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Abstract
Endothelial cell injury and dysfunction are the major triggers of pathophysiological processes leading
to cardiovascular disease. Endothelial dysfunction (ED) has been implicated in atherosclerosis,
hypertension, coronary artery disease, vascular complications of diabetes, chronic renal failure,
insulin resistance and hypercholesterolemia. Although now recognized as a class of physiological
second messengers, reactive oxygen species (ROS) are important mediators in cellular injury,
specifically, as a factor in endothelial cell damage. Uncontrolled ROS production and/or decreased
antioxidant activity results in a deleterious state referred to as ‘oxidative stress’. A candidate factor
in causing ROS production in endothelial cells is tumor necrosis factor alpha (TNF-α), a pleiotropic
inflammatory cytokine. TNF-α has been shown to both be secreted by endothelial cells and to induce
intracellular ROS formation. These observations provide a potential mechanism by which TNF-α
may activate and injure endothelial cells resulting in ED. In this review, we focus on the relationship
between intracellular ROS formation and ED in endothelial cells or blood vessels exposed to TNF-
α to provide insight into the role of this important cytokine in cardiovascular disease.
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INTRODUCTION
The endothelium, the largest organ in the body, has long been considered as simply being a
“layer of nucleated cellophane”, a mechanical barrier between vessel wall and blood stream,
or a relatively inert container for blood [1,2]. However, following the breakthrough discovery
of nitric oxide (NO) in the 1980s, this view of it being a non-reactive mechanical barrier,
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allowing only passive diffusion of biomolecules, began to change. The importance of the
endothelial cell layer for vascular homeostasis and its underlying mechanisms has been
increasingly appreciated. Now, thousands of scientific papers are published every year related
to the biological, pharmacological and toxicological facets of endothelial cell biology.
Endothelial cells respond to various mechanical and biological stimuli by synthesizing and
releasing numerous factors that regulate angiogenesis, inflammation and hemostasis, as well
as vascular tone and permeability[3]. Endothelial dysfunction (ED), a term first described in
studies of human hypertension, using the forearm vasculature, has became a prominent term
in endothelial research. Accumulating evidence suggests that ED is intimately involved in the
pathogenesis of most cardiovascular diseases being associated with atherosclerosis,
hypertension, coronary and peripheral artery dysfunction, chronic heart failure, diabetes,
insulin resistance, hypercholesterolemia, hyperhomocysteinemia, inflammation [3]. However,
the exact role and detailed mechanisms leading to ED remain incompletely understood.

Reactive oxygen species (ROS), sometimes referred to as free radicals, describes a number of
molecules, including chemical species with one unpaired electron, derived from the
metabolism of molecular oxygen. Thus, ROS includes a series of very small and highly reactive
molecules such as hydroxyl radical (·OH), superoxide anion (O2

·−), hydrogen peroxide
(H2O2), peroxynitrite (ONOO−), and singlet oxygen (1O2) [4,5]. Interestingly NO, which itself
reacts with ROS species and is required to form ONOO− from O2

·−, has also been considered
as a member of the ROS family, although in the strictest sense it does not belong to ROS [6].
ROS form as natural byproducts of the normal metabolism of oxygen and are involved in a
variety of cellular processes from cell proliferation to cell adaptation to hypoxia, from apoptosis
to carcinogenesis, to maintain or reestablish redox homeostasis, acting as intracellular second
messengers or modulating signal transduction pathways [7–9]. Under physiological conditions,
the deleterious effects of ROS are minimized by antioxidant defense mechanisms that prevent
their formation in excess, act as scavengers or repair the resultant damage. Such defense
mechanisms involve a strong antioxidant system including superoxide dismutase (SOD),
glutathione peroxidase, catalase and a variety of DNA-repairing enzymes [10].

