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Summary. The endothelium is a highly metabolically active
organ that is involved in many physiological processes,
including the control of vasomotor tone, barrier function,
leukocyte adhesion and traﬃcking, inﬂammation, and hemostasis. Endothelial cell phenotypes are diﬀerentially regulated in
space and time. Endothelial cell heterogeneity has important
implications for developing strategies in basic research, diagnostics and therapeutics. The goals of this review are to:
(i) consider mechanisms of endothelial cell heterogeneity;
(ii) discuss the bench-to-bedside gap in endothelial biomedicine;
(iii) revisit deﬁnitions for endothelial cell activation and
dysfunction; and (iv) propose new goals in diagnosis and
therapy. Finally, these themes will be applied to an understanding of vascular bed-speciﬁc hemostasis.

particular emphasis on: (i) the mechanisms of phenotypic
heterogeneity; (ii) the bench-to-bedside gap in endothelial
biomedicine; (iii) endothelial cell activation and dysfunction;
and (iv) the need for new diagnostic and therapeutic approaches in endothelial-based diseases.
Scales of investigation
The term ÔvascularÕ refers to blood vessels, the elaborate
series of blood-ﬁlled hollow tubes that deliver oxygen and
nutrients to all tissues of the human body. The vascular
system comprises both blood vessels and lymphatic vessels.
For purposes of this review, we will focus on the former. For
more information about lymphangiogenesis and lymphatic
endothelium, the reader is referred to several excellent
reviews [4–7].

Introduction
The endothelium, which forms the inner lining of the blood
vessels, is a truly expansive cell layer, weighing approximately
1 kg in an average-sized human and covering a total surface
area of 4000–7000 m2 [1]. Endothelial cells from a single
human, when lined end-to-end, would wrap more than four
times around the circumference of the earth. The endothelium is
not an inert cell layer, but rather is highly metabolically active,
participating in many homeostatic processes, including the
control of vasomotor tone, the trafﬁcking of cells and nutrients,
the maintenance of blood ﬂuidity, the regulation of permeability, and the formation of new blood vessels [2]. An important
feature of the endothelium is that its properties vary between
different sites of the vasculature and from one moment in time
to the next [3]. These differences reﬂect the capacity of the
endothelium to respond to the unique needs of the underlying
tissue. As an important corollary, the endothelium is heterogeneous in its response to pathophysiological stimuli, thus
contributing to the focal nature of vasculopathic disease states.
The goal of this review is to provide an overview of the
spatial and temporal dynamics of the endothelium with a
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Arteries and veins

Most of our knowledge about the vasculature is restricted to
conduit vessels, namely the large arteries and veins (Table 1).
Arteries deliver well-oxygenated (red colored) blood from the
heart to the various tissues of the body, whereas veins collect
and return deoxygenated blood (blue in color) back to the
heart. Arteries have a thick muscular wall; veins have a thin,
distensible wall. Arteries pulsate, whereas veins do not. Large
arteries are located deep within tissues, and are thus protected
from traumatic injury. Veins lie both deep and superﬁcial. So
distinct are these properties that until the discovery of the
capillaries in the 17th century, arteries and veins were
considered to be completely separate systems.
From a clinical standpoint, physicians and surgeons are far
more informed about disorders of conduit vessels, than they are
of the microcirculation. The most commonly recognized
disease of arteries is atherosclerosis. Indeed, acute myocardial
infarction and stroke account for a full 40% of fatalities in the
United States in people older than 40 years. Arterial lesions
that occur outside the coronary and carotid circulation – for
e.g. in the renal artery or iliac/femoral artery – are more likely
to cause chronic symptoms and signs. The most common
disorders of veins are varicosities and deep venous thrombosis.
In contrast to arteries, venous obstruction results in impaired
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Table 1 Properties of arteries, veins and capillaries
Arteries

Veins

Capillaries

Discovery

Recognized and characterized by
Hippocrates and Galen

Recognized and characterized
by Hippocrates and Galen

Surface area
Blood Volume
Length
Pressure
Velocity
Valves
VSMC
Wall components
Wall thickness
Diameter
pO2 (blood)
pCO2 (blood)
Function

+
450 mL

+
2800 mL

++++*
++++
Absent
Present
Endothelium, I/M/A
++++
0.02–10 mm
++++*
+
Conduit, blood pressure control

Involvement in
disease (examples)

Atherosclerosis, Buerger’s disease,
Kawasaki’s Disease, aneurisms, embolus

+
+++
Present
Present
Endothelium, I/M/A
++
0.03–12.5 mm
+
++++
Conduit, reservoir, temperature
regulation, leukocyte emigration
Varicose veins, telangiectasias, DVT

Existence surmised by William Harvey
in 17th century, ﬁrst observed
by Marcello Malpighi in 17th century
++++++
250 mL
60 000–100 000 miles
++
+
Absent
Absent
Endothelium/pericytes/ECM
+
5–8 lM
++
++
Exchange (e.g. gases, nutrients)
Most disease states
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Vena cava

Veins

Capillaries

Arterioles
2000

Arteries

4000
Aorta

Capillaries are the macroscopically invisible blood vessels that
connect arterioles (arterial side) to venules (venous side), thus
creating a closed circulation. If the arteries and veins are
considered the major conduits of the vascular tree, capillaries
represent the Ôbusiness endÕ of the circulation, carrying out the
bulk of exchange (of gases and nutrients) with underlying
tissue. In keeping with Fick’s law of diffusion, capillaries
comprise the vast majority of the surface area of the circulation
(Fig. 1). Moreover, they have an extremely thin wall, consisting
of a single layer of endothelial cells surrounded to a variable
degree by occasional pericytes and extracellular matrix. Indeed,
capillaries are so densely packed as to be in intimate contact
with virtually every cell of the body.
A helpful way to place arteries, veins and capillaries into
perspective is to consider the analogy of a roadmap of the
United States. The large interstate highways are analogous to
the arteries and veins of the body – major routes of
transportation into which or from which local routes ﬂow. At
this scale, the equivalent of the capillaries is not visible. To
recognize the capillaries, one must zoom in on the cities and
towns, where they are represented by the neighborhood streets,
roads, and back alleys. Just as each neighborhood has a unique
architecture and is adapted to the local needs of population,
each capillary bed – whether in the brain, lung, kidney or other
organ – is topologically distinct. City neighborhoods and
capillary beds are both vulnerable to dysfunction through
mechanisms that are highly site-speciﬁc.

Linear
velocity (cm/s)

Capillaries

Total cross-sectional
area (cm2)

drainage of blood, secondary swelling, and increased risk for
pulmonary embolus.

Venules

VSMC, vascular smooth muscle cells; I, intima; M, media; A, adventitia; ECM, extracellular matrix; DVT, deep venous thrombosis.
*Pulmonary artery is exception.
Diﬀerence in ﬂow rate in arterial tree (aorta to precapillary arterioles) eight orders of magnitude, whereas shear stress varies by a factor of only two
[56].

0

40
20
0

Fig. 1. Surface area of the human vasculature. Shown is the estimated
total cross-sectional area of the vascular tree in humans (top) and the
linear velocity (bottom). The cross-sectional area of the more clinically
recognized blood vessels (coronary, carotid and peripheral arteries) represents a tiny fraction of the total. Reprinted from Physiology and Biophysics, Vol. 2, 20th edn, E.O. Feigl, pp. 10–22, with permission from
Elsevier.

It is noteworthy that the ﬁelds of vascular biology, vascular
medicine and vascular surgery have focused primarily on just a
few (albeit critical) inches of the vascular tree – namely the large
arteries of the heart and brain, and the deep veins of the leg – an
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inﬁnitesimally narrow focal point relative to the tens of
thousands of miles of uncharted territory in the microvascular
beds of every organ in the human body. This hidden, underexplored circulation holds important clues about the pathophysiology of most, if not all, human disease states.
Endothelium

The endothelium represents the cellular interface between
circulating blood and underlying tissue. To return to the map
analogy, if the arteries and veins of the body represent the
interstate highways, and the capillaries the neighborhood
streets, the endothelium may be thought of as the city sidewalk,
brimming with life, commerce, and activity. Ary Goldberger has
argued that health is associated with organized (fractal chaoticlike) complexity, and disease with loss of variability [8]. Like the
bustling urban sidewalk, the healthy endothelium is highly
active and adaptive (we will return to this concept later). Loss of
organized complexity, whether in deserted downtown districts,
isolated suburban towns, or the endothelium, is characteristic of
disease. Indeed, Goldberger’s theory of decomplexiﬁcation
supports the counter-intuitive notion that it is the dysfunctional
endothelium that approaches quiescence [9].
While 20 years ago, one was hard pressed to name more that
a small number of diseases in which the endothelium played a
primary role (namely atherosclerosis), today it may be argued
that the endothelium plays a part in most if not all diseases,
either as a primary determinant of pathophysiology or a Ôvictim
of collateral damageÕ (Table 2).
Bench-to-bedside gap in endothelial biomedicine
A recent search for the key term ÔendotheliumÕ on PubMed
yielded no fewer than 92 000 articles. These numbers reﬂect
untold hours of Ôsweat and toilÕ on the part of investigators, not
to mention billions of dollars of research funding. In clinical
practice, however, the endothelium is largely ignored. Physicians are poorly attuned to the health of this cell layer. The
indices of clinical textbooks contain few if any entries for the
ÔendotheliumÕ or Ôendothelial cellsÕ. Medical school curriculum
are generally lacking in courses on endothelium or the vascular
tree. The above discordance amounts to one of the most
striking examples of a bench-to-bedside gap in biomedicine
today.
There are several possible explanations for this chasm
(Table 3). First, medicine was fragmented into myriad subspecialties well before there was an appreciation for the
important functional of for the endothelium in health and
disease. Thus, endothelial cell specialists tend to work with
colleagues in their organ-speciﬁc discipline, rather than with
like-minded ÔendotheliogistsÕ from other subspecialties. A
second reason is that the endothelium is hidden from view
and is poorly accessible in the patient. The endothelium
does not lend itself to inspection, palpation, percussion or
auscultation. Although certain other organs such as the
pancreas and kidney are also difﬁcult to examine at the bedside,

Table 2 Examples of endothelial involvement in human disease
Disease

Selected references

Hematology–oncology
Cancer
Hemoglobinopathies
SSD
Thalassemia
Hemachromatosis
Myeloproliferative diseases
Bone marrow transplantation
Transfusion medicine
TTP/HUS
Coagulation

[59–62]
[63,64]
[65]
[66,67]
[68,69]
[70–73]
[74,75]
[33,34]

Infectious disease
Infection
Sepsis

[76–78]
[79,80]

Cardiology
Atherosclerosis
Congestive heart failure
Valvular heart disease

[81–86]
[87–90]
[91,92]

