, we show that metoprolol reduces serum levels of TNF𝛼,
which is known to induce VCAM, ICAM, and MMPs [27].
Inhibition of TNF𝛼 or depletion of the TNF𝛼 gene reduces
the progression of atherosclerosis in ApoE−/− mice [28–30].
Transcription of TNF𝛼 is regulated by transcription factors
such as NF-𝜅B [31], which has been shown to be activated
by the sympathetic nervous system and to be inhibited by
adrenergic blockade [32].Hence, it is possible thatmetoprolol
inhibits TNF𝛼 production through the inhibition of NF-𝜅B,
with a subsequent reduction in expression of adhesion
molecules.

The chemokine CXCL1, also known as KC (keratinocyte-
derived chemokine), is the murine homologue of human
GRO𝛼 (growth-regulated-oncogene-𝛼). We have previously
shown that sympathetic activation by social disruption stress
in ApoE−/− mice not only accelerates atherosclerosis but also
increases plasma levels of CXCL1 [16]. On this note, we here
demonstrate reduced serum levels by metoprolol treatment.
CXCL1 and its receptor CXCR2 are present in atherosclerotic
lesions and play an important role in adhesion of monocytes
and accumulation of macrophages in lesions in mice [33–35].
Consequently, we found a decreased amount of macrophages
in the atherosclerotic lesions after metoprolol treatment.
Interestingly, beta receptor antagonism can also decrease
the LDL affinity for arterial proteoglycans [36], thereby
decreasing the accumulation of LDL in the arterial wall. In
contrast, beta receptor antagonists may also decrease HDL
levels and increase triglyceride levels, two proatherogenic
features [36]. In the current study only total cholesterol
levels were measured and we cannot exclude a change
in lipoproteins. Nevertheless, it is plausible that not only
decreased infiltration of macrophages but also reduced LDL
accumulation could explain the decreased atherogenesis.

In this study we used a moderate dose of metoprolol,
2.5mg/kg per hour. We chose this dose since it did not blunt
heart rate reactivity during air-jet stress, allowing the mouse
to react normally to a stressful situation. Further, heart rate
was significantly decreased at baseline conditions during a
24-hour period, but more importantly the circadian rhythm
was still virtually intact.

5. Conclusions

To conclude, metoprolol treatment reduces the progression
of atherosclerosis in ApoE−/− mice. A possible mechanism
for the decreased atherogenesis is the anti-inflammatory
effect of metoprolol, manifested as decreased serum levels
of proinflammatory cytokines TNF𝛼 and CXCL1 and, conse-
quently, decreasedmacrophage content in the atherosclerotic
plaques.
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[22] B. Åblad, T. Bjurö, J.-A. Björkman et al., “Metoprolol, but not
atenolol, reduces stress induced neuropeptide Y release in pigs,”
ScandinavianCardiovascular Journal, vol. 44, no. 5, pp. 273–278,
2010.

[23] L. Gullestad, J. Pernow, T. Bjurö et al., “Differential effects of
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It has long been known that circulating levels of IgG and IgM antibodies are elevated in patients with essential and pregnancy-
related hypertension. Recent studies indicate these antibodies target, and in many cases activate, G-protein coupled receptors and
ion channels. Prominent among these protein targets are AT

1
receptors, 𝛼

1
-adrenoceptors, 𝛽

1
-adrenoceptors, and L-type voltage

operated Ca2+ channels, all of which are known to play key roles in the regulation of blood pressure throughmodulation of vascular
tone, cardiac output, and/orNa+/water reabsorption in the kidneys.This suggests that elevated antibody productionmay be a causal
mechanism in at least some cases of hypertension. In this brief review, we will further describe the protein targets of the antibodies
that are elevated in individuals with essential and pregnancy-related hypertension and the likely pathophysiological consequences
of antibody binding to these targets. We will speculate on the potential mechanisms that underlie elevated antibody levels in
hypertensive individuals and, finally, we will outline the therapeutic opportunities that could arise with a better understanding
of how and why antibodies are produced in hypertension.

1. Introduction

Hypertension is defined as chronically elevated blood pres-
sures of >140/90mmHg. Two of the most common forms of
the condition are essential hypertension, where the under-
lying cause is unknown, and preeclampsia or pregnancy-
related hypertension. For several decades it has been known
that both essential and pregnancy-related hypertension are
associated with elevated serum levels of antibodies [1–4].
More recently, studies in humans and animal models of each
condition have begun to identify the protein targets of these
antibodies as receptors and ion channels with key roles in
the regulation of blood pressure. Such studies not only offer
insights into the mechanisms by which antibodies might
contribute to hypertension but they also highlight potential
new avenues for the clinical management of hypertension. In
this brief review we will summarise the evidence in support
of a role for antibodies in the pathophysiology of essential
hypertension and preeclampsia. We will discuss the protein

targets of the antibodies that have been identified in hyper-
tensive individuals and provide some potential explanations
for why the production of these antibodies may be elevated.
Finally, we will speculate on how such findings may translate
into improved clinical management of hypertension.

2. Antibodies as Causes of Disease

Antibodies, or immunoglobulins (Ig), are produced exclu-
sively by B cells as part of the mammalian adaptive immune
response [5]. Antibodies play a crucial role in adaptive
immunity through their ability to bind antigens, which are
normally toxic substances or fragments of pathogen-derived
proteins. Such binding results in either neutralisation of the
antigen itself or, when the antigen is bound to a cell (e.g.,
bacteria), destruction of that cell via activation of the comple-
ment system, neutrophil degranulation, or phagocytosis by
macrophages (Figure 1).
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Figure 1: Schematic diagram showing the various types of antibody-mediated autoimmune responses.

For B cells to generate and secrete antibodies, they
must first undergo differentiation into plasma cells. Näıve
B cells detect antigens via their B cell receptors, which
are membrane-bound immunoglobulins (IgM) with unique
and randomly-generated antigen-binding sites [6]. Following
binding, the antigen is internalised, processed, and displayed
by major histocompatibility class II (MHC II) proteins on
the extracellular surface of the B cell [6]. The next step in
B cell differentiation involves the detection of the MHC II-
presented antigen by the T cell receptor (TCR) of an activated
T helper (TH) cell that has previously encountered the same
antigen. The TH cell also provides essential costimulatory
signals in the form of interactions between its CD40 ligand
and the CD40 receptor on the B cell [7], as well as cytokines
such as interferon-gamma and interleukin-4 [8]. Together,
these signals ultimately promote the differentiation of the B
cell into an antibody-secreting plasma cell. Such signals also
play a crucial role in isotype switching (e.g. IgM → IgG)
[9], which allows the generated antibodies to interact with
different effector molecules and thereby direct the type of
immune response that is mounted.

Although antibodies normally target foreign molecules,
under some circumstances they may be raised against host-
derived molecules. Such a loss of recognition of “self ”
is the basis for autoimmune diseases. There are several
mechanisms by which aberrant antibody production can
lead to autoimmune pathologies (Figure 1). For example, the
binding of antibodies to antigens expressed on the surface
of endogenous cells may lead to the destruction of these

cells via complement- or leukocyte-dependent interactions.
This type of response is termed a “Type II Hypersensitivity
reaction” and is the cause of the loss of erythrocytes in
autoimmune haemolytic anaemia [10]. Alternatively, “Type
III Hypersensitivity reactions” involve the recognition of
soluble antigens in the host by antibodies and the subsequent
formation of “immune complexes.” Immune complexes are
cross-linked aggregations of antibodies and antigens that can
be deposited in various tissues to cause local inflammatory
responses [11]. Immune complexes are a hallmark of several
autoimmune disorders including vasculitis and systemic
lupus erythematosus where deposition of such complexes in
the kidneys gives rise to glomerulonephritis [12, 13]. Finally,
some autoimmune diseases are associated with the formation
of nonimmunogenic, agonistic antibodies to receptors [14].
These types of diseases are often classified as “Type V
Hypersensitivity Reactions.” Agonistic antibodies stimulate
receptors in a similar fashion to their cognate ligands and
thus lead to overstimulation of the specific system involved.
Myasthenia gravis is an example of an autoimmune disease
caused by the generation of agonistic antibodies against
nicotinic receptors [14, 15].

3. Protein Targets of
Hypertension-Related Antibodies

Studies dating back to the 1970s demonstrated that essential
hypertension in humans is associated with elevated IgG
and IgM titres [1–4]. However, these early studies did not
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identify the targets of these antibodies and thus provided
no indication of whether they were important to the patho-
physiology of hypertension. Studies from around the same
time on animal models confirmed that hypertension was
associated with an increase in antibody production and even
went some way towards implicating a possible causative
role for these antibodies. For example, Ba et al. identified
autoantibodies in the serum of spontaneously hypertensive
rats (SHRs) that were cytotoxic to T cells. Although the
authors did not establish a precise mechanism by which
these antibodies contribute to hypertension, they implied
that the antibodies might induce apoptosis of “suppressor” T
cells that normally prevent damage to the vascular wall and
thus protect against cardiovascular disease [16]. In a separate
study, it was shown that rats with hypertension induced by
renal infarction had high serum levels of antibodies that
bound to arteries, glomeruli, and basementmembranes of the
kidneys [17].Given the key roles of the kidney and vasculature
in the regulation of hemodynamic parameters, this latter
study provided an indication that elevated antibody pro-
duction may actually contribute to the chronic elevation in
blood pressure that defines hypertension. And indeed, more
recent work identifying the specific molecular targets of the
antibodies present in individuals with essential hypertension
and preeclampsia not only supports this idea, but also begins
to shed light on how elevated antibody production might
contribute to elevated blood pressure.

3.1. Angiotensin II Type-1 Receptors. The angiotensin II type-1
receptor (AT

1
R) plays a crucial role in the regulation of blood

pressure [18]. Stimulation of the AT
1
R by its cognate ligand,

angiotensin II, results in vascular smoothmuscle cell (VSMC)
contraction and proliferation, release of aldosterone from the
adrenal glands, and activation of the sympathetic nervous
system [18, 19]. Furthermore, it has recently been discovered
that AT

1
receptor activation on T lymphocytes promotes a

proinflammatory phenotype that contributes to hypertension
[20].

AT
1
R-activating IgG autoantibodies (AT

1
-AAs) directed

against the second extracellular loop of the AT
1
R are preva-

lent in over 95% of patients with pregnancy-associated
hypertension, and antibody titres correlate positively with
disease severity [21, 22]. AT

1
-AAs appear to activate a cascade

of proinflammatory cytokines that contribute directly to
hypertension in preeclampsia [23]. In vivo administration
of AT

1
-AAs isolated from preeclamptic humans to pregnant

mice was shown to induce hypertension in those animals
[24]. Furthermore, AT

1
-AA treatment causes an increase

in the circulating levels of tumour necrosis factor-𝛼 and
interleukin-6 in pregnant mice and inhibition of these
cytokines with neutralising antibodies blunts hypertension
[24, 25].

AT
1
-AAs have also been identified in a subset of indi-

viduals with essential hypertension [26–28]. These AT
1
-AAs

appear to be similar in function and specificity as those
identified in preeclamptic patients as they also bind to the
second extracellular loop of the AT

1
R [26, 28]. The fact

that essential hypertensive patients with AT
1
-AAs respond

with greater blood pressure reductions to AT
1
R blockade by

candesartan than hypertensive individuals without AT
1
-AA

[29, 30] suggests a causal role for AT
1
-AAs in at least some

cases of hypertension.

3.2. Alpha-1 Adrenergic Receptors. The alpha-1 adrenergic
receptor (𝛼

1
AR) is a G-protein coupled receptor that is

primarily expressed on VSMCs and proximal renal tubules
[31]. Activation of the 𝛼

1
AR by its endogenous ligands,

noradrenaline and adrenaline, or synthetic compounds such
as phenylephrine, results in VSMC contraction and increased
total peripheral resistance, as well as increased Na+ reab-
sorption in the kidney causing elevated blood pressure [32].
IgG receptor-activating autoantibodies against the 𝛼

1
AR

(𝛼
1
AR-AA) have been described in patients with essential

hypertension [28, 33–35]. Unlike AT
1
-AAs, which appear

to bind to a similar domain of the AT
1
R (i.e., the second

extracellular loop) irrespective of the patient from which
they were derived, 𝛼

1
AR-AA from different patients display

selectivity towards separate regions of the receptor, with anti-
bodies from some individuals targeting the first extracellular
loop, and antibodies from other individuals targeting the
second extracellular loop [33, 34]. It is unclear whether these
varying binding properties have implications for the ability
of a specific antibody to modulate receptor function. It is
also unclear whether 𝛼

1
AR-AAs are present or elevated in

individuals with preeclampsia.

3.3. Beta-1 Adrenergic Receptors. The 𝛽-1 adrenergic receptor
(𝛽
1
AR) shares the same endogenous agonists with 𝛼

1
ARs

but differs in ligand affinity, tissue distribution, and func-
tional outcomes following stimulation. 𝛽

1
ARs are localised

predominately in cardiac tissue where activation results in
increased heart rate and contractility and an overall increase
in cardiac output [36]. Cardiac output is a major determinant
of blood pressure and thus 𝛽

1
AR blockers have long been

used as antihypertensive agents [37]. 𝛽
1
AR agonistic IgG

autoantibodies (𝛽
1
AR-AA) against the second extracellular

loop of the receptors were detected in the serum of spon-
taneously hypertensive rats [38]. Furthermore, injection of
𝛽
1
AR-AAs into healthy Lewis rats promoted cardiomyopathy

and increases in systolic blood pressure [39]. Although
evidence for the presence of 𝛽

1
AR-AAs in human essential

hypertension and preeclampsia is lacking, these antibodies
have been identified in patients with idiopathic dilated
cardiomyopathy [40].

3.4. L-Type Voltage Gated Calcium Channels. L-type volt-
age gated calcium channels (L-type VOCCs) are expressed
on VSMCs in resistance vessels and, in their open state,
directly contribute to vascular tone and blood pressure by
facilitating the influx of extracellular Ca2+ [41]. It is well
established that L-type VOCC expression in the vasculature
is upregulated in experimental hypertension and that this
contributes to increased Ca2+ levels in VSMCs and thus
elevated vascular resistance [42–47]. The importance of L-
typeVOCCs in humanhypertension is highlighted by the fact
that inhibitors of these channels (e.g., nifedipine) continue to
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Figure 2: Schematic diagram showing the mechanism by which autoantibodies may promote increases in vascular tone, cardiac output,
Na+/water reabsorption, and renal and vascular inflammation, and thereby contribute to hypertension.

represent one of the most effective and widely-used classes
of antihypertensive medications [48]. Thus, it is noteworthy
that autoantibodies against L-type VOCCs were identified
in some patients with essential hypertension [49]. Although
the authors did not examine the effect of these antibodies
on L-type VOCC function, a separate study demonstrated
increased intracellular Ca2+ influx in pancreatic islet cells fol-
lowing the binding of analogous IgG and IgA autoantibodies
to L-type VOCCs in the setting of Type-1 diabetes [50]. This
implies that antibodies against L-type VOCCs are likely to
be agonistic in nature and could thus contribute to increased
VSMC Ca2+ influx in hypertension.

3.5. Heat Shock Proteins. Heat shock proteins (HSPs) are a
family of highly-conserved proteins that provide protection
against danger-related signals by acting as molecular chap-
erones to assist in the folding and trafficking of proteins
during cellular stress [51]. Among the multitude of known
mammalian HSPs, HSP-70 has received most attention in
the field of hypertension research. First, in vitro exposure of
cultured VSMCs, endothelial cells or isolated aortic rings to
hypertension-relevant stimuli such as oxidative stress, cyclic
strain, and angiotensin II, induces the expression of HSP-70
[52–54]. Second, levels of HSP-70 and HSP-70-reactive CD4
T cells are elevated in the kidneys in several rat models of
hypertension [55–57]. Finally, HSP-70 serum concentrations
are elevated in pregnancy-associated hypertension and are
positively correlated with blood pressure in affected women
[58].

Elevated levels of IgG and IgA antibody titres against
HSP-70 have been identified in essential hypertensive indi-
viduals [59, 60]. Surprisingly, elevated anti-HSP-70 antibody
levels in essential hypertension were not associated with
changes in serum HSP-70 in these patients [60]. Thus, the
function of anti-HSP-70 antibodies in essential hypertension
remains unclear. It is possible that anti-HSP-70 antibodies
could either promote inflammation via formation of cir-
culating immune complexes or, alternatively, alleviate the
proinflammatory actions of these proteins via neutralisation.
A more recent study by Molvarec et al. was unable to
demonstrate any changes in circulating levels of anti-HSP-70
antibodies in women with preeclampsia [61].

3.6. Miscellaneous. A study in borderline hypertensive
patients described a reduction in circulating levels of anti-
oxidised LDL IgG antibodies [62]. However, a follow-up
investigation failed to detect any difference in levels of
these antibodies between patients with clinical hypertension
and normotensive controls [63], and thus the significance
of anti-oxidised LDL antibodies in the pathophysiology of
hypertension is unclear. Other studies in borderline hyper-
tensive individuals detected elevations in circulating anti-
endothelial cell IgG and IgM antibodies [64–66]. While
data in the setting of human essential hypertension is still
missing, these antibodies have been identified in womenwith
severe preeclampsia and have been proposed to contribute to
endothelial dysfunction [67].

Figure 2 provides a summary of the targets of antibodies
that have been shown to be elevated in hypertension and
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the potential mechanisms by which these antibodies may
contribute to disease pathophysiology.

4. Mechanisms Contributing to
Antibody Production

The previous discussion highlighting the association of
hypertension with increased antibody levels raises the ques-
tion: what are the mechanisms involved in antibody produc-
tion during hypertension? There are at least three possible
explanations including (1) neoantigen formation; (2) molec-
ular mimicry; and/or (3) aberrant B cell function.

4.1. Neoantigen Formation. Harrison and colleagues recently
put forward a hypothesis whereby “neoantigens” were high-
lighted as the central mediators of the immune cell activation
that underlies hypertension [68, 69].These authors suggested
that hypertensive stimuli such as Ang II, catecholamines,
and aldosterone initially induce a moderate increase in blood
pressure via their “classical” actions in promoting Na+/water
retention, vasoconstriction, and/or increased sympathetic
drive [68, 69]. This moderate increase in blood pressure is
postulated to cause both mechanical and oxidative stress in
the walls of blood vessels and also in the kidneys, leading
to structural and chemical modifications to proteins such
that they are no longer recognised as “self,” but rather
as neoantigens. These neoantigens are predicted to then
invoke an adaptive immune response, leading to vascular
and renal inflammation and exacerbation of hypertension
[68, 69]. However, it is presently unclear whether any of the
proteins that have been identified as targets of antibodies in
hypertensive animals and humans (e.g., AT

1
R, 𝛼
1
AR, 𝛽

1
AR,

L-type VOCCs, or HSP-70) undergo structural or chemical
alterations that may render them as potential neoantigens.