Uncontrolled ROS production and/or decreased antioxidant activity, however, results in a
deleterious state called oxidative stress. ROS are generated in multiple compartments and by
multiple enzymes within the cell. Important sources include the mitochondria, NAD(P)H
oxidase, cyclooxygenase (COX), lipoxidase (LOX), xanthine oxidase (XO), cytochrome P450
(CYP450) as well as a number of other physiologically relevant systems [11]. Vascular and,
specifically, endothelial cells express nearly all of these enzymes and endothelial cells are,
therefore, viewed as an important source of vascular ROS formation [12–14]. Further,
intracellular ROS formation in endothelial cells has been shown to play a critical role in ED,
which might be a common initial pathway for many cardiovascular diseases.

Tumor necrosis factor alpha (TNF-α), a 17 kDa polypeptide, was originally discovered as a
factor produced by macrophages in endotoxin exposed rabbits that could cause hemorrhagic
necrosis of experimental tumors [15]. Now TNF-α is considered one of the most important
cytokines being recognized as a major effector of macrophage-mediated host defense and tissue
injury, while also playing a crucial role in innate and adaptive immunity, cell proliferation, and
apoptotic processes [16]. In pathological processes, tissue fixed macrophages, such as
Langerhan’s cells, Kupffer cells, and astroglia, are believed to be major sources of TNF-α.
However, other cell types, including endothelial cells, epithelial cells, monocytes, T-cells,
smooth muscle cells, adipocytes and fibroblasts, secrete significant amounts of TNF-α when
exposed to the appropriate stimuli [17].

As demonstrated for other cytokines, TNF-α signals target cells through binding to specific
cell surface membrane receptors. Two distinct receptors mediate the biological activities of
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TNF-α, one of a molecular mass of 55 kDa (p55, R1) and the other of 75 kDa (p75, R2). The
former is constitutively expressed and historically has been considered the main mediator for
TNF-α responses while the latter expression is inducible [17]. Several comprehensive reviews
have been published in recent years describing the biology and function, receptor requirements,
and signaling pathways of TNF-α [17–20]. Though it had long been noticed that TNF-α could
cause injury to endothelial cells resulting in ED, the mechanisms have not been fully
understood. In this review, we focus on intracellular ROS formation and ED in TNF-α treated
endothelial cells and vessels, in an effort to provide insight into the important role of TNF-α
in cardiovascular disease.

TNF-α INDUCES INTRACELLULAR ROS FORMATION IN ENDOTHELIAL
CELLS

TNF-α is a cytokine that induces ROS through endothelial mitochondria and NAD(P) H at the
plasma membrane; further TNF-α can increase nitric acid which under certain circumstances
produce perinitrate.

TNF-α Induction of Mitochondrial ROS
Mitochondria, the energy centers of the cell, are the principal site of oxygen metabolism,
accounting for approximately 85%–90% of oxygen consumed by cells [21,22]. During oxygen
consumption and ATP synthesis, about 1% to 3% of total oxygen utilized by mitochondria is
incompletely reduced and remains as ROS [23]. ROS are mainly produced in the mitochondrial
respiratory chain and two sites have been identified as significant sources of their formation.
One is dependent on the autooxidation of the flavin mononucleotide from the NADH-
dehydrogenase (complex I), whereas the other, depends on autooxidation of the unstable
ubisemiquinone (complex III), which is an intermediate of the Q-cycle reaction [24].

Various inhibitors of mitochondrial electron transport have been used to show that the cytotoxic
activity of TNF-α is mediated through alterations to mitochondrial function. Furthermore,
TNF-α activates radical production in mitochondria principally at the ubiquinone site and TNF-
α damages the mitochondrial chain at complex III, which consequently results in the increased
production of oxygen radicals inside the mitochondrion [24]. Elimination of mitochondrial
oxidative metabolism not only inhibits TNF-α cytotoxicity, but also considerably reduces TNF-
α-mediated activation of NF-κB and expression of IL-6 [25]. Studies of TNF-α stimulated L929
fibroblasts have provided direct evidence for TNF-α-induced mitochondrial ROS and their
involvement in cytotoxicity. Levels of TNF-α-induced mitochondrial ROS were shown to be
tightly correlated with cytotoxicity and, further, the ROS formation could be effectively
scavenged by the mitochondrial glutathione (GSH) system [26]. Collectively, these studies
strongly suggest that TNF-α induced mitochondrial ROS formation plays an important role in
TNF-α induced cytotoxicity.

