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ABSTRACT

The endothelium is not merely a barrier
but it plays a key role in the mainte-
nance of vascular homeostasis. An al-
teration of the endothelial function (EF)
is an early marker of atherosclerosis,
also contributing to the development of
atherosclerotic lesions and later clini-
cal complications. Systemic autoim-
mune diseases are characterized by the
occurrence of premature atherosclero-
sis and cardiovascular disease. In view
of the prognostic significance of EF for
the development of atherosclerotic dis-
ease, many studies have evaluated the
endothelium in systemic autoimmune
diseases, using different techniques. The
aim of the present paper is to review the
different available techniques to study
EF, their advantages and limitations
and the data available on the study of
EF in systemic autoimmune diseases.
Vascular reactivity tests represent the
most widely used methods in the clinical
assessment of endothelial function. Sev-
eral techniques were developed to study
microcirculation (resistance arteries
and arterioles) and macrocirculation
(conduit arteries). Studies assessing
microvasculature in systemic autoim-
mune diseases have shown the presence
of reduced endothelium dependent va-
sodilation, while no agreement exists
on the presence of endothelium inde-
pendent alterations. Flow mediated
dilation (FMD) has been widely used
to evaluate endothelium-dependent va-
sodilation in peripheral macrocircula-
tion. The majority of studies in systemic
autoimmune diseases have shown a de-
creased brachial artery FMD, whereas
endothelium-independent response ap-
pears unaffected by the disease in this
district. These data strongly underline
the different information that could be
obtained by different techniques and
suggests their combined use in prospec-
tive cohorts. Circulating markers of EF
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include direct products of endothelial
cells that change when the endothelium
is activated, such as measures of NO
biology, inflammatory cytokines, adhe-
sion molecules, as well as markers of
endothelial damage and repair. Many
of these circulating markers are dif-
ficult to measure and quite expensive,
and currently are only used in research
settings. In view of the complexities in
the evaluation of EF, results represent
the interaction of several endothe-
lial pathways. No single test currently
available is specific for the vascular
district tested or the risk factor/diseas-
es considered, and a panel of several
tests is therefore needed to character-
ize the multiple aspects of endothelial
biology.

Introduction

The endothelium is not merely a barrier
but it plays a key role in the mainte-
nance of vascular homeostasis as well
as in the control of vascular function
and structure by the production of nitric
oxide (NO). Beyond its vasodilating
properties, NO maintains the vascular
wall in a quiescent state by inhibition
of inflammation, cellular proliferation,
atherosclerosis and thrombosis (1). In
pathological conditions, such as aging,
diabetes, dyslipidemia, hypertension,
characterized by reduced NO avail-
ability, the endothelium produces, as a
compensatory mechanism, an EDHF
(endothelium derived hyperpolarizing
factor), whose vasodilating effect is
mediated by hyperpolarization of vas-
cular smooth muscle cell (2). The re-
duction of NO availability furthermore,
interferes with the mobilization of cir-
culating endothelial progenitor cells, an
alternative mechanism for maintenance
and repair of the endothelium (3), there-
fore this mechanisms may be impaired
in patients with cardiovascular (CV)
risk factors (4).
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Appreciation of the central role of the
endothelium in the atherosclerotic dis-
ease process has led to the development
of arange of methods to assess different
aspects of endothelial function (EF).
These have provided not only novel in-
sights into pathophysiology, but also a
clinical opportunity to detect early dis-
ease, quantify risk, judge response to
interventions designed to prevent pro-
gression of early disease, and reduce
later adverse events in patients (5, 6). It
should be noticed that EF, unlike meas-
ures of vessel wall morphology, has in-
trinsic biological variability, and thus a
single measurement, may give only a
snapshot and limited information. Nev-
ertheless, several longitudinal studies
have shown that an EF has a prognostic
value in patients with established coro-
nary disease and at high CV risk (7).
Systemic autoimmune diseases are char-
acterized by the occurrence of premature
atherosclerosis and CV disease (8-14).
In view of the prognostic significance of
EF for the development of atherosclerot-
ic disease, many studies have evaluated
the endothelium in systemic autoim-
mune diseases, using different tech-
niques. The aim of the present paper is
to offer a review of different techniques
available to study EF, their advantages
and limitations and to review the data
available on the study of EF in systemic
autoimmune diseases.

Clinical assessment of endothelial
function in patients with
autoimmune diseases

Vascular reactivity tests

Vascular reactivity tests represent the
most widely used methods of clinical
assessment of EF (5, 6). Their princi-
ple is to activate or block endothelial
cell function while measuring the con-
sequent changes in vascular tone in
selected vascular districts. Tests have
been developed to study macro- (con-
duit arteries) and microcirculation
(resistance arteries and arterioles), in
which different endothelial pathways
might active.

1. Evaluation of macrocirculation

The most widely used technique for
assessing EF is the so-called “flow-
mediated dilation” (FMD). In this non
invasive method, introduced in 1992
(15), brachial artery diameter is meas-
ured before and after an increase in
shear stress induced by reactive hy-
peremia. When a sphygmomanometer
cuff placed on the forearm distal to the
brachial artery is inflated to 200 mmHg
and subsequently released 5 minutes
later, FMD occurs as a result of local
endothelial release of NO (16, 17). En-
dothelium-independent dilator response
can be tested by low dose sublingual ni-
troglycerin (18). FMD has been studied
widely in clinical research as it enables
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serial evaluation of young subjects, in-
cluding children. It also permits test-
ing of lifestyle and pharmacological
interventions on endothelial biology
at an early preclinical stage, when the
disease process is most likely to be re-
versible (6). However, some practical
challenges need to be overcome before
this technique could be suitable for use
in routine clinical practice (5, 6, 19).
These challenges include the need for
highly trained operators, the expense
of the equipment, and also the care re-
quired to minimize the effect of envi-
ronmental or physiological influences.
It is important to note that variations in
technique, such as the position of the
occluding cuff and duration of inflation,
may produce results that are less rep-
resentative of local NO activity, since
FMD is also determined, in part, by the
magnitude of post-ischemic forearm
vasodilatation, which is a measure of
microcirculatory function (6). Further-
more, due to the variability and degree
of response, large study population are
required for clinical studies (5, 6, 19).