4.2. Molecular Mimicry. Another possible explanation for
autoantibody production in hypertension involves molecular
mimicry, where foreign or pathogen-derived antigens trigger
an immune response against “self ” peptides of similar homol-
ogy [70]. A prominent example of this is myasthenia gravis,
an autoimmune disease where agonistic antibodies are raised
against nicotinic receptors [14, 15]. These antibodies show
strong cross-reactivity to herpes simplex virus glycoprotein
D [15].

Relating to hypertension, AT
1
-AAs from women with

preeclampsia were shown to recognise theVP2 caspid protein
from parvovirus B19 [71].The seroprevalence of this virus has
been reported to be more than 70% of the adult population
[72, 73], and its involvement in predisposing infected individ-
uals to various autoimmune disorders has been recognised
[73]. Thus, it is plausible that molecular mimicry underlies
the elevations in AT

1
-AAs observed in preeclampsia [74] and

essential hypertension.
Although not examined in the setting of hypertension,

there is evidence in other disease states that antibodies against
L-type VOCCs and 𝛽

1
ARs may also arise as a result of

molecular mimicry. For example, autoantibodies against L-
type VOCCs that are present in a subset of individuals

with Type-1 diabetes also recognise the B4 VP1 protein of
the coxsackievirus [50]. Interestingly, the seroprevalence of
coxsackievirus infection was reported to positively associate
with the incidence of hypertension in a Chinese Mongolian
population [75]. Furthermore,𝛽

1
AR-AAswere demonstrated

to recognise the carboxy-terminus of the ribosomal P0 and
P2 proteins from Trypanosoma cruzi, the parasite that is
responsible for chronic Chagas heart disease [76–79]. Con-
versely, autoantibodies against human ribosomal P proteins
that are present in patients with systemic lupus erythemato-
sus cross-react with (but do not activate) the𝛽

1
AR [78].These

findings may suggest that a high degree of sequence and/or
structural homology exists between 𝛽

1
AR and ribosomal P

proteins.

4.3. Aberrant B Cell Function. Hypertensive stimuli such
as Ang II might act to directly modify the function of
B cells, such that their capacity to produce antibodies is
enhanced. Na+/H+ ion exchangers (NHEs) are critical reg-
ulators of intracellular pH and are crucial to a variety of
fundamental cellular processes such as proliferation, growth,
and migration [80]. Studies from the 1990s demonstrated
that B cells isolated from a subset of hypertensive patients
display heightened activity of NHEs [81, 82]. Moreover,
these B cells were further characterised as having enhanced
G-protein activation, a higher proliferative capacity, and
augmented IgG and IgM antibody secretion compared to
B cells from nonhypertensive individuals [83, 84]. While
the mechanism underlying this increase in NHE activity in
B cells was not explored, in other cell types (e.g., VSMCs
and cardiomyocytes) it is known that AT

1
R stimulation can

enhance NHE activity [85–87]. Indeed, B cells express AT
1
R

[88] and we have preliminary data showing that stimula-
tion of B cells isolated from mice with Ang II potentiates
IgM formation in response to a known B cell stimulator,
the oligodeoxynucleotide CpG (Figure 3). Thus, amplified
antibody production may arise as a result of elevated NHE
function due to the direct activation of AT

1
R expressed on B

cells.

5. The Role of B Cells in Hypertension

Implicit in the previous discussion on antibodies in hyper-
tension is a potentially important role for the cell type
that produces antibodies, namely, B cells. In their seminal
study, Guzik et al. showed that recombinase-activating gene-
1 knockout (RAG1−/−) mice—which lack T and B cells—
displayed a blunted hypertensive response to both Ang II
and deoxycorticosterone acetate/salt [89]. Whereas adoptive
transfer of T cells into RAG1−/− mice recapitulated the full
hypertensive effects of Ang II, transfer of B cells had no effect
[89]. There are at least two potential explanations for the lack
of effect of B cell adoptive transfer in Ang II-treated RAG1−/−
mice. First, it is possible that the adoptively transferred B cells
did not engraft in sufficient numbers to influence immune
function. Indeed, in a previous study it was shown that
retroviral-mediated reintroduction of the RAG1 gene into
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Figure 3: Effect of angiotensin II (Ang II; 0.1𝜇M, 48 h) or CpG
oligodeoxynucleotides (CpG; 5𝜇g/mL, 48 h) alone or in combina-
tion on IgM antibody secretion from primary cultures of mouse
B cells. Values represent mean ± S.E.M. of 𝑛 = 14 experiments.
∗

𝑃 < 0.05 for Bonferroni’s post-hoc test after one-way ANOVA.

RAG1−/−mice restored T cells numbers back to levels in wild-
type mice, while B cell numbers only increased marginally
[90]. This suggests that the immunological environment in
RAG1−/− mice, while being favourable to the survival and
function of T cells, may be incompatible with the growth
and function of B cells. An alternative explanation may
lie in the different mechanisms that activate T cells and B
cells during an immune response. Whilst activation of T
cells relies primarily on antigen presentation from innate
immune cells such as dendritic cells (which are relatively
unaffected in RAG1−/− mice), as discussed previously, B
cell activation and differentiation into an effector phenotype
normally requires interactions with TH cells [6]. Hence, the
lack of T cells in RAG1−/− mice may have precluded the
possibility of any adoptively transferred B cells becoming
activated. Indeed, a critical role of TH cells in B cell activation
during hypertension was suggested in a recent study showing
that adoptive transfer of TH cells from preeclamptic mice
into normal pregnant mice induced AT

1
-AA production and

elevated blood pressure [91]. Importantly, a B cell depleting
agent ameliorated both of these effects [91].

6. Therapeutic Implications

An understanding of the role of B cells and antibody pro-
duction during hypertension could aid in the refinement
of current treatment approaches and also in development
of novel antihypertensive therapies. For example, by iden-
tifying the autoantibodies that are specifically elevated in a
given hypertensive patient, it might be possible to “tailor”
the way their disease is subsequently managed for better
clinical outcomes; that is, individuals with AT

1
-AAs would

favourably respond to AT
1
R blockers over patients with L-

type VOCC autoantibodies, where calcium channel blockers
such as nifedipine would be preferred.

In terms of new therapeutic approaches, identification
of the specific pathogen-derived or neoantigens that lead to

elevated antibody generation in hypertension could lead to
immunisation strategies aimed at neutralising such antigens
or steering the immune response away from one that pro-
motes hypertension. Indeed, two vaccines against Ang II have
been developed and showed some early promise in reducing
blood pressure in hypertensive patients [92]. However, due to
their lower efficacy compared to conventional inhibitors of
the renin-angiotensin system, the vaccines did not proceed
into Phase III clinical trials [93, 94], and thus further work
is needed to determine if alternative immunisation strategies
(i.e., involving different adjuvants and/or immunogens) will
be more effective.

B cell-depleting agents, which include antibodies against
the B cell specific surface receptorCD20 and theB cell activat-
ing factor BAFF, are already in clinical use for the treatment of
autoimmune diseases such as lupus erythematosus [95] and
could potentially be used to treat hypertension. Of course,
these drugs have the potential for causing immunosuppres-
sion and hence their use might be best reserved for those
hypertensive patients that do not respond to conventional
therapies. Until recently, one of the main therapeutic options
for individuals with resistant hypertension was surgical den-
ervation of the renal artery [96]; however, the effectiveness
of this procedure has recently been called into question [97].
Thus, B cell-modulating drugs might yet be a safer and more
efficacious therapeutic option for such patients.

7. Conclusion

There is evidence that circulating antibody levels are elevated
in both essential and pregnancy-related hypertension. Many
of these antibodies appear to target receptors and ion chan-
nels known to be involved in the regulation of blood pressure.
Further studies are required to characterise the precise impact
that antibody binding has on the function of these proteins
and to uncover the mechanisms responsible for aberrant
antibody production in hypertension. Such studies should
not only allow us to evaluate the significance of elevated
antibody production in the pathophysiology of hypertension,
but theymay also lead to the development of new therapeutic
approaches and/or the refinement of current approaches,
to improve the management of clinical hypertension in the
future.
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Aim of the Study. To investigate the relationships between the adipocytokine levels, markers of inflammation, and vascular
remodelling in pregnancies complicated by intrauterine growth restriction (IUGR).Materials andMethods.This was a retrospective
study. One hundred and forty pregnant patients were enrolled. Adiponectin, leptin, tumor necrosis factor 𝛼 (TNF𝛼), interleukin-
6 (IL-6), and C reactive protein (CRP) were assessed in IUGR, small for gestational age (SGA), and appropriate for gestational
age (AGA) mother-child couples at delivery. IUGR and SGA fetuses were defined as fetuses whose estimated fetal weight (EFW)
was below 10th percentile for gestational age with and without umbilical artery (UA) Doppler abnormalities, respectively. Fetal
aorta intima media thickness (aIMT) was evaluated by ultrasound in the same fetal groups. Data were analyzed by R (version
2.15.2). Results. There were 37 IUGR mother-child couples, 33 SGA, and 70 AGA. Leptin, TNF𝛼, IL-6, and CRP serum levels were
higher in IUGR pregnant patients (𝑃 < 0.05). Adiponectin levels were significantly reduced in IUGR fetuses compared to SGA and
AGA, while leptin, TNF𝛼, and IL-6 levels were higher in IUGR group (𝑃 ≤ 0.05). Fetal aIMT was significantly higher in IUGR
(𝑃 < 0.05) and in this group there was a negative correlation between aIMT and adiponectin/leptin ratio (A/L ratio) (𝑃 < 0.05)
and between adiponectin and IL-6 levels (𝑃 < 0.05). Conclusions. In conclusion, compared to SGA and AGA, IUGR fetuses had
reduced circulating levels of adiponectin and elevatedmeasures of aIMT and several inflammatorymarkers.Moreover, adiponectin
levels were negatively correlated with aIMT in IUGR fetuses suggesting a possible causal link between reduced adiponectin and
vessel remodelling.

1. Introduction

Intrauterine growth restriction (IUGR) is considered the
second leading cause of perinatalmorbidity andmortality [1].
Adverse perinatal environments influence fetal growth and
may result in developmental adaptations that permanently

change the physiology and metabolism of the offspring
thereby predisposing individuals to metabolic, endocrine,
and cardiovascular events [2]. Insulin resistance has been
proposed to be the underlying pathogenic link between
metabolic syndrome and cardiovascular disease [3]; both
are associated with a state of low-grade aseptic markers of
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systemic inflammation, whose pathogenic significance was
mostly eclipsed by the vigorous advances in lipid research
[4]. A growing body of evidence has recently suggested that
the adipose tissue may play a major role in linking poor
fetal growth to subsequent development of adult diseases
[5]. IUGR is known to alter the development of fetal adi-
pose tissue. An increase in sympathetic tone and a dyslipi-
demic condition (high concentration of apolipoprotein B
and apolipoprotein A1 and reduction in the concentration
of insulin-like growth factor 1) in IUGR fetuses could help
to increase the existing endothelial damage [6]. Several
human studies showed that an estimated fetal weight (EFW)
below the 10th centile and fetal Doppler vessel abnormalities
were associated in utero and in neonates with endothelial
dysfunction, represented by a higher aorta intima media
thickness (aIMT) [7, 8]. In recent years adipocyte-derived
signaling molecules (“adipokines”) have been implicated in
intrauterine growth restriction disorders. Adipose tissue is a
complex organ including adipocytes, immune cells, fibrob-
last, tissue resident macrophages, collagen fibers, and vascu-
lar constituents. Over the past decade, it has been recognized
that it is not only a fat store tissue, but also an endocrine
organ, secreting a variety of bioactive molecules which
influence bodymetabolism and energy homeostasis [9]. High
serum concentrations of proinflammatory cytokines, such as
leptin, CRP, IL-6 and TNF-𝛼, as well as a reduction in serum
adiponectin levels, should be related to low intrauterine
weight and might worsen this condition [10].

Circulating levels of TNF𝛼 and IL-6 are directly corre-
lated with adiposity and insulin resistance [11]. Macrophages,
crucial contributors to inflammation, are the major source
of TNF𝛼 produced by white adipose tissue (WAT) and
contribute approximately 50% to WAT-derived IL-6 [12].
CRP is released by adipose tissue and is an important first
line host defense molecule; it recognizes damaged cells and
promotes their elimination by activating the complement
system [13]. Plasma leptin concentrations directly reflect the
amount of adipose tissue and the control of appetite is its
primary role [14]. Leptin action in regulating immunity has
been fueled by early observations in animal models, pro-
tecting T lymphocytes from apoptosis and regulating T-cell
activation [15]. Leptin also influences monocytes activation,
phagocytosis, and cytokine production; in endothelial cells it
finally induces oxidative stress and upregulation of adhesion
molecules [15]. Adiponectin is the most abundant adipokine
produced by the adipose tissue and belongs to a collagen
superfamily, sharing significant homology with collagen X,
VIII, complement factor C1q, and TNF-𝛼, suggesting a con-
nection with the immune system. It modulates insulin action
and exerts anti-inflammatory effects, playing an important
role in the pathogenesis of metabolic syndrome [16]. Several
reports suggest that adiponectin exerts an antiatherogenic
role protecting vessels from endothelial dysfunction by its
quiescent effect on macrophages, suppressing their produc-
tion of proinflammatory cytokines, such as TNF𝛼 and IL-6,
and inducing the production of anti-inflammatory cytokines
[16, 17]. The mechanism underlying the relationship between
birth weight, inflammation, and insulin sensitivity during
adulthood remains still unclear.

To investigate the hypothesis that fetuses with a low
EFW and umbilical artery (UA) Doppler abnormalities
would exhibit lower concentrations of serumadiponectin and
higher levels of leptin, CRP, and proinflammatory cytokines
(TNF𝛼 and IL-6), we studied these adipocytokines in IUGR
mother-child couples in comparison with small for gesta-
tional age (SGA) and appropriate for gestational age (AGA).

2. Subjects and Methods

2.1. Population. A retrospective study was performed from
January, 2011, to March, 2013, in the Department of Woman
andChildHealth, University of Padua, Italy.The protocol was
designed to study fetuses that were IUGR and SGA and those
that were AGA. They were selected during the ultrasound
evaluation of the third trimester. One hundred and forty
pregnant patients were included in the study. IUGR fetuses
were classified as fetuses whose EFW was below the 10th
percentile for gestation age with UA Pulsatility Index (PI) >
2 SD; SGA fetuses were those whose EFW was below the
10th percentile without fetal velocimetry abnormalities. All
pregnancies were dated correctly by first trimester ultrasound
scan until the twentieth week of gestation. Customized
centile were used with respect to the Italian standards of
referral [18]. The Ethical Committee of the University Hos-
pital approved the study protocol and all included mothers
provided signed informed consent before enrollment. The
diagnosis of IUGR and SGA was made within the 32nd week
of gestation. Excluding factors were twin pregnancy, major
congenital anomalies, pregnancies complicated by maternal
history of cardiovascular disease or endocrine disorders
(diabetes, hypercholesterolemia, preeclampsia, thyroid, and
adrenal problems), and clinical chorioamnionitis. Women
who consumed alcohol, smoked, nicotine, or any medication
such as ritodrine and corticosteroids (except for fetal lung
maturation) were excluded, such as amniotic fluid disorders
and placental abnormalities. Antenatal surveillance was per-
formed by fetal biometry every two weeks and maternal-fetal
Doppler and amniotic fluid evaluation from one up to three
times a week, depending on severity. Mean PI values were
found to be upper 95th centile in all IUGR fetuses with a
progressive worsening in 11 ones (UA absent end diastolic
flow, PI middle cerebral artery (MCA) < 2 SD, a reduction
of a wave in ductus venosus), indicating the initiation of fetal
blood flow redistribution.

Amniotic fluid, as assessed by the largest fluid column on
the vertical plane, was decreased (<2 cm) in the same 11 IUGR
fetuses. PI uterine arteries were altered in 25 IUGR fetuses. In
the AGA group, mother were healthy and no smokers.

aIMT and diameter measurements were determined for
each fetus at a mean gestational age of 32 weeks (range 30 to
34 weeks). All parameters were measured by high-resolution
ultrasound scan using an ultrasound machine equipped with
a 3.5- to 5-MHz linear array transducer (Antares, Siemens
Medical Solutions, Mountain View, CA). aIMT and diameter
were measured in a coronal or sagittal view of the fetus
at the dorsal arterial wall of the most distal 15mm of
the abdominal aorta sampled below the renal arteries and
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above the iliac arteries; gain settings were used to optimize
image quality. Abdominal aIMT was defined as the distance
between the leading edge of the blood-intima interface and
the leading edge of the media-adventitia interface on the
far wall of the vessel, as previously described [8, 19]. Three
measurements were taken, and the arithmetic mean aIMT
was considered for the study. All images were taken at end-
diastole of the cardiac cycle tominimize the variability. All the
ultrasound studies in fetuses and children were performed
by two, independently, blinded, skilled practitioners (E.C,
S.V.). Before starting themain research, the intraobserver and
interobserver agreement were evaluated in the measurement
of aorta intima media thickness (0.876 and 0.856, resp.).
Data concerning women, pregnancies, and deliveries were
recorded according to the routine practice of the Department
of Obstetrics and Gynecology of the University of Padua.
During gestation mother’s age, BMI before and after gesta-
tion, parity, and obstetrical historywere collected. At delivery,
sex, gestational age, birth weight, length, mode of delivery,
Apgar score, acid base equilibrium, and perinatal data were
registered. The main clinical features are reported in Table 1.

2.2. Collection of Blood Sample. Maternal bloodwas collected
during the first stage of labor or before receiving anesthesia
in case of elective cesarean section. Umbilical vein samples
were collected from doubly clamped umbilical cords, after
fetal expulsion, from all IUGR, SGA, and controls. Serum
leptin, adiponectin, TNF𝛼, IL-6, and CRP were measured.

Blood was put in sterile, pyrogen-free tubes and it was
centrifuged (3000 g/min for 10min at 5∘C) after clotting; the
supernatant serum was kept frozen at −80∘C until assay.