Pulmonary
Asthma
COPD
Pulmonary hypertension
ARDS

[93,94]
[95,96]
[97–99]
[3,100]

Nephrology
Acute renal failure
Chronic renal failure

[101–103]
[104–106]

Gastroenterology
Peptic ulcer disease
Inﬂammatory bowel disease
Hepatitis
Cirrhosis
Pancreatitis

[107,108]
[109,110]
[111,112]
[113,114]
[115,116]

Rheumatology
Rheumatoid arthritis
Scleroderma

[117–119]
[120–122]

Endocrinology
Diabetes

[123,124]

Neurology
Stroke
Multiple sclerosis

[125–127]
[128,129]

Other
Pre-eclampsia

[130,131]

[57,58]

SSD, sickle cell disease; TTP, thrombotic thrombocytopenic purpura;
HUS, hemolytic uremic syndrome; COPD, chronic obstructive pulmonary disease; ARDS, acute respiratory distress syndrome.

they are spatially conﬁned in space and are thus amenable to
diagnostic imaging. Moreover, whereas disease of these latter
organs is associated with changes in blood chemistry (e.g.
amylase, blood urea nitrogen, and creatinine), endothelial
dysfunction occurs in the absence of reliable circulating
markers. Thirdly, the endothelium – like other organs in the
body – is highly complex and displays emergent properties such
that the whole is far greater than the sum of its parts. Most
endothelial cell biologists (this author included) study speciﬁc
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In summary, the bench-to-bedside gap arises from a
convergence of circumstances, ranging from the drift in cellular
phenotype in vitro, the inability to predict higher order
behavior from studies of isolated cells, the out-of-sight-outof-mind nature of the cell layer in clinical practice, and the
orphan status – from a subspecialty standpoint – of the
endothelium as a clinically relevant organ.

Table 3 Explaining the bench-to-bedside gap in endothelial biomedicine
1.
2.
3.
4.

Historical legacies*
Out-of-sigh-out-of-mind
Phenomenon of emergenceà
Adaptiveness§

*Medicine was divided into subspecialties long before the endothelium
was recognized as a functional entity.
Endothelium is not readily accessible to the practicing clinician, thus
may be overlooked.
à
Endothelium, like every biological system displays emergent properties in which the whole is greater than the sum of the parts. In other
words, its behavior cannot be fully predicted by studying the parts
(endothelial cells) in isolation (cell culture). Studying endothelial cells
in vitro is analogous to studying an ant or a ﬁsh outside the context of
its colony or school, respectively.
§
The endothelium, perhaps more than most other organs, is highly
adaptive and ﬂexible. When removed from its native environment and
cultured in vitro the endothelial cell is like a ﬁsh out of water, behaving
in ways that run counter to its in vivo counterpart.

No two endothelial cells are identical
Each of our 60 trillion endothelial cells is analogous to a
miniature adaptive input–output device (Fig. 2). Input arises
from the extracellular environment and may include biomechanical and biochemical forces (Table 4). The nature of the
output depends on the level of organization and scale of
investigation. For example, single endothelial cells may undergo a change in cell shape or alteration in protein or mRNA
expression, or they may proliferate, migrate or undergo
apoptosis. Monolayers of endothelial cells express barrier
properties and may be assayed for adhesion and transmigration
of white blood cells. Other properties of the endothelium
emerge only in the context of the blood vessel, whole organ or
organism, such as endothelial-dependent regulation of vasomotor tone, angiogenesis, and redistribution of blood ﬂow.
The input–output device is of course not a black box, but
rather contains a highly elaborate non-linear array of dynamic
signal transduction pathways that couple signals at the
membrane surface to cellular response or phenotype.
The input from the microenvironment differs in space and
time. For example, the blood–brain barrier endothelium is
exposed to astroglial-derived factors, whereas capillary
endothelium in the heart is subject to paracrine signals

aspects of endothelial cell function in tissue culture and in doing
so tend to overlook critical levels of organization that are
essential to a full understanding go the system. Just as one could
never predict the behavior of an ant colony by studying an
individual ant in isolation, one cannot rely solely on isolated
endothelial cells to fully understand the endothelium in health
and disease. Finally, the endothelium, more so than most tissues
in the human body, is extraordinarily adaptive and ﬂexible. It is
like a chameleon, Ômarching to the tuneÕ of the local microenvironment. Indeed, so tightly coupled is the endothelium to the
extracellular milieu that when it is removed from its native
environment and grown in tissue culture, it undergoes phenotypic drift. Therefore, any results from in vitro studies must be
interpreted with caution and ultimately validated in vivo.
Capillary (detail)
B
A

Vein
(thin muscle layer)

Endo cell a
Input I

Endo cell b
Input II

Endothelium

Venule
Capillaries
Arteriole

Output I

Output II

Artery
(thick muscle layer)

Fig. 2. Endothelial cell as an input–output device. There are approximately 60 trillion endothelial cells in the human body. Each of these endothelial
cells (two are shown in detail) integrates input from the extracellular environment and uses this information to generate output. As input changes in time
and space (e.g. between diﬀerent vascular beds, diﬀerent segments of the vascular loop, and between neighboring endothelial cells), so too does output.
This gives rise to phenotypic heterogeneity. Examples of spatially and temporally regulated input are thrombin, tumor necrosis factor-a and lipopolysaccharide. Examples of output are hemostatic balance, vasomotor tone, leukocyte adhesion and transmigration. Each input signal is coupled to
transcriptional and post-transcriptional events through overlapping yet distinct signaling pathways (shown schematically by shapes and arrows). Endo,
endothelial. Illustrated by Steve Moskowitz.
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Table 4 Examples of endothelial input and output*

Table 5 Examples of Phenotypic Heterogeneity of Endothelium

Input
Biomechanical
Circumferential stress
Circumferential strain
Longitudinal stress
Longitudinal strain
Cyclic strain
Shear stress
Biochemical
Hypoxia
Glucose
Pathogens
Growth factors
Extracellular matrix
Sex hormones
Serine proteases
Chemokines
Cytokines
Nucleosides
Sphingolipids
Lipoproteins
Contact system
Heparan
Nitric oxide
Cell–cell interactions
Hyperthermia/hypothermia
Acid base balance

Gene/protein

Distribution*

vWF
TFPI
EPCR
t-PA
TM
Heparan

V [50,132]
C [47]
V/A
A
V/A/C except in brain [23]
EC AT-binding sites vary between tissues and
within organs [133]; HS diﬀerentially
distributed in vessels [134]
A
Undetectable in normal endothelium
A/V; variable in C; absent in normal
fenestrated EC
Abluminal surface of splanchnic endothelium;
undetectable in cardiac endothelium
A; non-fenestrated capillary
endothelium [135,136]
Adult lung, kidney and GI endothelium
[137,138]; tumor endothelium
HEV [139]
HEV [139]
A [140,141]
V [142]
A [143]
A [144]
A [145]
A [146]

Output
Level of single cell
Cell shape
Calcium ﬂux
Protein translation
Post-translational modiﬁcation
Gene expression
Proliferation
Migration
Apoptosis
Level of cellular monolayer
Barrier function
Leukocyte adhesion
Level of blood vessel/organ/organism
Vasomotor tone
Angiogenesis
Antigen presentation
Inﬂammation
Activation of coagulation with ﬁbrin deposition
*Not shown are the myriad intracellular signal transduction pathways

from neighboring cardiomyocytes. Input also varies within the
same organ. For example, in the heart, endothelial cells that
line the epicardial arteries and endocardium are exposed to
vastly different wall stresses. Endothelial cells in arteries and
veins are exposed to distinct hemodynamic forces, pO2 and pH.
Finally, input varies even on a micro-scale. For example,
Davies et al. [10] have demonstrated differences in hemodynamic forces between neighboring endothelial cells.
As input is coupled to output, variation in the extracellular
environment across space and time leads to phenotypic
heterogeneity (Table 5). Indeed, if the phenotype of a given
endothelial cell could somehow be color coded, e.g. by

eNOS
TF
CD39 (NTPDase-1)
CD39L1
(NTPDase-2)
RPTPl
ESM-1 (endocan)
MECA-79
GlcNAc6ST
EphrinB2
EphB4
Notch 4
Gridlock
Sox-13
Activin receptorlike kinase 1
EPAS-1
HRT1-3
Neuropilin-1
Neuropilin-2
EG-VEGF
signaling
Egr-1

NF-jB

A [147]
A [148]
V [149]
A [150]
Steroidogenic glands [151]
Brain and heart endothelium [152]; induced
in endothelium by VEGF, EGF,
atherosclerosis [152,153]
Preferential expression at sites of
atherosclerosis [154]

A, arteries; V, veins; C, capillaries; HEV, high endothelial venules; EC,
endothelial cells; vWF, von Willebrand factor; TFPI, tissue factor
pathway inhibitor; EPCR, endothelial protein C receptor; t-PA, tissuetype plasminogen activator; TM, thrombomodulin; PAR, proteaseactivated receptor; eNOS, endothelial nitric oxide synthase; TF, tissue
factor; ESM-1, endothelial speciﬁc molecule-1, AT, antithrombin; HS,
heparan sulfate.
*Vessel type in which the gene (mRNA and/or protein) is predominantly expressed.

mapping its transcriptome, proteome and/or function, then at
any given point in time, the normal endothelium would display
a rich color palette (Fig. 3). If one were to Ôroll the ﬁlmÕ and
observe the endothelium in real time, the colors would fade and
brighten, and perhaps even ﬂicker on and off like lights on a
Christmas tree. To return to the theory of decomplexiﬁcation,
diseased or dysfunctional endothelium would be associated
with a restricted color palette, and/or a reduction in the degree
and frequency of ﬂickering.
If all endothelial cells in the vasculature were intrinsically
identical, the link between environmental input and cellular
output would be sufﬁcient to fully explain the phenomenon of
 2005 International Society on Thrombosis and Haemostasis
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The relative contribution of environment and epigenetics in
mediating phenotypic heterogeneity has important therapeutic
implications. For example, the more the phenotypes are
epigenetically ﬁxed, the less plastic is the endothelium
(Fig. 5). Site-speciﬁc phenotypes that are non-heritable will
be more responsive to therapeutic manipulation of the
surrounding microenvironment, compared with their epigenetic counterparts.
Endothelial cell activation and dysfunction

Health

Disease

Fig. 3. The endothelial color palette. In this hypothetical scheme,
endothelial cell phenotype is represented by a color shade. Left, At any
given point in time, the endothelium would display a rich color palette.
These colors likely change from one moment to the next. Right, According
to a model of decomplexiﬁcation, the dysfunctional endothelium may
display a more restricted range of colors. In addition (or alternatively),
decomplexiﬁcation may be associated with a loss of variability over time
(e.g. less ﬂuctuation in color shades). Illustrated by Steve Moskowitz.

endothelial heterogeneity (Fig. 4). However, in all likelihood
endothelial cells are not intrinsically identical. Rather, the local
extracellular environment may induce epigenetic changes
within the endothelium. As a result, certain site-speciﬁc
properties of endothelial cells are mitotically heritable and are
thus Ôlocked inÕ. While epigenetic changes are thought to occur
primarily during embryonic development, it is tempting to
speculate that they may also arise in the postnatal period as a
consequence of disease or aging.