In systemic autoimmune diseases EF
was frequently assessed as brachial
artery FMD (Tables I - III). In patients
with rheumatoid arthritis (RA), the ma-
jority of studies have shown the pres-
ence of an altered EF as reduced FMD,
which is partially restored after therapy.
Vaudo et al. studied 32 young to mid-

Table 1. Endothelial function and rheumatoid arthritis.

Author n° patients  Technique Vascular district EDV EIDV Comments
Bergholm et al. (43) 10 perfused microcirculation Impaired Impaired EDV improved after therapy
forearm
tecnique
Hansel et al. (44) 8 perfused microcirculation Impaired Normal No changes after switch to
forearm etanercept
tecnique
Vaudo et al. (20) 32 FMD macrocirculation Impaired Not assessed Early onset patients, possible
correlation with inflammation
Bilsborough et al. (21) 14 FMD macrocirculation Impaired Not specified EDV improved,
EIDV unaffected after anti-TNF
Hurlimann et al. (23) 11 FMD macrocirculation Impaired Not specified EDV improved,
EIDV unchanged after anti-TNF
Gonzalez-Juanatey et al. (26) 8 FMD macrocirculation Impaired Normal EDV improved after adalimumab
Van Doornum et al. (22) 25 FMD macrocirculation Normal Normal Significant reduction of large and

small artery compliance

EDV: Endothelium-dependent vasodilation; EIDV: endothelium-independent vasodilation.
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Table II. Endothelial function and systemic lupus erythematosus.

Author n° patients Technique Vascular district EDV EIDV Comments
El- Magadmi et al. (35) 62 FMD macrocirculation Impaired Impaired Increases in intima-media thickness
associated with EDV
Lima et al. (34) 69 FMD macrocirculation Impaired Impaired EIDV reduced in patients with
anticardiolipin antibodies
Kiss et al. (36) 61 FMD macrocirculation Impaired Normal EDV correlated with age, blood
pressure
Piper et al. (37) 36 FMD macrocirculation Impaired Normal  No correlation with development
of CVD over 5 years follow-up
EDV: Endothelium-dependent vasodilation; EIDV: endothelium-independent vasodilation
Table III. Endothelial function and systemic vasculitis.
Author n° patients Technique Vascular district EDV EIDV Comments
Booth et al. (45) 14 perfused microcirculation Impaired Normal Correlation with disease activity
(ANCA+ forearm Improved after anti-TNF
vasculitis) technique
Raza et al. (28) 24 FMD macrocirculation Impaired Normal 7/12 improved after therapy
(SN vasculitis)
Filer et al. (29) 54 FMD macrocirculation Impaired Normal EDYV impaired in vascular beds
(SN vasculitis) clinically not involved by the
process
Gonzalez-Juanatey et al. (30) 6 FMD macrocirculation Impaired Normal Improvement of EDV response 4
(Giant cell arteritis) weeks after therapy onset
Chambers et al. (31) 19 FMD macrocirculation Impaired Normal Improvement of EDV with vitamin C
(Behget’s disease)
Oflaz et al. (32) 50 FMD macrocirculation Impaired Normal Impairment of EDV more prominent
(Behget’s disease) in patients with vascular
involvement
Kayikcioglu et al. (33) 65 FMD macrocirculation Impaired Impaired No correlation with vascular

(Behget’s disease)

involvement

EDV: Endothelium-dependent vasodilation; EIDV: endothelium-independent vasodilation; SN: systemic necrotizing.

dle aged patients with RA with low dis-
ease activity, free from cardiovascular
risk factors and overt CV diseases and
showed a significant reduction with re-
spect to controls, suggesting a correla-
tion with the disease associated chronic
inflammatory condition (20). In 2006
Bilsborough et al. evaluated a group of
9 RA patients at baseline and after 36
months of anti TNF-a treatment com-
pared with a control group of 5 RA pa-
tients on conventional therapy 2'. A sig-
nificant improvement of FMD follow-
ing anti TNF-a therapy was observed,
while the endothelium-independent
response was unaffected. Although Van
Doornum et al. found a normal FMD,
but large and small artery compliance
significantly reduced in 25 young (ages
<55 years) RA patients with active,

longstanding disease (22), these find-
ings were consistent with several previ-
ous observations. Hurlimann et al. ob-
served a modest increase in FMD when
infliximab was added to conventional
therapy in 11 RA patients followed-up
for 12 months (23). Infliximab therapy
was also associated with decreased
levels of adhesion molecules (24) and
improved insulin resistance (25). More
recently, Gonzalez-Juanatey et al. de-
scribed an improvement of EF in 8 long
standing RA patients after a short (12
weeks) period of treatment with adali-
mumab concomitantly with clinical and
biochemical disease remission (26). An-
other therapeutic approach to improve
endothelial dysfunction in RA patients
includes the use of statins (27).

Studies conducted in systemic vasculitis
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have shown an impaired FMD, with
no correlation with disease activity, or
other variables such as disease dura-
tion, autoantibody profile, type of or-
gan involvement. Raza et al. have ob-
served an improvement of EF in 7 over
12 patients after therapy, however no
changes were observed in the remain-
ing five patients (28). In a study of 54
patients with different types of systemic
vasculitis, Filer et al. have observed the
presence of reduced FMD also in vas-
cular beds clinically not involved by
the inflammatory process (29). On this
basis, they speculated that endothelial
dysfunction could be the consequence
of both an acute inflammatory state
(reversible after therapy) and an estab-
lished vascular damage (not reversible
with treatment).
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In 6 patients with active biopsy-proven
giant cell arteritis, Gonzalez-Juanatey
et al. serially tested FMD before and
after starting steroid therapy (48 hrs, 4
weeks, 2 years) (30). At baseline, the
authors found a significantly impaired
endothelium-dependent  vasodilation.
An improvement of vascular response
was observed in all patients 4 weeks af-
ter the onset of therapy concomitantly
with a clinical and biochemical remis-
sion which was maintained 2 years later,
after the end of the treatment.