Recent studies related to TNF-α induced ROS formation in mitochondria have mainly focused
on the contributions of GSH and ceramide. Almost all the GSH (80–85% of total cellular GSH)
is found in the cytosol while only a small fraction of the total cellular pool (about 10–15%) is
sequestered in mitochondria. This results from the action of a carrier that transports GSH from
the cytosol to the mitochondrial matrix [27]. GSH in the mitochondrial matrix is the only
defense mechanism available to cope with the potential toxic effects of H2O2 produced
endogenously in the electron transport chain. In primary cultured human umbilical vein
endothelial cells (HUVEC), TNF-α treatment resulted in slightly increased ROS formation.
However, depleting the mitochondrial separate GSH pool with L-buthionine-[S,R]-
sulphoximine (BSO) significantly increased ROS formation, thus demonstrating the critical
protective role of mitochondrial GSH in TNF-α induced intracellular ROS production in
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endothelial cells [28]. The important role of GSH transportation in TNF-α induced oxidative
stress has been systematically reviewed by Fernandez-Checa et al. [27].

Ceramide is a sphingosine-based lipid-signaling molecule involved in the regulation of cellular
differentiation, proliferation, and apoptosis. It can be generated by sphingomyelin (SM)
hydrolysis at various subcellular sites by the action of at least two types of sphingomyelinases
(SMases): neutral (neutral-sphingomyelinase, NSMase) and acid (acid–sphingomyelinase,
ASMase). NSMase located in the vicinity of the plasma membrane hydrolyzes SM located in
the outer leaflet of the plasma membrane, whereas ASMase is located in the endosome and/or
lysosome compartment, which generates a distinct functional pool of ceramide [29–31]. Recent
studies have demonstrated that the rapid ROS production by mitochondria in endothelial cells
exposed to TNF-α is, in fact, mediated by ceramide. In these studies, treatment of HUVEC
with TNF-α dose-dependently induced rapid (in approximately 1h) ROS formation. Further,
inhibitors of mitochondrial respiratory chain activity revealed that complex III was the primary
site of the TNF-α-induced ROS generation. Interestingly, the ROS production was inhibited
by the AS-Mase inhibitor, desipramine, and totally blocked by the ceramide-activated protein
kinase (CAPK) inhibitor, dimethylaminopurine. In contrast, inhibition of NAD(P)H oxidase
with diphenylene iodonium (DPI), xanthine oxidase (XO) with allopurinol, nitric oxide
synthase (NOS) with Nω-nitro-L-arginine (L-NNA) or cyclooxygenase (COX) pathway by
mefenamic acid showed no significant inhibitory effect [32]. These results, therefore, suggest
that there is a ceramide-mediated mitochondrial ROS formation pathway, which is independent
of NAD(P)H oxidase, NOS, XO and COX. Thus, ROS production in endothelial mitochondria
by TNF-α requires ceramide.

NAD(P)H Oxidase Mediated ROS Formation
The NAD(P)H oxidase complex, another important source of ROS, was originally identified
and characterized in phagocytes [33]. The classical neutrophil NAD(P)H oxidase comprises a
catalytic subunit, gp91phox, which in conjunction with p22phox forms the transmembrane
portion of NAD(P)H oxidase, which is also known as flavocytochrome b558. Three cytosolic
regulatory subunits are required for activation of the enzyme, these being denoted p67phox,
p47phox and p40phox. Additionally, the small GTPase Rac is required for activation of the NAD
(P)H complex. All the classical NAD(P)H oxidase subunits have been shown to be expressed
in endothelial cells, both at the mRNA and protein levels, although there are significant
differences between the phagocyte oxidase and the enzyme in endothelial cells [34].

