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Abstract

The need to study cardiovascular diseases (CVD) has become more and more relevant as their prevalence has increased
over the years. An intact endothelial wall is essential to vascular health. Certain factors are responsible for maintaining
this tissue intact, including nitric oxide (NO), which provokes dilation of blood vessels in response to shear stress.
Expression of the endothelial nitric oxide synthase (eNOS) enzyme, which produces nitric oxide in response to increases
in blood flow, is of fundamental importance to maintenance of the vascular system. When this enzyme is inhibited,
nitric oxide production is reduced, causing endothelial dysfunction. Since C-reactive protein inhibits production of
nitric oxide by the eNOS enzyme, it is one of the causes of endothelial dysfunction and cardiovascular events. The
objective of the present study was to review scientific articles in the literature related to the subject ‘inflammatory
markers and endothelial function’ A wide-ranging review of the current literature was conducted, using systematic
analysis of bibliographic references indexed in PubMed, Scielo, Medline and LILACS database, for the years 1992 to 2013.
The studies reviewed show that increases in inflammation causes reductions in NO and increases in cardiovascular
events. Increased inflammation is associated with higher incidence of cardiovascular diseases.
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Resumo

A necessidade de estudo das Doengas Cardiovasculares (DCV) vem a tona pelo aumento da sua prevaléncia ao
longo dos anos. Uma parede endotelial integra é essencial para a salide vascular. Alguns fatores sdo responsaveis pela
integridade deste tecido, como o 6éxido nitrico (NO), que provoca a dilatagdo do vaso sanguineo em resposta ao
estresse de cisalhamento. A expressdo da enzima éxido nitrico sintase endotelial (eNOS), que produz éxido nitrico
em resposta ao incremento do fluxo sanguineo, é fundamental para a manutengao do sistema vascular. Quando
ha inibicdo desta enzima, ocorre diminui¢do da producao de éxido nitrico, causando disfun¢do endotelial. A PCR
inibe a produgéo de 6xido nitrico pela enzima eNOS, sendo entdo uma causadora de disfungéo endotelial e eventos
cardiovasculares. O presente artigo tem como objetivo revisar artigos cientificos na literatura relacionados ao tema
‘marcadores inflamatorios e fungao endotelial’. Foi realizada uma ampla revisdo de literatura atual, utilizando-se analise
sistematica das referéncias bibliograficas nas bases de dados PubMed, Scielo, Medline e Lilacs, no periodo de 1992 a 2013.
Os estudos revisados mostram que o aumento da inflamagao causa uma diminuicido de NO e aumento de eventos
cardiovasculares. O aumento da inflamagéo esta associado ao aumento da incidéncia de doencas cardiovasculares.
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INTRODUCTION

There are currently more than 8§3.6 million
Americans with cardiovascular diseases (CVD) and
it is estimated that they incur costs of 300 billion
dollars of public money per year.! In Brazil, CVD
are among the leading causes of death. In 2007,
mortality attributable to these diseases was around
250 per 100 thousand people. This is a higher
prevalence than is seen in the United States, where
the figure is 179 per 100 thousand.? The layer that
lines the internal surface of blood vessels is called
endothelium, forming an extensive cellular tissue
covering the entire vascular network, from the major
veins and arteries to minor vessels, arterioles and
capillaries. Endothelium plays a role in vascular
homeostasis and has many endocrine, autocrine and
paracrine functions,® which is why it is responsible
for synthesizing vasoconstrictor and vasodilator
substances.*

Intact endothelium plays a protective role in blood
vessels that is triggered by physiological stimuli
such as shear stress exerted by blood flow against
endothelial cells, resulting in production of nitric
oxide (NO), the function of which is to maintain the
blood vessel in a constant state of vasodilation.’ In
contrast, endothelin-1 (ET-1) has the opposite effect
to NO, with a vasoconstrictor action.®

Endothelial dysfunction is an imbalance between
vasodilation and vasoconstriction, and is related to
atherosclerosis and cardiovascular events. It is also
defined as an imbalance between mediators that
regulate vascular tone and hemostasis.’

