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Abstract

One link between aging and endothelial function is the inflammatory response. On one hand, the latter shortens the biological engaged by
activated leukocytes against invaders or stressing agents. On the other hand, the surveyed tissues become targets of the toxicity of reactive
oxygen species, ROS. The ensuing regeneration is source of transcriptional infidelity, leading to the alteration of the repaired tissue. Hence,
the toll of inflammatory stress consists in premature senescence of cell and tissues. This hypothesis is discussed in the present review, which
focuses on the molecular targets relevant for cancer and degenerative diseases, both tributary to an inflammatory environment and taking
advantage from the consequences of cell and tissue dysfunctions characteristic of aging. Eventually, adaptation to stress, whatever its origin -
inflammatory and/or psychosocial —is discussed. Basal nitric oxide (NO) release, such as provided through moderate exercise, seems to be the
most potent guardian against immune, nervous and cardiovascular over-stimulation. Tissue regeneration is also obtained by circulating
endothelial progenitors able to recognize the damaged tissue. To avoid post-inflammatory alterations resulting in detrimental changes of
tissues and organs, the pharmacological protection of endothelium by agents able to modulate its activation seems crucial to us.

© 2003 Elsevier Inc. All rights reserved.
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The endothelium is a singular organ existing in two forms,
as monolayer lining vascular walls and as a circulating cell
community bearing progenitor characteristics. To what
extent should it be concerned by aging and how distinctively
from any other organ or cell type? The hypothesis that we
will try to infer, is that the endothelium is peculiarly linked
to aging through the inflammatory reaction that constantly
keeps the body on alert.

Aging is a visible phenomenon reflecting a plethora of
mostly invisible changes in the animal or human being. It
is associated with modifications in many biochemical and
architectural components witnessing alterations of physio-
logical statuses, such as protein and tissue change, cell
cycle setback or forth, unbalancing of the oxidant—
antioxidant equilibrium, increasing vulnerability towards
the environmental impact and increasing complexity in
organizing a response to environmental challenges. We
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will try to describe the role that the endothelium may play
in the change of life pattern that is aging.
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1. Endothelial compliance
The term compliance is used to indicate the taking of the

correct amount of the prescribed medicine at the proper
time. Still within the medical syllabus, the term defines
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Table 1

Organ system changes with age adapted from ASA (American Society of Anesthesiologists, Critical Care of the Elderly Patient, by H. Russel Harvey and

Douglas B. Coursin)

Lvascular compliance,¢ resistance. Subsequent | systolic BP

Circulatory
(blood pressure) ¢eﬁective circulating volume.

Cardiac L afterload leads to i LV (left ventricle) wall stress and leads to
LVH (left ventricular hypertrophy) and LV (left ventricle)
compliance.

Pulmonary ‘chest wall |compliance: ¢ TLC (total lung capacity),i VC (vital
capacity), FRC (functional residual capacity),| lung elastic
recoil, ¢Iung compliance,y closing capacity.

Renal Fewer cortical nephrons ¢ GFR (glomerular filtration rate).

Nervous ¢ responsiveness to autonomic nervous system, Lresponse to

exogenous o and B agonists (mix of receptor and second
messenger defects) response to stress.

the conformity of the body’s organs to fulfill the functional
demand of the subject. Table 1 is intended to illustrate the
link between specific tissue and/or organ compliance and
(decading) organ function in the course of time.

We have chosen to transfer the term compliance at the
cellular level, referring to the capacity of a cell to
accomplish specific functions within a specific cell com-
munity. Dividing the body into blood and tissues, vascular
endothelium is required to modulate vascular tone and
impeach bleeding. It also intervenes in the catabolism of
lipoproteins and nutrients and is involved in the recruitment
of activated immune cells, as well as of circulating cancer
metastasis. During the inflammatory reaction against
microorganisms invading tissues and organs, the endo-
thelium is exposed to various reactive oxygen species
(ROS) and inflammatory mediators resulting in an enhanced
peroxide tone. Alteration of cellular redox levels leads to
phenotypic and functional changes in endothelial cells, due
to modifications in nuclear transcription factors activation.
Experimental procedures that are finalized, either in vitro or
in vivo to challenge vascular endothelium with inflamma-
tory mediators, such as specific cytokines, ROS or bacterial
lipopolysaccharide. Most of the results quoted are based on
in vitro research on primary cultures of endothelial cells
obtained either by dissection of the umbilical cord or
isolated from organs (organ-specific endothelial cells). The
proof of concept of the link between inflammation and aging
is also deduced from in vitro results, illustrating the
tendency towards irreversible expression of inflammatory
markers by senescent endothelial cell populations, as the
senescent phenotype of endothelial cells can be accelerated
by inflammatory stress (Toussaint et al., 2002).