FMD was found to be altered in patients
with Behcet’s disease. In 2001 Cham-
bers et al. reported an impaired EF as-
sessed by FMD in 19 patients with Be-
he¢et’s syndrome and active disease (31).
Similarly, in 2005 Oflaz et al. observed
a reduction of the vascular response in
50 Behget’s patients compared to the
healthy controls finding a significantly
lower endothelium-dependent vasodil-
ation in the group with documented
previous or actual vascular involvement
(arterial or venous) (32). The associa-
tion between vascular involvement and
FMD, however, was not confirmed in a
cohort of 65 patients (33).

Data obtained in systemic lupus ery-
thematosous (SLE) patients showed an
altered FMD but normal endothelium-
independent vasodilation (34-36). In a
recent study assessing 62 SLE patients,
El-Magadmi et al. described an inverse
association between EF and intima-me-
dia thickness; each 0.01 cm increase
in IMT being associated with a 0.92%
decrease in FMD (35). This finding
supports the concept that EF is associ-
ated with carotid IMT, an early marker
of atherosclerosis. Recently Piper et al.
have evaluated the correlation between
EF and the development of CV damage
and/or disease. EF was assessed in 36
female SLE patients, which were fol-
lowed for the subsequent 5 years. En-
dothelium dependent response was al-
tered in patients with respect to controls
while no differences were observed
relatively to endothelium independent
vasodilation. Endothelial dysfunction
was not correlated with the subsequent
development of damage or occurrence
of CV disease (37).

One single study conducted on patients
with 25 Sjogren’s syndrome (SS) has

shown an impaired FMD and a signifi-
cant correlation with the presence of
Raynaud’s phenomenon but not with
other serological or clinical parameters
(38).

Recently, Szucs et al. showed a signifi-
cant FMD reduction, as compared to
controls, in 29 patients with systemic
sclerosis (SSc) (39). No change in endo-
thelium-independent vasodilation was
observed. Finally, an improvement of
FMD in SSc patients after therapy with
bosentan (40) and prostaglandin El
(PGEL1) (41), but not with ascorbic acid
(42) has been described.

2. Evaluation of microcirculation

In microcirculation, EF can be evalu-
ated in functionally isolated vascu-
lar districts, such as the forearm and
coronary circulations (5, 6). The iso-
lated and perfused forearm technique
is a minimally invasive test, since it
requires brachial artery cannulation for
the administration of endothelial ago-
nists (such as acetylcholine, ACh) for
assessing changes in blood flow (meas-
ured by plethysmography), which are
representative of modification in local
vascular resistance (increase in flow =
vasodilation). Endothelium-dependent
vasodilation is commonly estimated by
the dose-response curve to intra-arterial
ACh. Endothelium-independent vasodi-
lation is assessed by the dose-response
curve to intra-arterial sodium nitroprus-
side (SNP), a direct smooth muscle re-
laxant. To evaluate NO availability, ace-
tylcholine infusion can be repeated in
the presence of the specific NO synthase
inhibitor, NG-monomethyl-L-arginine
(L-NMMA). The limitation of this test is
mainly represented by its invasiveness,
which limits the number of patients en-
rolled and the possibility to repeat testing
frequently. Nonetheless, peripheral inva-
sive tests are required to study the mech-
anisms of endothelial patho-physiology,
since evaluation of the mere vasodilating
response is not equivalent to the study
of NO availability, which represents
the crucial marker of EF. Thus, clinical
studies should demonstrate not only the
presence of a reduced (and/or improved
after treatment) endothelium-dependent
vasodilation but also blunted (and/or im-
proved/restored) NO availability.
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In coronary microcirculation, EF can be
evaluated by coronary angiography and
Doppler under the stimulation by local
agonists infusion, induction of shear
stress or mixed stimuli (cold pressor
test, mental stress, exercise) (5, 6).
Few studies have evaluated EF in the
peripheral microcirculation, particu-
larly in patients with RA and systemic
vasculitis (Tables I and III). In 2002
Bergholm et al. evaluated vascular
function in a group of 10 newly diag-
nosed RA patients (disease duration
<18 months) at baseline and after 6
months of therapy (43). Vasodilation to
SNP and ACh were significantly lower
in patients than in the control group. A
significant restoration of response to
ACh was observed after 6 months of
therapy (NSAIDS, DMARDS, steroids)
along with an improvement of the clini-
cal and biochemical disease activity pa-
rameters. On the contrary the response
to SNP was only slightly increased.
These data suggested that the impair-
ment of EF was selectively restored by
therapy. In 2003, Hansel et al. prospec-
tively investigated EF in 8 long-term
RA patients, with low grade disease
activity as measured by DAS 28 (44).
EF was assessed during Methotrexate
treatment and after switching to Etaner-
cept. The authors found a significantly
impaired endothelium-dependent va-
sodilatation to ACh in patients as com-
pared to controls, while no alterations
in endothelium-independent response
were observed. Switching therapy did
not result in an improvement of ACh
response after 2 weeks of treatment.
One single study on 14 patients with
active ANCA associated systemic vas-
culitis showed an inverse correlation be-
tween response to ACh and disease activ-
ity (45). EF was restored in 10 patients
treated with anti TNF-a. agents (in addi-
tion to steroids and/or traditional immu-
nosuppressive drugs) concomitantly with
a clinical and laboratory remission. En-
dothelium-independent responses were
not reduced compared with controls.