2.3. Maternal and Cord Serum Assays. Serum leptin levels
were measured using the Kit Leptin (Mediagnost, CAT. R44,
Germany), a radioimmunoassay with streptavidin coated
tubes. Analytical specifications are analytical sensitivity =
0.1 𝜇g/L; intra-assay and interassay variation (CV%), respec-
tively, 4.4 and 5.1; measuring range = 0.1–64 𝜇g/L.

Serum adiponectin levels were measured using the
radioimmunoassay RIAKITHumanAdiponectin (Millipore,
cat. number HADP-61HK). Analytical specifications are limit
of sensitivity = 1 𝜇g/L; measuring range = 1–240 𝜇g/L; intra-
assay and interassay imprecision (CV%), respectively, 3.59
and 7.85.

Human TNF𝛼 was measured using the analyzer
IMMULITE One (Medical System S.p.A., Genova, Italia).
Assay characteristics are measuring range = 1,7–1000,0 ng/L;
analytical sensitivity = 1,7 ng/L; between assays imprecision =
17,0–788,0 ng/L (CV = 4,0–6,5%). Each sample was measured
in triplicate and each experiment was repeated three times.

Serum IL-6wasmeasured using the analyzer IMMULITE
One (Medical System S.p.A., Genova, Italia). The test is an
immunoassay based on chemiluminescence. Assays charac-
teristics are measuring range = 2,0–1000,0 ng/L; analytical
sensitivity = 2,0 ng/L; between assays imprecision = 88,0–
1001,0 ng/L (CV = 5,1–7,5%).

Serum CRP level determination was performed by fully
mechanized latex-particle-enhanced immunonephelometric

assays on the Dimension Vista (Siemens Healthcare Diag-
nostic Products GmbH). Intra- and interassay coefficients of
variation were 11.91mg/L, 4.8%, and 6.0%.

2.4. Statistical Analysis. Statistical analysis was performed
using R system. The normal distribution of the data was
determined using the Kolmogorov-Smirnov test. These data
were analyzed using, when appropriate, the following tests:
𝑡-test, Wilcoxon test, chi-square test, or Fisher’s exact test.
Kendall’s Tau was used for correlation analysis. All possible
correlations were performed and only significant correlations
are reported in the text. A 𝑃 value < 0.05 was accepted as
statistically significant.

3. Results

3.1. Description of the Groups. There were 37 IUGR, 33 SGA,
and 70 AGAmother-child couples. Table 1 shows the charac-
teristics of the samples. We found no significant differences
in maternal age or parity among studied groups (mean age
32.30±4.88). Gestational age at delivery and neonatal weight
were significantly lower in IUGR pregnancies than in other
groups (𝑃 < 0.05). aIMT was higher in IUGR fetuses than
in SGA and AGA (𝑃 < 0.05), and SGA fetuses had a higher
aIMT than controls (𝑃 < 0.05).

3.2. Maternal and Fetal Hormones Levels

3.2.1. Adiponectin. Within each group adiponectin levels in
the mother-fetus couples were higher in the fetuses (𝑃 <
0.05). There was a statistically significant lower level of
maternal adiponectin concentration in IUGR than in control
group (𝑃 < 0.05). Also in IUGR fetuses’ adiponectin levels
were lower than in AGA and SGA groups (𝑃 < 0.05). No
differences were observed between SGA and AGA fetuses
(Table 2).

3.2.2. Leptin. IUGR and SGAwomen presented higher leptin
serum concentrations than AGA (𝑃 < 0.05). IUGR fetuses
presented higher leptin levels than SGA and AGA (𝑃 < 0.05).
There were no differences in leptin fetus levels between SGA
and AGA (Table 2).

3.2.3. IL-6, TNF𝛼 and CRP. IL-6 concentration was higher
in IUGR fetuses than SGA and AGA (𝑃 < 0.05); there was
also a significant difference between SGA and control group
(𝑃 < 0.05) (Table 2).

TNF𝛼 levels in mother-fetus couples were significantly
higher in IUGR than SGA and controls. (𝑃 < 0.05).

IUGR patients presented maternal serum CRP concen-
trations higher than SGA and AGA (𝑃 < 0.05). Fetal
IUGR, SGA, and AGA serum CRP did not show differences
(Table 2).

3.3. Correlation among Maternal-Fetal Hormone Levels,
Anthropometric, and Ultrasound Measures. In all groups,
maternal adiponectin positively correlated with birth weight
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Table 1: Description of the samples. Data are expressed as mean ± standard deviation or percentage. The 𝑃 value refers to 𝑡-test, chi-square
test, or Fisher’s exact test.

IUGR (37) SGA (33) Controls (70) 𝑃

Woman age (years) 32.70 (±4.4) 31.90 (±5.1) 32.00 (±4.9) NS
Prepregnancy BMI (kg/m2) 23.80 (±6.3) 20.80 (±2.9) 22.10 (±2.9) (1, 3)
Nulliparous women 69% 55% 53% NS
Mode of delivery

Spontaneous delivery 39% 33% 54% NS
Caesarean section 61% 67% 46% NS

Fetal gender
Male 42% 27% 54% (3)

Gestational age at delivery (weeks) 36.75 (±2.82) 38.45 (±1.59) 38.57 (±2.14) (1, 2)
Neonatal weight (grams) 2131.67 (±519.4) 2648.23 (±282.8) 3178.17 (±510.7) (1, 2, 3)
aIMT (mm) 1.10 (±0.20) 0.80 (±0.20) 0.60 (±0.20) (1, 2, 3)
Significant differences (𝑃 < 0.05) between (1) IUGR and SGA; (2) IUGR and AGA; and (3) SGA and AGA.
NS: nonsignificant differences.
BMI: body mass index.
aIMT: aorta intima media thickness.

Table 2: Differences in examinations of blood values among the evaluated groups in maternal and fetal circulation. Data are presented as
median and interquartile range (IQR). The 𝑃 value refers to Wilcoxon test.

IUGR (37) SGA (33) Controls (70) 𝑃

Maternal blood
Adiponectin (𝜇g/L) 45 (32–61) 58 (37–64) 57 (45–61) (2)
Leptin (𝜇g/L) 8.2 (5–11.9) 8.5 (5.2–10.7) 5.5 (3.1–7.6) (2, 3)
Adiponectin/leptin 5.5 (2.7–8.7) 5.9 (4.6–12.5) 11.4 (7.1–18.1) (2, 3)
IL-6 (ng/L) 4.9 (2.3–8.4) 3.9 (2.5–5.4) 4.6 (2.4–6.2) NS
TNF𝛼 (ng/L) 5.4 (4.3–10) 5.0 (4–5.6) 4.9 (4.0–6.1) (1, 2)
CRP (mg/L) 5.1 (3.9–12.8) 4.1 (2.8–5.7) 4.9 (2.9–5.9) (1, 2)

Fetal blood
Adiponectin (𝜇g/L) 134 (105–159) 197 (122–239) 196 (134–239) (1, 2)
Leptin (𝜇g/L) 7.1 (5.5–8.3) 4.3 (2.7–7.8) 4.9 (2.9–6.5) (1, 2)
Adiponectin/leptin 17.4 (14.3–24.2) 43.5 (24.4–75) 41.3 (31.1–79.7) (1, 2)
IL-6 (ng/L) 8.6 (4.6–12.1) 5.3 (2.4–8.9) 4.7 (2.3–6) (1, 2, 3)
TNF𝛼 (ng/L) 11.1 (8.9–14.9) 8.3 (7.5–9.1) 8.7 (7.3–9.9) (1, 2)
CRP (mg/L) 2.8 (2.7–2.9) 2.8 (2.7–2.9) 2.8 (2.8-2.9) NS

Significant differences (𝑃 < 0.05) between (1) IUGR and SGA; (2) IUGR and AGA; and (3) SGA and AGA.
NS: nonsignificant differences.

(𝑃 < 0.05) (Figure 1(a)). In control group maternal
adiponectin negatively correlated with fetal aIMT (𝑃 <
0.05) (Figure 1(b)). Moreover, only IUGR and SGA maternal
adiponectin negatively correlated with maternal TNF𝛼 (𝑃 <
0.05) (Figure 1(c)). In the three groups, fetal adiponectin
positively correlated with maternal adiponectin (𝑃 < 0.05)
(Figure 1(d)).

Furthermore, fetal adiponectin positively correlated with
gestational age at delivery (𝑃 < 0.05) (Figure 2(a)). In IUGR
fetuses, adiponectin serum concentrations were negatively
correlated with fetal IL-6 (𝑃 < 0.05) (Figure 2(b)) and
fetal adiponectin/leptin ratio (A/L) presented a negative
correlation with aIMT (𝑃 < 0.05) (Figure 2(c)). In all groups,
there was a negative correlation between aIMT and birth
weight (𝑃 < 0.05) (Figure 2(d)).

IUGR and SGA maternal serum leptin concentrations
were positively correlatedwith gestational age at delivery (𝑃 <
0.05) and maternal CRP levels (𝑃 < 0.05) (Figures 3(a) and
3(b)).

IUGR fetal leptin levels positively correlated with fetal
aIMT (𝑃 < 0.05) (Figure 3(c)). Only in control fetal group
there was a positive correlation between adiponectin and
leptin levels (𝑃 < 0.05) (Figure 3(d)).

4. Discussion

This study showed that fetuses with IUGR and Doppler
abnormalities presented thicker aIM, higher concentrations
of leptin, TNF𝛼, IL-6, and CRP, and lower adiponectin levels
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Figure 1: Correlations of maternal blood adiponectin level with other hormone levels, anthropometric, or ultrasound parameters. (a)
Correlation between neonatal weight and maternal blood adiponectin levels in all the population (tau test 𝑃 < 0.05). (b) Correlation
between fetal aIMT and maternal blood adiponectin levels in AGA population (𝑃 < 0.05). (c) Correlation between maternal blood TNF𝛼
and adiponectin levels in IUGR and SGA the population (𝑃 < 0.05). (d) Correlation between neonatal andmaternal blood adiponectin levels
in all the population (𝑃 < 0.05).

than SGA or AGA. To the best of our knowledge, this is
the first report demonstrating a correlation between A/L
ratio and aIMT in IUGR fetuses, supposing a link between
immune system and endothelial damage. This association
was not found for SGA fetuses. The subdivision of IUGR
disorder considering Doppler velocimetry allowed stratifi-
cation into different classes of vascular risk. In SGA fetuses
aIMT was lower than IUGR but higher than AGA, while
adipokines and inflammatory cytokines presented onlymini-
mal differences in comparison to control group.These results
confirmed previous studies in which aIMT was inversely
related to EFW, showing that low birth weight and Doppler
abnormalities may be correlated with an altered vascular
structure causing possible endothelial damage, both in single
and twin pregnancies [8, 20]. Moreover, in children who
had IUGR, aIMT was greater in those with the lowest
birth weight, suggesting that atherogenesis and an increased
arterial stiffness may be a potential mechanism mediating
the mentioned epidemiological link between impaired fetal
growth and cardiovascular disease in adulthood, similar to
major environmental risk factors such as cigarette smoking
and hypertension [7, 21]. Postmortem studies in young adults
showed an inverse correlation between birth weight and
severity of aortic lesions [22]. Histochemical analysis also
confirmed that the fetal aIMT observed during pregnancy by

ultrasound corresponded to intima thickening. The CD68,
a widely used marker for macrophages, is usually absent in
normal vessels; E-selectin, a marker of activated endothelial
cell (EC) and CD31, a marker for quiescent EC, were found
present in the aortic wall of IUGR stillbirth. These might
represent peculiar elements of preatherosclerotic lesions [23].
Experimental evidence have demonstrated that cardiovascu-
lar remodeling, triggered in response to the stress conditions
in utero, persists as a permanent feature in postnatal life,
including vascular dysfunction, increased blood pressure,
and aorta intima media thickness [24].

In many instances, metabolic disorders as well as other
disorders associatedwith IUGRhave an endocrine origin and
are accomplished by the changes in hormone bioavailability
in adulthood [25]. Several independent observations have
shown a relationship between low birth weight and insulin
resistance; reduced insulin sensitivity might be secondary to
altered programming of metabolic pathways in presence of
adverse intrauterine environment [26]. IUGR fetuses showed
a marked reduction in body fat mass, which mainly reflects a
decreased accumulation of lipids in the adipocytes. However,
although total body fat percentage is reduced, visceral adipose
tissue is relatively increased and it results hyperrespon-
siveness to catecholamine and early insulin resistance [5].
Adipokines, bioactive molecules produced by adipose tissue,
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Figure 2: Correlations of fetal blood adiponectin, other hormone levels, anthropometric, or ultrasound parameters. (a) Correlation between
gestational age at delivery and fetal blood adiponectin levels in all the population (tau test 𝑃 < 0.05). (b) Correlation between fetal blood
IL-6 levels and fetal blood adiponectin levels in IUGR population (𝑃 < 0.05). (c) Correlation between fetal aIMT and fetal adiponectin/leptin
ratio in IUGR population (𝑃 < 0.05). (d) Correlation between fetal aIMT and neonatal weight in all the population (𝑃 < 0.05).

should regulate body metabolism and are implicated in fetal
growth. Adiponectin influences carbohydrate metabolism,
improving insulin sensitivity, and low adiponectin levels have
been suggested to play a causal role in the development of
insulin resistance and cardiovascular disease in adulthood
[27]. In agreement with literature the present study shows
that during third trimester umbilical cord blood adiponectin
concentration is approximately three times higher than in
maternal blood, in all groups analyzed [28]. In accordance
with Lindsay, our study found that maternal adiponectin
is positive with birth weight [29]. Pregnancy is a unique
situation in which there is a physiological, temporary insulin
resistance, gradually settled down in the third trimester,
with an increase of fetal blood glucose and free fatty acid
concentrations and a reduction in maternal insulinemia [30].
This could explain the reduction of maternal adiponectin
at the end of pregnancy. In IUGR and SGA pregnancies,
maternal adiponectin concentration negatively correlates
with maternal TNF𝛼, suggesting a prevalent inflammatory
condition in a mother whose pregnancy is complicated by
fetal growth restriction.

Adiponectin represents antiatherogenic and anti-inflam-
matory properties suppressing the macrophages proinflam-
matory cytokines production, such as TNF𝛼 and IL-6 [31],
and inhibiting macrophage to foam cell transformation [32].

A reduction in IUGR fetuses of adiponectin level and its neg-
ative correlation with fetal IL-6 might represent the immune
system’s modification, which could explain the endothelial
damage expressed by a thickening of aIM. Moreover, the
A/L ratio, actually the most indicative sign of metabolic risk,
is even negatively correlated in IUGR fetuses with aIMT
[33]. Animal models reveal that the majority of macrophages
in established atherosclerotic lesions are derived from local
proliferation rather than from the influx of blood-borne
monocytes [34]. Recent studies demonstrate the role of
perivascular adipose tissue dysfunction in cardiovascular
inflammation and oxidative stress [35]. Significant infiltration
of macrophages and T cells in perivascular adipose tissue was
accompanied by endothelial dysfunction. Decreased secre-
tion of adiponectin and increased production of cytokines
from dysfunctional adipose tissue may significantly con-
tribute to vascular inflammation, insulin resistance, vascular
stiffness, and impaired relaxation [36].

In many studies investigating the effect of low birth
weight on metabolic diseases in later life, IUGR has been
used equivalently to the term SGA. In contrast to SGA, IUGR
implies an underlying pathological process that prevents the
fetus from achieving its growth potential and can be assessed
by prenatal ultrasound and Doppler examinations. In our
study we found a decrease in adiponectin levels only in



BioMed Research International 7

28 30 32 34 36 38 40 42

5

10

20

Gestational age (weeks)

Le
pt

in
(𝜇

g/
L)

(a)

0 10 20 30 40 50

5

10

20

CRP (mg/L)

Le
pt

in
(𝜇

g/
L)

(b)

0.0 0.2 0.4 0.6 0.8 1.0 1.2

4

6

8

10

aIMT (mm)

Le
pt

in
(𝜇

g/
L)

(c)

0

50 100 150 2000

2

4

6

8

Adiponectin (𝜇g/L)

Le
pt

in
(𝜇

g/
L)

(d)

Figure 3: Correlations of blood leptin, other hormone levels, anthropometric, or ultrasound parameters. (a) Correlation between gestational
age at delivery and maternal blood leptin levels in IUGR and SGA population (tau test 𝑃 < 0.05). (b) Correlation between maternal blood
CRP and leptin levels in IUGR and SGA population (𝑃 < 0.05). (c) Correlation between fetal aIMT and fetal blood leptin levels in IUGR
population (𝑃 < 0.05). (d) Correlation between fetal blood adiponectin and leptin levels in AGA population (𝑃 < 0.05).

IUGR fetuses, and although not significant SGA presented a
higher value than controls. A possible explanation for these
contradictory resultsmay be related to the different definition
of IUGR, oftenwithout consideringDoppler velocimetry. and
in methodological aspects. Several authors described lower
levels of adiponectin in SGA fetuses and children, proposing
that this downregulation might be a predisposing factor
for later development of insulin resistance and metabolic
syndrome. Interestingly very low adiponectin levels in IUGR
children should predict the subsequent development of vis-
ceral fat and insulin resistance in adulthood [37–39]. When
Briana and Lindsay found similar levels of adiponectin in
cord blood of SGA and control fetuses [29, 31], conversely,
López-Bermejo et al. studying prepuberal children found
increased adiponectin concentrations related to increased
insulin sensitivity [33, 40]. Kyriakakou et al. used Doppler
velocimetry in IUGR definition, finding that leptin and
adiponectin serum levels were higher and lower, respectively,
in IUGR fetuses, in accordance with our results [17].

Leptin seems to be a critical factor for overall fetal devel-
opment. In this respect, numerous animal studies indicated
that prenatal exposure to maternal under nutrition leads to
the development of diet-induced obesity, hyperleptinemia,
hyperinsulinism, and hypertension in the rat offspring [41].
Thus, leptin may play a role in the control of substrate

utilization and in the maintenance and functional character-
istics of fat mass before birth, producing permanent changes
concerning adiposity and body composition in adult life [42].
In accordance with other studies, IUGR presented a positive
correlation between maternal leptin and gestational age at
delivery, indicating in these patients a possible preexisting
metabolic alteration [40]. Moreover, in IUGR fetuses there
was a positive correlation between leptin and IL-6 levels,
underlying a similar proinflammatory role. The inversely
correlation between fetal A/L ratio and aIMT might repre-
sents a link between endocrine function of adipose tissue
and endothelial damage. In literature, there is no accordance
among investigators about cord leptin concentration in this
category of fetuses. Several studies demonstrated lower circu-
lating leptin concentrations in IUGR fetuses, due to reduced
fat mass and/or decreased placental production, increasing
and becoming higher in IUGR infants, children, and adults
[42–45], while other investigators determined similar and
higher leptin concentrations [31, 46].