Certain risk factors such as dyslipidemia and
arterial hypertension cause vascular damage and
progressive loss of endothelial protective functions,
thereby increasing oxidative stress and inflammation.
Inflammation appears to be a key point in all of the
stages of the atherosclerosis process, from emergence
of the lesion to occurrence of a coronary event.®

The chronic vascular inflammatory process has a
fundamental relationship with endothelial capacity
to produce proinflammatory cytokines, factors and
adhesion molecules.” Certain cytokines and factors,
such as Interleukin-6 (IL-6) and tumor necrosis
factor alpha (TNF-a) respectively, are released by
the endothelium, stimulating adhesion molecules
and increasing vascular risk.’ Interleukin-6 is an
important cytokine involved in many different
immunological processes and takes part in metabolic
regulation of C-reactive protein (CRP). During
an inflammatory reaction, IL-6 and CRP can
have undesirable effects on a number of organs.'
Increases in serum IL-6 and CRP levels can cause
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down regulation of NO production, by inhibiting
endothelial nitric oxide synthase (eNOS), facilitating
thrombi formation and, consequently, increasing the
risk of cardiovascular events.!!?

In view of the above, the objective of this article
is to present a review of scientific articles in the
literature related to the subject ‘inflammatory
markers and endothelial function’.

In preparation for this article, the authors
conducted a wide-ranging review of the current
literature, using systematic analysis of bibliographic
references indexed in PubMed, Scielo, Medline
and LILACS database, for the years 1992 to 2013,
found using the following keywords: inflammation,
interleukin-6, C-reactive protein, nitric oxide and
endothelial function.

ENDOTHELIAL FUNCTION

For some time now, it has been recognized that
endothelium is not merely a physical barrier between
blood and the vascular wall, but a strategically
located organ with a large number of endocrine,
autocrine and paracrine functions.?

Endothelium is highly specialized tissue that
regulates vascular homeostasis. Its basic functions
are to regulate vascular tone, leukocyte adhesion,
smooth muscle cell growth and platelet aggregation.
Physiologically, endothelium plays a protective role
in blood vessels. The protective action is triggered by
physiological stimuli such as the shear stress exerted
by blood flow against endothelial cells, which results
in basal production of NO, maintaining the blood
vessel in a constant state of vasodilation.>!°

Nitric oxide plays an active part in many of
the protective functions performed by the intact
endothelium and, in conjunction with Prostacyclin-2
(PGI-2), it exerts a potent antiatherogenic effect,
preventing platelet adhesion and aggregation.'?

Palmer et al. conducted an in vivo study that
clearly demonstrated how NO and ET-1, which
have opposing effects, regulate vascular tone and
arterial blood pressure. Loss of functional integrity
or endothelial dysfunction is also linked to reduced
NO expression and increases ET-1.14

Endothelial dysfunction is an imbalance between
endothelial production of mediators that regulate
vascular tone, platelet aggregation, coagulation and
fibrinolysis, of which vascular tone has received the
greatest research focus. Endothelial dysfunction is
also often defined as a deterioration in endothelium-
dependent relaxation, caused, by reduced NO
bioavailability, among other factors.'* Certain diseases
such as arterial hypertension, diabetes mellitus,
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heart failure and hypercholesterolemia can damage
the endothelium, causing endothelial dysfunction,
which is very often related to atherosclerosis and
cardiovascular events.’

ENDOTHELIAL
INFLAMMATION

Inflammation appears to be one of the most
important points in the atherosclerosis process, from
emergence of the lesion to occurrence of a coronary
event.® Inflammation causes increased production of
reactive oxygen species, which ultimately results in
a process of endothelial dysfunction.'

The most important characteristic of endothelial
dysfunction is its detrimental effect on endothelium-
dependent vasodilation. This is the result of an
imbalance between NO synthesis and production
of reactive oxygen species, which, in turn, can be
diagnosed using ultrasonographic assessment of
vascular reactivity.'® In the intact vascular wall, the
potent vasodilator NO is synthesized by eNOS.!" In
blood vessels subjected to the atherosclerotic process,
two NOS isoforms contribute to NO production:
neuronal NOS (nNOS) and inducible NOS (iNOS),
the second of which is triggered by proinflammatory
cytokines.'® Under certain conditions, when the
cofactor tetrahydrobiopterin is lacking, the amino acid
L-arginine (enzyme substrate) can produce greater
quantities of superoxide than NO, by means of NOS,
in a condition known as NOS decoupling. Together,

FUNCTION AND

nitric oxide and superoxide can form peroxynitrite,
which can cause oxidation of tetrahydrobiopterin,
a critical cofactor for eNOS, completing a vicious
circle of reactive oxygen species production.!*?