Other vascular approaches

Alternative non-invasive approaches
have been recently developed to study
vascular biology in the peripheral cir-
culation. These rely on the ability of the
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2 agonist salbutamol to reduce arterial
stiffness and wave reflection measured
by pulse wave analysis (radial artery
tonometry), in an NO-dependent man-
ner without significant reduction in
blood pressure when given by inhaler at
standard clinical doses (46, 47). Simi-
larly, reactive hyperemia has been used
to elicit changes in conduit artery pulse
wave velocity and digital pulse volume
that can be measured by oscillometry
to identify limb arterial pulse pres-
sure, wave form, timing, and also dig-
ital pulse amplitude tonometry (48, 49).
However, when using these techniques,
the relative contribution of structural al-
terations in the vessel wall and endothe-
lial dependent biology remains un-
certain. Further validation is therefore
required, which should include a wider
study of their reproducibility in differ-
ent age groups and stages of disease,
as well as clarification of their relation-
ships with other established measures
of EF. Moreover, these techniques are
not jet applied in patients with systemic
autoimmune diseases.

On the contrary, arterial stiffness has
been evaluated in systemic vasculitis,
RA and SLE patients (50-52). In ANCA
associated systemic vasculitis, carotid to
femoral pulse wave velocity (PWV), an
index of aortic stiffness, and augmenta-
tion index (AIx), which is a marker also
of peripheral wave reflections, were re-
lated with markers of active inflamma-
tion (IL6 and CRP) and they were simi-
lar to controls in patients with inactive
disease (50). In RA patients, increased
PWYV is associated with CV risk factors
including age, blood pressure and the
increase in trunk fat (53). AIx was also
reduced in RA patients (51). In a large
study including 220 SLE patients, tradi-
tional factors were primarily correlated
with PWV among post-menopausal
women, whereas SLE related factors
and inflammation were associated with
aortic stiffness among pre-menopausal
women (52).

Circulating markers of endothelial
function

Circulating markers of EF include direct
products of endothelial cells that change
when the endothelium is activated, such
as measures of NO biology, inflamma-
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tory cytokines, adhesion molecules, as
well as markers of endothelial damage
and repair. These markers are difficult
to measure and quite expensive, the
biological and assay availability and
variability limits their assessment in
individual patients and currently used
only in research settings.

Circulating levels of nitrites and ni-
trosylated proteins in part reflect en-
dothelial generation of NO, but are dif-
ficult to measure and may not always
represent endothelial NO production
(54). Asymmetric dimethylarginine
(ADMA) is an endogenously derived
competitive antagonist of NO synthase,
whose levels are elevated in subjects
with CV risk factors and are associated
with a reduction in NO bioavailabil-
ity in both animal and clinical studies
(55). Because ADMA levels have been
linked to preclinical atherosclerotic dis-
ease and an adverse outcome, they may
well prove to be a useful measure of en-
dothelial status and a potential marker of
risk in clinical practice (56). At present,
however, the assay remains challenging
and expensive.

Circulating endothelial cells (CEC)
that detach in the context of endothe-
lial activation and loss of integrity can
be measured in the circulation by both
flow cytometry and a combination of
magnetic bead selection and fluores-
cent microscopy (57). Elevated circu-
lating microparticles have been seen
in a variety of conditions associated
with endothelial activation or apopto-
sis (58). Their function is unclear, but
it may not reflect only the state of the
endothelium.

Circulating endothelial progenitor cells
(CEPC) can be characterized by the
expression of characteristic surface
markers, which are detectable by flow
cytometry, but the specificity of these
measurements is controversial since a
wide range of hematopoietic progenitor
cells, which include abundantly present
myeloid precursors, has the potential to
adopt an endothelial phenotype (59).
Further methods characterize CEPC
biology (quantification of the differ-
entiating potential into an endothelial
cell phenotype, determination of func-
tional characteristics, such as migration
toward a chemical stimulus adhesion,
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formation of vascular tubules, and
ability to attenuate ischemia in animal
models) (60).

Measurement of CEC and CEPC levels
provides a novel and exciting means
to follow the determinants of endothe-
lial injury and repair. Although the bal-
ance of these two cell populations has
already been linked to other in vivo
measures of EF, and has been shown
to be associated with future cardiovas-
cular events (61), these novel meas-
ures still remain far from clinical use.
Circulating markers of EF have been
tested in autoimmune diseases such as
RA and SSc with controversial results.
Del Papa et al. described significantly
higher levels of CEPC and CEC in a co-
hort of patients with early SSc (62). By
contrast, Kuwana et al. did not confirm
these findings, describing a reduced
number of CEPCs and an impaired ca-
pacity to differentiate into endothelial
mature cells in SSc patients (63). More
recently, Allanore et al. found higher
CEPCs levels in SSc patients than in
ostheaortritis patients but lower than in
RA patients (64). CEC levels resulted
also high both in SSc and RA patients
but did not correlate with CEPCs lev-
els (64). A decreased number of CEPCs
was described in RA patients with high-
er activity disease (65) and in a small
group of young RA patients with low
disease activity and impaired EF, as as-
sessed by forearm blood flow technique
(66). Finally, it has been hypothesized
that CEPCs depletion in RA patients
could be related to the accumulation of
the ADMA, suggesting a role of NO in
CEPC mobilization and survival (67).