IUGRovinemodels showed that leptin levels are inversely
related to uterine blood flow and fetal/placental weight,
suggesting that fetal leptin may be involved in an adap-
tive response [47]. Tzschoppe et al., differentiating the
two groups by EFW and pathological uterine and umbil-
ical artery Doppler velocimetry, found that leptin mRNA
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and protein expression are increased in the placentas of
IUGR newborns compared to AGA. Hypoxic and inflam-
matory processes inducing placental dysfunction might
explain increased placental leptin mRNA expression. Leptin
gene in fact is highly sensitive to oxygen abundance and
IUGR fetuses, exhibiting severe distress and having signif-
icantly higher leptin concentrations per kilogram of weight
[46, 48, 49].

TNF𝛼 and IL-6 are produced by adipose tissue mono-
cytes and macrophages and also by the placenta. Few and
contradictory data exist in the literature regarding the IUGR
state [50]. Some investigators documented a reduced fetal
IL-6 and TNF𝛼 levels in growth restricted fetuses [51, 52],
possibly due to impaired placental insufficiency. On the other
hand, an upregulation of IL-6 and TNF𝛼 in IUGR fetuses
could be secondary to hypoxia and to survival mechanism,
by inducing muscle insulin resistance and enabling glucose
to be spared for brain metabolism [10, 53]. In this study, we
hypothesized that higher levels in IUGR fetuses could be sec-
ondary to the reduction of adiponectin concentrations, which
do not inhibit macrophage-cytokines release; this condition
should worsen the endothelial damage of intrauterine growth
restriction. In IUGR mothers this finding might reflect the
state of inflammation and chronic stress, expressed also by
high levels of CRP, not found among IUGR, SGA, and AGA
fetuses. High sensitivity CRP was not measured, and this
might explain our result.

In conclusion, a specific profile of increased leptin, IL-6,
CRP, and TNF𝛼 in IUGR mothers might indicate a proin-
flammatory condition for the development of poor intrauter-
ine environment. The increased umbilical leptin, TNF𝛼, and
IL-6 concentrations and the decreased adiponectin levels in
IUGR fetuses might represent the inflammatory substrate
that contributes to the vessel remodelling, represented by
thickening of the aorta. These conditions could predispose
to vascular and metabolic disorders in adult life. Differential
regulation of adipocytokines and higher aIMT in utero in
the IUGR state may be predictive of adult disease. Further
understanding of the changes in adipocytematuration during
prenatal nutrition and their influence onmolecular pathways
could help explain the complex association between IUGR
and adult disease risk and support the development of
effective preventive strategies.
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Oral inflammation, such as periodontitis, can lead to endothelial dysfunction, accelerated atherosclerosis, and vascular dysfunction.
The relationship between vascular dysfunction and other common forms of oral infections such as denture-related stomatitis (DRS)
is unknown. Similar risk factors predispose to both conditions including smoking, diabetes, age, and obesity. Accordingly, we aimed
to investigate endothelial function andmajor vascular disease risk factors in 44 consecutive patients with dentures with clinical and
microbiological features of DRS (𝑛 = 20) and without DRS (𝑛 = 24). While there was a tendency for higher occurrence of diabetes
and smoking, groups did not differ significantly in respect to major vascular disease risk factors. Groups did not differ in main
ambulatory blood pressure, total cholesterol, or even CRP. Importantly, flow mediated dilatation (FMD) was significantly lower in
DRS than in non-DRS subjects, while nitroglycerin induced vasorelaxation (NMD) or intima-media thickness (IMT) was similar.
Interestingly, while triglyceride levels were normal in both groups, they were higher inDRS subjects, although they did not correlate
with either FMDorNMD.Conclusions. Denture related stomatitis is associatedwith endothelial dysfunction in elderly patients with
dentures. This is in part related to the fact that diabetes and smoking increase risk of both DRS and cardiovascular disease.

1. Introduction

Oral inflammation is an important element in the patho-
genesis of vascular disease. In particular, large body of
evidence has accumulated recently that chronic periodon-
titis is a potential novel risk factor for atherosclerosis and
endothelial dysfunction [1–5]. Indeed, intensive treatment
of chronic periodontitis alleviates endothelial dysfunction
in a long-term follow-up, with clinical benefit lasting up
to 6 months after intensive treatment [6]. The mechanisms
of this association are not clearly defined but are most
likely dependent on systemic inflammatory response, involv-
ing increased levels of IL-6, CRP, TNF-alpha, and other

cytokines, which accompany periodontitis [6, 7]. Moreover,
cellular immunity is also activated in periodontitis, including
monocyte subpopulation shift as well as T cell activation with
overproduction of interferon gamma and IL-17 [8].

While numerous studies have focused on the links
between periodontitis and endothelial dysfunction, little
is known about the links between other forms of oral
infection and inflammation in the context of cardiovascular
risk. In particular, denture-related stomatitis (DRS) is an
inflammatory process of the oral mucosa in contact with a
denture and is one of the most common diseases in elderly
patients, affecting up to 70% of patients in the course of life
[9, 10]. It is most common in complete prosthesis wearers,
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edentulous subjects [9–11].Thepotential links are particularly
worth addressing, as major risk factors for DRS include
smoking, diabetes, age, and obesity, which coincide with risk
of atherosclerosis and vascular disease [9, 12, 13]. Thus it
is even more surprising that this problem of concomitant
incidence of both conditions has not been studied up to
date. Interestingly, the relationship of DRS to dyslipidemia is
not known and female sex appears to predispose to higher
occurrence [9]. Clinical symptoms of DRS include erythema
and swelling of palatal mucosa, sometimes combined with
subjective symptoms, such as dysgeusia or burning sensation.
The aetiology of the DRS is multifactorial [9]. Long-term
and continuous use of dentures and poor denture and oral
hygiene habits promote the development of a biofilm, called
denture plaque, on the surface of the prosthesis [9, 12].
Candida albicans is fungal component of the physiological
microflora of the human oral cavity [14, 15]; however, factors
mentioned above may promote its excessive growth and,
consequently, the development of infection and DRS.

While in periodontitis systemic activation of the immune
system is very important in mediating increased cardiovas-
cular risk, the extent of systemic response to DRS is poorly
characterized. Systemic inflammation may affect vascular
dysfunction in number of ways, which include activation of
monocytes and T cells with overproduction of cytokines such
as interferon 𝛾, TNF-alpha, interleukin 6, or 17 [16], sub-
sequently leading to atherosclerosis and hypertension [16–
18] and increased cardiovascular risk. Interestingly, increased
cardiovascular risk has been shown also for caries [19–21],
as well as endodontic infection [22–26]. These diseases are
all caused by bacterial infections, but, other microorganisms
are also able to infect oral tissues. Relationship between
fungal infection in oral cavity and systemic inflammatory
response in context of vascular risk has not yet been studied.
Therefore, the aim of this study was to determine whether
the presence of DRS coincides with the clinical measures of
vascular dysfunction, such as impaired endothelial function
or elevated blood pressure.

2. Methods

2.1. Patients. Using 44 consecutive patients with dental pros-
theses for at least 6 months were included in this study.
Their oral mucosa was examined by the dentist to clinically
identify inflammation and DRS. The clinical signs of oral
mucosa inflammation in DRS include erythema and swelling
of palatal mucosa, sometimes combined with subjective
symptoms, such as dysgeusia or burning sensation. These
observations were confirmed by routine microbiological
laboratory diagnostic tests for Candida species presence.
Based on clinical andmicrobiological investigations, patients
were divided into DRS (𝑛 = 20) group and non-DRS
(𝑛 = 24) group. Diagnosis was confirmed by an independent
observer. Control, non-DRS patients had clinically healthy
oral mucosa and negative oral Candida swabs. Clinically
healthy oral mucosa was a pale pink, smooth mucosal
membrane without redness or swelling and with no pain or
discomfort reported by patient. Exclusion criteria included
acute inflammatory disorders other than DRS, neoplastic

disease relapses or chemotherapy courses less than 5 years
before the enrolment, and using antibiotics in less than 4
weeks or anti-inflammatory drugs (steroids and nonsteroidal,
excluding aspirin in doses less than 80mg) in less than
2 months before the enrolment. Patients with history of
myocardial infarction, acute coronary incident or vascular
inflammation in 5weeks or less before the enrolment, chronic
haematological disorders, and immunodeficiency or major
medication changes during less than 5 weeks before or
during study were also excluded. The study was approved by
local ethics committee of Jagiellonian University. Informed
consent was obtained from all patients and all work was
conducted in accordance with the Declaration of Helsinki
(1964).

2.2. Microbiological Investigations. Swabs were taken from
the hard palate (between the second and third palatal fold).
Samples were collected after an overnight fast and after
at least 6 hours of continous denture usage, without the
use of adhesives or rinsing the mouth with disinfectants.
The material was collected in accordance with the general
principles of microbial material collection.

2.3. Clinical Data. Patients’ blood pressure (systolic, dias-
tolic) was monitored for 24 hours using ambulatory blood
pressure monitoring system (ABPM; SpaceLabs 90217, Ultra-
lite device). Systolic diastolic and mean arterial pressures
were recorded every 20 minutes for 24 hours. Day and night
averages were calculated. One patient in control group did
not agree to wear the ABPM monitor. Major risk factors
for both atherosclerosis and DRS were recorded based on
patient medical records and detailed patient history. Clinical
risk factors were defined as follows: hyperlipidemia (total
plasma cholesterol level> 5mmol/L and/or triglycerides level
> 1,7mmol/L), diabetes (fasting glucose level ≥ 7mmol/L
or HbA1c > 6.5% or current treatment with insulin or
oral hypoglycemic agents), hypertension (blood pressure ≥
140/90mmHg or current treatment with antihypertensive
agents), and smoking (current or within last 6 months) based
on [27]. Blood samples were obtained from antecubital vein
and lipoprotein profile was assessed by routine diagnostic
measurements of triglycerides, total cholesterol, low-(LDL),
and high-(HDL) density lipoprotein cholesterol fractions. C-
reactive protein (CRP) concentration was also assessed as in
routine diagnostics.

2.4. Endothelial Function Measurement. Flow-mediated dil-
atation (FMD) method was used to determine the vascular
endothelial function and NMD (nitroglycerine-mediated
dilatation) for measuring endothelial-independent vasodi-
latation. Measurements were conducted using Toshiba Xario
Diagnostic Ultrasound System after 1, 2, and 4-5 minutes
after manometer cuff deflation or sublingual administration
of nitroglycerine and presented as percentage of the diameter
of the artery before intervention. Method validation in our
laboratory has been described elsewhere [28].Observerswere
blinded regarding oral status of the patients.



BioMed Research International 3

Table 1: Patient clinical characteristics.

DRS group
𝑛 = 20

Control group
𝑛 = 24

Gender (M : F) 2 : 18 𝑃 > 0,05 6 : 18
Age [mean (SD)] 63,9 (6,6) 𝑃 > 0,05 65,9 (10,3)
BMI [median (𝑄1; 𝑄2)] 28,5 (24,9; 33,6) 𝑃 > 0,05 27,8 (24,3; 29,3)
Smoking (%) 6 (30%) 𝑃 > 0,05 3 (12,5%)
Diabetes mellitus (%) 6 (30%) 𝑃 > 0,05 2 (8,3%)
Hypertension (%) 17 (85%) 𝑃 > 0,05 19 (79,2%)
Hyperlipidemia (%) 13 (65%) 𝑃 > 0,05 12 (50%)
Medications (%)

ACE inhibitor 7 (35%) 𝑃 > 0,05 12 (50%)
Acetylsalicylic acid 3 (15%) 𝑃 > 0,05 4 (17%)
𝛽-blocker 7 (35%) 𝑃 > 0,05 10 (42%)
Ca antagonist 3 (15%) 𝑃 > 0,05 8 (34%)
Diuretic 7 (35%) 𝑃 > 0,05 6 (25%)
Statin 6 (30%) 𝑃 > 0,05 5 (21%)
Insulin 2 (10%) 𝑃 > 0,05 2 (8,3%)
Oral antidiabetic agents 2 (10%) 𝑃 > 0,05 2 (8,3%)

ACE: angiotensin converting enzyme, BMI: body mass index, DM: diabetes mellitus, SD: standard deviation.

2.5. Subclinical Atherosclerosis Assessment. The measure-
ments of intima-media thickness were performed in 12
different points (2 cm below common carotid arteries bulbs,
ca. every 1 cm, omitting visible coronary plaques), on right
and left common carotid artery, measuring the distance
between the border between artery lumen and carotid artery
intima and second bright line-m (border between media and
adventitia) as described previously [28].

2.6. Statistical Analysis. Analysis was performed using Stat-
soft Statistica software. Compliance of the distribution of
variables with normal distribution was tested by Shapiro-
Wilk test. Most of the variables did not have normal distri-
butions, and therefore the results are presented as medians
and 25th (Q1), 75th (Q3) percentiles. For those variables
nonparametric statistical tests were used, Mann-Whitney 𝑈
test for continuous variables or, for dichotomous variables,𝜒2

for the expected frequencies > 5 or 𝜒2 with Yates’ correction
for the expected frequencies < 5 with confirmation of Fisher’s
exact test and Spearman correlation. For variables with
normal distribution Student’s 𝑡-test was applied and data are
presented as mean with standard deviation (SD). Method of
presentation of results is given for each variable in the text.
Values of 𝑃 < 0, 05 were considered statistically significant.

3. Results

3.1. Clinical Risk Factors in Studied Groups. Both groups
were balanced in terms of age, sex, body mass index (BMI)
value, and antihypertensive treatment. There were more
smokers and patients with diabetes mellitus (DM) in DRS
group than in control group, although these differences were
not statistically significant. Higher prevalence of DM and
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Figure 1: Ambulatory blood pressure parameters in control and
DRS patients. Blood pressure parameters were assessed by 24 h
measurement with ambulatory blood pressure monitoring system.
Results are presented as mean (SD); 𝑛 control group = 23, 𝑛 DRS
group = 20.

smoking in DRS group is consistent with epidemiologic data
and is understandable, as both are recognized as a risk factor
for developing DRS [13]. The proportion of males in both
study groups was lower than expected for general population,
which is consistent with the epidemiology of DRS, which
is more common in females [9]. Patients characteristics are
summarized in Table 1.

3.2. Blood Pressure in Denture Related Stomatitis. Ambula-
tory blood pressure monitoring has shown no significant
differences in both mean systolic and mean diastolic blood
pressure in DRS and control non-DRS group (Figure 1).
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Figure 2: Vascular dysfunction in control and DRS. Vascular
endothelium-dependent flow-mediated dilatation (FMD) and en-
dothelium-independent nitroglycerin-mediated dilatation (NMD)
parameters were assessed by ultrasonography. Results presented as
median (Q1; Q2); ∗𝑃 < 0, 005; 𝑛 control group = 24, 𝑛 DRS group =
20.

Moreover, subsequent analysis of blood pressures during
activity and rest periods did not show significant differences
either (data not shown).

3.3. Vascular Function. Flow-mediated dilatation measure-
ments showed a significantly reduced median percentage of
arterial dilation in response to flow in the DRS group in
comparison with control patients (Figure 2). At the same
time there was no difference between groups in endothelium-
independent vasodilatation, NMD (Figure 2). There was no
difference in baseline vessel diameter between control and
DRS group (3, 7 ± 0, 8mm versus 3, 8 ± 0, 7mm; 𝑃 = 0, 4).

3.4. Subclinical and Clinical Atherosclerosis. Intima-media
thickness evaluation showed no significant differences in
either maximal or mean IMT in studied groups. It is impor-
tant to point out that neither of the groups showed very
high values of mean IMT (Figure 3). Moreover, presence of
the atherosclerotic lesions of common carotid artery was
equally distributed between groups; it was detected in 37.5%
of patients from control group and in 35% of DRS group,
𝑃 = 0, 86.

3.5. Plasma Lipid Profile and CRP. As the elevated blood
triglycerides, LDL and total cholesterol levels and low HDL
cholesterol levels are recognized as cardiovascular risk fac-
tors; we compared their concentrations in blood samples
collected from patients with oral fungal infection and with
healthy oral mucosa. We found that plasma levels of total,
LDL, and HDL cholesterol were similar in both groups;
however, triglycerides levels were significantly elevated in
DRS group (Figure 4(a)). Surprisingly, CRP levels were sim-
ilar between studied groups, indicating lack of significant
component of systemic inflammation in DRS (Figure 4(b)).

As the level of triglycerides was different between groups and
this parameter may impact vascular function, we checked if
there is a correlation between FMDorNMDand triglycerides
levels. We found that these parameters were not correlated in
case of FMD (𝑅 Spearman = −0,13, 𝑃 = 0, 42) and NMD (𝑅
Spearman = −0,025, 𝑃 = 0, 87) (Figure 5).

3.6. Subgroup Analysis in Female Subpopulation Only. As
there was a much lower proportion of males in our study
population, we performed an additional subgroup analysis
in female population. It revealed that all studied vascular
phenomena were observed to the same extent as in total
studied population, including the difference in endothelium
derived vasorelaxations (FMD (mean ± SD): 5, 95 ± 3, 80%
in female DRS patients and 9, 72 ± 3, 31% in control subjects;
𝑃 = 0, 0032) and TG levels (median [Q1; Q2]: 1,61 [1,46; 1,99]
in DRS versus 1,09 [0,86; 1,34] in non-DRS; 𝑃 = 0, 01).