Some studies have shown inflammatory markers
such as IL-6 and CRP acting directly in NO down
regulation, thereby increasing the endothelial
dysfunction process by reducing NO concentration
and increasing ET-1.1521.22

A growing number of studies in human beings
have related increased inflammation to reduced
availability of NO, providing evidence that chronic
inflammation or infection can cause endothelial
dysfunction.?®*¢ For example, researchers have
investigated differences in endothelial function
after acute administration of proinflammatory
factors to young individuals. Alternatively, some
researchers are conducting observational studies
that demonstrate correlations between increases
in circulatory proinflammatory marker levels and
reduced endothelial function in a range of different
populations and types of pathology (Table 1).27-%

Low-level chronic inflammations can be caused
by many different factors, such as chronic injuries,
diabetes and obesity, among other diseases.**
The increase in inflammation provokes increased
synthesis of cells, cytokines and proinflammatory
proteins, such as neutrophils, monocytes, IL-6,
TNF-a and CRP, among others.*' The increase
in neutrophils and macrophages in response to

Table 1. Studies of inflammatory markers and endothelial function chosen for review.

Authors Population Inflammatory marker ~ Measure of endo- Results
thelial function
Fichtlscherer et al. 60 men with CAD CRP, TNF-o, sSICAM-1  FBF acetylcholine  Inverse correlation between

(2000)3

Sinisalo et al. (2000)* 31 men with CAD

Tan et al. (2002)* 80 patients with type Il diabetes CRP

and hypercholesterolemia
Brevetti et al. (2003)%* 88 patients with PAD

De Haro Miralles et al.
(2009)”

82 patients with PAD and 41
healthy subjects

CRP, LDL-0ox, CD4 and
CD8 counts

CRP and endothelial function
Inverse correlation between
endothelial function, CRP,
LDL-ox and CD8 count

FBF acetylcholine

CRP and fibrinogen

CRP and nitrites

FMD of brachial Inverse correlation between
artery FMD and CRP

FMD of brachial Inverse correlation between
artery CRP, Fibrinogen and FMD
FMD of brachial Increased CRP in patients
artery with PAD

Rizzo et al. (2009)* 127 hypertense women CRP and fibrinogen Doppler ultra- positive correlation between
followed-up over 5 years sound of the CRP and increased athero-
carotid sclerosis in the carotid
Antoniades et al. 351 patients with CAD IL-6 FMD of brachial Inverse correlation between
(2011)*® 87 controls artery IL-6 and FMD in patients
with CAD
Leinonen, Hurt-Camejo 166 healthy subjects sICAM-1 and CRP FMD of brachial Inverse correlation between
etal. (2003)* artery sICAM-1, CRP and FMD

CRP — Creactive protein; TNF-a. — Tumor necrosis factor alpha; siICAM-1 — Soluble intracellular adhesion molecule-1; LDL-ox — oxidized low density lipoprotein;
IL-6 — Interleukin-6; CAD — Coronary artery disease; PAD — Peripheral arterial disease; FBF — Forearm blood flow; FMD — Flow-mediated dilation.
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inflammation provokes greater synthesis of IL-6,
which increases production of CRP in the liver. In
turn, CRP attenuates eNOS activity, thereby reducing
NO availability (a vasodilator), and increasing
concentrations of ET-1 (a vasoconstrictor); which
attenuates the process of endothelium-dependent
vasodilation. The reduction in vasodilation causes
an increase in shear stress and, consequently, greater
damage to the blood vessel, creating favorable
conditions for the atherosclerotic process and thrombi
formation. Additionally, the blood vessel that is
undergoing the atherosclerotic process also releases
the same proinflammatory substances, further
increasing the inflammatory process and vascular
damage®™*? (Figure 1).