2. Endothelium and vascular dysfunction

A part from the inflammatory reaction, the vascular
endothelium also regulates the post-inflammatory fibro-
proliferative process. The clinical importance of endothelial
compliance (Vapaatalo and Mervaala, 2001) has been
shown in atherosclerosis and cardiovascular disease (Ega-
shira, 2002; Asai et al., 2000; Lakatta, 2003) and gender
differences (Jensen-Urstad and Johansson, 2001) corrobo-
rate endothelium as a dynamic endocrine organ relevant for
aging.

Recent reports (Cepinskas et al., 2003) illustrate the
significant auto-regulatory capacity of the endothelium
(Altieri, 1999), consisting in the development of a
consequential resistance to apoptosis within an oxidative
and pro-inflammatory microenvironment. This could prove
all the more important, as it has been shown that endothelial
CD95-mediated disseminated apoptosis precedes extensive
lesions of the underlying tissue (Janin et al., 2002).
However, the simple contact between endothelial cells and
polymorphonuclear (PMN) leukocytes down-regulates their
three known membrane-initiated PMN apoptotic pathways
Fas, TNF, and TRAIL (Tennenberg et al., 2002) showing
that complex mechanisms preside over the cross-talk
between endothelium and activated leukocytes.

Aging by itself enhances the sensitivity of endothelial
cells towards apoptotic stimuli (Hoffmann et al., 2001).
This is mainly due to a reduced nitric oxide (NO)
production by endothelial NOS (NOS-III), hence to a
decreased blockade of caspase activity through the
diminution of the S-nitrosylation of the cystein in their
active site. In term, this contributes to the development of
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endothelial dysfunction relevant for atherogenesis, plaque
erosion and acute coronary syndromes (Dimmeler et al.,
2002). The Fas/FasL system may be involved in the
development of Myocardial Infarction/Restenosis injury
(Shiraishi et al., 2002), as it favours the onset of pro-
inflammatory conditions. However, endothelial cell
specific over-expression of Fas ligand seems to attenuate
ischaemia-reperfusion injury in the heart through anti-
inflammatory actions such as the reduction of myocardial
neutrophil infiltration (Yang et al., 2003).

Furthermore, over-expression of Fas-L in endothelial
cells leads or not to increased apoptosis of these cells
according to the species, in relationship with the subcellular
compartment where it is expressed and linked to the level of
FLIP (Flice inhibitory protein) expression. This differential
sensitivity of endothelial cells to Fas-mediated apoptosis
could represent an effector mechanism in the regulation of
the animal life-span (Bouchet et al., 2002).

Environmental factors could be considered as a relevant
item in endothelial function, as irradiation-damaged endo-
thelial cells persist in the vasculature of irradiated tissue for
a prolonged period after the initial insult (Oh et al., 2001).

3. Pro-inflammation and tissue degeneration

An essential nexus between endothelium and inflam-
mation important for tissue and organ dysfunction can
hardly be denied. In fact, pro-inflammatory pattern is
common to various diseases (Esch and Stefano, 2002). This
is because inflammation shortens biological battles fighting
against invasion of microorganisms via activated leuko-
cytes. By doing so, it introduces high rates of ROS into the
surveyed tissue, destructive for microorganisms as well as
for the underlying tissue components, sort of innocent
bystanders. This represents a toll of the inflammatory
reaction remaining unpaid and requiring tissue repair by de
novo protein synthesis. In fact, in response to injury, the
endothelium integrates a variety of triggered pathways
displaying cyto-protection from pro-inflammatory effectors.
This may delay its own dysfunction beyond the resulting
tissue dysfunction, which in turn is just what matters for
aging.