4. Discussion

The oral health impact on the general health is evident.
Oral infections and inflammation have been implicated in
many disease entities, such as rheumatoid arthritis [29],
obesity [30], negative pregnancy outcomes [31], DM [32],
and even in epilepsy [33]. In particular, the role of oral
inflammation and infection in the modulation of the risk
of cardiovascular disorders has been well defined [1–5].
These studies have, however, focused mainly on periodontal
inflammation and gingival bleeding. In the present study
we investigated the relationships between denture-related
stomatitis, a common oral inflammatory condition in elderly
patients with endothelial dysfunction, blood pressure, and
lipid profile. We observed that denture-related stomatitis
which occurs in ca. 60% of patients wearing dentures, is
associated with significant reduction of endothelial function,
measured as nitric oxide bioavailability in a clinical flow-
mediated dilatation study. Importantly, control, nitroglycerin
induced endothelium-independent vasodilatation was not
changed. As it is known that the severity of endothelial dys-
function correlates with the development of coronary artery
disease and predicts future cardiovascular events [34], our
results implicate that the presence of DRS may be associated
with negative cardiovascular outcomes. Thus, such patients
should be particularly carefully monitored in relation to their
cardiovascular risk. Considering that DRS is one of the most
common oral disorders in the elderly, occurring in 40–70%
of subjects wearing dentures [9, 10], our finding may have
important implications for clinical care of denture wearing
patients. It is important to note, however, that majority of
patients studied here were females which is consistent with
the epidemiology of DRS, that is, more common in females
[9]. We have also performed an additional analysis in female
subpopulation only, which confirmed all major observations
of this study.

While numerous previous studies have shown increased
cardiovascular risk in subjects with oral inflammatory condi-
tions such as periodontitis [1–5], endodontic infections [22–
26], and even caries [19–21], this is the first study focusing
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Figure 4: Plasma lipid profile andC-reactive protein levels in control andDRS patients. (a) Comparison of lipid profiles. Results are presented
asmedian (Q1;Q2); ∗𝑃 < 0, 05; (b) comparison of plasma CRP concentrations. Results are presented asmedian (Q1;Q2). (a) and (b): 𝑛 control
group = 24, 𝑛 DRS group = 18.

on vascular dysfunction in elderly population of patients
wearing dentures. This is important, while previous studies
focused on bacteria-mediated, resulting from disturbances
of physiological oral microflora diseases, we have primarily
studied fungal infection, as DRS is most commonly associ-
ated with Candida infection.

Previous studies focused on a positive association
between periodontitis and vascular endothelial dysfunction.
Amar et al. and Blum et al. observed that subjects with
advanced periodontal disease exhibit worse endothelial func-
tion when compared to the healthy controls [35, 36]. Blum
et al. [36], along with others [6, 37], reported also an
improvement of endothelial function as a long-term outcome
of periodontal treatment. Tonetti et al. [6] in a landmark

study has shown in a proper randomized controlled trial
that such improvement provides clinical benefit for up to 6
months after intensive treatment.

The mechanisms of increased cardiovascular risk in oral
inflammatory conditions are multifactorial and range from
chronic systemic inflammation (periodontitis) to the effects
of risk factors such as diabetes, hyperlipidemia, smoking,
and age which predispose to both cardiovascular diseases
and oral disorders, such as periodontitis [1–5], caries [19–21],
endodontic infections [22–26], or DRS [9, 12, 13]. This coin-
cidence of risk factors is visible in the population of patients
we have studied. Although the difference in occurrence of
smoking or diabetes did not reach statistical significance,
we can clearly see increased occurrence of these factors
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Figure 5: Spearman correlation between parameters of vascular function parameters and triglycerides levels. (a) Spearman correlation
between FMD and triglycerides levels: 𝑅 Spearman = −0,13, 𝑃 = 0,42; (b) Spearman correlation between NMD and triglycerides levels:
𝑅 Spearman = −0, 025, 𝑃 = 0, 87; (a) and (b): 𝑛 = 42.

in DRS. This can in part explain the increased degree of
endothelial dysfunction in DRS subjects. Measurement of
baseline FMDprior to developingDRS in a long-term follow-
up study would unquestionably strengthen the conclusions
of this study. Alternatively, a future interventional study
in which the effect of treatment of DRS on endothelial
function could also help to address this issue in amore cause-
effect manner. Importantly, as the population we studied
was relatively young for denture carriers, no significant
increase in intima-media thickness was detected yet. This is
in agreement with numerous cardiovascular studies which
show that endothelial dysfunction precedes the development
of severe atherosclerosis [38].

The role of systemic inflammation, very well defined in
periodontitis, is not known inDRS.Themechanisms through
which DRS could affect endothelial dysfunction are unclear.
In periodontitis, bacteria lead to the activation of the local
immune response, leading to systemic inflammation. Simi-
larly, immune stimulation of T cells and monocytes has been
reported in response to fungal C. albicans antigens [39, 40].
However, in our study we did not find significantly increased
levels of total CRP, which could suggest that local Candida-
evoked oral mucosal inflammation is not causing significant
activation of systemic inflammatory response.TheCRP levels
among edentulous were assessed by Ajwani et al. at Helsinki
Aging Study involving over 600 patients older than 75 years
old [41]. They identified mucosal lesions in the edentulous as
an important factor associatedwith elevatedCRP level among
elderly individuals and observed that it was significantlymore
common among the edentulous with complete dentures.
Importantly, patients having clinical signs of oral candidosis
or denture stomatitis also showed elevated levels of CRP,
and authors suggested that it may be the explanation of the
elevated CRP levels seen in the edentulous. In our study, we
have also seen a trend toward higher CRP values in DRS
patients, but it did not reach statistical significance, probably
because of small numbers of patients involved and the fact

that we have not measured high sensitivity hsCRP which
would better characterize cardiovascular risk [42]. In the
light of our results, assessing other markers of the systemic
inflammation becomes a very interesting aspect for further
studies. Taking into account our results, at present our data
do not support the hypothesis that systemic inflammation
is involved. Rather, the effect of concomitant risk factors on
DRS and vascular function is most likely.

DeOliveira et al. and Rodriguez-Archilla et al. have found
that oral Candida infection may impact peripheral blood
mononuclear cells state, measured by amount of cytokines
produced in vitro in response to Candida antigens [39, 40].
Direct impact of Candida cells on the vascular system is
unlikely, since systemic fungal infections are characterized, in
contrast to the DRS, by extremely serious symptoms; more-
over, fungal DNA has not been detected in atherosclerotic
lesions [43].

However our results may point us to the potential role of
vascular risk factors such as diabetes, smoking, and hyper-
triglyceridemia in mediating vascular dysfunction. Although
no relationship was found between triglyceride levels and
endothelial dysfunction in a simple correlation analysis,
whenmultivariate linear regressionwas introduced including
diabetes, smoking, and/or triglyceride levels, the difference
in endothelial function was no longer significant (data not
shown). One has to however bear in mind that statistical
power of such analysis in the studied group was relatively
modest.

While the finding that classical risk factors may be
main mediators of endothelial dysfunction may not sound
exceptionally interesting, it is very important to show that
this is the case in DRS subjects, and therefore this group of
patients should be carefully studied in larger epidemiological
trials. This is particularly important in the light of ageing
population.

Despite the lack of differences in the levels of total, HDL,
and LDL cholesterol in the blood of healthy subjects and
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DRS, we observed significantly higher levels of triglycerides
in patients with DRS. Our surprising finding that DRS is
associated with selective increase in triglyceride levels is
quite intriguing and could be related to the fact that denture
wearing can change dietary habits. It could also suggest that
increased triglyceride levels could be a risk factor of DRS,
although our study was not powered to answer this question.
There are no studies looking at lipid parameters inDRS, while
conflicting data are available regarding periodontitis. Sandi et
al. and Penumarthy et al. observed higher concentrations of
total cholesterol and LDL cholesterol in the blood of patients
with periodontal disease than in healthy group, but the
differences in the levels of triglycerides and HDL cholesterol
were shown only by Penumarthy et al., despite the smaller
sample sizes [44, 45]. Simultaneously, Elter et al. did not
demonstrate changes in the total cholesterol and HDL levels
after treatment of periodontitis [37]. Altogether, these results
can point to a potential relationship between oral infection
and blood lipid profile, but conclusive evidence is still needed.

We did not observe the tendency towards elevated blood
pressure in patients with DRS as compared to healthy
subjects. This shows potential important difference in oral
inflammatory conditions as periodontitis is potentially asso-
ciated with elevated blood pressure, which was frequently
observed [46]. The relationship between the use of dental
prostheses and the prevalence of cardiovascular diseases,
including elevated blood pressure, was discussed by Buhlin
et al. [2]. They found positive association between dentures
and all cardiovascular diseases but not for elevated blood
pressure, myocardial infarction, or stroke. However, the
group defined as “dentures” was very heterogeneous. The
authors gathered together edentulous and partially eden-
tulous denture wearers and edentulous without dentures.
This creates potential bias of the presence of periodontitis
in partially edentulous patients. Importantly, in our study
virtually all subjects were completely edentulous (41 out of
44).

5. Conclusions

In conclusion, our study shows that patients with denture-
related stomatitis are characterized by more pronounced
systemic endothelial dysfunction than denture subjects with-
out stomatitis. This difference in vascular function is likely
linked with increased cardiovascular risk in DRS and indi-
cates that such patients should be carefully monitored for
cardiovascular disease. While our study identifies certain
very interesting and potentially very important cardiovas-
cular aspects of denture-related stomatitis, a larger study is
warranted to finally confirm these observations. This may
be very important for clinical practice considering ageing
population.
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It has been suggested that low density lipoprotein-containing circulating immune complexes (LDL-CIC) play a role in atherogenesis
and are involved in the formation of early atherosclerotic lesion. These complexes, as well as anti-LDL autoantibodies, have been
found in the blood and in the atherosclerotic lesions of patients with different cardiovascular diseases, as well as in the blood of
animals with experimental atherosclerosis. It can be suggested that the presence of anti-LDL antibodies in the blood is a result
of immune response induced by lipoprotein modification. LDL-CIC differs from native LDL in many aspects. It has much lower
sialic acid content, smaller diameter, and higher density and is more electronegative than native LDL. Fraction of LDL-CICs is
fundamental to the serum atherogenicitymanifested at the cellular level. LDL-CIC, unlike native LDL, is able to induce intracellular
accumulation of neutral lipids, especially esterified cholesterol, in cells cultured from uninvolved human aortic intima and in
macrophage cultures. After removal of LDL-CIC, the CHD patient’s sera lose their atherogenic properties. Titer of LDL-CIC in
blood serum significantly correlateswith progression of atherosclerosis in human in vivo andhas the highest diagnostic value among
other measured serum lipid parameters. Elevated CIC-cholesterol might well be a possible risk factor of coronary atherosclerosis.

1. Introduction

Widely spread clinical manifestations of atherosclerosis such
as coronary heart disease (CHD), cerebrovascular stroke,
renovascular hypertension, and violation of the lower limbs
vascular permeability, are the result of formation of advanced
atherosclerotic lesions in a vascular wall. A trigger mech-
anism for the development of atherosclerotic lesions is an
intracellular lipid deposition and subsequent foam cell for-
mation with excessive production of connective tissue matrix
components and, possibly, cellular proliferation and inflam-
matory reactions [1, 2]. Atherosclerosis can be generally

described as an excessive fibrofatty, proliferative, inflamma-
tory response to damage of the artery wall, involving several
cell types, such as smooth muscle cells, monocyte-derived
macrophages, lymphocytes, and platelets [3]. During the last
three decades, the autoimmune hypothesis of atherosclerosis
was developed and the evidence for an important role
for autoantibodies against modified low density lipoprotein
(LDL) and LDL-containing circulating immune complexes
(LDL-CIC) in atherogenesis has been accumulated. Immuno-
logical factors appear to contribute to the development of
atherosclerosis as many other factors including alterations
in plasma lipid and lipoprotein levels, platelet function,
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clotting factors, arterial smooth muscle cell metabolism, and
blood pressure regulation. In a number of recent studies it
has been suggested that the presence of LDL-CIC in the
blood promotes the onset and development of atherosclerotic
lesions in the vessel wall. It has been demonstrated that
modified LDL and especially LDL-CIC act as the primary
agents responsible for excessive cholesterol accumulation in
vascular cells [4–9]. The atherogenic properties of LDL-
containing immune complexes suggest them as a candidate
marker for atherosclerosis.

2. LDL-CIC and Its Physicochemical
Characteristics

Anti-LDL autoantibodies were first detected in the blood
of patients with hyperlipidemia accompanied by myeloma
or/and ischemic heart disease [10]. In 1965, Beaumont [11]
described a situation in which hyperlipidemia, xanthomato-
sis, and atherosclerosis were apparently associated with anti-
𝛽-lipoprotein antibodies. The antibodies against lipoproteins
or LDL-binding factors were found in the blood of patients
suffering from various vascular diseases as well as in healthy
subjects [12]. Bauer et al. established that immunoglobulins
are the major LDL-binding proteins in human plasma [13].
The emergence of anti-LDL autoantibodies in the blood
implies that lipoproteins can be regarded as autoantigens.The
high immunogenicity and ability of homologous chemically
modifiedLDL to generate antibodies have been demonstrated
[14]. The discovery of autoantibodies in modified LDL in
the blood of patients therefore seems natural. Autoantibodies
against glycosylated LDL were detected in the blood of
patients with diabetes mellitus [15]. Autoantibodies specific
for malondialdehyde-modified LDL have been found in the
blood of healthy subjects and patients with coronary artery
disease, as well as in the blood of experimental animals [16].
Deposits of the immune complex components were found
in vascular atherosclerotic lesions [17–19]. Autoantibodies of
immunoglobulin G class against modified LDLwere detected
in the blood of patients with angiographically assessed
coronary atherosclerosis [2, 12, 20–23]. In healthy subjects,
the level of anti-LDL autoantibodies was considerably lower
than that in atherosclerotic patients [2].These autoantibodies
exhibit a high affinity for desialylated LDL (neuraminidase-
treated LDL) and for malondialdehyde-modified LDL. They
have a lower affinity for native, oxidized, glycosylated, and
acetylated LDL, as well as for LDL, which has undergone
other chemical modifications.The higher affinity of autoanti-
bodies for modified LDL compared with native LDL suggests
that the antibodies are produced in vivo in response to the
appearance of modified LDL in the blood [24, 25].

Antibodies against LDL modified with malondialdehyde
(MDA) have been detected in the blood of animals with
experimental atherosclerosis and in atherosclerotic lesions
in humans [25–28]. Even though elevated levels of oxidized
lipids, such as MDA and F

2
-isoprostanes, have been found

in the blood of subjects with CHD [29, 30], there is some
evidence that oxidized lipids do not accumulate in noticeable
amounts in human LDL since high density lipoproteins seem

Table 1:Theproperties of LDL from circulating immune complexes.

Characteristic LDL from CIC compared to native
circulating LDL

Neutral lipid content
(free cholesterol, esterified
cholesterol, and
triglycerides)

Lowered

Phospholipid content Lowered
Sialic acid content Lowered
Neutral sugars content Lowered
Electrophoretic mobility Increased
Hydrated density Increased
Particle size Decreased

to detoxify and/or transfer them from the circulation to
the liver [31]. On the other hand, electronegative LDL [32],
small/dense LDL [33], and desialylated LDL differing from
native LDL by lowered sialic acid content [2, 34, 35] were
found in the blood of patients with coronary atherosclerosis.

It can be suggested that the presence of anti-LDL antibod-
ies in the blood is a result of immune response induced by
lipoproteinmodification. Tertov et al. [36] isolated circulating
immune complexes from blood serum using polyethylene
glycol 6000 and have found that LDL-CIC differs from
native LDL in many aspects (Table 1). Specifically, it has
low sialic acid content; that is, it is desialylated LDL. The
neutral lipid and phospholipid contents of LDL-CIC are
considerably lower than those in native LDL. Particles of
LDL-CIC have a smaller diameter and higher density. The
higher electrophoretic mobility shows that LDL-CIC is more
electronegative than native LDL. Finally, LDL-CIC, unlike
native LDL, is able to induce intracellular accumulation
of neutral lipids, especially esterified cholesterol, in cells
cultured from uninvolved human aortic intima. Thus, it was
shown that LDL-CIC is quite similar to themultiple-modified
(desialylated) LDL described earlier [37–39]. There was a
strong correlation between the LDL content in circulating
immune complexes and blood concentration of desialylated
LDL but not of total LDL. This suggests that predominantly
desialylated LDL forms complex with autoantibodies and
proves that the affinity of circulating anti-LDL autoanti-
bodiesis higher for desialylated LDL than for native LDL
[36]. Moreover, anti-LDL autoantibodies bind much more
effectively with LDL of patients having a high percentage of
desialylated LDL than with LDL of healthy subjects having
a low content of desialylated LDL [40]. Desialylated LDL
has certain modifications that could stimulate the immune
response: alterations in carbohydrate composition and in the
tertiary structure of apo B, modification of lysine amino
groups, and aggregation of lipoprotein particles [38, 39].

3. Atherogenicity of LDL-CIC

The investigation of proatherogenic role of LDL-CIC has
started long ago, and it seems relevant to look into historical
perspective to revive the interest in this topic.The first experi-
mental data on the effect of LDL and anti-LDL autoantibodies
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on cell metabolism were reported by Beaumont’s group as far
as in 1979 [41]. It was found that incubating cultured fibrob-
lasts with LDL, forming immune complexes with antibodies,
facilitated intracellular cholesterol accumulation.

Klimov et al. have demonstrated thatmousemacrophages
cultured in the presence of immune complexes containing
LDL and rabbit anti-human LDL antibodies demonstrated
an increased uptake of LDL [42]. They have also shown that
incubation of human peritoneal macrophages with autolo-
gous LDL-containing immune complexes causes transforma-
tion of macrophages into foam cells [38].

Griffith et al. [43] have found that human macrophages
incubated in vitro with insoluble LDL-containing immune
complexes accumulate cholesterol and are transformed into
foam cells.

It should be mentioned that the LDL of immune com-
plexes amounts to not more than 2% of the total circulating
LDL pool [4, 5]. However, this LDL fraction is fundamental
to the serum atherogenicity manifested at the cellular level.
In a cell culture, immune complexes isolated from the serum
cause atherosclerosis-related changes similar to those caused
by the whole serum [4, 5]. There is a direct correlation
between the LDL content of circulating immune complexes
and serum atherogenic potential [4].