IL-6 AND ENDOTHELIUM

Interleukin 6 is a cytokine that performs functions
in both innate and adaptive immunoresponses. It
is synthesized by monocytes, endothelial cells,
fibroblasts and other types of cells in response to
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microorganisms, but can also be stimulated by
other cytokines, primarily interleukin-1 (IL-1) and
TNF-o.*

Since IL-6 is involved in a series of immunological
activities, in particular synthesis of acute phase
substances in the liver, it is an important inflammatory
marker, because it is involved in metabolic regulation
of CRP.!” Both IL-6 and its receptor (gp130), are
widely expressed during an inflammatory reaction,
leading to undesirable effects on several organs.'
Normally IL-6 is expressed in low concentrations,
except during infections, traumas or in the presence
of other stressing factors. Estrogen and testosterone
are among the many factors that regulate expression
of the IL-6 gene. After menopause or andropause,
serum IL-6 levels are elevated even in the absence
of infection, trauma or stress.*

Hyperglycemia, which is characteristic of glucose
intolerance, has a relationship with immediate
synthesis of markers such as IL-6, with a positive
relation to serum levels and more significant

Etiology of the inflammatory process

T IL-6
MNF-a

Promoting agents:
Obesity — Chronic injuries - Diabetes

1 Neutrophils
1 Macrophages

Liver

Healthy blood
vessels

|\ Vasodilation
1 Shear stress
1 Vascular damage

—

Unhealthy blood
vessels

Release of:
T IL-6
MNF-a

1 Monocytes
TMacrophages

Figure 1. Etiology of the inflammatory process. Low level chronic inflammation increases the concentrations of markers and
of inflammatory cells, leading to increased production of Creactive protein (CRP) by the liver, in response to interleukin-6
(IL-6), which provokes a reduction in vasodilation and an increase in vascular damage. TNF-a — Tumor necrosis factor alpha;
IL-6 — Interleukin-6; CRP — C-reactive protein; NO — nitric oxide; ET-1 — Endothelin-1.
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increases during hyperglycemia pulses, which are
common among diabetics.*

It has been proposed that the relationship between
advancing age and increasing serum IL-6 levels is
responsible for some of the phenotypical changes
seen in aging, in particular those that are related to
chronic inflammatory disease, such as reduction in
lean body mass, osteopenia, anemia, reduced albumin
levels and elevated concentrations of inflammatory
proteins such as IL-6. Additionally, increased
age in association with IL-6 has been linked to
lymphoproliferative diseases, multiple myelomas,
osteoporosis and Alzheimer’s disease.>*

Interleukin 6 plays an important role in the process
of rupture or erosion of atherosclerotic plaques, and
its serum levels are elevated during these events.>
This increase may be related to the increase in
CRP, since IL-6 promotes hepatic synthesis of this
protein; although CRP has its own atherogenic
effects, mediated part by IL-6 synthesis.’> Among
healthy men, elevated IL-6 levels are associated
with increased risk of future myocardial ischemia.?

The involvement of inflammatory markers in the
development of atherosclerotic disease has already
been well-established, making them useful for
predicting cardiovascular risk among middle-aged
people. Some studies have shown that CRP levels
are an important cardiovascular risk factor among
healthy individuals.’® There are, however, some
authors who contest this link.*’** One study that
only enrolled elderly people showed that CRP and
fibrinogen may not be as useful as IL-6 and TNF-a..
Among patients over the age of 65, IL-6 and TNF-a.
have proved to be good predictors of cardiovascular
events.* Ramos et al. (2009) investigated the time
taken for atherosclerotic plaques to stabilize in acute
coronary syndromes (SCA), using inflammatory
markers such as CRP, TNF-a, fibrinogen and IL-
6, concluding that only IL-6 was significantly and
independently correlated with the occurrence of
future cardiovascular events.!' This same study also
found that fibrinogen and TNF-a levels were not
useful indicators for assessing plaque stabilization,
since they were not significantly higher than in a
control group.

Judging from the many different studies of IL-6
that were assessed for this review, there is not yet
any consensus on assay methods or reference values.
Routine adoption of tests for cytokines, including
IL-6 and other markers of inflammatory activity such
as CRP, is still dependent on further observations;
it should be noted that the methodologies involved
are expensive.
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C-REACTIVE
ENDOTHELIUM

C-reactive protein is an inflammatory marker
synthesized in hepatocytes in response to primary
stimulation from IL-6. Under acute inflammatory
conditions, CRP levels increase during the first 6 to
8 hours and may reach levels as high as 300 mg/dl
within 48 hours.* Its role in inflammation and the
fact that it leaves traces normally detected in blood
means that it can be employed as a predictor of risk
of cardiovascular events, through its interaction with
classic risk factors such as creatine kinase (CK) and
lactate dehydrogenase (LDH)."