Clinical significance of endothelial
dysfunction

An alteration of EF precedes the devel-
opment of atherosclerotic changes and
can also contribute to the development
of atherosclerotic lesions and later
clinical complications. Thus, reduced
EF is associated with most of the CV
risk factors (aging, menopause, smok-
ing, hypertension, dyslipidemia, diabe-
tes) (68) and with the presence of early
atherosclerosis (69). Moreover, in pa-
tients with established atherosclerosis,
disturbed vasomotion associated with
endothelial activation may contribute
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to transient myocardial ischemia or
changes in plaque composition and
biology, which may influence plaque
stability (7). These hypotheses are sup-
ported by the results of several longi-
tudinal studies showing that a single
measurement of EF in both the coro-
nary and peripheral (macro- and mi-
cro-) circulation can be of prognostic
value in a number of different clinical
cohorts, which include patients with
established coronary disease and at
high CV risk (7). FMD may have a
prognostic significance especially in
low risk population, since recent meta-
analysis showed that the relationship
between brachial artery FMD and 10-
year “Framingham risk score” was
more evident in low risk (only one CV
risk factor) as compared to moderate-
high risk population (70).

Impaired EF can be restored or im-
proved by non pharmacological and
pharmacological treatments in patients
with CV risk factors or diseases (71, 72).
However, only one study performed in
post-menopausal hypertensive women
showed that EF improvement is associ-
ated with a better CV prognosis (73). In
this study, FMD was evaluated before
and 6 months after antihypertensive
treatment. At the end of treatment two
groups of patients were identified: those
with no changes in FMD and those with
an improvement of at least 10% from
baseline After a mean follow-up of 67
months, cardiovascular event rate was
significantly lower in the group of pa-
tients whose FMD was improved as
compared to the other subgroup.

As far as systemic autoimmune dis-
eases are concerned, the few studies
assessing EF in the microvasculature
have shown the presence of reduced
endothelium-dependent vasodilation,
while no agreement exists on the pres-
ence of an alteration in the endothe-
lium-independent response. Unfortu-
nately, these studies did not explore the
presence of an altered NO availability.
Moreover, the very limited number of
the patients enrolled did not allow any
clinical and serological correlations.
On the other hand, in the macrocircula-
tion the majority of studies have shown
a selective impairment of endothe-
lium-dependent vasodilation, while

endothelium-independent response ap-
pears unaffected by the diseases. These
data strongly underline the different
information that could be obtained by
different techniques and suggests their
combined use in prospective cohorts.
No correlations have been observed
between FMD and clinical and sero-
logical variables, and no major differ-
ences were observed when comparing
patients with active and inactive dis-
ease, although improvement has been
frequently observed after therapy. As it
might be expected FMD is inversely re-
lated with the presence of an increased
carotid IMT, indicative or premature
atherosclerosis.

Limitations of the available studies
could still reside in the small number of
enrolled patients, but also in the hetero-
geneity of patients included (active and
inactive disease, different type of treat-
ment and disease duration, pre-exist-
ent CV diseases). Thus, the prognostic
significance of an altered EF in patients
with autoimmune diseases still appears
to be unclarified. Longitudinal studies
could help in assessing the predictive
significance of this test for the future
occurrence of CV diseases.

Conclusions

Endothelium plays a central role in the
maintenance of vascular homeostasis
and many data suggest that alteration
of its function may precede the devel-
opment or aggravate atherosclerotic
disease. Tests have been developed
to study EF in vivo, able to assess its
changes in relation with traditional CV
risk factors as well as after therapy.

As far as the methodologies are con-
cerned, in view of the complexities of
endothelium, EF assessment is very
difficult and results represent the inter-
action of several endothelial pathways.
No single test currently available is
specific for the vascular district tested
or the risk factor/diseases considered,
and a panel of several tests is therefore
needed to characterize the multiple as-
pects of endothelial biology.

It is important to underline the concept
that the study of vascular reactivity in
humans needs rigorous experimental
conditions, such as the population to be
enrolled. Indeed, since it was clearly
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demonstrated that ageing is a major
condition associated with endothe-
lial dysfunction (74, 75), it is crucial
that different populations selected are
matched for age profile. In addition, it
is important take into account all those
CV risk factors, together with any con-
current pharmacological therapy, which
could per se influence EF (68).

Studies in systemic autoimmune dis-
eases have evaluated EF both in pe-
ripheral micro and macrocirculation.
An altered EF has been observed, and
a reduced NO bioavailability has been
demonstrated in the microcirculation.
Changes of FMD after therapy have
also been described, however no clear
correlation with clinical and serologi-
cal variables have been obtained so
far, nor the prognostic significance of
endothelial dysfunction for the future
development of atherosclerosis been
clarified. Further longitudinal studies
appear therefore necessary to clarify
this issue.

References

1. LUSCHER TF, VANHOUTTE PM: The endothe-
lium: modulator of cardiovascular function.
Boca Raton: CRC Press; 1990.

2. TADDEI S, GHIADONI L, VIRDIS A, BURALLI
S, SALVETTI A: Vasodilation to bradykinin is
mediated by an ouabain-sensitive pathway
as a compensatory mechanism for impaired
nitric oxide availability in essential hyperten-
sive patients. Circulation 1999; 100: 1400-5.

3. OP DEN BUIIS J, MUSTERS M, VERRIPS T,
POST JA, BRAAM B, VAN RIEL N: Mathemati-
cal modeling of vascular endothelial layer
maintenance: the role of endothelial cell di-
vision, progenitor cell homing, and telomere
shortening. Am J Physiol Heart Circ Physiol
2004; 287: H2651-8.

4. AICHER A, HEESCHEN C, MILDNER-RIHM
C et al.: Essential role of endothelial nitric
oxide synthase for mobilization of stem and
progenitor cells. Nat Med 2003; 9: 1370-6.

5. DEANFIELD J, DONALD A, FERRI C et al.:
Endothelial function and dysfunction. Part
I: Methodological issues for assessment in
the different vascular beds: a statement by
THE WORKING GROUP ON ENDOTHELIN AND EN-
DOTHELIAL FACTORS OF THE EUROPEAN SOCI-
ETY OF HYPERTENSION. J Hypertens 2005; 23:
7-17.

6. DEANFIELD JE, HALCOX JP, RABELINK TJ:
Endothelial function and dysfunction: test-
ing and clinical relevance. Circulation 2007;
115: 1285-95.