Orekhov et al. [44] have shown that insoluble immune
complexes containing LDL and heterologous anti-LDL anti-
bodies induce lipid accumulation in cultured cells.The ability
of antibodies to stimulate lipid accumulation was found to
be dependent on the LDL content of the immune complex
[44]. It was also shown that the atherogenic potential of
desialylated LDL isolated from the blood of atherosclerotic
patients is markedly increased if the LDL forms an immune
complex with autoantibodies [2].The addition of desialylated
LDL and anti-LDL autoantibodies to cultured human aortic
smooth muscle cells enhanced the intracellular cholesterol
accumulation considerably [2, 45, 46]. Native LDL that did
not induce intracellular cholesterol accumulation became
atherogenic after interaction with autoantibodies (i.e., the
LDL acquires the ability to increase the cholesterol content of
cultured cells) [2, 45, 46]. Interaction of LDL with anti-LDL
autoantibodies considerably increases the uptake (binding
and internalization) of the lipoprotein by arterial cells, which
may account for the stimulating effect of antibodies on the
LDL-induced accumulation of intracellular cholesterol [2].
After being added to a cell culture together with antibodies,
fibronectin and Clq complement component (which are the
constituents of an immune complex) increase the LDL uptake
to a greater extent than the antibodies added alone.This leads
to a massive cholesterol accumulation [2].

It was demonstrated that removal of IgG and IgM as well
as circulating immune complexes from atherogenic sera of
CHD patients leads to a partial or complete elimination of
their atherogenic properties (i.e., its ability to induce intra-
cellular lipid accumulation). Removal of immunoglobulin G
caused the greatest fall in the serum atherogenicity; the fall
was lower after removal of immunoglobulin M, and athero-
genicity remained virtually unchanged after immunoglobulin
A removal [3]. These facts lead to the suggestion that the
majority of the atherogenic LDL of an immune complex is

bound with antibodies of the immunoglobulin G class; there
is no evidence that IgG-containing LDL-CIC may be more
atherogenic and those results only allow assuming that just
IgG and, in lesser extent, IgM but not IgA participate in
LDL-CIC formation. At the same time, circulating immune
complexes (CIC) isolated from these sera brought about
accumulation of cholesterol in cultured SMC of unaffected
human aortic intima. The ability of atherogenic sera to
stimulate the accumulation of intracellular cholesterol cor-
related with the cholesterol level in the CIC isolated from
these sera. The cholesterol content in CIC isolated from sera
of CHD patients, which displayed atherogenic properties
in culture, was characterized by an elevated cholesterol
level in CIC (33.2 ± 1.2 pg/mL) significantly (𝑃 < 0.01)
different from the values seen in the group of healthy donors.
Neither of the nonatherogenic sera had an elevated CIC-
cholesterol level.These findings suggest that inmost cases the
cholesterol-containing immune complexes are responsible
for the atherogenic properties of the serum [3]. Basing on the
knowledge of the absence of atherogenicity of native LDL, it
can be suggested that nonmodified LDL does not produce
an immune response, and for the formation of LDL-CIC
lipoprotein particles should be modified in some way; apo-
B desialylation may act as one of the mechanisms of LDL
immunogenic modification. At the same time, it is unknown
whether LDL-CIC contain only modified LDL, or also native
LDL; the last is possible due to common immunoglobulin-
binding sites, which may be present in both native and
modified LDL.

The mechanisms of intracellular lipid accumulation
caused by LDL-CIC obviously are an area that needs further
investigation. There is evidence that immune complexes
formed between modified LDL as antigens and IgG autoan-
tibodies may modulate the inflammation in atherosclerosis
via Fc receptor signaling and complement activation; the
role of antibody isotypes in atherogenesis is unclear, since
IgG is regarded as potentially proatherogenic, and IgM may
even play a protective role [47]. The last finding contradicts
with earlier data on atherogenicity of IgM-containing LDL-
CIC; however, till now there is no evidence that activation
of inflammation and foam cells formation should go in
parallel. It is not definitely known in which way foam
cells formed as a result of intracellular lipid accumulation
further drive the progression of atherosclerosis; there exists
the possibility of macrophages to acquire proinflammatory
phenotype after ingesting LDL-IgG through Fc gamma
receptor. However, it is known that LDL-CIC may induce
other atherosclerosis-related processes at the cellular level,
namely, excessive production of connective tissue matrix and
cellular proliferation [5, 36]. It has been shown recently that
in vitro produced immune complexes containing oxidized
LDL stimulate type IV collagen production by mesangial
cells, the effect being realized via Fc gamma receptors I
and III [48]. Such immune complexes also increased pro-
liferative activity of cultured human monocytes, and this
effect was mediated by cross-linking of Fc gamma recep-
tor I; a concentration-dependent production of monocyte
colony-stimulating factor was observed.These results offered
a novel mechanism by which an immune reaction toward
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modified LDL can play a role in local accumulation of
macrophages in atherosclerotic lesions [49]. It is generally
approved that LDL-CIC effects are mediated via interaction
of immunoglobulin moiety with Fc receptors; since IgG and
IgM antibodies do not share the same receptors, this may be
the explanation for the abovementioned difference in uptake
of LDL bound either to IgG or to IgM.

It has been demonstrated that the lipoprotein-antibody
complexes prepared in vitro affect lipoprotein metabolism
in human fibroblasts and monocytes [50, 51] and facilitate
the accumulation of lipids in mouse macrophages [52].
Complexes of human LDL with polyclonal goat antibodies
against LDL induce the deposition of lipids in cultured SMC
of human aortic intima and peritoneal mouse macrophages
[3].

Taken together, these findings suggest that multiple-
modified desialylated LDL has immunogenic properties and
circulating immune complexes containing modified LDL
and anti-LDL autoantibodies are the blood components
responsible for primary cholesterol accumulation in vascular
cells. Since cholesterol accumulation is accompanied by
stimulation of other atherosclerotic manifestations at the
cellular level, it can be suggested that the presence of LDL-
containing complexes in the blood promotes the emergence
and development of atherosclerotic lesions in the vessel wall.

4. Diagnostic and Prognostic Value of
LDL-CIC in Atherosclerosis

Using a simple method of measurement of LDL-CIC level,
Orekhov et al. demonstrated that only LDL-CIC level and
the apo B/apo A-1 ratio contributed strongly to the discrimi-
nation between patients with coronary and/or extracoronary
atherosclerosis and those without stenosis [53]. In the same
study, total cholesterol, triglycerides, HDL cholesterol, apo B,
Lp[a], and apo A1 did not correlate with the presence and
severity of coronary and/or extracoronary atherosclerosis.
The authors concluded that LDL-CIC level might be the
most reliable marker of atherosclerosis as compared to other
parameters of lipid profile. LDL-CIC level was significantly
correlated also with the severity of coronary atherosclerosis,
and this biochemical parameter was proposed to be used as a
sensitive and specific marker for atherosclerosis, possessing
a high diagnostic value [5, 53, 54]. Salonen et al. have
reported that the titer of antibodies against MDA-modified
LDL in blood serum is associated with the progression of a
carotid atherosclerosis [55]. In the recent Epidemiology of
Diabetes Interventions and Complications (EDIC) Trial it
has been demonstrated that cholesterol and apolipoprotein
B content of immune complexes were significantly higher
in patients who showed progression of the internal carotid
IMT than in those showing no progression, regression,
or mild progression, and cholesterol content of immune
complexes was a significant positive predictor of internal
carotid IMT progression [56]. High cholesterol levels in CIC
are considered to be surrogate markers of modified LDL
associatedwith increased carotid intima-media thickness and
cardiovascular events. Lopes-Virella et al. have measured

oxidized LDL, advanced glycation end products-modified
LDL, and malondialdehyde-modified LDL in CIC, deter-
mined their relationship with increased carotid IMT in type
I diabetes, and compared the strength of the association with
that observed with conventional risk factors [57].

The most recent evaluation of diagnostic and predictive
role of LDL-CIC (immune cholesterol) as well as other lipid
parameters in early carotid atherosclerosis was carried out by
Sobenin at al. in two-year prospective study [58]. The rate of
atherosclerosis progression was estimated by high-resolution
B-mode ultrasonography as the increase in intima-media
thickness (IMT) of common carotid arteries. The patients
with elevated levels of LDL-CIC were characterized by sig-
nificantly higher levels of serum total and LDL cholesterol as
well as significantly increased mean and maximum intima-
media thickness of common carotid arteries. Cholesterol level
of LDL-CIC and serumLDL cholesterol were contingent with
the extent of early carotid atherosclerosis (𝑃 = 0.042 and 𝑃 =
0.049, resp.). Additionally, LDL-CICwas characterized by the
highest values of sensitivity and specificity as compared to
commonly used lipid parameters. Only LDL-CIC, but not any
other lipid parameter, was contingent with the progression
of early carotid atherosclerosis (𝑃 = 0.042) and also had the
highest levels of relative risk and odds ratio [59]. Normal level
of LDL-CIC (below 16.0 𝜇g/mL) was the only parameter that
predicted the absence of carotid atherosclerosis progression
for two following years at prognostic value of 78.3% (95%
CI, 67.1–87.3) [59]. Normal levels of serum total cholesterol,
LDL and HDL cholesterol, and triglycerides did not possess
statistically significant predictive values. Thus, in spite of
the absence of clinical manifestations of atherosclerosis,
the elevated level of LDL-CIC is associated with increased
intima-media thickness and can be regarded as a predictor
for higher risk of atherosclerosis development [58, 59].

In large meta-analyses of prospective population studies
in 165,544 participants without baseline CVD in 37 prospec-
tive cohorts (calendar years of recruitment: 1968–2007) with
up to 15,126 incident fatal or nonfatal CVD outcomes (10,132
CHD and 4994 stroke outcomes) during a median follow-up
of 10.4 years (interquartile range: 7.6–14 years), both baseline
LDL and HDL cholesterol levels were strong predictors
of both CHD and stroke [60]. The studies included in
this cited meta-analysis described conventional lipid profile
parameters, but not LDL-CIC, as predicting variables. How-
ever, the results of analysis demonstrate that the predictive
biomarkers in healthy population are not the same as those
for the diagnosis and prognosis of atherosclerosis; therefore,
diagnostic and prognostic role of LDL-CIC should be in focus
for further investigations in both nonatherosclerotic subjects
and preclinical and overt atherosclerosis.

5. Conclusions

On the basis of current data, it is possible to define the role of
lipoprotein-containing immune complexes in atherogenesis
(Figure 1). It can be supposed that LDL-CIC may play a
significant role in atherogenesis and are involved in the for-
mation of early atherosclerotic lesion. LDL-CIC can induce
massive cholesterol accumulation in cultured vascular cells
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Atherosclerotic manifestations at the cellular level
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LDL immunogenic modification (e.g., desialylation)
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Interaction of LDL-CIC with vascular wall cells (Fc receptors)

Formation of LDL-containing immune complexes 

Figure 1: Schematic presentation of the role of lipoprotein-contain-
ing immune complexes in atherogenesis.

that leads to foam cell formation, cellular proliferation, and
extracellular matrix production [5, 36]. Modified LDL (e.g.,
desialylated, glycosylated, and oxidized LDL), which has an
atherogenic potential in contrast to native LDL, appears in
the blood. It stimulates atherosclerotic manifestations at the
arterial cell level, for example, by inducing the intracellular
lipid accumulation. Atherogenic modified LDL triggers the
production of anti-LDL autoantibodies which react with
LDL, leading to the formation of an LDL-containing immune
complex. Interaction of anti-LDL antibodies with modified
LDL increases their atherogenic potential. After forming an
immune complex with anti-LDL antibodies, the originally
nonatherogenic, native LDL becomes atherogenic (i.e., they
are capable of inducing intracellular lipid accumulation and
other atherosclerosis-related alterations). On entering the
subendothelial space of the arterial intima and interacting
with subendothelial cells, lipoprotein-containing immune
complexes may induce the whole spectrum of atherosclerotic
cellular perturbations. Titer of LDL-CIC in blood serum
significantly correlates with progression of IMT and has
the highest diagnostic value among other measured serum
lipid parameters. After removal of CIC, the sera lose their
atherogenic properties. Elevation of CIC-cholesterol seems to
be a characteristic feature of coronary atherosclerosis while
CIC-cholesterol might well be a possible risk factor.
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Inflammation is well accepted to play a crucial role in the development of atherosclerotic lesions, and recent studies have
demonstrated an association between periodontal disease and cardiovascular disease. Porphyromonas gingivalis andAggregatibacter
actinomycetemcomitans, causative agents of destructive chronic inflammation in the periodontium, can accelerate atheroma
deposition in animal models. Emerging evidence suggests that vaccination against virulence factors of these pathogens and anti-
inflammatory therapymay confer disease resistance. In this review, we focus on the role of inflammatorymechanisms and oxidative
modification in the formation and activation of atherosclerotic plaques accelerated by P. gingivalis or A. actinomycetemcomitans
in an ApoE-deficient mouse model and high-fat-diet-fed mice. Furthermore, we examine whether mucosal vaccination with a
periodontal pathogen or the anti-inflammatory activity of catechins can reduce periodontal pathogen-accelerated atherosclerosis.

1. Introduction

Periodontitis, a chronic, destructive condition affecting a
large portion of the adult population, is one of the major
causes of tooth loss and characterized by a chronic infection
associated with gram-negative anaerobic bacteria in the
dental biofilm. It leads to irreversible destruction of tissues
supporting the teeth and is clinically detectable as periodon-
tal pockets and alveolar bone loss [1, 2]. Since periodontitis
often causes bacteremia, a relationship between periodontitis
and systemic diseases via periodontal pathogens has been
explored [3]. Two or more periodontopathic bacteria have
been detected in the cardiac valve [4, 5] and aortic aneurysm
[6]; therefore, periodontal infection could also affect the
progression of cardiovascular disease (CVD).However,many
questions regarding this causal relationship and pathological
mechanism need to be answered.

This review discusses the involvement of periodon-
topathic bacteria in the development of atherosclerosis.
Furthermore, we mention the possibility of preventing
atherosclerosis by developing a vaccine for specific bacteria or
common antigens, as well as by the intake of catechin, which
has both antioxidative and anti-inflammatory effects.

2. The Periodontal-Systemic Relationship

Epidemiological studies have suggested that periodontal
infections are associated with an increased risk of CVD [7–
10]. For example, it was shown that patientswith periodontitis
have a 19% greater risk of CVD compared to subjects with-
out periodontitis [11, 12]. Furthermore, severe periodontitis
is associated with increased intima-media thickening [13],
while a systemic antibody response to a periodontal organism
is associated with coronary heart disease [14]. Although
observational studies suggest that such an association is
independent of known confounders such as hypertension,
smoking, diabetes, and obesity, this contention has not been
confirmed [2]. In contrast, a recent cross-sectional study
indicated that periodontitis is associated with endothelial
dysfunction in a general population [15].

Considerable evidence indicates that periodontopathic
bacteria may directly or indirectly contribute to cardiovascu-
lar disease, such as blood platelet aggregation, enhanced low-
density cholesterol and lipoprotein deposition in the arterial
walls, invasion of cardiac and carotid endothelium, and the
high level of circulating- or tissue-derived inflammatory
mediators [16–18]. Periodontal bacteria may directly infect

Hindawi Publishing Corporation
BioMed Research International
Volume 2014, Article ID 595981, 7 pages
http://dx.doi.org/10.1155/2014/595981

http://dx.doi.org/10.1155/2014/595981


2 BioMed Research International

atherosclerotic lesions, thus contributing to the inflamma-
tory process. The fact that periodontopathic bacteria were
detected from atheromatous plaques of coronary arteries
suggested that periodontal bacteria such as Porphyromonas
gingivalis and Aggregatibacter actinomycetemcomitans invade
endothelial cells and induce chronic vascular inflammation
[19]. Furthermore, P. gingivalis, A. actinomycetemcomitans,
Fusobacterium nucleatum, and other oral anaerobes were
shown to degrade immunoglobulin, inhibit the complement
system, and produce toxic components such as lipopolysac-
charide (endotoxins) and secreted molecules (exotoxins)
[20, 21]. These factors sustain bacterial viability during bac-
teremia, which commonly occurs as a result of surgical treat-
ments, tooth brushing, and other dental procedures [16, 22].
Chronic periodontal infections, initiated by gram-negative
tooth-associated microbial biofilms, may also indirectly
induce endothelial activation or dysfunction through a state
of systemic inflammation as evidenced by elevated plasma
acute phase proteins; proinflammatory cytokines such as
interleukin-1 (IL-1), IL-6, and tumor necrosis factor-𝛼; and
the matrix metalloproteinase (MMP) family [23–26]. More-
over, the release of bacterial products such as outermembrane
vesicles [27] or gingipains [28] from P. gingivalis or the release
of free soluble components from A. actinomycetemcomitans
[29] into the circulation can induce proatherogenic responses
in endothelial cells. Immune activation by the pathogen-
derived heat-shock protein (HSP) GroEL may also result in
an autoimmune response followed by atherosclerosis via the
structural similarity or “molecular mimicry” between host
HSP60 and GroEL. Previous studies have shown that HSP60
is selectively located in atherosclerotic lesions rather than
nonatherosclerotic areas of the arterial wall [30]. In addition,
a significant correlation has been observed between anti-
HSP antibody (Ab) levels and the severity of atherosclerosis.
High titers of anti-HSP60Abs have been identified in patients
with carotid atherosclerosis, coronary disease, and stroke [31].
HSP of a major periodontal pathogen, such as P. gingivalis
(GroEL), was also suggested to be a key molecule linking
periodontitis (an infectious disease) with atherosclerosis (an
autoimmune disease) [32, 33]. Clonal analysis of the T-
cells clearly demonstrated that both human HSP60- and P.
gingivalis GroEL-reactive T-cell populations were present in
the peripheral circulation of patients with atherosclerosis
[34]. In addition, P. gingivalis can induce platelet aggrega-
tion [35], and lipopolysaccharide (LPS) from periodontal
pathogens can induce the formation of foam cells [36, 37].
Therefore, we assessed the potential of periodontal infection
in atherosclerosis progression.

3. Role of Periodontal Infection in
Atherosclerosis Progression

Animal models have been used to examine atheroscle-
rotic pathology caused by periodontopathic bacteria. P.
gingivalis has been reported by our and other groups to
accelerate atherosclerosis in ApoE-KO or apolipoprotein E-
deficient spontaneously hyperlipidemic (ApoEshl) mice [38–
41]. A. actinomycetemcomitans bacteremia also aggravated

atherosclerosis in ApoEshl mice [42, 43]. In addition to
murine models, rabbits with induced periodontal disease
accumulated fatty streaks in the aorta earlier than peri-
odontally healthy animals [44]. P. gingivalis bacteremia
also enhanced atherosclerosis in normocholesterolemic and
hypercholesteromic pigs [45]. Thus, in addition to the detec-
tion of live periodontal pathogens in human atherosclerotic
plaques, in vivo experiments in a variety of animal models
have corroborated that P. gingivalis can enhance atherogene-
sis.