Activation of NAD(P)H oxidase occurs through a complex series of events involving both
phosphorylation and translocation. Traditionally, activation of NAD(P)H oxidase is viewed to
follow phosphorylation of p47phox on serine residues [35], which then initiates an
intramolecular shift revealing the C-terminal proline rich domain of p47phox so that it can
interact with the C-terminal SH3 domain of p67phox [36–38]. p67phox is constitutively bound
to p40phox through a PB1 domain[39,40]. Upon interaction with p47phox the complex traffics
to the membrane where p47phox interacts with p22phox in the p22phox/Nox dimer [37,38,41]
and p67phox interacts directly with the Nox subut in the p22phox/Nox dimer [42–45].
Additionally, activated Rac binds to the N-terminus of p67phox and is required for generation
of O2

− [46,47]. For a complete review regarding the activation of NAD(P)H oxidase, we
recommend Takeya and Sumimoto [48].

Of the 5 Nox subunits, Nox2 has been the most widely studied as it is the Nox originally
described in neutrophils [49]. In endothelial cells although Nox1, 2, 4, and 5 have all been
shown to be expressed [50–54], Nox 2 and 4 appear to be the most biologically significant
[51,53,55,56]. Further, Nox1 expression levels have been reported to be low to nonexistent in
some endothelial cells [51,56]. Endothelial cells express all of the cytosolic subunits of NAD
(P)H oxidase [50,51]; however there are low levels of p51Nox/Noxa1 suggesting that
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p67phox is predominant in endothelial cells [50]. The levels of p47phox and p41Nox/Noxo1 are
similar. It has become clear that there are significant differences between endothelial cells and
phagocytes and further, it is also becoming evident that heterogeneity may exist between
endothelial cells. Conceivably, species differences may contribute to these seemingly
discordant findings.

Previous studies in cultured rat aortic smooth-muscle cells have shown that TNF-α activates,
in a time- and dose-dependent manner, an O2

·− producing NAD(P)H oxidase and prolonged
treatment with TNF-α increased p22phox mRNA expression suggesting NAD(P)H oxidase as
a source for TNF-α induced free radical production [57]. Recent studies demonstrated that in
endothelial cells TNF-α could not only induce NAD(P)H oxidase expression but also activate
NAD(P)H oxidase directly.

In pulmonary artery endothelial cells (PAEC), TNF-α treatment elicited an increase in the
formation of O2

·− and induced gp91phox expression, which could be blocked by the continual
presence of SOD and apocynin but not catalase, providing evidence for the role of NAD(P)H
oxidase in TNF-α induced ROS production [58]. In cultured pig pulmonary artery vascular
smooth muscle cells (PAVSMC) and endothelial cells (PAEC), TNF-α treatment also induces
O2

·− and gp91phox expression, which can be inhibited by DPI and apocynin, but not via the
COX inhibitor salicylic acid [59].

In studies of coronary microvascular endothelial cells (CMEC), deletion of p47phox did not
result in a reduction in NAD(P)H-dependent ROS production in the absence of agonist
stimulation. However, while pre-stimulation with TNF-α significantly increased NAD(P)H-
dependent O2

·− production in the wild-type (p47phox+/+) cells, this response was completely
lost in p47phox−/− cells. Transfection of the full-length p47phox cDNA into p47phox−/− cells
caused expression of p47phox protein and restoration of the O2

·− response to TNF-α. Thus these
data show that p47phox is necessary for TNF-α and NAD(P)H oxidase-mediated activity in
endothelial cells [60]. However, while this study utilized exogenous NAD(P)H to assess NAD
(P)H oxidase activity, as has been used previously by several groups both in intact cells and
intact tissues [60], this approach is subject to criticism since the effect of exogenous NAD(P)
H in this setting is uncertain. For example, studies have indicated that exogenous NAD(P)H
might, itself, induce endothelial cell ROS formation through both NAD(P)H oxidase-
dependent and independent mechanisms [61].