7. LERMAN A, ZEIHER AM: Endothelial func-
tion: cardiac events. Circulation 2005; 111:
363-8.

8. SVENUNGSSON E, JENSEN-URSTAD K,
HEIM-BURGER M et al.: Risk factors for
cardiovascular disease in systemic lupus



REVIEW

10.

11.

12.

14.

16.

17.

19.

20.

21.

22.

23.

erythematosus. Circulation 2001; 104: 1887-
93.

. BRUCE IN, GLADMAN DD, UROWITZ MB:

Premature atherosclerosis in systemic lupus
erythematosus. Rheum Dis Clin North Am
2000; 26: 257-78.

BRUCE IN, UROWITZ MB, GLADMAN DD,
IBANEZ D, STEINER G: Risk factors for coro-
nary heart disease in women with systemic
lupus erythematosus: the Toronto Risk Fac-
tor Study. Arthritis Rheum 2003; 48: 3159-
67.

MANZI S: Systemic lupus erythematosus:
a model for atherogenesis? Rheumatology
(Oxford) 2000; 39: 353-9.

BACON PA, STEVENS RJ, CARRUTHERS DM,
YOUNG SP, KITAS GD: Accelerated athero-
genesis in autoimmune rheumatic diseases.
Autoimmun Rev 2002; 1: 338-47.

. SHOENFELD Y, GERLI R, DORIA A et al.:

Accelerated atherosclerosis in autoimmune
rheumatic diseases. Circulation 2005; 112:
3337-47.
SEYAHI E, YAZICI H: Atherosclerosis in Be-
heet’s syndrome. Clin Exp Rheumatol. 2007
25:S1-5.

. CELERMAIJER DS, SORENSEN KE, GOOCH

VM et al.: Non-invasive detection of endothe-
lial dysfunction in children and adults at risk
of atherosclerosis. Lancet 1992; 340: 1111-5.
JOANNIDES R, HAEFELI WE, LINDER L et al.
Nitric oxide is responsible for flow-depend-
ent dilatation of human peripheral conduit
arteries in vivo. Circulation 1995; 91: 1314-
9.

GHIADONI L, VERSARI D, MAGAGNA A et
al.: Ramipril dose-dependently increases ni-
tric oxide availability in the radial artery of
essential hypertension patients. J Hypertens
2007; 25: 361-6.

. GHIADONI L, HUANG Y, MAGAGNA A,

BURALLI S, TADDEI S, SALVETTI A: Effect of
acute blood pressure reduction on endothe-
lial function in the brachial artery of patients
with essential hypertension. J Hypertens
2001; 19: 547-51.

CORRETTI MC, ANDERSON TJ, BENJAMIN
EJ et al.: Guidelines for the ultrasound as-
sessment of endothelial-dependent flow-me-
diated vasodilation of the brachial artery: a
report of the International Brachial Artery
Reactivity Task Force. J Am Coll Cardiol
2002; 39: 257-65.

VAUDO G, MARCHESI S, GERLIR et al.: En-
dothelial dysfunction in young patients with
rheumatoid arthritis and low disease activity.
Ann Rheum Dis 2004; 63: 31-5.
BILSBOROUGH W, KEEN H, TAYLOR A,
O’DRISCOLL GJ, ARNOLDA L, GREEN DIJ:
Anti-tumour necrosis factor-alpha therapy
over conventional therapy improves en-
dothelial function in adults with rheumatoid
arthritis. Rheumatol Int 2006; 26: 1125-31.
VAN DOORNUM S, MCCOLL G, JENKINS A,
GREEN DJ, WICKS IP: Screening for athero-
sclerosis in patients with rheumatoid arthri-
tis: comparison of two in vivo tests of vas-
cular function. Arthritis Rheum 2003; 48:
72-80.

HURLIMANN D, FORSTER A, NOLL G et al.:
Anti-tumor necrosis factor-alpha treatment
improves endothelial function in patients

24.

25.

26.

217.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

Endothelial function in autoimmune diseases / L. Ghiadoni et al.

with rheumatoid arthritis. Circulation 2002;
106: 2184-7.

GONZALEZ-GAY MA, GARCIA-UNZUETA
MT, DE MATIAS IM et al.: Influence of anti-
TNF-alpha infliximab therapy on adhesion
molecules associated with atherogenesis in
patients with rheumatoid arthritis. Clin Exp
Rheumatol 2006; 24: 373-9.
GONZALEZ-GAY MA, DE MATIAS M,
GONZALEZ-JUANATEY C et al.: Anti-tumor
necrosis factor-alpha blockade improves in-
sulin resistance in patients with rheumatoid
arthritis. Clin Exp Rheumatol 2006; 24: 83-6.
GONZALEZ-JUANATEY C, LLORCA I,
SANCHEZ-ANDRADE A, GARCIA-PORRUA C,
MARTIN J, GONZALEZ-GAY MA: Short-term
adalimumab therapy improves endo-thelial
function in patients with rheumatoid arthritis
refractory to infliximab. Clin Exp Rheumatol
2006; 24: 309-12.

GAZI IF, BOUMPAS DT, MIKHAILIDIS DP, GA-
NOTAKIS ES: Clustering of cardiovascular
risk factors in rheumatoid arthritis: the ra-
tionale for using statins. Clin Exp Rheumatol
2007; 25: 102-11.

RAZA K, THAMBYRAJAH J, TOWNEND IJN et
al.: Suppression of inflammation in primary
systemic vasculitis restores vascular en-
dothelial function: lessons for atherosclerotic
disease? Circulation 2000; 102: 1470-2.
FILER AD, GARDNER-MEDWIN JM, THAMB-
YRAJAH ] et al.: Diffuse endothelial dys-
function is common to ANCA associated
systemic vasculitis and polyarteritis nodosa.
Ann Rheum Dis 2003; 62: 162-7.
GONZALEZ-JUANATEY C, LLORCA J, GAR-
CIA-PORRUA C, SANCHEZ-ANDRADE A,
MARTIN J, GONZALEZ-GAY MA: Steroid
therapy improves endothelial function in pa-
tients with biopsy-proven giant cell arteritis.
J Rheumatol 2006; 33: 74-8.