4. Endothelial Cell Activation

Periodontal bacteria and their products can initiate an
inflammatory response in the periodontal tissues with sys-
temic consequences. Moreover, bacteria and their products
can gain access to the circulation during dental procedures
such as scaling and root planning, or even after vigorous
home care, especially in patients with periodontitis. Once in
the blood stream, bacterial antigens can induce a systemic
immune response. Periodontal bacteria in the blood can be
carried to distant sites such as the heart tissues freely in the
circulation orwithin circulating cells such asmonocytes, neu-
trophils, or platelets and can initiate pathogenic processes.
Tissue or cellular invasion is a key virulence property of
many bacterial species. Periodontal pathogens including P.
gingivalis also adhere to and invade various human vascular
cells in culture and animalmodel [40, 46, 47]. Furthermore,P.
gingivalis can simulate monocyte adhesion to human umbil-
ical vein endothelial cells [40]. Endothelial activation and
increased expression of adhesion molecules and chemokines
comprise an initial step in the development of atherosclerotic
lesions. A. actinomycetemcomitans infection of ApoEshl mice
resulted in increased expression of intercellular adhesion
molecule 1 (ICAM-1), monocyte chemoattractant protein
1 (MCP-1), E-selectin, P-selection, chemokine (C-C motif)
ligand 19 (CCL19), CCL21, and C-C chemokine receptor 7 in
the aorta [42]. Coculture of human aortic endothelial cells
with P. gingivalis also increased the expression of ICAM-1,
vascular cell adhesion molecule 1 (VCAM-1), MCP-1, and
E-selectin by a fimbriae-dependent activation mechanism
[48, 49]. Chemical inhibition of endocytosis blocked the
upregulation of MCP-1, indicating the need of bacterial
invasion for MCP-1 stimulation [50]. In contrast, stimulation
of endothelial cells with LPS, an outermembrane protein, and
HSP60 derived from P. gingivalis had only a slight stimulatory
effect on ICAM-1 and VCAM-1 expression [51].

5. Toll-Like Receptor- and Nod-Like
Receptor-Mediated Responses

Exposure of periodontal pathogens to endothelial cells may
result in increased expression and interaction with Toll-
like receptors (TLRs). A. actinomycetemcomitans infection of
ApoEshl mice enhanced mRNA expression of TLR2, TLR4,
TLR-9, and nucleotide binding oligomerization domain 1
(NOD-1) in the aorta [42, 43]. Treatment with the heat-killed
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(H.K.) A. actinomycetemcomitans or A. actinomycetemcomi-
tans LPS also increased TLR4, NOD1, and NOD2 expression.
However, the order of atherosclerosis extent was as follows:
liveA. actinomycetemcomitans>H.K.A. actinomycetemcomi-
tans > A. actinomycetemcomitans LPS. Furthermore, a signif-
icant difference in atherosclerotic lesion size was observed
between A. actinomycetemcomitans-challenged mice and A.
actinomycetemcomitans LPS-challenged mice. ApoE knock-
out mice challenged with P. gingivalis also expressed TLR2
and TLR4 in aortic tissue [39], while challenge with an
invasion-impaired P. gingivalis fimbriae-deficient mutant did
not upregulate TLRs, suggesting that innate immune recogni-
tion of invasive bacteria is a prerequisite for the acceleration
of atherosclerosis. In contrast, ApoE(–/–) and TLR4(–/–)
double-knockout mice were markedly more susceptible to
atherosclerosis after oral infection with P. gingivalis, demon-
strating an atheroprotective role for TLR4 in response to P.
gingivalis infection [52].

6. Oxidative Stress-Mediated Mechanisms

Lipid peroxidation plays an important role in many diseases
[53]. In particular, low-density lipoprotein (LDL) oxidation
may be a key step in the development of atherosclerosis [54].
Oxidation of LDL is essential for its accumulation within
the macrophages and for the formation of foam cells, which
can upregulate proatherogenic chemokines and adhesion
molecules [55] and induce interleukin 6 (IL-6), tumor necro-
sis factor alpha, and C-reactive protein secretion [56]. A.
actinomycetemcomitans infection of ApoEshl mice promoted
LDL oxidation, as indicated by the marked upregulation of
4-hydroxynoneal, oxidated LDL, and phospholipase A2 in
the aorta, ox-LDL, 8-oxo-2󸀠-deoxyguanosine, and myeloper-
oxidase serum levels, and aortic expression of nicotinamide
adenine dinucleotide phosphate oxidase, caveolin-1, and
RAGE [43]. P. gingivalis also increased oxidativemodification
of LDL [57, 58] and rupture of atherosclerotic plaque through
induction of MMP [59]. Indeed, patients with periodontitis
have increased levels of lipid peroxidation in plasma, saliva,
and gingival crevicular fluid [60], and these levels have been
correlated with the severity of periodontal disease [60, 61].
Coincubation of a murine macrophage cell line with P.
gingivalis in the presence of LDL resulted in the formation
of foam cells in a dose-dependent manner [62].

7. Hyperlipidemia-Induced Atherosclerosis

CVD remains the leading cause ofmorbidity andmortality in
the Western world. A sedentary lifestyle andWestern dietary
habits may contribute to this increased risk of CVD devel-
opment [63, 64]. For example, consumption of a diet rich in
saturated fat is positively associatedwith elevated plasma lipid
levels and a state of subacute chronic inflammation, which are
important risk factors promoting both the onset and devel-
opment of CVD [65, 66]. Research on a correlation between
periodontopathic bacteria and atherosclerosis has been per-
formed using hyperlipidemic animals [38, 39, 45, 67].
Furthermore, a previous study demonstrated that an increase

in atherosclerosis is associated with P. gingivalis infection in
B6.ApoEshl mice, but not in wild-type mice fed a regular
chow diet (RD) [68]. In contrast, P. gingivalis injection signif-
icantly increased the size and lipid content of atherosclerotic
lesions in C57BL/6 mice fed a high fat diet (HFD) [69].
Inoculation of C. pneumoniae into C57BL/6 mice fed a HFD
also accelerated hypercholesterolemia-induced atherosclero-
sis [70]. In contrast, chlamydial inoculation into C57BL/6
mice fed the RD did not affect aortic lipid accumulation,
although inflammatory changes were induced [71]. Upon
infection with P. gingivalis, gene expression profiles of the
aorta and liver in wild-type mice showed proatherogenic
profiles, even in animals fed the RD [68]. Challenge with P.
gingivalis also induced inflammation associated with elevated
serum IL-6, IL-8, and MCP-1 levels, even in C57BL/6 mice
fed the RD; however, plaque formation was only slightly
elevated. Therefore, the inflammatory response caused by
periodontal infectionmay act in concert with hyperlipidemia
to exacerbate atherosclerotic lesion formation.

8. Prevention of Atherosclerosis by
Mucosal Vaccination

Since several possible mechanisms may be involved in the
acceleration of atherosclerosis by periodontal pathogens,
the prevention of periodontal infection may be an effective
way to reduce the induction of atherosclerosis, as well as
periodontitis. Thus, the prevention of periodontitis might
be relevant not only for oral, but also for systemic health.
Atherosclerosis and inflammation in ApoEshl and HFD-fed
C57/BL6 mice challenged with P. gingivalis were effectively
prevented by nasal immunization with the 40 kDa outer
membrane protein of P. gingivalis [41, 69]. Furthermore, since
HSP60 (GroEL) from P. gingivalis can trigger molecules link-
ing infectious periodontitis and autoimmune atherosclerosis
[32, 33], mucosal administration of a relevant autoantigen
is an effective method of attenuating autoimmune disease
by inducing an unresponsive state of tolerance [72, 73].
Sublingual immunization with P. gingivalisGroEL controlled
the acceleration of disease by P. gingivalis infection with
an increase in the GroEL antibody [74]. Therefore, mucosal
vaccination with GroEL may control inflammation and the
progression of atherosclerosis due to periodontopathic bac-
terial infection.

9. Prevention of Atherosclerosis Using an
Anti-Inflammatory Agent

Previous studies have indicated that early activation of
inflammatory mediators in response to a challenge with
periodontal pathogens may be associated with periodontitis-
associated atherosclerosis [41, 42, 69].Therefore, oral inflam-
matory diseases and systemic inflammation caused by peri-
odontal infection may contribute to atherosclerosis. Green
tea is a popular drink worldwide, and consumption of green
tea has been suggested to prevent the development of a
variety of diseases, including diabetes, hypertension, cancer,
and cardiovascular diseases [75]. The effects of green tea are
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attributed to its abundant and biologically active ingredient
catechin, or epigallocatechin-3-gallate (EGCG), which has
antioxidative [76], anti-inflammatory [77], and antiangio-
genic [78] effects. Consumption of EGCG in ApoE knock-
out mice decreased atherosclerotic lesions, proinflammatory
cytokines, and inflammatory- and oxidative stress-related
mediators in the serumand aorta induced byP. gingivalis [79].
Therefore, previous catechin consumption may be useful for
the prevention of pathogen-accelerated atherosclerosis.

10. Conclusions

The association between periodontal disease and atheroscle-
rotic cardiovascular disease is supported by a large body
of evidence. Periodontal bacteria were shown to accelerate
the progression of atherosclerosis in ApoE knockout mice,
rabbits, and pigs. Furthermore, observations have suggested
that inflammation caused by periodontopathic bacteria may
play a synergistic role with other preexisting factors, such as
hyperlipidemia, resulting in the development of atherosclero-
sis. These findings support the hypothesis that a periodontal
pathogen is not an independent risk factor but instead acts
in concert with hyperlipidemia to exacerbate atherosclerosis
lesion formation. However, whether live bacteria are neces-
sary for this process, or if its component alone is sufficient
to cause an increase in atherosclerotic damage, remains
unclear. In a complex tissue, such as an atherosclerotic
lesion, innate signals can originate from several sources and
promote atherogenesis through an association with pattern-
recognition receptors (PRRs). These signals include various
extracellular activation cascades and intracellular signaling
pathways and lead to effective clearance of infectious agents
and induction of inflammatory responses. Since live bacteria

can activate multiple PRRs, they may induce a more signifi-
cant inflammatory response than their components. Finally,
the best method to prevent atherosclerosis is by blocking
bacterial invasion and bacteria-induced inflammation and
lipid peroxidation. Previous results have demonstrated that
atherosclerosis and inflammation with lipid peroxidation are
accelerated in ApoE-deficient mice after an infection of peri-
odontal bacteria (Figure 1) and that these can be prevented
by mucosal immunization with bacterial products or an
anti-inflammatory agent.
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Immune system plays an elementary role in the pathophysiological progress of ischemic stroke. It consists of innate and adaptive
immune system. Activated within minutes after ischemic onset, innate immunity is responsible for the elimination of necrotic cells
and tissue repair, while it is critically involved in the initiation and amplification of poststroke inflammation that amplifies ischemic
damage to the brain tissue. Innate immune response requires days to be fully developed, providing a considerable time window
for therapeutic intervention, suggesting prospect of novel immunomodulatory therapies against poststroke inflammation-induced
brain injury. However, obstacles still exist and a comprehensive understanding of ischemic stroke and innate immune reaction is
essential. In this review, we highlighted the current experimental and clinical data depicting the innate immune response following
ischemic stroke, mainly focusing on the recognition of damage-associated molecular patterns, activation and recruitment of innate
immune cells, and involvement of various cytokines. In addition, clinical trials targeting innate immunity were also documented
regardless of the outcome, stressing the requirements for further investigation.

1. Introduction

Stroke, among which ischemic stroke accounts for over 87%
[1], is the leading cause ofmorbidity and permanent disability
in adults worldwide [2]. It causes severe burdens to the
individuals as well as the society, especially in the developing
countries like China [3]. However, despite all the intensive
researches in the recent decade, the therapeutic strategies of
acute ischemic stroke remain limited. Intravenous delivery of
recombinant tissue plasminogen activator (rt-PA) is by far
the only therapy proved effective in clinical application [4].
Yet this therapy is faced with major drawbacks, the narrow
therapeutic time window of 4.5 hours, and the increased risk
of intracranial hemorrhage. In the cases delayed beyond the
currently approved timewindow, rt-PA is notwarranted since
the potential risk would outweigh benefits [5]. Actually, only
less than 5% of patients would benefit from the therapy [6].
Therefore, developing alternative therapies is imperative but
impossible without a comprehensive understanding of the
pathophysiological changes after the ischemic onset.

Ischemic onset is an insult for brain and immune system
is firewall for the whole body. Immune system is divided into
innate and adaptive systems. The innate immune system is
the first line of defense, while immune system and central
nervous system (CNS) were traditionally regarded as two
distinct entities [7]. The existence of blood-brain barrier and
absence of cerebral lymphatic vessels are largely impeding
the communication between brain tissue and circulating
immune cells and the antigen presenting T cells [8]. However,
mounting evidence is challenging this viewpoint, indicating
that ischemic stroke is complicated by mutual interplay
between CNS and immune system.

Innate immune response plays a dual role in stroke,
exerting beneficial as well as deleterious effects on the
outcome [9]. Considering the Yin and Yang effects of innate
immune system, an overall suppression or activation of innate
immunity might not be beneficial, while the true challenge
is to selectively inhibit the deleterious effects without com-
promising the beneficial roles of innate immune response
in tissue repair, remodeling, and recovery. It means that we

Hindawi Publishing Corporation
BioMed Research International
Volume 2014, Article ID 807978, 8 pages
http://dx.doi.org/10.1155/2014/807978

http://dx.doi.org/10.1155/2014/807978


2 BioMed Research International

should use immune system after stroke in the right time and
right place.

This review mainly focused on latest research data
concerning the activation of innate immune response after
cerebral ischemia and function of these components.

2. Innate Immune System

Immune system monitors and preserves the homeostasis of
CNS under normal and pathological conditions. Immune
system consists of two mechanisms: the innate and adaptive
immunity.The former reacts rapidly after ischemic insult and
represents first step of inflammatory cascade [10], while the
latter depends on antigen presenting and takes days to be
activated. Therefore, innate immunity lays the foundation of
the adaptive response and plays the key role in the integrated
immune response secondary to cerebral ischemia.

The innate immune system in the brain relies on various
immune cells including resident cells such as microglia and
endothelia, as well as circulating immune cells from blood
such as neutrophils, monocytes/macrophages, and dendritic
cells, among which microglia, neutrophils, and mono-
cytes/macrophages are most investigated. Besides the cellular
component, cytokines are also involved, mainly includ-
ing interleukin-1𝛽 (IL-1𝛽), interleukin-6 (IL-6), and tumor
necrosis factor-𝛼 (TNF-𝛼). Produced by immune cells, these
cytokines function to promote as well as quell inflammation,
exerting both deleterious and protective roles.

Immediately after cerebral ischemic onset, dying and
dead neurons begin to release the so-called damage-
associated molecular patterns (DAMPs). Innate immune
system senses the DAMPs via broad-specificity receptors and
responds to the cerebral ischemic injuries within minutes,
and the response remains predominant throughout the first
few hours to induce postischemic inflammatory cascade
(Table 1) [11].

Under normal condition, the blood-brain barrier forms a
nature obstacle to prevent the entrance of circulating immune
cells into the brain. However, under ischemic condition,
necrotic tissues would cause local inflammation, leading
to the release of inflammatory mediators like cytokines,
chemokine, nitric oxide, and reactive oxygen species, which
eventually leads to dysfunction of the blood-brain barrier,
allowing the translocation of circulating immune cells [1].

3. The Role of Innate Immune
System in Stroke

3.1. Initiation of Innate Immune Response: DAMPs and Pattern
RecognitionReceptors. Neurons are particularly vulnerable to
ischemic insult. Shortly after cerebral vascular accident, local
ischemia would lead to the destruction of neurons in the
ischemic core and peri-infarct zone, resulting in the release
of various DAMPs including high mobility group protein B1
(HMGB1), uric acid, heat shock proteins, S100 proteins,DNA,
and RNA, which attract and activate neighboring microglia
[8] and thereby trigger the postischemic inflammatory cas-
cade.

In spite of the mounting studies on DAMPs [12–15],
it is still controversial which molecule represents the most
important mediator that triggers the activation of innate
immunity. Among all these DAMPs, high mobility group
box 1 (HMGB1) stands out as the most investigated molecule
[16]. HMGB1 is a nuclear protein normally localized in cell
nuclei under the normal condition. Upon ischemia onset,
however, neuronal necrosis causes the protein to translocate
into the cytosol and then to passively enter the extracellular
compartment. In clinical studies, Schulze and colleagues [12]
detected an elevated plasma HMGB1 level in patients with
acute ischemic stroke and verified a correlation between
HMGB1 level and circulating leukocytes. Release of HMGB1
by necrotic neurons in early stage of cerebral ischemia
exhibits proinflammatory activity and amplifies inflamma-
tory damage to brain tissue.Whereas intravenous injection of
anti-HMGB1 monoclonal antibody would remarkably ame-
liorated brain infarction in middle cerebral artery occlusion
models [13]. Moreover, via electron microscopic observa-
tion, Zhang and colleagues [14] directly demonstrated that
HMGB1 release induced rapid and drastic disruption of the
BBB, followed by significant cerebral edema, which appeared
to be in consistence with their findings by MRI. Interestingly,
Hayakawa and colleagues [15, 17] found that, during the stage
of stroke recovery, HMGB1mediated beneficial plasticity and
enhanced stem and progenitor cell recruitment, proliferation,
and differentiation within damaged brain tissue. This effect,
however, occurs in a delayed phase and is beyond the scope
of this review.

HMGB1, as well as other DAMPs, is reported to induce
downstream biological effects via interactions with pattern
recognition receptors, including Toll-like receptors (TLRs),
widely expressed on surrounding microglia, perivascular
macrophages, and cerebrovascular endothelium [18]. The
Toll-like receptor (TLR) pathway plays a pivotal role in the
activation and amplification of innate immune response to
endogenous tissue damage resulting from cerebral ischemia
[19–21]. So far, 10 functional TLRs have been identified in
humans as well as 12 in mice. TLR1-TLR9 are conserved in
both species, while TLR 10 is not functional in mice because
of a retrovirus insertion, and TLR 11, TLR 12, and TLR 13
have been lost from the human genome [22]. Among all the
TLRs, TLR 2 and TLR 4 are expressed on the cell surface and
detect endogenous ligands [23]. After middle cerebral artery
(MCA) occlusion, TLR 2 and TLR 4 are documented to be
upregulated and contribute to tissue damage by triggering
the expression of inflammatory and apoptotic genes [24]. In
fact, TLR 2 and TLR 4 play differential roles in acute cerebral
ischemia/reperfusion injury. Hua and colleagues [25] found
in genetic modified mice that TLR 4 knockout resulted in
reduced infarct size, while TLR 2 knockout led to enlarged
infarct size, higher mortality, and decreased neurological
function, suggesting that TLR 4 contributed to cerebral
ischemia/reperfusion damage, whereas TLR 2 appeared to be
neuroprotective in response to cerebral ischemia.