When considering the role of the endothelium in disease, the
two most common terms that are used are endothelial cell
activation and endothelial cell dysfunction. Each of these terms
is discussed below and qualiﬁed based on recent advances in the
ﬁeld.
The concept of endothelial cell activation ﬁrst arose from
in vitro studies demonstrating the ability of well deﬁned stimuli
[e.g. lectin phytohemagglutinin, endotoxin, tumor necrosis
factor (TNF)-a and interleukin (IL)-1] to induce the expression
of so-called Ôactivation antigensÕ on the surface of endothelial
cells (Ia-like antigen; ELAM-1, later designated E-selectin).
These changes were in turn correlated with the expression of
pro-adhesive, antigen-presenting and procoagulant activities
[11–20]. The term ÔactivationÕ was considered to reﬂect the
capacity of endothelial cells to perform new functions without
evidence of cell injury or cell division [21].
Although not intended as such, the initial observations
regarding endothelial cell activation have given way over the
years to the notion of the endothelium as a toggle switch.
According to this view, quiescent endothelial cells express an
anticoagulant, antiadhesive and vasodilatory phenotype,

Output A

Input A
‘Nurture’
(Microenvironment)

Endothelial
cell
Output B

Input B

‘Nature’
(Epigenetics)

Endothelial
cell

Output A

Endothelial
cell

Output C

Input A

Fig. 4. Mechanisms of endothelial cell heterogeneity. If endothelial cells are intrinsically identical (top), then spatial and temporal diﬀerences in input
signals (e.g. input A, B) will result in spatial and temporal diﬀerences in output (output A, B), resulting in heterogeneity. If endothelial cells are
epigenetically modiﬁed (bottom), then they may display heterogeneous phenotypes (output A, C) at rest and/or in response an identical input (input A).
Both mechanisms are operative in the intact organism and contribute to generation and maintenance of endothelial cell heterogeneity. Reprinted from
Endothelial Cells in Health and Disease, 1st edn, W.C. Aird, with permission from Taylor & Francis.
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Cell A

Cell B

Sequential passaging in tissue culture
P1
Pn
Cell line A
Nature
Cell line B

Cell line A

Nature/
nurture
Cell line B

Cell line A
Nurture
Cell line B

Fig. 5. Boundaries of plasticity. In this conceptual scheme, endothelial
cells are removed from two diﬀerent sites of the vascular tree (for simplicity, neighboring endothelial cells are shown) and propagated in vitro
under identical culture conditions indeﬁnitely from passage (P) one to
passage ÔnÕ. Three hypothetical scenarios are shown. Top, If all site-speciﬁc
properties are mitotically heritable (epigenetic), then the cellular phenotype (represented by color) will be impervious to subsequent changes in the
extracellular environment and remain constant over multiple passages.
Middle, If all site-speciﬁc properties are non-heritable and tightly (and
reversibly) coupled to the immediate extracellular milieu, then the cellular
phenotype of the two cells will ultimately reach identity. Bottom, If sitespeciﬁc properties are controlled by a combination of epigenetics and
microenvironment (as is actually the case), the cellular phenotype will
approach but never reach equivalence. The more these phenotypes
approximate each other over sequential passages, the more plastic they
are. The less they approach each other in phenotype, the less plastic or
more ﬁxed they are. These boundaries of plasticity may change with
disease or aging (the height of the rectangle is inversely correlated with
plasticity). Illustrated by Steve Moskowitz.

whereas activated endothelial cells express procoagulant, proadhesive and vasoconstricting properties. However, the notion
that endothelial cell activation is an all-or-none phenomenon is
an over-simpliﬁcation.

For one, endothelial cells follow a spectrum of response (one
only has to look at dose–response studies to appreciate this
point). Thus, the endothelium is more analog in its behavior
than it is digital.
Secondly, what constitutes activation for one cell type at a
particular snapshot in time may not meet the deﬁnition of
activation at another site or another moment in time. For
example, while P-selectin is considered a marker for endothelial
cell activation, it is constitutively expressed in dermal microvessels of uninﬂamed skin [22]. As another example, inﬂammation is associated with reduced thrombomodulin (TM)
expression in endothelial cells. However, the brain expresses
little or no TM to begin with [23]. The toggle hypothesis would
suggest that the blood–brain barrier is in a chronic state of
activation. This of course is not the case. Rather, the brain
relies on other anticoagulants to balance local hemostasis. The
important message, for purposes of this discussion, is that
endothelial cell activation must be adjudicated in an appropriate temporal and spatial context.
Thirdly, not all inﬂammatory mediators or endothelial cell
activators are created equal [24]. Commonly studied mediators
such as TNF-a, thrombin and lipopolysaccharide exert overlapping, yet distinct effects on endothelial cell phenotypes [25].
Finally, the terms ÔactivationÕ and ÔactivityÕ are not synonymous. Normal endothelium is by its very nature highly active –
constantly sensing and responding to alterations in the local
extracellular environment, as might occur in the setting of
transient bacteremia, minor trauma and other common daily
stresses, most of which we are not consciously aware.
In summary, endothelial cell activation is not an all-ornothing response, nor is it necessarily linked to disease. Instead,
endothelial cell activation represents a spectrum of response
and occurs under both physiological and pathophysiological
conditions.
Early descriptions of endothelial cell dysfunction focused on
structural changes or loss of anatomical integrity, particularly in
the context of atherosclerosis [26]. Following RossÕ response-toinjury hypothesis [27], there was a growing appreciation that the
intact endothelium may actively contribute to disease initiation
and/or progression [28]. The term endothelial cell dysfunction
was ﬁrst coined in 1980 to describe hyper-adhesiveness of the
endothelium to platelets [29]. In 1986, acetylcholine was shown
to induce paradoxical vasoconstriction of coronary arteries in
early and advanced human atherosclerosis, suggesting that
abnormal vascular response to acetylcholine may represent a
defect in endothelial vasodilator function [30]. Subsequently, a
role for endothelial-leukocyte adhesion molecules was implicated in the pathogenesis of atherosclerosis [31,32].
Given that basic and clinical research in vascular biology has
focused predominantly on coronary (and to a lesser extent
carotid) arteries, it is not surprising that the term endothelial
cell dysfunction is most often used to describe changes
associated with atherosclerosis. However, endothelial cell
dysfunction is not restricted anatomically to large arteries,
nor is it limited in disease scope to atherosclerosis. Indeed, the
term endothelial cell dysfunction may be broadly applied to
 2005 International Society on Thrombosis and Haemostasis
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states in which the endothelial cell phenotype – whether or not
it meets the deﬁnition of activation – poses a net liability to the
host, as occurs locally in coronary artery disease or systemically
in sepsis. Assigning liability scores is of course a subjective
exercise. An evolutionary biologist might argue that endothelial
cell dysfunction is most relevant in its effect on an individual’s
reproductive capacity. A physician would surely expand the
meaning of dysfunction to include a far broader spectrum of
morbidity. An investigator interested in applying evolutionary
principles to an understanding of endothelium in health and
disease would point out that the endothelium evolved to a state
of maximal ﬁtness in the early ancestral environment, and is
not adapted to withstand the rigors of high fat diet, epidemics
associated with high density populations, sedentary lifestyle or
old age.
To summarize, endothelial cell activation represents a
predeﬁned phenotype of the endothelium. Although highly
speciﬁc to location and time, the activated phenotype generally
consists of some combination of increased cell adhesiveness,
shift in hemostatic balance to the procoagulant side, secretion
of inﬂammatory mediators and change in cell survival/proliferation. In contrast, endothelial cell dysfunction represents the
cost of the endothelial cell phenotype to the host, and as such
represents a more subjective (and in many ways, post hoc)
determination.
Diagnostic and therapeutic implications
An important goal in vascular biology is to develop novel tools
for interrogating the endothelium in humans. Several diagnostic assays hold promise for the future. These include the use of
proteomics to measure panels of circulating biomarkers,
systematic analyses of pathology specimens from different
vascular beds, quantitation and phenotyping of circulating
endothelial cells and microparticles, the development of
vascular bed-speciﬁc catheters, and the application of molecular imaging techniques. A full discussion of these methods is
beyond the scope of the current review. However, it should be
emphasized that the successful pursuit of diagnostic strategies is
a prerequisite for major advances in endothelial-based therapy.
The endothelium has enormous, though largely untapped
potential as a therapeutic target. The endothelium is strategically located between the blood and tissue and is therefore
rapidly and preferentially exposed to systemically administered
agents. The endothelium is highly plastic and thus amenable to
therapeutic modulation. Finally, in establishing a dialogue with
the underlying tissue, the endothelium provides the pharmacotherapist with a direct line of communication with every
organ in the body.
When applying concepts of endothelial cell activation and
endothelial cell dysfunction to a consideration of therapeutics,
it is important to recognize that endothelial cells may be
activated – for e.g. they may express a phenotype that is
characteristic of an inﬂammatory response – without being
dysfunctional. Indeed, there are many instances in which
endothelial cell activation is a welcome response, whether in
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wound healing, physiological angiogenesis, local defense
against pathogens and foreign bodies. Therapy is perhaps best
reserved for cases in which the phenotype of the endothelium
(whether or not it meets the deﬁnition of activation) represents
a net liability to the host. The notion that endothelial cells
resemble input–output devices and that their behavior is not
binary, but continuous, has important therapeutic implications. The goal in treating the endothelium is not to reset the
switch, but rather to ﬁne-tune and recalibrate the cell, nudging
it back to its ideal state. An important challenge is to learn how
to determine the nature of that ideal state. Endothelial cell
dysfunction usually arises from otherwise adaptive responses
(or at least ones that were adaptive in the ancestral environment) that are now excessive, sustained, or spatially and/or
temporally misplaced. The transition between endothelial cell
function and dysfunction is not always clear. As more effective
treatments become available for attenuating dysfunctional
endothelium, it will be important to avoid overshooting the
desired effect or ÔlobotomizingÕ the cells. Finally, given that
endothelial cell phenotypes vary according to time and location
in the vascular tree – in both health and disease – it will be
essential to target therapy to speciﬁc vascular beds.
Applying principles of endothelial cell biology to an
understanding of hemostasis
Hemostasis represents a ﬁnely tuned balance between anticoagulant and procoagulant forces. A tip in the hemostatic scale
is associated with one of two clinical phenotypes, bleeding or
clotting. An interesting feature of the hypercoagulable states is
the propensity to develop thrombotic lesions in discrete and
characteristic sites of the vascular tree [33,34]. For example,
patients with congenital deﬁciency of protein C, protein S or
antithrombin III (ATIII) have a propensity to form clots in
deep veins but not arteries. On the contrary, those with
nephrotic syndrome and acquired ATIII deﬁciency are at
particularly high risk for renal vein thrombosis. Warfarininduced skin necrosis, which is associated with acute depletion
of functional protein C relative to the other vitamin
K-dependent serine proteases, confers a high risk for thrombosis in postcapillary venules of the dermis [35–37].
The idea that hemostasis is regulated by vascular bed-speciﬁc
mechanisms is supported by genetic mouse models. For
example, mice carrying the factor V Leiden mutation have
increased ﬁbrin levels in the lung, heart, spleen kidney and
brain [38]. A functional deﬁciency of TM results in vascular
bed-speciﬁc ﬁbrin deposition in mixed genetic backgrounds,
but not in a C57BL strain [39]. Compared with wild-type mice,
over-expression of ﬁbrinogen resulted in increased ﬁbrin
deposition in the spleen, but not in the heart, liver, lung, brain
or kidney [40]. Remarkably, when the hyper-ﬁbrinogenemia
mice were crossed with C57BL/TM)/) animals, ﬁbrin deposition in the spleen was abrogated, while ﬁbrin levels increased
further in the liver [40]. Lineage-speciﬁc deletion of TM in the
endothelium of mice resulted in severe thrombosis and lethal
consumptive coagulopathy [41]. Fibrin deposition was