. CHAMBERS JC, HASKARD DO, KOONER JS:

Vascular endothelial function and oxidative
stress mechanisms in patients with Behcet’s
syndrome. J Am Coll Cardiol 2001; 37: 517-
20.

OFLAZ H, MERCANOGLU F, KARAMAN O et
al.: Impaired endothelium-dependent flow-
mediated dilation in Behcet’s disease: more
prominent endothelial dysfunction in pa-
tients with vascular involvement. Int J Clin
Pract 2005; 59: 777-81.

KAYIKCIOGLU M, AKSU K, HASDEMIR C et
al.: Endothelial functions in Behget’s dis-
ease. Rheumatol Int 2006; 26: 304-8.

LIMA DS, SATO EI, LIMA VC, MIRANDA F JR,
HATTA FH: Brachial endothelial function is
impaired in patients with systemic lupus ery-
thematosus. J Rheumatol 2002; 29: 292-7.
EL-MAGADMI M, BODILL H, AHMADYY et al.:
Systemic lupus erythematosus: an independ-
ent risk factor for endothelial dysfunction in
women. Circulation 2004; 110: 399-404.
KISS E, SOLTESZ P, DER H et al.: Reduced
flow-mediated vasodilation as a marker for
cardiovascular complications in lupus pa-
tients. J Autoimmun 2006; 27: 211-7.

PIPER MK, RAZA K, NUTTALL SL et al.: Im-
paired endothelial function in systemic lupus
erythematosus. Lupus 2007; 16: 84-8.
PIRILDAR T, TIKIZ C, OZKAYA S et al.: En-
dothelial dysfunction in patients with primary

686

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Sjogren’s syndrome. Rheumatol Int 2005; 25:
536-9.

. SZUCS G, TIMAR O, SZEKANECZ Z et al.:

Endothelial dysfunction precedes athero-
sclerosis in systemic sclerosis--relevance for
prevention of vascular complications. Rheu-
matology (Oxford) 2007; 46: 759-62.
SFIKAKIS PP, PAPAMICHAEL C, STAMATE-
LOPOULOS KS et al.: Improvement of vas-
cular endothelial function using the oral
endothelin receptor antagonist bosentan in
patients with systemic sclerosis. Arthritis
Rheum 2007, 56: 1985-93.

GIANNATTASIO C, POZZI M, GRADINALI
M et al.: Effects of prostaglandin Elalpha
cyclodestrin treatment on endothelial dys-
function in patients with systemic sclerosis.
J Hypertens 2007; 25: 793-7.

MAVRIKAKIS ME, LEKAKIS JP, PAPAM-
ICHAEL CM, STAMATELOPOULOS KS, KO-
STOPOULOS CHC, STAMATELOPOULOS SF:
Ascorbic acid does not improve endothe-
lium-dependent flow-mediated dilatation of
the brachial artery in patients with Raynaud’s
phenomenon secondary to systemic sclerosis.
Int J Vitam Nutr Res 2003; 73: 3-7.
BERGHOLM R, LEIRISALO-REPO M, VE-
HKAVAARA S, MAKIMATTILA S, TASKINEN
MR, YKI-JARVINEN H: Impaired responsive-
ness to NO in newly diagnosed patients with
rheumatoid arthritis. Arterioscler Thromb
Vasc Biol 2002; 22: 1637-41.

HANSEL S, LASSIG G, PISTROSCH F, PAS-
SAUER J: Endothelial dysfunction in young
patients with long-term rheumatoid arthritis
and low disease activity. Atherosclerosis
2003; 170: 177-80.

BOOTH AD, JAYNE DR, KHARBANDA RK
et al.: Infliximab improves endothelial dys-
function in systemic vasculitis: a model of
vascular inflammation. Circulation 2004,
109: 1718-23.

HAYWARD CS, KRAIDLY M, WEBB CM, COL-
LINS P: Assessment of endothelial function
using peripheral waveform analysis: a clini-
cal application. J Am Coll Cardiol 2002; 40:
521-8.

WILKINSON IB, HALL IR, MACCALLUM H et
al.: Pulse-wave analysis: clinical evaluation
of a noninvasive, widely applicable method
for assessing endothelial function. Arterio-
scler Thromb Vasc Biol 2002; 22: 147-52.
CHOWIENCZYK PJ, KELLY RP, MACCALLUM
H et al.: Photoplethysmographic assessment
of pulse wave reflection: blunted response to
endothelium-dependent beta2-adrenergic va-
sodilation in type II diabetes mellitus. J Am
Coll Cardiol 1999; 34: 2007-14.

KUVIN JT, PATEL AR, SLINEY KA et al.:
Assessment of peripheral vascular endothe-
lial function with finger arterial pulse wave
amplitude. Am Heart J 2003; 146: 168-74.
BOOTH AD, WALLACE S, MCENIERY CM
et al.: Inflammation and arterial stiffness
in systemic vasculitis: a model of vascular
inflammation. Arthritis Rheum 2004; 50:
581-8.

KLOCKE R, COCKCROFT JR, TAYLOR GJ,
HALL IR, BLAKE DR: Arterial stiffness and
central blood pressure, as determined by
pulse wave analysis, in rheumatoid arthritis.
Ann Rheum Dis 2003; 62: 414-8.



Endothelial function in autoimmune diseases / L. Ghiadoni et al.

52.

53.

54.

55.

56.

57.

58.

59.

60.

SELZER F, SUTTON-TYRRELL K, FITZGER-
ALD S, TRACY R, KULLER L, MANZI S: Vas-
cular stiffness in women with systemic lu-
pus erythematosus. Hypertension 2001; 37:
1075-82.