In addition to TLRs, the intracellular NOD-like receptors
(NLRs) have also recently been identified as key mediators
of inflammatory and immune responses [26]. NLRP 3 con-
tributes to neurovascular damage by regulating the release
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Table 1: Activation and function of innate immune cells.

Activation Function

Microglia Within
minutes

M1 phenotype promotes inflammation by secreting
cytokines like IL-1𝛽, TNF-𝛼 and presenting antigens to
T cell; M2 phenotype quells inflammation by secreting
cytokines like IL-10, TGF-𝛽, and tissue repair [38, 46].

Macrophages 2 days

View point 1: M1 phenotype promotes inflammation
and M2 phenotype quells inflammation (similar with
microglia) [29, 49].
View point 2: macrophages originating from peripheral
monocytes are cytotoxic, while those from microglia
are protective [50].

Neutrophils 30 minutes N1 phenotype exacerbates the damage, whereas N2 is
protective [51].

Dendritic
cells 1 hour Generally deleterious, suggested by researches to date

[42–45].

ofNLRP3-mediated proinflammatorymediators, andNLRP3
deficiency ameliorates cerebral ischemic injury in mice after
by reducing infarcts and blood-brain barrier damage [27].

3.2. Activation of Innate Immune System

3.2.1. Activation of Local ResidentMicroglia inCentral Nervous
System. Microglia are the resident macrophages in brain that
survey the CNS and eliminate debris via phagocytosis under
normal and pathological conditions. In the resting state,
microglia exhibit ramified appearance and once activated,
these cells alter into an amoeboid morphology. Microglial
activation is the initial step in CNS inflammation of numer-
ous causes [9, 28–31]. In ischemic stroke, microglia are
activated within minutes of ischemic onset and microglial
products are detected as early as 1 hour after stroke [32].
Microglia express pattern recognition receptors including
TLRs and NLRs to sense exogenous pathogens and endoge-
nous danger signals [33].

3.2.2. Infiltration of Immune Cells from Peripheral Blood

Monocytes/Macrophages Accumulation. Monocytes are rest-
ing innate immune cells derived from the blood.Upon activa-
tion, these cells would undergomorphological and functional
alteration and then be referred to as macrophages. Of note,
it has been controversial for years regarding the precise
origin of local infiltrating macrophages [34–36], due to the
morphological and functional similarity between activated
microglia and recruited monocytes/macrophages. Once acti-
vated, microglia alter their morphology and gene expression
to develop an inflammatory phenotype, making themselves
indistinguishable to circulating macrophages [33]. Yet one
mostly recent research has settled the debate, proving that
local reactivemacrophages consist of 2 distinct populations of
cells, that is, amajority originates from residentmicroglia and
a small group recruited from circulation [37]. In contrast to
the immediate response of microglia, the latter group of cells

is recruited no sooner than 2 days after ischemia and remains
abundant through day 3 to day 7 [38].

Neutrophil Infiltration. Within the acute phase of ischemic
stroke (minutes to hours), the injured tissue would release
free-radicals and proinflammatory cytokines and chemokine,
which would thereby upregulate adhesion molecules on
endothelial cells as well as the surface of circulating immune
cells, and facilitate the recruitment and migration of leuko-
cytes [38]. Among all the components in the circulating
immune system, neutrophils are the first responders [39] that
are reported to react to the acute ischemia within 30 minutes
and peak in the first 3 days [32]. Via neutrophil CD11b/CD18
and endothelial ICAM-1 interactions, neutrophils adhere to
activated vascular endothelium and infiltrate into the injured
area, and blocking of the interactions would result in reduced
leukocyte accumulation [39, 40].

Dendritic Cell Increment. As a link between the innate and
adaptive arms of the immune system, dendritic cells (DCs)
are key regulators in many forms of immune response [41,
42], but the regulatory role of DCs in inflammation provoked
specifically by stroke has not yet been sufficiently investigated
[43]. Kostulas and colleagues [44] stood among the first to
provide data on DCs in cerebral ischemia and demonstrated
ascending numbers ofDCs in the ischemic hemispheres in rat
models as early as 1 hour after permanent MCA occlusion.
Later on, Gelderblom et al. [45] confirmed this finding by
analyzing different subclasses of inflammatory cells using
flow cytometric analysis and found in surprise that DCs
showed one of the largest increases in cell numbers and
accounted for a substantial portion among all the infiltrating
immune cells with 20-fold increase on day 3 and still 12-
fold on day 7. Consistently, a more recent study carried
out by Yilmaz and colleagues [43] demonstrated in patients
that the numbers of DCs decreased transiently after stroke;
furthermore, by analyzing human cerebral specimens with
acute ischemic or hemorrhagic stroke, the authors found
numerous DCs locating in the infarct area, supporting the
hypothesis that the DCs in circulation were most likely to
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be their recruitment into the infarcted brain. On the other
hand, it is also possible that the part of the DCs found in the
lesion originates from local cerebral cells such as microglia
[44].

3.3. Dual Roles of Innate Immune System

3.3.1. Cells

Microglia. Activated microglia function analogously to cir-
culating macrophages, with the ability to eliminate necrotic
tissue and secrete proinflammatory cytokines including IL-
1𝛽 and TNF-𝛼 under ischemic condition, which exacerbate
brain damage and promote leukocyte infiltration [38]; on the
other hand, these cells also exert a neuroprotective potential
by releasing anti-inflammatory cytokines like IL-10 and TGF-
𝛽 to quell inflammation and benefit the outcome [38, 46].
In the emerging concept, microglia are assorted into M1
and M2 phenotypes, like macrophages. The M1 phenotype
is referred to as the classically activated phenotype and
processes deleterious features by secreting proinflammatory
cytokines and presenting antigen to T cells, whereas M2
microglia, the alternatively activated phenotype, are involved
in the neuroprotection and tissue repair after ischemic
injury [33]. Existing data suggests that overall suppression of
microglia fails to benefit experimental outcome but, on the
contrary, results in larger infarctions and doubling apoptotic
neurons after ischemia [47], indicating the significance of
microglia in alleviation and recovery of injury.

Macrophages. Traditionally, macrophages are viewed as a
noxious component that amplifies ischemic injury and exac-
erbates secondary progression of ischemic lesions. Mono-
cytes/macrophages are recruited via CCL2/CCR2 axis, and
deletion of CCR2 or CCL2 results in smaller cerebral infarcts,
reducedmonocytes/macrophages infiltration, and less proin-
flammatory mediator production, indicating a deleterious
effect of these cells [48]. But the majority of studies demon-
strate that macrophages in the injured region, regardless
of the exact origin, are polarized into M1 and M2 pheno-
types, and the M2 phenotype would show beneficial effects
against ischemic damage [29, 49]. Girard and colleagues [50]
reported that macrophages that originate from peripheral
monocytesmight be cytotoxic, independently of their pheno-
type, while microglia may be protective. On the other hand,
Hu and colleagues [49] demonstrated that the majority of
microglia/macrophages within the infarct areas experience
an M2-to-M1 shift during the stroke progress. Soon after the
ischemia, macrophages of the M2 phenotype were present
and exerted neuroprotective effects; while being at the later
stage of injury, the M2 phenotype gradually transforms into
the M1 phenotype and is involved in neuronal damage.

Neutrophils. Although elevated neutrophil accumulation is
often observed during cerebral ischemia/reperfusion, the
exact pathogenesis role of neutrophil infiltration is uncertain,
and blocking the postischemia neutrophil recruitment is not
necessarily leading to improved outcome [39]. In current
concept, neutrophils confer to a functional heterogeneity

and polarize into 2 distinct subsets, in which N1 phenotype
mediates deleterious effect, while N2 phenotype exhibits
neuroprotective effects [51].

Dendritic Cells. To date the exact role of DCs was not defined
comprehensively, but most studies suggested that DCs incre-
ment was associated with worsened outcome [42–45]. In
murine models, the numbers of DC in the brain correlated
with the size of the brain lesion after pMCAO [44], whereas in
patients with transient ischemic attack, acute ischemic stroke,
and acute hemorrhagic stroke, the extent of the decrease of
DCs significantly correlated with the clinical stage and the
radiological size of stroke [43]. Moreover, suppression of DC
migration andmaturation by granulocyte-colony stimulating
factor contributed to attenuation of cerebral inflammation
and reduction of infarct size, exhibiting neuroprotective
effects in murine models of tMCAO [42].

The mechanism of how DCs lead to poorer out-
come remained elusive. Theoretically, DCs presented in the
infarcted areas may activate T cells, induce a long-lasting
immune response, and therefore lead to further neurological
damage [44]. Additionally, the transient decrease of circu-
lating DCs might lead to immunodepression, resulting in
poststroke infections to worsen the clinical outcome in stroke
patients [43].

3.3.2. Cytokines. Infiltration and activation of innate immune
cells result in the production of various cytokines and
inflammatory mediators, which either exacerbate or alleviate
inflammatory damage to the ischemic brain tissue.Within the
first 24 hours of cerebral ischemia in animal models, inflam-
matory cytokines interleukin-1𝛽 (IL-1𝛽), interleukin-6 (IL-
6), and tumor necrosis factor-𝛼 are upregulated dramatically
by up to 40- to 60-fold and are believed to affect the infarct
volume and tissue damage. Therefore, these cytokines stand
among the most investigated inflammatory mediators [52].

IL-1𝛽 is one of the neurotoxic cytokines releasedwithin 30
minutes after ischemic onset [16]. Activatedmicroglia appear
to be the major source, whereas other immune cells may also
express IL-1𝛽 [53]. Noxious effects of IL-1𝛽 are well docu-
mented in numerous studies [1, 53, 54]. It is considered as a
neurotoxicmediator that directly induces neuronal death and
enhances the expression of cytokines. Furthermore, chronic
release of IL-1𝛽 is associated with increased expression of
adhesion molecules and blood-brain barrier permeability,
promoting further leukocyte infiltration [55]. In animal
experiments, IL-1𝛼 and IL-1𝛽 double knockout significantly
reduced infarct volume in cerebral ischemic mice models
[56]. Additionally, meta-analysis of animal model studies
also revealed that IL-1 receptor antagonist markedly reduced
infarct volume by 38.2% [57].

Expressed within the first hour after ischemic onset [16],
TNF-𝛼 is also an essential component involved in the early
stage of cerebral ischemia [16, 38, 58, 59]. Increased TNF-
𝛼 level in serum was observed after stroke in patients, and
the increase correlated infarct volume and severity of neu-
rological impairment [38]. TNF-𝛼 plays a dual role in brain
injury. The neurotoxic effect of TNF-𝛼 might be attributed
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to direct induction of neuronal death and indirect promo-
tion of leukocyte infiltration by elevating the expression of
adhesion molecules and chemokine. However, in addition
to the deleterious roles, TNF-𝛼 also exerts beneficial effects
and mitigates inflammatory injury. TNF receptor knockout
was reported to be associated with enlargement of infarct
volume [16]. Besides, TNF-𝛼 pretreatment would result in
decreased infarct volume and reduced leukocyte infiltration
after permanent middle cerebral artery occlusion in mice
[60].

Comparedwith the former ones, reports on the role of IL-
6 in experimental ischemic stroke are relatively fewer [61–65].
And current available evidence argues against a pathogenic
role of IL-6 in ischemic stroke. On the contrary, initial studies
indicated that IL-6 deficient has no impact on infarct volume
inmice models [63].Whereas studies later on argued that the
failure of IL-6 deficient to affect infarct size might be due to
hypothermia in the mice models, and with well-controlled
hypothermia, IL-6 deficiency would lead to increased infarct
volume andneuronal death, suggesting a neuroprotective role
of IL-6 [11, 61]. Furthermore, underlying mechanisms of the
neuroprotective potential of IL-6 are partially revealed in
recent studies, in which IL-6 was demonstrated to participate
in angiogenesis [64], and Jung and colleagues [62] verified
that IL-6 exerted this ability and protected ischemic tissue
probably via STAT3 pathway. Moreover, in order to depict
the interactions between various cytokines participating the
postcerebral ischemic inflammation, Zeng and colleagues
[65] adopted Bayesian network (BN) learning procedure to
explore the underlying links among circulating cytokines and
discovered that IL-6 modulated TNF-𝛼 and IL-1𝛽 mRNA
expression directly or indirectly, indicating that IL-6 is a key
mediator of the inflammatory cytokine network during the
postcerebral ischemia inflammation.

Attempts and Difficulties in Bench-to-Bedside Translation. A
better knowledge of poststroke inflammatory response may
give birth to novel therapeutic strategies against ischemic
stroke. Thrombolysis with rt-PA is the only effective treat-
ment to date. However, due to the time window of 4.5
hours and safety concerns, the portion of stroke patients
that would benefit from this treatment is less than 5% [6].
On the other hand, immunomodulatory therapies hold a
great potential. Based on current knowledge, inflamma-
tory response reacts immediately after ischemic onset while
requiring hours to days to fulfill. Therefore, immunomodu-
latory treatment would have extended therapeutic window.
In addition, immunomodulatory therapy would not increase
the risk of hemorrhage. Finally, since the inflammationwould
be particularly exacerbated upon reperfusion, immunomod-
ulation would ameliorate the potential reperfusion-induced
exacerbation secondary to medical intervention and recanal-
ization [18].

As is mentioned above, poststroke inflammation is fea-
tured by significant leukocyte infiltration, which is facilitated
by the upregulated adhesion molecules. Based on this theory,
clinical trials are conducted to explore whether the sup-
pression of leukocyte infiltration by blocking ICAM-1 with
monoclonal antibody enlimomabbenefits clinical outcome in

acute ischemic stroke patients. Disappointingly, the clinical
trial ended up with negative results, suggesting an even
worsened outcome upon enlimomab treatment [66]. In this
study, 625 patients with ischemic stroke were enrolled, of
whom 317 were randomized to receive enlimomab within 6
hours after stroke onset. Patients were not enrolled if they had
received rt-PA. The treatment lasted over 5 days. However,
when evaluated at day 90, patients that received enlimomab
exhibited significantly worse Modified Rankin Scale score
and higher mortality. Additionally, patients in enlimomab
group experienced more adverse events, primarily infections
and fever, than the placebo group. The negative effect may
be interpreted by the murine source of enlimomab and
the murine antibody might activate neutrophils through
complement-dependent mechanisms and therefore amplify
the inflammation and damage [1].

Likewise, UK-279, 276, a recombinant glycoprotein that
selectively binds to the CD11b integrin to reduce neutrophil
infiltration and infarct size inmurinemodels, failed to exhibit
any benefit in patients. The study was a multicenter, double-
blind, randomized, placebocontrolled clinical trial to evaluate
the efficacy of UK-279,276 in acute ischemic stroke. 966
patients were enrolled, amongwhom887 had ischemic stroke
and 204 were cotreated with rt-PA. Unfortunately, the trial
was stopped early for futility in both subgroups receivingUK-
279,276 nomatter with concomitant rt-PAprescription or not
[67].

In addition to the above-mentioned immune cells and
cytokines that complicate the immune response to stroke,
free-radicals also complicate the pathophysiological progress
[68, 69]. Therefore, free-radical trapping agents like NXY-
059 are theoretically neuroprotective, and this hypothesis was
confirmed in animal models [70]. Furthermore, SAINT I
study [70] found that NXY-059 significantly reduced disabil-
ity rate in patients receiving this agent and markedly lowered
hemorrhagic risk in those receiving rt-PA concomitantly.
Nonetheless, the subsequent SAINT II study [71] overturned
both of these optimistic findings, stating that NXY-059 was
ineffective for the treatment of acute ischemic stroke and had
no effect on the hemorrhagic risk of rt-PA. Since SAINT II
study presented larger sample size (3306 versus 1699), it is
reasonable to consider the results from SAINT II study to
be more reliable and the data from SAINT I may be false
positive. However, even though no evidence was found of
an interaction between rt-PA use and the effect of NXY-059
in either trial, we cannot completely rule out the possibility
that the disparity between the two trials may derive from the
higher frequency of rt-PA prescription use in SAINT II study
(44% versus 29%) in which maximal improvement may be
achieved already by rt-PA, in spite of NXY-059 [71].

There are several promising findings as well. In another
trial, investigators adopted IL-1 receptor antagonist (IL-
1Ra) in attempt to block cytokine cascade. This randomized
phase II study [72] recruited 34 patients, among whom half
were randomized to receive IL-1Ra and the others received
placebos. None of the patients received rt-PA. Upon 3-month
evaluation, patients that received IL-1Ra exhibited lower
levels of inflammatory markers and better clinical outcomes.
No adverse events were observed in both groups. This study
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indicated that IL-1Ra was safe and well tolerated among
acute stroke patients and that IL-1Ra held a great potential
to be a novel therapy, whereas the efficacy required further
investigation.

The trial and errors in the attempt to find novel ther-
apeutic strategies targeting poststroke inflammation have
revealed several obstacles before successful clinical transla-
tion were put forward by Macrez and colleagues [1]. Firstly,
it is still uncertain whether animal models of stroke can
recapitulate human pathology and predict success in clinical
trials needs. Secondly, safety, tolerance, and potential adverse
events associated with therapeutic immunomodulation are of
relevant concern. Finally, our knowledge of immune system
and stroke is still limited. The interactions between stroke
and immunity are elusive, and the role of inflammation in
ischemic injury is complicated and sometimes conflicting.
Therefore, safe and successful bench-to-bedside translation
calls for a more comprehensive understanding of immune
response after ischemic stroke before it could benefit stroke
patients substantially.

4. Conclusions

Innate immune system, triggered immediately and kept for
a while after ischemic stroke onset, protects and hurts brain
by activation of endogenous and exogenous immune cells
and production of cytokines. Immunomodulatory therapies
targeting the poststroke inflammation are promising with
great obstacles, and a comprehensive understanding of innate
immune response to cerebral ischemic attack calls for further
investigation.
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