C-reactive protein can be considered a biomarker
of the process of endothelial dysfunction* and, at
supraphysiological concentrations, as a predictor
of vascular disease. It also plays an important role
in down regulation of eNOS and in transcription
of endothelial cells, which causes destabilization
of eNOS-RNA. This process results in reduced
production of NO."

It is the relationship between CRP and eNOS
deficiency that appears to be the important point
in atherogenesis and this influence can be casily
observed by analysis of cultured endothelial cells
from the human aorta. After pre-incubation with
CRP, expression of eNOS (normally abundant
in this type of culture) is significantly reduced,
leading to a significant increase in adhesion
molecule levels (Figure 2).*! C-reactive protein can
also act to stimulate endothelin ET-1, which is a
regulator of adhesion molecules, thereby facilitating
entrance of LDL into macrophages via MCP-1.
It also acts to regulate nuclear factor-kappa beta,
which is responsible for facilitating a number of
pro-atherosclerotic genes, acting at the level of
vasodilatory prostacyclins, reducing production.’>+?

C-reactive protein induces instability of the
fibrous layer of the atheroma, by stimulating the
matrix metalloproteinase-1 (MMP-1), liberated when
collagen and proteins break down, and also reduces
fibrinolysis and promotes synthesis of plasminogen
activator inhibitor (PAI-1).** Both adhesion and
platelet activation increase when CRP is released by
monocyte tissue factor, reducing NO and prostacyclin
concentrations.

C-reactive protein can act as a mediator of
atherosclerotic plaque formation, through its role in
inhibition of proteins that mediate the complement.
The complement system is a complex enzymatic
cascade of regulatory proteins that normally
perform functions in defense mechanisms through
the pathways of opsonization, chemoattraction of

PROTEIN (CRP) AND



leukocytes and cell lysis and activation, in addition to
its role in promotion of the inflammatory phenotype."

Some studies have show that when CRP levels
are elevated, deregulation of the equilibrium
between coagulation and fibrinolysis can occur.
C-reactive protein reduces the concentration of
tissue plasminogen activator (tPA), responsible for
lysing clots at the vessel wall, and increases PAI-
1 concentrations, which inhibits the fibrinolysis
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process (Figure 3). This facilitates formation of
thrombi on the endothelial wall, which also increases
the risk of cardiovascular events.*#

C-reactive protein is therefore more than merely
an inflammatory marker of atherosclerosis and
coronary events, it also mediates the disease through
its contribution to formation of lesions and rupture
of plaques and to coronary thrombosis mechanisms.

Endothelium NO

Smooth muscle

by Creactive protein (CRP). NO - nitric oxide; CRP — Creactive protein; ET — Endothelin; IL-6 — Interleukin-6; 0

NADPH — nicotinamide adenine dinucleotide phosphate.

TIL-6
TET-1

PET-1  PET-L
v

ETg

4
ET,

Figure 2. Mechanism reducing nitric oxide (NO) production through inhibition of the nitric oxide synthase (eNOS) enzyme

,_ Oxygen;

1 Interleukin-6

1 C-reactive protein ]—

v

[\LEndothelialnitricoxidesynthase ] [

‘" Plasminogen activatorinhibitor ]
Plasminogen activator

[’]‘ Adhesion molecules ]

[ |, Fibrinolysis ]

— [T Cardiovascular events ](—

Figure 3. Sequence of events from increase of interleukin-6 levels to occurrence of cardiovascular events.
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CONCLUSIONS

On the basis of the articles reviewed, we conclude

that increased levels of inflammatory markers are
related to endothelial dysfunction. Increases in some
of these markers, such as I1-6, which stimulates
increases in CRP, are related to reductions in NO
concentrations caused by reduced eNOS activity.
This reduction can cause a reduction in endothelium-
dependent vasodilation, which can increase the
risk of endothelial dysfunction and cardiovascular
diseases.
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