Tumor necrosis factor receptor-associated factors (TRAFS) were initially discovered as
adaptor proteins that couple the TNFR family to signaling pathways. Recruitment of TRAF
adapter proteins to the cytoplasmic domains of receptor molecules can lead to the assembly of
larger signaling complexes that consist of distinct TRAF adapter molecules and other effector
proteins with enzymatic functions [62]. A yeast two-hybrid screen found evidence of an
association between TRAF4 and p47phox, raising the possibility that TRAF-mediated and NAD
(P)H oxidase-dependent downstream redox signaling may in fact be linked [63]. In human
microvascular endothelial cells (HMEC), the acute response to TNF-α involves a rapid PKC
dependent phosphorylation of p47phox, an increase in p47phox-TRAF4 association,
translocation of p47phox-TRAF4 to the cell membrane, increased formation of p47phox-
p22phox complexes, and activation of NAD(P)H oxidase and ROS generation. NAD(P)H
oxidase activation leads to a rapid (within 5 min) activation of ERK1/2 and p38MAPK (but
not JNK), which requires both p47phox and TRAF4. These data suggested that
p47phoxphosphorylation and TRAF4 are required for acute TNF-α signaling [64].

A study examining the role of a Rac1-dependent oxidase in regulating TNF-induced ROS
production in HUVEC showed that Rac1 is partly responsible for the TNF-α induced oxidative
burst but does not regulate TNF-α induced mitochondrial ROS generation [65]. These data,
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therefore, suggest the possibility that there might be at least two different pathways involved
in TNF-α induced ROS formation in endothelial cells [66]. Another group provided evidence
that both complex III of the mitochondrial respiratory chain and the gp91phox subunit of NAD
(P)H oxidase are the primary sources of ROS in TNF-α treated HUVEC [67]. This further
suggests that there may be an internal relationship between mitochondria and NAD(P)H
oxidase in TNF-α treated endothelial cells. ROS-mediated advanced glycation end product
receptor (RAGE) is induced via the activation of NF-κB and the stimulation of HUVEC by
TNF-α; this stimulates NAD(P)H oxidase, which leads to generation of ROS and activation of
mitochondrial respiratory chain [67]. This in turn stimulates NF-κB activity and induction of
RAGE expression [67].

TNF-α, Nitric Oxide Synthase and Nitric Oxide
NO is a reactive nitrogen species, generated by nitric oxide synthase (NOS) in a two-step, five-
electron oxidation of the terminal guanidino nitrogen of L-arginine with N-hydroxy-L-arginine
as the intermediate. Three distinct iso-forms of NOS have been well characterized and
commonly referred as endothelial (eNOS), neuronal (nNOS), and inducible NOS (iNOS)
[68]. Multiple reports demonstrate that TNF-α regulated NOS expression and/or increased
activity directly affect NO production.

MacNaul et al. (1993) showed that treatment of human aortic endothelial cell (ACEC) with
TNF-α for 8 h induced iNOS mRNA expression but down regulated eNOS expression [69].
While other studies subsequently supported this finding that TNF-α could significantly
decrease eNOS expression in endothelial cells [70–73] another group suggested that TNF-α
could activate eNOS [74]. Unlike eNOS, iNOS is regulated predominantly at the transcriptional
level and not normally produced in most cells. TNF-α induced iNOS mRNA could be decreased
by rooperol administration in microvascular endothelial cell (MMEC) [65]. In cultured human
nasal microvascular endothelial cells (HNMEC), TNF-α induced iNOS expression, as
determined by immunofluorescent staining [75]. Further, co-administration of TNF-α and LPS
markedly augmented the expression of iNOS [65].

Several mechanisms have been suggested for the induction/activation of NOS by TNF-α. A
recent study showed that activation of eNOS by TNF-α in HUVEC requires activation of Akt.
Furthermore, eNOS is activated by TNF-α via sphingosine phosphate (S1P) receptors,
activated by S1P generated through NSMase2 and sphingosine kinase type 1 (SK1) [74]. In
HUVEC, the effect of TNF-α on iNOS was not affected by statin treatment while reduced
eNOS protein expression was reversed by rosuvastatin and cerivastatin through inhibition of
HMG-CoA reductase and subsequent blocking of isoprenoid synthesis [76].