1400 W. C. Aird

increased in all tissues examined except the brain [41]. On the
opposite side of the hemostatic scale, deﬁciency of procoagulant proteins is associated with organ-speciﬁc hemorrhage.
Tissue factor (TF))/) mice that have been genetically engineered to express low levels of human TF have develop
spontaneous bleeding in the adult heart, whereas mice that
are null for factor IX have no such defect [42].
An important question is how a systemic imbalance in
clotting factors results in local thrombosis. A common response
is to invoke Virchow’s triad and conclude that the systemic
imbalance is channeled locally by stasis of ﬂow and/or loss of
vascular integrity [43–45]. For example, the propensity to
develop deep venous thrombosis in congenital hypercoagulable
states may be explained by relative stasis of blood in the lower
extremities. Likewise, the increased risk for patients with
heparin-induced thrombocytopenia (HIT) to develop clot at
sites of invasive procedures or vascular lines may be attributed
to disruption of the vascular wall [46].
However, the use of Virchow’s triad, as it was originally
proposed, to explain the systemic hypercoagulability-local
thrombosis paradox does not ﬁt all occasions. For example,
patients with warfarin-induced necrosis do not have detectable
loss of vascular integrity. The same is true for patients with
myeloproliferative disorders and hepatic vein thrombosis, or
post-bone-marrow-transplantation patients with veno-occlusive disease of the liver. Yet in each case, a systemic imbalance
in hemostatic factors is translated into a local thrombotic
phenotype.
The paradox is best explained by considering the biology of
the endothelium. Endothelial cells are mini-factories for
hemostatic factors. On the anticoagulant side, endothelial
cells synthesize tissue factor pathway inhibitor (TFPI), heparan, ecto-ADPase, TM, endothelial protein C receptor
(EPCR), nitric oxide, tissue-type plasminogen activator
(t-PA), and cyclo-oxygenase. On the procoagulant side, the
endothelium produces plasminogen activator inhibitor (PAI)1, thromboxane, von Willebrand factor (vWF), proteaseactivated receptors, and possibly TF. In keeping with the
theme of heterogeneity, the expression of these hemostatic
factors varies in space and time. For example, on the spatial
axis, TFPI is expressed predominantly in the microvascular
endothelium [47], EPCR in the conduit vessels [48], TM in
blood vessels of every caliber in all organs except the brain
[23], t-PA in the pulmonary artery and pia mater of the brain
[49], vWF on the venous side of the circulation [50], and
endothelial nitric oxide synthase on the arterial side [51,52].
Expression of each of these products also varies over time. For
example, in animal models of sepsis, endotoxin induces
expression of vWF, TF and PAI-1 in ways that differ between
vascular beds [50,53]. Based on the these observations, it seems
likely that under normal conditions, endothelial cells from
different sites of the vascular tree rely on different ÔformulasÕ of
anticoagulants and procoagulants to balance local hemostasis
(Fig. 6).
These observations provide a foundation for a new perspective of hemostasis (Fig. 7). According to this model, the healthy
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Fig. 6. Site-speciﬁc hemostatic formulas. Each endothelial cell contributes
to the hemostatic balance by expressing and/or secreting surface receptors
and soluble mediators. Receptors include the protease-activated receptors
(or TR, thrombin receptor), thrombomodulin, tissue factor (TF), ectoADPase (not shown). Soluble mediators include von Willebrand factor
(vWF), plasminogen activator inhibitor-1 (PAI-1), tissue-type plasminogen activator (t-PA), tissue factor pathway inhibitor (TFPI), and heparan.
Each of these factors is diﬀerentially expressed from one site of the vascular tree to another. Thus at any point in time, the hemostatic balance is
regulated by vascular bed-speciﬁc ÔformulasÕ. Shown is a hypothetical
example, in which an endothelial cell from a liver capillary relies more on
vWF, PAI-1 and TFPI to balance hemostasis, whereas an endothelial cell
from a lung capillary expresses more thrombin receptor, t-PA and heparan. Adapted with permission from W.C. Aird, Crit Care Med. 2001 July;
29(7 Suppl.): S28–34.

liver produces a relatively constant supply of serine proteases,
cofactors (factors V and VIII, and protein S), ﬁbrinogen, and
ATIII. The bone marrow releases a constant number of
monocytes and platelets each day, cells which are capable of
expressing TF and/or providing cell surface membrane for
assembly of clotting factor reaction complexes. The liverderived proteins and the bone marrow-derived blood cells are
systemically distributed to the various tissues of the body where
they are integrated into the unique hemostatic balance of each
and every vascular bed.
When there is a change in the systemic balance of proteins
and/or cells – for e.g. congenital deﬁciency of protein C,
activated monocytes in sepsis, or activated platelets in HIT –
the systemic imbalance will interact with local endothelialderived balances in ways that differ from one site to the next,
resulting in vascular bed-speciﬁc thrombin generation and
ﬁbrin deposition. As one example, the observation that
warfarin-induced skin necrosis, homozygous protein C deﬁciency and meningococcemia/purpura fulminans are each associated with a deﬁciency in functional protein C and dermal
microvascular thrombosis, suggests that the local hemostatic
balance of dermal postcapillary endothelial cells is disproportionately sensitive to systemic changes in protein C.
According to the above model, normal variation in endothelial properties is sufﬁcient to explain the systemic imbalancelocal thrombosis paradox. However, local changes in one or
another vascular bed may also contribute to (or accentuate) the
thrombotic phenotype. For example, subsets of endothelial
cells may become activated and/or dysfunctional, leading to a
local shift in hemostatic balance. Alternatively, stasis of ﬂow –
 2005 International Society on Thrombosis and Haemostasis
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Fig. 7. Integrated model of hemostasis. The liver (left) produces the serine proteases, cofactors ﬁbrinogen of the clotting cascade (shown as Y-shape); and
many of the circulating natural anticoagulants [shown are protein C (C), protein S (S), antithrombin III (ATIII)]. The bone marrow (right) releases
monocytes and platelets, which are capable of expressing tissue factor and/or an activated cell surface. The liver and bone marrow-derived proteins and
cells are systemically distributed and integrated into the unique hemostatic balance of each vascular bed (shown are balances in two hypothetical vascular
beds). Monos, monocytes; PLT, platelets. Adapted with permission from W.C. Aird, Crit Care Med. 2001 July; 29(7 Suppl.): S28–34.

arising from immobilization contractions, external compression, increased hydrostatic pressure, accumulation of leukocytes, and/or vasoconstriction – may contribute to the local
imbalance. Reduced blood ﬂow not only impairs clearance of
activated serine proteases and cells, but also results in hypoxia
and reduced laminar shear stress, both of which may promote a
procoagulant endothelial phenotype. Finally, a disruption or
denudation of the endothelium (e.g. as occurs in trauma or
surgery) may result in the exposure of blood to TF in the
subendothelial vessel wall.
In addition to providing a useful conceptual framework for
understanding the local nature of thrombotic diathesis, this
revised scheme recognizes the involvement of four functionally
linked organ systems in mediating coagulation, namely the
liver, the bone marrow, the cardiovascular system and the
endothelium. In this way, one is reminded of the importance of
the hepatocyte in synthesizing the serine proteases, the two
co-factors, ﬁbrinogen as well as the natural anticoagulants,
ATIII, protein C and protein S; the critical role of the
TF-expressing monocyte in initiating coagulation; the participation of the platelet in localizing and perpetuating the
coagulation response; and the importance of the endothelial
cell as an important manufacturer of hemostatic factors and
regulator of the hemostatic balance. Moreover, the scheme
incorporates both primary and secondary hemostasis. All too
often, the cellular and soluble phases of coagulation are
perceived as separate and independent entities that operate in
series, when in fact they are highly integrated, parallel
processes.
Given the mosaic-like nature of the hemostatic balance, an
important goal will be to decode the equations (anticoagulants
and procoagulants) that govern vascular bed-speciﬁc hemostasis. This may be accomplished, in part, through continued
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proteomic and genomic mapping of the intact endothelium.
Future efforts to model site-speciﬁc hemostasis will need to
take into consideration not only the mix of classic endothelialderived procoagulants and anticoagulants, but also the relative
contribution of other local hemostatic forces, including
regional ﬂow, monocyte and platelet interactions, and microparticle release.
Another strategy that may yield important information
about local balances is the use catheters to sample blood from
different sites of the vascular tree. The current practice of
assaying pooled venous blood from the brachial vein risks
overlooking Ôhot spotsÕ in the vascular tree by virtue of a
dilution effect. It is not out of the question that circulating
endothelial cells and microparticles may carry information
about the hemostatic balance from their sites of origin and that
such a signature may ultimately be leveraged for diagnostic
and/or therapeutic gain. Finally, the ﬁeld of molecular imaging,
while in its infancy, will likely revolutionize our capacity to
interrogate the endothelium and to assay for activation
peptides and ﬁbrin deposition in real time.
By correlating the pattern of expression of hemostatic genes
with the phenotype of genetic mouse models of hyper- and
hypo-coagulability, we should gain additional insight into sitespeciﬁc balances. As one example, the ﬁnding that endothelial
cell-speciﬁc deletion of TM increases ﬁbrin deposition in the
many tissues except the brain is consistent with the observation
that TM is expressed at low levels in the brain to begin with
[23,41]. When taken together, these data suggest that the
vasculature of the brain relies on anticoagulant mechanisms
other than TM to balance local hemostasis. Countering these
ﬁndings, however, is the observation that mice null for protein
C develop extensive thrombosis in the brain during embryogenesis and in the neonatal period [54]. Clearly, much work
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needs to be done to unravel the complexities of the in vivo
models.
With few exceptions, anticoagulation therapy is administered systemically, either orally, or by the subcutaneous or
intravenous route. Most if not all agents inhibit coagulation
throughout the vasculature, and not just locally where they are
needed. For this reason, the therapeutic window of these agents
is exceedingly narrow and the risk for bleeding disproportionately high. Over the past years, there has been a concerted effort
to develop new classes of anticoagulants with improved safety
proﬁles.
With continued advances in endothelial cell biology, it will
ultimately be possible to tailor anticoagulant strategies to
speciﬁc vascular beds. To some extent, such an effort has
already begun – although the methods are relatively crude and
the results anecdotal. Examples include the local administration of thrombolytic agents to venous or arterial clots, and the
use of the protein C zymogen, which might be predicted to
undergo maximal activation at sites of demand. A more
detailed understanding of site-speciﬁc balances should provide
a powerful foundation of site-speciﬁc therapy.
Conclusions
The ﬁrst successful isolation of human endothelial cells in 1973
has been said to mark the beginning of Ômodern vascular
biologyÕ [55]. There is no question that the cell culture system
provided the research community with a powerful new tool for
dissecting endothelial cell biology and paved the way for
breathtaking advances in the ﬁeld. Indeed, most of our presentday knowledge about the endothelium – from cell surface
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Fig. 8. The scientiﬁc model in endothelial cell biology. Protocols for
reliably culturing endothelial cells in vitro did not exist before the 1970s.
Thus, investigators focused on the endothelium in the context of the intact
blood vessel or whole animal. These studies – which revolved largely
around ultrastructure and physiology – engendered an integrated (or
holistic) approach to vascular biology (Ôpre-modernÕ research). The
discovery of endothelial cell culture in 1973 has been said to mark the
beginning of modern vascular biology. As powerful and important as the
cell culture system may be, it cannot – when used alone – reliably address
properties of emergence. There is increasing appreciation for the importance of an integrated approach, in which in vitro and in vivo strategies are
employed together. Illustrated by Steve Moskowitz.