This view is corroborated by a new twist within the
free radical theory of aging, recently introduced by
Dukan. In contrast to the classical view (Harman, 1956),
this work (Dukan et al., 2000; Dukan and Nystrom, 1998)
provides evidence that oxidative damage to proteins seems
to rely more on a susceptibility to ROS rather than on a
modification of the balance between oxidative species and
antioxidant defense mechanisms. Thus, ordinary transcrip-
tional or translational infidelity would lead to an
accumulation of structurally imperfect proteins more
susceptible to ROS. As these misfolded proteins accumu-
late, the amount of oxidative damage measured in the cell
increases. A vicious circle characterized by altered

proteins eliciting the synthesis of further altered proteins,
is lanced.

In endothelial cells, inflammatory challenge and repli-
cative senescence are associated to the over-expression of
the inducible adhesion molecule Vascular Cell Adhesion
Molecule-1 (VCAM-1) (Marconi and D’Alessio, 2003)
resulting in an over-recruiting propensity for leukocytes, as
well as of circulating cancer cells, amplifying the tissue
destruction and fibrotic repair process. Age-related endo-
thelial changes also involve cell morphology. Phenotypic
changes linked to oxidative stress have been shown to
impair coronary arteriolar function (Csiszar et al., 2002) and
endothelial cytoskeletal alterations following ROS and
inflammatory cytokine stimulation are able to dramatically
modify cell signaling.

4. Endothelium and signal mecanotransduction

Cell cytoskeleton contributes quite fundamentally to
signal transduction. Recent work (Huang and Ingber, 1999)
discloses the importance of actin cytoskeleton binding to
extracellular matrix components for cell signaling during
normal tissue patterning in embryogenesis and cancer
formation in adult life. Hence, mechanical properties of
cytoskeleton structure, considered as an information
processing network (Ingber, 2003a,b) influence cell
signaling.

In endothelial cells, actin cytoskeleton is at the base of
morphological modifications observed during functional
change. At the basal level, a molecular bridge constituted by
the cellular actin cytoskeleton, the intracellular actin partner
a-actinin and the membrane-based Focal Adhesion Com-
plex is linked with several extracellular matrix proteins.
Several structures, localized or bound at the membrane
level, such as the small GTPase Rho (Chen et al., 1999;
Miao et al, 2001) and caveolae (Boyd et al., 2003;
Ratajczak et al., 2003) are profoundly linked to endothelial
actin cytoskeleton (Su et al., 2003; Ratajczak et al., 2003)
and have been shown to actively participate in cell signaling
in endothelial cells.

Moreover, blood flow patterns induced shear stress is
able by itself to activate the functional bridge of signal
mecano-transduction and participate in the regulation of
adhesive molecule and integrin expression both in health
(Yoshida et al., 1996; Chen et al., 1999; Li et al., 1999) and
disease (Elrayess et al., 2003).

This functional mecanotransduction unit from whom
endothelial cell signaling mostly depends is destinated to be
altered in the course of oxidative stress dependent
senescence, as well as during altered blood flow patterns,
such as in ischemia-reperfusion or developing athero-
thrombosis, compromising efficiency in cell signaling. In
fact, in endothelial cells, morphological changes are known
to be a hallmark of senescence related cell alterations
(Wagner et al., 2001). Otherwise, during angiogenesis,
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the cytoskeletal tension has been shown to display a crucial
role, alternatively regulating growth, proliferation or
apoptosis (Dike et al., 1999).

5. Endothelium and cancer

The link between endothelium and aging, well estab-
lished by endothelial senescence markers in age-related
vascular diseases (Muller et al., 2002b) also emanates from
the relevance of endothelium for cancer (Singh et al., 2002).
Among other markers, endothelial Fas ligand expression
contributes to the regulation of cancer cell transmigration
through endothelium in secondary sites of metastasis
(Osanai et al., 2002).