At present there are a number of studies relating to the effects of TNF-α on endothelial cell
NO production that are yet to be fully placed in context. Co-incubation of TNF-α and IFN-γ
(100U/ml each) significantly induced NO formation in the rat brain microvessel-derived EC
line, EC219 [77]. Scalera et al. showed that HUVECs incubated with TNF-α (0–1000 pg /ml)
for 24 h had no effect on NO release as determined by a colorimetric assay based on the Griess
reaction [78], whereas several other studies showed that TNF-α reduced NO formation in
HUVEC [79,80]. In bovine aortic endothelial cell (BAEC), TNF-α (100U/ml) induced NO
production through activation of eNOS present in the same membrane compartment [81]. In
the mouse vascular aortic endothelial cell line END-D, a low concentration of TNF-α reduced
NO production, through down-regulation of cNOS [82], while in the human umbilical vein
endothelial ECV304 cell line, TNF-α increased NO formation [70].

Stimulation of NO production from NOS, and eNOS specifically, is generally considered
beneficial, especially in regards to endothelial function; however, NO rapidly interacts with
O2

·− to form ONOO- [83]. ONOO- is a stable potent oxidant; for a complete review of ONOO-
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biology and pathophysiology we suggest [84]. In the endothelium NO is quenched by O2
·−

resulting in decreased vascular relaxation, and this quenching is blocked by SOD [85]. NO
does not directly interact with SOD [86]; thus, the effects of SOD on the biological function
of NO appear to be due to removal of O2

·− [87] However, this indicates that ONOO- would
also be produced. Furthermore, since TNF-α stimulation can generate O2

·− and NO, TNF-α
can generate ONOO- [88], which can lead to ED [89]. Therefore, in some situations, such as
excessive O2

·− stress, TNF-α mediated production of NO is not necessarily beneficial and could
contribute to oxidative stress by competing with SOD for O2

·− and producing ONOO-.

Other Potential ROS Sources
Xanthine oxidase (XO) is another important ROS source deriving rom O2

·− in endothelial cells
[90]. However, the effect of TNF-α on endothelial XO is not clear. In rat pulmonary artery
endothelial cells, treatment with human recombinant TNF-α induced conversion of xanthine
dehydrogenase to XO with an ED50 of 12 nM suggesting that TNF-α could interact directly
with endothelial cells to bring about the activation of XO [91]. Several lines of studies in
cultured cells failed to inhibit TNF-α induced ROS formation in endothelial cells with the XO
inhibitor allopurinol/oxypurinol which might exclude the involvement of XO [32,60].
However, our experiments showed that TNF-α activated JNK and XO in pig coronary arterioles
[75].

Neither mefenamic acid nor aspirin (COX inhibitors) showed a significant inhibitory effect on
TNF-α induced ROS formation in endothelial cells suggesting a negligible for COX [32,59].
However, in HUVEC, TNF-α treatment induced COX-2 expression both at the mRNA and
protein levels together with enhanced COX-2 activity [92]. Furthermore, the induction of
COX-2 involved intracellular ROS formation and GSH/GSSG alteration [92]. Another study
also showed TNF-α induced both COX-1 and COX-2 expression in HUVEC [93]. In view of
the role of COX in ROS formation, further studies are required to elucidate its potential role.
There is also limited data on the effect of TNF-α on CYP-450 expression and activity in
endothelial cells. TNF-α induced endothelial cell adhesion molecule expression has been
shown to be CYP-450 dependent [94]. Further, some evidence suggests that TNF-α suppresses
cytochrome P450 and UDP glucuronosyl transferase dependent enzyme activity in primary
cultured pig hepatocytes [95]. Thus further studies are also warranted on the relationship
between TNF-a and this enzyme system.