receptors, to signaling pathways, transcriptional networks,
cytoskeleton, and cellular function – is directly attributable to
our capacity to study endothelial cells in culture. It may be
argued, however, that cell culture studies – in and of themselves
– are beginning to yield diminishing returns. Simply put, the
in vitro system fails to fully capture the spatial and temporal
dynamics of the endothelium. An important challenge for the
future is to learn how best to leverage the advantages of in vitro
and in vivo approaches to further advance the ﬁeld and narrow
the chasm between bench and bedside (Fig. 8).
Acknowledgements
This work was supported by National Institute of Health
Grants HL076540 and HL36028.
References
1 Wolinsky H. A proposal linking clearance of circulating lipoproteins
to tissue metabolic activity as a basis for understanding atherogenesis.
Circ Res 1980; 47: 301–11.
2 Cines DB, Pollak ES, Buck CA, Loscalzo J, Zimmerman GA,
McEver RP, Pober JS, Wick TM, Konkle BA, Schwartz BS, Barnathan ES, McCrae KR, Hug BA, Schmidt AM, Stern DM. Endothelial cells in physiology and in the pathophysiology of vascular
disorders. Blood 1998; 91: 3527–61.
3 Aird WC. Endothelial cell heterogeneity. Crit Care Med 2003; 31:
S221–30.
4 Kim H, Dumont DJ. Molecular mechanisms in lymphangiogenesis:
model systems and implications in human disease. Clin Genet 2003;
64: 282–92.
5 Lohela M, Saaristo A, Veikkola T, Alitalo K. Lymphangiogenic
growth factors, receptors and therapies. Thromb Haemost 2003; 90:
167–84.
6 Saharinen P, Petrova TV. Molecular regulation of lymphangiogenesis. Ann N Y Acad Sci 2004; 1014: 76–87.
7 Jeltsch M, Tammela T, Alitalo K, Wilting J. Genesis and pathogenesis
of lymphatic vessels. Cell Tissue Res 2003; 314: 69–84.
8 Goldberger AL, Amaral LA, Hausdorﬀ JM, Ivanov P, Peng CK,
Stanley HE. Fractal dynamics in physiology: alterations with disease
and aging. Proc Natl Acad Sci U S A 2002; 99: 2466–72.
9 Aird WC. Endothelial cell dynamics and complexity theory. Crit Care
Med 2002; 30: S180–5.
10 Davies PF, Zilberberg J, Helmke BP. Spatial microstimuli in endothelial mechanosignaling. Circ Res 2003; 92: 359–70.
11 Pober JS, Gimbrone MA Jr. Expression of Ia-like antigens by human
vascular endothelial cells is inducible in vitro: demonstration by
monoclonal antibody binding and immunoprecipitation. Proc Natl
Acad Sci U S A 1982; 79: 6641–5.
12 Pober JS, Bevilacqua MP, Mendrick DL, Lapierre LA, Fiers W,
Gimbrone MA Jr. Two distinct monokines, interleukin 1 and tumor
necrosis factor, each independently induce biosynthesis and transient
expression of the same antigen on the surface of cultured human
vascular endothelial cells. J Immunol 1986; 136: 1680–7.
13 Bevilacqua MP, Pober JS, Mendrick DL, Cotran RS, Gimbrone MA
Jr. Identiﬁcation of an inducible endothelial-leukocyte adhesion
molecule. Proc Natl Acad Sci U S A 1987; 84: 9238–42.
14 Bevilacqua MP, Stengelin S, Gimbrone MA Jr, Seed B. Endothelial
leukocyte adhesion molecule 1: an inducible receptor for neutrophils
related to complement regulatory proteins and lectins. Science 1989;
243: 1160–5.
15 Bevilacqua MP, Pober JS, Wheeler ME, Cotran RS, Gimbrone MA
Jr. Interleukin-1 activation of vascular endothelium. Eﬀects on

 2005 International Society on Thrombosis and Haemostasis

Endothelial dynamics 1403

16

17

18

19

20

21
22

23

24

25

26
27

28

29
30

31

32

33
34
35

procoagulant activity and leukocyte adhesion. Am J Pathol 1985; 121:
394–403.
Bevilacqua MP, Pober JS, Majeau GR, Cotran RS, Gimbrone MA
Jr. Interleukin 1 (IL-1) induces biosynthesis and cell surface expression of procoagulant activity in human vascular endothelial cells.
J Exp Med 1984; 160: 618–23.
Bevilacqua MP, Pober JS, Wheeler ME, Cotran RS, Gimbrone
MA Jr. Interleukin 1 acts on cultured human vascular endothelium
to increase the adhesion of polymorphonuclear leukocytes,
monocytes, and related leukocyte cell lines. J Clin Invest 1985; 76:
2003–11.
Bevilacqua MP, Pober JS, Majeau GR, Fiers W, Cotran RS,
Gimbrone MA Jr. Recombinant tumor necrosis factor induces procoagulant activity in cultured human vascular endothelium: characterization and comparison with the actions of interleukin 1. Proc Natl
Acad Sci U S A 1986; 83: 4533–7.
Schleimer RP, Rutledge BK. Cultured human vascular endothelial
cells acquire adhesiveness for neutrophils after stimulation with
interleukin 1, endotoxin, and tumor-promoting phorbol diesters.
J Immunol 1986; 136: 649–54.
Gamble JR, Harlan JM, Klebanoﬀ SJ, Vadas MA. Stimulation of the
adherence of neutrophils to umbilical vein endothelium by human
recombinant tumor necrosis factor. Proc Natl Acad Sci U S A 1985;
82: 8667–71.
Pober JS, Cotran RS. Cytokines and endothelial cell biology. Physiol
Rev 1990; 70: 427–51.
Weninger W, Ulfman LH, Cheng G, Souchkova N, Quackenbush EJ,
Lowe JB, von Andrian UH. Specialized contributions by alpha(1,3)fucosyltransferase-IV and FucT-VII during leukocyte rolling in dermal microvessels. Immunity 2000; 12: 665–76.
Ishii H, Salem HH, Bell CE, Laposata EA, Majerus PW. Thrombomodulin, an endothelial anticoagulant protein, is absent from the
human brain. Blood 1986; 67: 362–5.
Pober JS, Gimbrone MA Jr, Lapierre LA, Mendrick DL, Fiers W,
Rothlein R, Springer TA. Overlapping patterns of activation of
human endothelial cells by interleukin 1, tumor necrosis factor, and
immune interferon. J Immunol 1986; 137: 1893–6.
Dekker RJ, van Soest S, Fontijn RD, Salamanca S, de Groot PG,
VanBavel E, Pannekoek H, Horrevoets AJ. Prolonged ﬂuid shear
stress induces a distinct set of endothelial cell genes, most speciﬁcally
lung Kruppel-like factor (KLF2). Blood 2002; 100: 1689–98.
Florey. The endothelial cell. Br Med J 1966; 5512: 487–90.
Ross R, Glomset JA. Atherosclerosis and the arterial smooth muscle
cell: proliferation of smooth muscle is a key event in the genesis of the
lesions of atherosclerosis. Science 1973; 180: 1332–9.
Schwartz SM, Gajdusek CM, Reidy MA, Selden SC III, Haudenschild CC. Maintenance of integrity in aortic endothelium. Fed Proc
1980; 39: 2618–25.
Gimbrone MA Jr (ed.). Endothelial Dysfunction and the Pathogenesis
of Atherosclerosis. New York: Springer-Verlag, 1980.
LudmerPL,SelwynAP,ShookTL,WayneRR,MudgeGH,Alexander
RW,GanzP.Paradoxical vasoconstriction induced by acetylcholine in
atherosclerotic coronary arteries. N Engl J Med 1986; 315: 1046–51.
Cybulsky MI, Gimbrone MA. Endothelial expression of a mononuclear leukocyte adhesion molecule during atherogenesis. Science 1991;
251: 788–91.
Osborn L, Hession C, Tizard R, Vassallo C, Luhowskyj S, Chi-Rosso
G, Lobb R. Direct expression cloning of vascular cell adhesion
molecule 1, a cytokine-induced endothelial protein that binds to
lymphocytes. Cell 1989; 59: 1203–11.
Rosenberg RD, Aird WC. Vascular-bed – speciﬁc hemostasis and
hypercoagulable states. N Engl J Med 1999; 340: 1555–64.
Aird WC. Vascular bed-speciﬁc hemostasis: role of endothelium in
sepsis pathogenesis. Crit Care Med 2001; 29: S28–35.
Chan YC, Valenti D, Mansﬁeld AO, Stansby G. Warfarin induced
skin necrosis. Br J Surg 2000; 87: 266–72.