Furthermore, endothelial apoptosis is a homeostatic
factor regulating angiogenesis-dependent tumor growth
(Garcia-Barros et al., 2003). More generally, cancer is
characterized by an enhanced pro-inflammatory environ-
ment, encouraging tumor cell dissemination through
endothelial diapedesis (Orr and Wang, 2001; Orr et al.,
2000). Hence, a great variability of endothelia belonging
to different organs and vascular districts can be
recognized (Lafrenie et al., 1992). Recently, we have
shown (D’Anna et al., 2001) the capacity of HPV-16
derived oncoprotein E7 to produce IL-6 and IL-8 in
organ-specific endothelial cells, including the macro and
microvascular phenotypes. Interestingly, our studies on
endothelial cells from the microvasculature of the skin
and the cardiac auricle, identified as sites of cervical
cancer metastasis (Shimotsu et al., 1998), have shown a
greater response of CrMVEn to E7 treatment as compared
to that of other endothelia, suggesting a possible
selectivity of E7 oncoprotein for organ-specific micro-
vascular endothelial cells. Thus, knowledge about organ-
specific endothelial features may prove precious in
endothelial funded therapeutic strategies devoted
to inhibit cancer metastasis dissemination and also by
analogy in infectious disease resistant to antibiotic
treatment (Muller et al., 2002a).

6. Endothelium and psycho-social stress

Individual sensitivity to cellular stress plays an important
role for the rate of aging and seems linked to the expression
of an adaptor protein (Migliaccio et al., 1999). Hence, a
poorer stress response predicts a longer life-span.

But also psychological stress arising from pain due to
local inflammation (Brain, 2000) in rheumatoid arthritis has
been put into a dynamical perspective with the age-related
pathology (Braz et al., 2001).

In the etiopathogenesis of atherosclerosis, endothelial
injury has been considered an initiating event. Psycho-social
stress activating the sympathetic nervous system, would
induce an inflammatory reaction (Esch et al., 2002a),

rendering endothelium the final target, even in the absence
of dietary cholesterol (Skantze et al., 1998). In fact, stress
derived from social status (Kaplan and Manuck, 1999)
indeed induces endothelial dysfunction (Plante, 2002), and
this effect is mediated via adrenoceptor activation (Strawn
et al.,, 1991). However, it is uncertain whether social
disruption and its consequences associated with both
sympathetic nervous system arousal and indexes of
endothelial dysfunction may be prevented by treatment
with an adrenergic blocking agent (Rozanski et al., 1999). In
addition, although social stress compromises the endothelial
integrity of various vascular segments relevant for the
development of atherosclerosis, it remains questionable if
these factors can influence initial lesion formation. The
answers to the many questions that this topic opens, will
most probably emerge from a better knowledge of the
mechanisms of adaptation to stress.

7. Endothelium and adaptation to stress

Moderate exercise is known to stimulate NO release.
Nitric Oxide (NO) has been shown to be critical as to the
adaptation to stress and the stress related disease process
(Pshennikova et al., 2001; Esch et al., 2002b; Hambrecht
et al.,, 1998). Basal NO production seems to be the most
potent guardian to immune, nervous and cardiovascular
stimulation (Stefano et al., 2000). We and others have
documented the beneficial role of NO for endothelial
compliance in ischemic disease (Marconi et al., 2003),
inflammatory models (Zadeh et al., 2000) and endothelial
senescence (Matsushita et al., 2001; Gewaltig and Kojda,
2002). Reactive nitrogen species are indeed related to aging
(Drew and Leeuwenburgh, 2002) and so are prostanoid
dilator pathways.

Furthermore, consumption of fresh fruits, rich in
vitamins and antioxidant enzymes, specifically counteract
endothelial cell apoptosis in congestive heart failure,
supporting the idea of a link between oxidative stress and
cardiovascular pathology (Rossig et al., 2001). Likewise,
the pleasant sensation of taste inducing vagus nerve
stimulation, is able to turn down the adrenal pro-
inflammatory response (Borovikova et al., 2000).

Hence, the delay in aging, meant as endothelial-mediated
tissue dysfunction, can be supported by appropriate physical
and nutritional habits.