INABA M, TANAKA K, GOTO H et al.: Inde-
pendent association of increased trunk fat
with increased arterial stiffening in postmen-
opausal patients with rheumatoid arthritis.
J Rheumatol 2007; 34: 290-5.

RASSAF T, FEELISCH M, KELM M: Circulat-
ing NO pool: assessment of nitrite and ni-
troso species in blood and tissues. Free Radic
Biol Med 2004; 36: 413-22.

VALLANCE P, LEIPER J: Cardiovascular bi-
ology of the asymmetric dimethylarginine:
dimethylarginine ~ dimethylaminohydrolase
pathway. Arterioscler Thromb Vasc Biol
2004; 24: 1023-30.

BOGER RH, MAAS R, SCHULZE F, SCHWED-
HELM E: Elevated levels of asymmetric
dimethylarginine (ADMA) as a marker of
cardiovascular disease and mortality. Clin
Chem Lab Med 2005; 43: 1124-9.

GOON PK, BOOS CJ, LIP GY: Circulating en-
dothelial cells: markers of vascular dysfunc-
tion. Clin Lab 2005; 51: 531-8.

DIAMANT M, TUSHUIZEN ME, STURK A,
NIEUWLAND R: Cellular microparticles: new
players in the field of vascular disease? Eur J
Clin Invest 2004; 34: 392-401.

FUJIYAMA S, AMANO K, UEHIRA K et al.:
Bone marrow monocyte lineage cells ad-
here on injured endothelium in a monocyte
chemo-attractant protein-1-dependent man-
ner and accelerate reendothelialization as
endothelial progenitor cells. Circ Res 2003;
93: 980-9.

MUROHARA T, ASAHARA T, SILVER M et al.:

61.

62.

63.

64.

65.

66.

67.

68.

Nitric oxide synthase modulates angiogen-
esis in response to tissue ischemia. J Clin
Invest 1998; 101: 2567-78.

WERNER N, NICKENIG G: Clinical and thera-
peutical implications of EPC biology in
atherosclerosis. J Cell Mol Med 2006; 10:
318-32.

DEL PAPA N, QUIRICI N, SOLIGO D et al.:
Bone marrow endothelial progenitors are de-
fective in systemic sclerosis. Arthritis Rheum
2006; 54: 2605-15.

KUWANA M, KABURAKI J, OKAZAKI Y, YAS-
UOKA H, KAWAKAMI Y, IKEDA Y: Increase
in circulating endothelial precursors by ator-
vastatin in patients with systemic sclerosis.
Arthritis Rheum 2006; 54: 1946-51.
ALLANORE Y, BATTEUX F, AVOUAC J, AS-
SOUS N, WEILL B, KAHAN A: Levels of cir-
culating endothelial progenitor cells in sys-
temic sclerosis. Clin Exp Rheumatol 2007,
25: 60-6.

GRISAR J, ALETAHA D, STEINER CW et al.:
Depletion of endothelial progenitor cells in
the peripheral blood of patients with rheuma-
toid arthritis. Circulation 2005; 111: 204-11.
HERBRIG K, HAENSEL S, OELSCHLAEGEL U,
PISTROSCH F, FOERSTER S, PASSAUER J: En-
dothelial dysfunction in patients with rheu-
matoid arthritis is associated with a reduced
number and impaired function of endothelial
progenitor cells. Ann Rheum Dis 2006; 65:
157-63. Epub 2005 Jun 23.

SURDACKI A, MARTENS-LOBENHOFFER J,
WLOCH A et al.: Elevated plasma asymmet-
ric dimethyl-L-arginine levels are linked to
endothelial progenitor cell depletion and ca-
rotid atherosclerosis in rheumatoid arthritis.
Arthritis Rheum 2007; 56: 809-19.
BRUNNER H, COCKCROFT JR, DEANFIELD

687

REVIEW

69.

70.

71

72.

73.

74.

75.

J et al.: Endothelial function and dysfunc-
tion. Part II: Association with cardiovascular
risk factors and diseases. A statement by THE
WORKING GROUP ON ENDOTHELINS AND EN-
DOTHELIAL FACTORS OF THE EUROPEAN SOCI-
ETY OF HYPERTENSION. J Hypertens 2005; 23:
233-46.

GHIADONI L, TADDEI S, VIRDIS A et al.
Endothelial function and common carotid ar-
tery wall thickening in patients with essential
hypertension. Hypertension 1998; 32: 25-32.
WITTE DR, WESTERINK J, DE KONING EJ,
VAN DER GRAAF Y, GROBBEE DE, BOTS ML:
Is the association between flow-mediated di-
lation and cardiovascular risk limited to low-
risk populations? J Am Coll Cardiol 2005;
45: 1987-93.

. TADDEI S, GHIADONI L, VIRDIS A, VERSARI

D, SALVETTI A: Mechanisms of endothelial
dysfunction: clinical significance and preven-
tive non-pharmacological therapeutic strate-
gies. Curr Pharm Des 2003; 9: 2385-402.
TADDEI S, VIRDIS A, GHIADONI L, SUDANO
I, SALVETTI A: Effects of antihypertensive
drugs on endothelial dysfunction: clinical
implications. Drugs 2002; 62: 265-84.
MODENA MG, BONETTI L, COPPI F, BURSI
F, ROSSI R: Prognostic role of reversible en-
dothelial dysfunction in hypertensive post-
menopausal women. J Am Coll Cardiol
2002; 40: 505-10.

TADDEI S, VIRDIS A, MATTEI P et al.: Aging
and endothelial function in normotensive
subjects and patients with essential hyperten-
sion. 1995;91: 1981-7.

TADDEI S, VIRDIS A, GHIADONI L et al.:
Age-related reduction of NO availability and
oxidative stress in humans. Hypertension
2001; 38: 274-9.