 2005 International Society on Thrombosis and Haemostasis

36 Stewart AJ, Penman ID, Cook MK, Ludlam CA. Warfarin-induced
skin necrosis. Postgrad Med J 1999; 75: 233–5.
37 Comp PC, Elrod JP, Karzenski S. Warfarin-induced skin necrosis.
Semin Thromb Hemost 1990; 16: 293–8.
38 Cui J, Eitzman DT, Westrick RJ, Christie PD, Xu ZJ, Yang AY,
Purkayastha AA, Yang TL, Metz AL, Gallagher KP, Tyson JA,
Rosenberg RD, Ginsburg D. Spontaneous thrombosis in mice carrying the factor V Leiden mutation. Blood 2000; 96: 4222–6.
39 Weiler H, Lindner V, Kerlin B, Isermann BH, Hendrickson SB,
Cooley BC, Meh DA, Mosesson MW, Shworak NW, Post MJ,
Conway EM, Ulfman LH, von Andrian UH, Weitz JI. Characterization of a mouse model for thrombomodulin deﬁciency. Arterioscler
Thromb Vasc Biol 2001; 21: 1531–7.
40 Kerlin B, Cooley BC, Isermann BH, Hernandez I, Sood R, Zogg M,
Hendrickson SB, Mosesson MW, Lord S, Weiler H. Cause–eﬀect
relation between hyperﬁbrinogenemia and vascular disease. Blood
2004; 103: 1728–34.
41 Isermann B, Hendrickson SB, Zogg M, Wing M, Cummiskey M,
Kisanuki YY, Yanagisawa M, Weiler H. Endothelium-speciﬁc loss of
murine thrombomodulin disrupts the protein C anticoagulant pathway and causes juvenile-onset thrombosis. J Clin Invest 2001; 108:
537–46.
42 Pawlinski R, Fernandes A, Kehrle B, Pedersen B, Parry G, Erlich J,
Pyo R, Gutstein D, Zhang J, Castellino F, Melis E, Carmeliet P,
Baretton G, Luther T, Taubman M, Rosen E, Mackman N. Tissue
factor deﬁciency causes cardiac ﬁbrosis and left ventricular dysfunction. Proc Natl Acad Sci U S A 2002; 99: 15333–8.
43 Janssens S, Van de Werf F. Cardiology. Acute coronary syndromes:
Virchow’s triad revisited. Lancet 1996; 348: sII2.
44 Makin A, Silverman SH, Lip GY. Peripheral vascular disease and
Virchow’s triad for thrombogenesis. Qjm 2002; 95: 199–210.
45 Breddin HK. Thrombosis and Virchow’s triad: what is established?
Semin Thromb Hemost 1989; 15: 237–9.
46 Aird WC, Mark EJ. Case records of the Massachusetts General
Hospital. Weekly clinicopathological exercises. Case 15–200. A
53-year-old man with a myocardial infarct and thromboses after
coronary-artery bypass grafting. N Engl J Med 2002; 346: 1562–70.
47 Osterud B, Bajaj MS, Bajaj SP. Sites of tissue factor pathway inhibitor
(TFPI) and tissue factor expression under physiologic and pathologic
conditions. On behalf of the Subcommittee on Tissue factor Pathway
Inhibitor (TFPI) of the Scientiﬁc and Standardization Committee of
the ISTH. Thromb Haemost 1995; 73: 873–5.
48 Laszik Z, Mitro A, Taylor FB Jr, Ferrell G, Esmon CT. Human
protein C receptor is present primarily on endothelium of large blood
vessels: implications for the control of the protein C pathway.
Circulation 1997; 96: 3633–40.
49 Levin EG, Banka CL, Parry GC. Progressive and transient expression
of tissue plasminogen activator during fetal development. Arterioscler
Thromb Vasc Biol 2000; 20: 1668–74.
50 Yamamoto K, de Waard V, Fearns C, Loskutoﬀ DJ. Tissue distribution and regulation of murine von Willebrand factor gene expression in vivo. Blood 1998; 92: 2791–801.
51 Andries LJ, Brutsaert DL, Sys SU. Nonuniformity of endothelial
constitutive nitric oxide synthase distribution in cardiac endothelium.
Circ Res 1998; 82: 195–203.
52 Pollock JS, Nakane M, Buttery LD, Martinez A, Springall D, Polak
JM, Forstermann U, Murad F. Characterization and localization of
endothelial nitric oxide synthase using speciﬁc monoclonal antibodies.
Am J Physiol 1993; 265: C1379–87.
53 Drake TA, Cheng J, Chang A, Taylor FB Jr. Expression of tissue
factor, thrombomodulin, and E-selectin in baboons with lethal
Escherichia coli sepsis. Am J Pathol 1993; 142: 1458–70.
54 Jalbert LR, Rosen ED, Moons L, Chan JC, Carmeliet P, Collen D,
Castellino FJ. Inactivation of the gene for anticoagulant protein C
causes lethal perinatal consumptive coagulopathy in mice. J Clin
Invest 1998; 102: 1481–8.

1404 W. C. Aird
55 Nachman RL, Jaﬀe EA. Endothelial cell culture: beginnings of
modern vascular biology. 1973. J Clin Invest 2004; 114: 1037–40.
56 Kamiya A, Togawa T. Adaptive regulation of wall shear stress to ﬂow
change in the canine carotid artery. Am J Physiol 1980; 239: H14–21.
57 Ruoslahti E. Specialization of tumour vasculature. Nat Rev Cancer
2002; 2: 83–90.
58 St Croix B, Rago C, Velculescu V, Traverso G, Romans KE,
Montgomery E, Lal A, Riggins GJ, Lengauer C, Vogelstein B, Kinzler KW. Genes expressed in human tumor endothelium. Science
2000; 289: 1197–202.
59 Turhan A, Weiss LA, Mohandas N, Coller BS, Frenette PS. Primary
role for adherent leukocytes in sickle cell vascular occlusion: a new
paradigm. Proc Natl Acad Sci U S A 2002; 99: 3047–51.
60 Solovey AA, Solovey AN, Harkness J, Hebbel RP. Modulation of
endothelial cell activation in sickle cell disease: a pilot study. Blood
2001; 97: 1937–41.
61 Hebbel RP, Vercellotti GM. The endothelial biology of sickle cell
disease. J Lab Clin Med 1997; 129: 288–93.
62 Saunthararajah Y, Hillery CA, Lavelle D, Molokie R, Dorn L,
Bressler L, Gavazova S, Chen YH, Hoﬀman R, DeSimone J. Eﬀects
of 5-aza-2¢-deoxycytidine on fetal hemoglobin levels, red cell adhesion, and hematopoietic diﬀerentiation in patients with sickle cell
disease. Blood 2003; 102: 3865–70.
63 Cheung YF, Chan GC, Ha SY. Arterial stiﬀness and endothelial
function in patients with beta-thalassemia major. Circulation 2002;
106: 2561–6.
64 Butthep P, Rummavas S, Wisedpanichkij R, Jindadamrongwech S,
Fucharoen S, Bunyaratvej A. Increased circulating activated
endothelial cells, vascular endothelial growth factor, and
tumor necrosis factor in thalassemia. Am J Hematol 2002; 70:
100–6.
65 Gaenzer H, Marschang P, Sturm W, Neumayr G, Vogel W, Patsch J,
Weiss G. Association between increased iron stores and impaired
endothelial function in patients with hereditary hemochromatosis.
J Am Coll Cardiol 2002; 40: 2189–94.
66 Neunteuﬂ T, Heher S, Stefenelli T, Pabinger I, Gisslinger H. Endothelial dysfunction in patients with polycythaemia vera. Br J Haematol
2001; 115: 354–9.
67 Musolino C, Alonci A, Bellomo G, Tringali O, Spatari G, Quartarone
C, Rizzo V, Calabro L, Bagnato G, Frisina N. Myeloproliferative
disease: markers of endothelial and platelet status in patients with
essential thrombocythemia and polycythemia vera. Hematol 2000; 4:
397–402.
68 Takatsuka H, Wakae T, Mori A, Okada M, Okamoto T, Kakishita
E. Eﬀects of total body irradiation on the vascular endothelium. Clin
Transplant 2002; 16: 374–7.
69 Paris F, Fuks Z, Kang A, Capodieci P, Juan G, Ehleiter D, Haimovitz-Friedman A, Cordon-Cardo C, Kolesnick R. Endothelial apoptosis as the primary lesion initiating intestinal radiation damage in
mice. Science 2001; 293: 293–7.
70 Nohe B, Kiefer RT, Ploppa A, Haeberle HA, Schroeder TH, Dieterich HJ. The eﬀects of fresh frozen plasma on neutrophil-endothelial
interactions. Anesth Analg 2003; 97: 216–21, table of contents.
71 Luk CS, Gray-Statchuk LA, Cepinkas G, Chin-Yee IH. WBC
reduction reduces storage-associated RBC adhesion to human vascular endothelial cells under conditions of continuous ﬂow in vitro.
Transfusion 2003; 43: 151–6.
72 Wyman TH, Bjornsen AJ, Elzi DJ, Smith CW, England KM, Kelher
M, Silliman CC. A two-insult in vitro model of PMN-mediated pulmonary endothelial damage: requirements for adherence and chemokine release. Am J Physiol Cell Physiol 2002; 283: C1592–603.
73 Dry SM, Bechard KM, Milford EL, Churchill WH, Benjamin RJ.
The pathology of transfusion-related acute lung injury. Am J Clin
Pathol 1999; 112: 216–21.
74 Mitra D, Jaﬀe EA, Weksler B, Hajjar KA, Soderland C, Laurence J.
Thrombotic thrombocytopenic purpura and sporadic hemolytic-