8. Endothelium and tissue regeneration

If stress renders vascular endothelium dysfunctional,
supporting age-related disease, it also bears the opposite
tendency of tissue regeneration by circulating progenitors
(Deutsch et al., 2002; Grisaru et al., 2001).

In particular, two populations of endothelial cells are
concerned by this potential function, marrow derived
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angiocompetent hematopoietic cells (EPCs) and circulating
endothelial progenitors (CEPs). In fact, co-recruitment of
hemtopoietic stem cells and hematopoietic progenitor cells,
along with EPCs and CEPs, may contribute to the initiation
and sustain of neoangiogenesis. Following tissue injury
signals, regeneration responds enabling adult marrow to
lance its tissue specific stem and progenitor cell reservoir for
localized tissue repair. Indeed, vascular trauma and organ
regeneration result in the release of chemokines that
mobilize and recruit EPCs and CEPs. In particular, exposure
to organ-specific angiogenic and matrix factors may be
necessary to program EPCs and CEPs to home and
incorporate into a particular tissue (Donovan et al., 2000;
LeCouter et al., 2001).

Different types of cell therapies have been envisaged
focusing on the clinical arena of age related diseases.

In ischemic limb disease, blood and lymphatic vessels
impairment leads to edema formation that contributes to
non-healing ulcers. Supplementation of VEGF-C (Rafii and
Lyden, 2003) enhances lymphangiogenesis and angiogen-
esis and decreases edema formation. Moreover, delivery of
Syk 4+ and SLP-76 + hematopoietic cells have been
shown to contribute to the separation of lymphatic and
blood vessels, promoting a balanced revascularization in
ischemic limbs (Szuba et al., 2002).

Endothelial dysfunction due to long-lasting pro-inflam-
matory stimulation has been shown to be of relevance in
thrombogenicity and atherosclerosis (Sata et al., 2002): one
therapeutic use of autologous EPCs and CEPs is to generate
non-thrombogenic vascular cells to coat decellularized or
biodegradable surfaces (Noishiki et al., 1996).

The question remains open, why the mobilization of
progenitor cells does not restore automatically tissue
vascularization, and why cell mediated therapeutical
assistance may be required. Two possible explanations are
thinkable: one is that the inflammatory environment of
altered endothelium characteristic in age related pathol-
ogies, sacrifices CEPs; alternatively, a lack of blood supply
such as experimented in athero-thrombosis or limb
ischemia, hinders the ability of EPCs and CEPs to recognize
damaged vasculature.

Endothelium is thus linked to aging not only promoting
tissue degeneration by the import of activated leukocytes
and circulating tumor cells, but also by its remnant capacity
of regeneration through circulating progenitor cells, of
therapeutic relevance. At length, as brought up by the
regenerative potential of CEPs (Rafii and Lyden, 2003), the
link of endothelium to aging is established by its capacity to
reverse it, once it appears phenotypically as endothelial
dysfunction.

9. Summary

In a life-time scenario, endothelium’s features (adhesive
tendency, cytokine sensitivity, pro- and anti-apoptotic

mechanisms, number and ‘vitality’ of circulating progeni-
tors) govern its relevance for aging. Vascular endothelium
integrity depends on the subject’s nutritional tradition, his or
her propensity to exercise and ability to deal with emotions.
Hence, the combinatorial degeneracy of environmental and
genetic components (Edelman and Gally, 2001) will
modulate the shift either to disease, be it cancer,
cardiovascular dysfunction, degenerative disease or healthy
endurance. Endothelium is thus an organ that should be
highly assisted pharmacologically to avoid detrimental
changes associated to post-inflammatory dysfunction impli-
cating cell senescence and tissue degeneration, promoting
tumor microenvironment (Carpenito et al., 2002).

In principle protection of endothelium from stress-linked
pro-inflammatory disease would depend on the tenure of the
subject’s general life-style, whereby care for dietary habits
and body exercise are the best trainers for the endothelium
to face challenge coming from in and outside stressors. On
that account, the chance to prevent age-related disease is
closely linked to the ongoing practice of a basic discipline,
the ideal procedure for the attainment of psychological
fulfilling activities, these latter in turn being essential for
endothelium’s compliance.
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