75

76
77
78
79
80

81

82

83
84

85

86

87

88

89
90

91
92

93

uremic syndrome plasmas induce apoptosis in restricted lineages of
human microvascular endothelial cells. Blood 1997; 89: 1224–34.
Dong JF, Moake JL, Bernardo A, Fujikawa K, Ball C, Nolasco L,
Lopez JA, Cruz MA. ADAMTS-13 metalloprotease interacts with
the endothelial cell-derived ultra-large von Willebrand factor. J Biol
Chem 2003; 278: 29633–9.
Peters CJ, Zaki SR. Role of the endothelium in viral hemorrhagic
fevers. Crit Care Med 2002; 30: S268–73.
Kim KS. Strategy of Escherichia coli for crossing the blood–brain
barrier. J Infect Dis 2002; 186: S220–4.
Hotchkiss RS, Tinsley KW, Swanson PE, Karl IE. Endothelial cell
apoptosis in sepsis. Crit Care Med 2002; 30: S225–8.
Aird WC. The role of the endothelium in severe sepsis and the
multiple organ dysfunction syndrome. Blood 2003; 101: 3765–77.
Reinhart K, Bayer O, Brunkhorst F, Meisner M. Markers of endothelial damage in organ dysfunction and sepsis. Crit Care Med 2002;
30: S302–12.
Bonetti PO, Lerman LO, Lerman A. Endothelial dysfunction: a
marker of atherosclerotic risk. Arterioscler Thromb Vasc Biol 2003; 23:
168–75.
Targonski PV, Bonetti PO, Pumper GM, Higano ST, Holmes DR Jr,
Lerman A. Coronary endothelial dysfunction is associated with an
increased risk of cerebrovascular events. Circulation 2003; 107:
2805–9.
Quyyumi AA. Prognostic value of endothelial function. Am J Cardiol
2003; 91: 19H–24H.
Stone PH, Coskun AU, Kinlay S, Clark ME, Sonka M, Wahle A,
Ilegbusi OJ, Yeghiazarians Y, Popma JJ, Orav J, Kuntz RE, Feldman
CL. Eﬀect of endothelial shear stress on the progression of coronary
artery disease, vascular remodeling, and in-stent restenosis in humans:
in vivo 6-month follow-up study. Circulation 2003; 108: 438–44.
The ENCORE Investigators. Eﬀect of nifedipine and cerivastatin on
coronary endothelial function in patients with coronary artery disease:
the ENCORE I Study (Evaluation of Nifedipine and Cerivastatin On
Recovery of coronary Endothelial function). Circulation 2003; 107:
422–8.
Chenevard R, Hurlimann D, Bechir M, Enseleit F, Spieker L, Hermann M, Riesen W, Gay S, Gay RE, Neidhart M, Michel B, Luscher
TF, Noll G, Ruschitzka F. Selective COX-2 inhibition improves
endothelial function in coronary artery disease. Circulation 2003; 107:
405–9.
McNamara DM, Holubkov R, Postava L, Ramani R, Janosko K,
Mathier M, MacGowan GA, Murali S, Feldman AM, London B.
Eﬀect of the Asp298 variant of endothelial nitric oxide synthase on
survival for patients with congestive heart failure. Circulation 2003;
107: 1598–602.
Dixon LJ, Morgan DR, Hughes SM, McGrath LT, El-Sherbeeny
NA, Plumb RD, Devine A, Leahey W, Johnston GD, McVeigh GE.
Functional consequences of endothelial nitric oxide synthase
uncoupling in congestive cardiac failure. Circulation 2003; 107:
1725–8.
van den Berg BM, Vink H, Spaan JA. The endothelial glycocalyx
protects against myocardial edema. Circ Res 2003; 92: 592–4.
Ferrari R, Bachetti T, Agnoletti L, Comini L, Curello S. Endothelial
function and dysfunction in heart failure. Eur Heart J 1998; 19:
G41–7.
Leask RL, Jain N, Butany J. Endothelium and valvular diseases of the
heart. Microsc Res Tech 2003; 60: 129–37.
Poggianti E, Venneri L, Chubuchny V, Jambrik Z, Baroncini LA,
Picano E. Aortic valve sclerosis is associated with systemic endothelial
dysfunction. J Am Coll Cardiol 2003; 41: 136–41.
Han B, Luo G, Shi ZZ, Barrios R, Atwood D, Liu W, Habib GM,
Sifers RN, Corry DB, Lieberman MW. Gamma-glutamyl leukotrienase, a novel endothelial membrane protein, is speciﬁcally responsible
for leukotriene D(4) formation in vivo. Am J Pathol 2002; 161: 481–
90.

 2005 International Society on Thrombosis and Haemostasis

Endothelial dynamics 1405
94 Ulfman LH, Joosten DP, van Aalst CW, Lammers JW, van de Graaf
EA, Koenderman L, Zwaginga JJ. Platelets promote eosinophil
adhesion of patients with asthma to endothelium under ﬂow conditions. Am J Respir Cell Mol Biol 2003; 28: 512–9.
95 Churg A, Wang RD, Tai H, Wang X, Xie C, Dai J, Shapiro SD,
Wright JL. Macrophage metalloelastase mediates acute cigarette
smoke-induced inﬂammation via tumor necrosis factor-alpha release.
Am J Respir Crit Care Med 2003; 167: 1083–9.
96 Cella G, Sbarai A, Mazzaro G, Vanzo B, Romano S, Hoppensteadt
T, Fareed J. Plasma markers of endothelial dysfunction in chronic
obstructive pulmonary disease. Clin Appl Thromb Hemost 2001; 7:
205–8.
97 Nagaya N, Kangawa K, Kanda M, Uematsu M, Horio T, Fukuyama
N, Hino J, Harada-Shiba M, Okumura H, Tabata Y, Mochizuki N,
Chiba Y, Nishioka K, Miyatake K, Asahara T, Hara H, Mori H.
Hybrid cell-gene therapy for pulmonary hypertension based on
phagocytosing action of endothelial progenitor cells. Circulation 2003;
108: 889–95.
98 Ameshima S, Golpon H, Cool CD, Chan D, Vandivier RW, Gardai
SJ, Wick M, Nemenoﬀ RA, Geraci MW, Voelkel NF. Peroxisome
proliferator-activated receptor gamma (PPARgamma) expression is
decreased in pulmonary hypertension and aﬀects endothelial cell
growth. Circ Res 2003; 92: 1162–9.
99 Yeager ME, Golpon HA, Voelkel NF, Tuder RM. Microsatellite
mutational analysis of endothelial cells within plexiform lesions from
patients with familial, pediatric, and sporadic pulmonary hypertension. Chest 2002; 121: 61S.
100 Muller AM, Hermanns MI, Cronen C, Kirkpatrick CJ. Comparative
study of adhesion molecule expression in cultured human macroand microvascular endothelial cells. Exp Mol Pathol 2002; 73: 171–
80.
101 Sutton TA, Mang HE, Campos SB, Sandoval RM, Yoder MC,
Molitoris BA. Injury of the renal microvascular endothelium alters
barrier function after ischemia. Am J Physiol Renal Physiol 2003; 285:
F191–8.
102 Sutton TA, Fisher CJ, Molitoris BA. Microvascular endothelial
injury and dysfunction during ischemic acute renal failure. Kidney Int
2002; 62: 1539–49.
103 Brodsky SV, Yamamoto T, Tada T, Kim B, Chen J, Kajiya F, Goligorsky MS. Endothelial dysfunction in ischemic acute renal failure:
rescue by transplanted endothelial cells. Am J Physiol Renal Physiol
2002; 282: F1140–9.
104 Chan NN, Chan WB, Chan JC. Reduction of total homocysteine
levels by oral folic acid fails to improve endothelial function in children with chronic renal failure. Circulation 2003; 107: e6–7; author
reply e6–7.
105 Cottone S, Mule G, Amato F, Riccobene R, Vadala A, Lorito MC,
Raspanti F, Cerasola G. Ampliﬁed biochemical activation of endothelial function in hypertension associated with moderate to severe
renal failure. J Nephrol 2002; 15: 643–8.
106 Jacobson SH, Egberg N, Hylander B, Lundahl J. Correlation between
soluble markers of endothelial dysfunction in patients with renal
failure. Am J Nephrol 2002; 22: 42–7.
107 Ma L, Elliott SN, Cirino G, Buret A, Ignarro LJ, Wallace JL.
Platelets modulate gastric ulcer healing: role of endostatin and vascular endothelial growth factor release. Proc Natl Acad Sci USA 2001;
98: 6470–5.
108 Ma L, Wallace JL. Endothelial nitric oxide synthase modulates gastric
ulcer healing in rats. Am J Physiol Gastrointest Liver Physiol 2000;
279: G341–6.
109 Danese S, de la Motte C, Sturm A, Vogel JD, West GA, Strong SA,
Katz JA, Fiocchi C. Platelets trigger a CD40-dependent inﬂammatory
response in the microvasculature of inﬂammatory bowel disease
patients. Gastroenterology 2003; 124: 1249–64.
110 Rijcken E, Krieglstein CF, Anthoni C, Laukoetter MG, Mennigen R,
Spiegel HU, Senninger N, Bennett CF, Schuermann G. ICAM-1 and

 2005 International Society on Thrombosis and Haemostasis

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

VCAM-1 antisense oligonucleotides attenuate in vivo leucocyte
adherence and inﬂammation in rat inﬂammatory bowel disease. Gut
2002; 51: 529–35.
Breiner KM, Schaller H, Knolle PA. Endothelial cell-mediated uptake
of a hepatitis B virus: a new concept of liver targeting of hepatotropic
microorganisms. Hepatology 2001; 34: 803–8.
Cacoub P, Ghillani P, Revelen R, Thibault V, Calvez V, Charlotte F,
Musset L, Youinou P, Piette JC. Anti-endothelial cell auto-antibodies
in hepatitis C virus mixed cryoglobulinemia. J Hepatol 1999; 31: 598–
603.
Yokomori H, Oda M, Ogi M, Sakai K, Ishii H. Enhanced expression
of endothelial nitric oxide synthase and caveolin-1 in human cirrhosis.
Liver 2002; 22: 150–8.
Mouta Carreira C, Nasser SM, di Tomaso E, Padera TP, Boucher Y,
Tomarev SI, Jain RK. LYVE-1 is not restricted to the lymph vessels:
expression in normal liver blood sinusoids and down-regulation in
human liver cancer and cirrhosis. Cancer Res 2001; 61: 8079–84.
Chen HM, Sunamura M, Shibuya K, Yamauchi JI, Sakai Y,
Fukuyama S, Mikami Y, Takeda K, Matsuno S. Early microcirculatory derangement in mild and severe pancreatitis models in
mice. Surg Today 2001; 31: 634–42.
Masamune A, Shimosegawa T, Fujita M, Satoh A, Koizumi M,
Toyota T. Ascites of severe acute pancreatitis in rats transcriptionally up-regulates expression of interleukin-6 and -8 in vascular
endothelium and mononuclear leukocytes. Dig Dis Sci 2000; 45: 429–
37.
Pablos JL, Santiago B, Galindo M, Torres C, Brehmer MT, Blanco
FJ, Garcia-Lazaro FJ. Synoviocyte-derived CXCL12 is displayed on
endothelium and induces angiogenesis in rheumatoid arthritis.
J Immunol 2003; 170: 2147–52.
Ferrell WR, Lockhart JC, Kelso EB, Dunning L, Plevin R, Meek SE,
Smith AJ, Hunter GD, McLean JS, McGarry F, Ramage R, Jiang L,
Kanke T, Kawagoe J. Essential role for proteinase-activated receptor2 in arthritis. J Clin Invest 2003; 111: 35–41.
Klimiuk PA, Sierakowski S, Latosiewicz R, Cylwik JP, Cylwik B,
Skowronski J, Chwiecko J. Soluble adhesion molecules (ICAM-1,
VCAM-1, and E-selectin) and vascular endothelial growth factor
(VEGF) in patients with distinct variants of rheumatoid synovitis.
Ann Rheum Dis 2002; 61: 804–9.
Apras S, Ertenli I, Ozbalkan Z, Kiraz S, Ozturk MA, Haznedaroglu
IC, Cobankara V, Pay S, Calguneri M. Eﬀects of oral cyclophosphamide and prednisolone therapy on the endothelial functions and
clinical ﬁndings in patients with early diﬀuse systemic sclerosis.
Arthritis Rheum 2003; 48: 2256–61.
Cerinic MM, Valentini G, Sorano GG, D’Angelo S, Cuomo G, Fenu
L, Generini S, Cinotti S, Morﬁni M, Pignone A, Guiducci S, Del
Rosso A, Kalﬁn R, Das D, Marongiu F. Blood coagulation, ﬁbrinolysis, and markers of endothelial dysfunction in systemic sclerosis.
Semin Arthritis Rheum 2003; 32: 285–95.
Marie I, Beny JL. Endothelial dysfunction in murine model of
systemic sclerosis: tight-skin mice 1. J Invest Dermatol 2002; 119:
1379–87.
Wheatcroft SB, Williams IL, Shah AM, Kearney MT. Pathophysiological implications of insulin resistance on vascular endothelial
function. Diabet Med 2003; 20: 255–68.
Taylor AA. Pathophysiology of hypertension and endothelial dysfunction in patients with diabetes mellitus. Endocrinol Metab Clin
North Am 2001; 30: 983–97.
Cherian P, Hankey GJ, Eikelboom JW, Thom J, Baker RI,
McQuillan A, Staton J, Yi Q. Endothelial and platelet activation in
acute ischemic stroke and its etiological subtypes. Stroke 2003; 34:
2132–7.
Cheng T, Liu D, Griﬃn JH, Fernandez JA, Castellino F, Rosen ED,
Fukudome K, Zlokovic BV. Activated protein C blocks p53-mediated
apoptosis in ischemic human brain endothelium and is neuroprotective. Nat Med 2003; 9: 338–42.

1406 W. C. Aird
127 Brown RC, Davis TP. Calcium modulation of adherens and tight
junction function: a potential mechanism for blood–brain barrier
disruption after stroke. Stroke 2002; 33: 1706–11.
128 Greenwood J, Walters CE, Pryce G, Kanuga N, Beraud E, Baker D,
Adamson P. Lovastatin inhibits brain endothelial cell Rho-mediated
lymphocyte migration and attenuates experimental autoimmune
encephalomyelitis. Faseb J 2003; 17: 905–7.
129 Kuruganti PA, Hinojoza JR, Eaton MJ, Ehmann UK, Sobel RA.
Interferon-beta counteracts inﬂammatory mediator-induced eﬀects
on brain endothelial cell tight junction molecules-implications for
multiple sclerosis. J Neuropathol Exp Neurol 2002; 61: 710–24.
130 Kauma S, Takacs P, Scordalakes C, Walsh S, Green K, Peng T.
Increased endothelial monocyte chemoattractant protein-1 and
interleukin-8 in preeclampsia. Obstet Gynecol 2002; 100: 706–14.
131 Maynard SE, Min JY, Merchan J, Lim KH, Li J, Mondal S,
Libermann TA, Morgan JP, Sellke FW, Stillman IE, Epstein FH,
Sukhatme VP, Karumanchi SA. Excess placental soluble fms-like
tyrosine kinase 1 (sFlt1) may contribute to endothelial dysfunction,
hypertension, and proteinuria in preeclampsia. J Clin Invest 2003; 111:
649–58.
132 Turner RR, Beckstead JH, Warnke RA, Wood GS. Endothelial cell
phenotypic diversity. In situ demonstration of immunologic and
enzymatic heterogeneity that correlates with speciﬁc morphologic
subtypes. Am J Clin Pathol 1987; 87: 569–75.
133 Shworak NW, HajMohammadi S, de Agostini AI, Rosenberg RD.
Mice deﬁcient in heparan sulfate 3-O-sulfotransferase-1: normal
hemostasis with unexpected perinatal phenotypes. Glycoconj J 2002;
19: 355–61.
134 Ten Dam GB, Van De Westerlo EM, Smetsers TF, Willemse M, van
Muijen GN, Merry CL, Gallagher JT, Kim YS, van Kuppevelt TH.
Detection of 2-O-sulfated iduronate and N-acetylglucosamine units in
heparan sulfate by an antibody selected against acharan sulfate
(IdoA2S-GlcNAc)n. J Biol Chem 2004; 279: 38346–52.
135 Koop EA, Lopes SM, Feiken E, Bluyssen HA, van der Valk M, Voest
EE, Mummery CL, Moolenaar WH, Gebbink MF. Receptor protein
tyrosine phosphatase mu expression as a marker for endothelial cell
heterogeneity; analysis of RPTPmu gene expression using LacZ
knock-in mice. Int J Dev Biol 2003; 47: 345–54.
136 Bianchi C, Sellke FW, Del Vecchio RL, Tonks NK, Neel BG.
Receptor-type protein-tyrosine phosphatase mu is expressed in
speciﬁc vascular endothelial beds in vivo. Exp Cell Res 1999; 248: 329–
38.
137 Lassalle P, Molet S, Janin A, Heyden JV, Tavernier J, Fiers W, Devos
R, Tonnel AB. ESM-1 is a novel human endothelial cell-speciﬁc
molecule expressed in lung and regulated by cytokines. J Biol Chem
1996; 271: 20458–64.
138 Bechard D, Meignin V, Scherpereel A, Oudin S, Kervoaze G,
Bertheau P, Janin A, Tonnel A, Lassalle P. Characterization of the
secreted form of endothelial-cell-speciﬁc molecule 1 by speciﬁc
monoclonal antibodies. J Vasc Res 2000; 37: 417–25.
139 Bistrup A, Tsay D, Shenoy P, Singer MS, Bangia N, Luther SA,
Cyster JG, Ruddle NH, Rosen SD. Detection of a sulfotransferase
(HEC-GlcNAc6ST) in high endothelial venules of lymph nodes and in
high endothelial venule-like vessels within ectopic lymphoid aggregates: relationship to the MECA-79 epitope. Am J Pathol 2004; 164:
1635–44.

140 Adams RH, Wilkinson GA, Weiss C, Diella F, Gale NW, Deutsch U,
Risau W, Klein R. Roles of ephrinB ligands and EphB receptors in
cardiovascular development: demarcation of arterial/venous domains,
vascular morphogenesis, and sprouting angiogenesis. Genes Dev 1999;
13: 295–306.
141 Gale NW, Baluk P, Pan L, Kwan M, Holash J, DeChiara TM,
McDonald DM, Yancopoulos GD. Ephrin-B2 selectively marks
arterial vessels and neovascularization sites in the adult, with
expression in both endothelial and smooth-muscle cells. Dev Biol
2001; 230: 151–60.
142 Wang HU, Chen ZF, Anderson DJ. Molecular distinction and
angiogenic interaction between embryonic arteries and veins revealed
by ephrin-B2 and its receptor Eph-B4. Cell 1998; 93: 741–53.
143 Villa N, Walker L, Lindsell CE, Gasson J, Iruela-Arispe ML, Weinmaster G. Vascular expression of Notch pathway receptors and ligands is restricted to arterial vessels. Mech Dev 2001; 108: 161–4.
144 Zhong TP, Rosenberg M, Mohideen MA, Weinstein B, Fishman
MC. gridlock, an HLH gene required for assembly of the aorta in
zebraﬁsh. Science 2000; 287: 1820–4.
145 Roose J, Korver W, Oving E, Wilson A, Wagenaar G, Markman M,
Lamers W, Clevers H. High expression of the HMG box factor sox-13
in arterial walls during embryonic development. Nucleic Acids Res
1998; 26: 469–76.
146 Seki T, Hong KH, Yun J, Kim SJ, Oh SP. Isolation of a regulatory
region of activin receptor-like kinase 1 gene suﬃcient for arterial
endothelium-speciﬁc expression. Circ Res 2004; 94: e72–7.
147 Tian H, McKnight SL, Russell DW. Endothelial PAS domain protein
1 (EPAS1), a transcription factor selectively expressed in endothelial
cells. Genes Dev 1997; 11: 72–82.
148 Nakagawa O, Nakagawa M, Richardson JA, Olson EN, Srivastava
D. HRT1, HRT2, and HRT3: a new subclass of bHLH transcription
factors marking speciﬁc cardiac, somitic, and pharyngeal arch segments. Dev Biol 1999; 216: 72–84.
149 Soker S, Takashima S, Miao HQ, Neufeld G, Klagsbrun M. Neuropilin-1 is expressed by endothelial and tumor cells as an isoformspeciﬁc receptor for vascular endothelial growth factor. Cell 1998; 92:
735–45.
150 Herzog Y, Kalcheim C, Kahane N, Reshef R, Neufeld G. Diﬀerential
expression of neuropilin-1 and neuropilin-2 in arteries and veins.
Mech Dev 2001; 109: 115–9.
151 LeCouter J, Kowalski J, Foster J, Hass P, Zhang Z, Dillard-Telm
L, Frantz G, Rangell L, DeGuzman L, Keller GA, Peale F,
Gurney A, Hillan KJ, Ferrara N. Identiﬁcation of an angiogenic
mitogen selective for endocrine gland endothelium. Nature 2001; 412:
877–84.
152 Liu L, Tsai JC, Aird WC. Egr-1 gene is induced by the systemic
administration of the vascular endothelial growth factor and the
epidermal growth factor. Blood 2000; 96: 1772–81.
153 McCaﬀrey TA, Fu C, Du B, Eksinar S, Kent KC, Bush H Jr, Kreiger
K, Rosengart T, Cybulsky MI, Silverman ES, Collins T. High-level
expression of Egr-1 and Egr-1-inducible genes in mouse and human
atherosclerosis. J Clin Invest 2000; 105: 653–62.
154 Hajra L, Evans AI, Chen M, Hyduk SJ, Collins T, Cybulsky MI. The
NF-kappa B signal transduction pathway in aortic endothelial cells is
primed for activation in regions predisposed to atherosclerotic lesion
formation. Proc Natl Acad Sci U S A 2000; 97: 9052–7.

 2005 International Society on Thrombosis and Haemostasis