Although most reports indicate that TNF-α induces endothelial cell ROS formation, one study
showed that net generation of cellular reactive oxygen metabolites (ROMs) in response to TNF-
α was not apparent despite using four different ROM assays: cytochrome c reduction, nitroblue
tetrazolium (NBT) reduction, lucigenin-enhanced chemilumines-cence, and DCFH-DA in
EAhy 926 endothelial cell line. Moreover, the provision of exogenous, or stimulation of
endogenous ROM, did not upregulate ICAM-1, nor enhance ICAM-1 upregulation by TNF-α
[96]. This apparent inconsistency can be attributed to several factors. First, endothelial cell
differences may occur between species and between primary cultured cells and cell lines.
Second, differences may be due to selection of ROS probes. The detection limits of typical and
modified Griess reactions for NO2

− are 2 µM and 0.2 µM respectively [97]. Cytochrome c
reduction is nonspecific for O2

·− and reduced cytochrome c can be reoxidized by cytochrome
oxidases, peroxidases, and oxidants, including H2O2 and ONOO− [12]. NBT is also nonspecific
for O2

·− and numerous other substances including cellular reductases, can reduce NBT [12].
While the DCFH-DA assay may best be applied as a qualitative marker of cellular oxidant
stress, its oxidation by cells is complex and there is controversy regarding interpretation of
results [98]. Furthermore, nearly all the probes for ROS can undergo autooxidation. Third,
there are differences in the literature between the dose and the incubation time of TNF-α from
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picogram to nanogram and from mins to hours and even days, respectively. Prolonged
incubation may conceivably increase autooxidation of the probes.

TNF-α, ROS AND ENDOTHELIAL DYSFUNCTION
The activation, injury and dysfunction of endothelial cells may be a common sequential trilogy
for many cardiovascular diseases. Originally, endothelial activation referred to a state in which
endothelial cells, responding to various mediators, acquire the ability to perform new functions
[16], and now is defined as the increased expression or release of endothelial adhesion
molecules [99]. Endothelial injury describes a state in which endothelial cell shape changes,
or injury can be identified. This can be evident as defects in endothelial lining or elevation of
soluble markers [99]. Generally, dysfunction of the endothelium is manifested as reduced
vasodilation, increased vasoconstriction, a proinflammatory state, and prothrombic properties
[100]. ED can be caused by, or is associated with, reduced bioavailability of NO, an alteration
in the production of prostanoids, including prostacyclin, thromboxane A2, and/or isoprostanes,
an impairment of endothelium-dependent hyperpolarization, as well as an increased release of
endothelin-1 [3]. These events can be assessed by evaluating vascular functions through flow-
mediated vasodilatation, coronary circulation, vascular stiffness or measurement of
biochemical markers of oxidative stress such as NO and its metabolites, 8-
hydroxy-2'deoxyguanosine (8-OHdG), oxidized LDL, isoprostanes, oxidatively modified
tyrosine residues, adhesion molecules. TNF-α has a broad effect on endothelial cells, and the
endothelial cell activation and injury by TNF-α has been reviewed in detail previously [1,17,
20,101]. This portion of the review therefore specifically focuses on the effects of TNF-α on
endothelial function involving ROS, and particularly on vascular reactivity to TNF-α.

Direct Injury of ROS
Uncontrolled ROS production causes cell injury by DNA damage, oxidation of polyunsaturated
fatty acids and amino acids, and inactivation of specific enzymes through oxidizing their co-
factors [102]. Previous studies show that TNF-α induced intracellular ROS formation is a
mediator of mitochondrial and nuclear DNA damage in cardiac myocytes [103], primary
murine hepatocytes [104] and L929 cells fibroblasts [105]. Lipid peroxidative metabolites
resulting from the interaction of free radicals with lipids are indirect indicators of oxidative
stress, which include a series of small molecules such as malondialdehyde (MDA) and 4-
hydroxy-alkenals (4-HNE). Lower concentrations of TNF-α (10–100pg) dose-dependently
increase intracellular lipid peroxides as determined by MDA and 4-HNE in HUVECs [78].
TNF-α induced lipid peroxidation in the human umbilical vein endothelial ECV304 cell lines
is also involved in the activation of NF-κB [70].

ROS AS A MEDIATOR IN TNF-α INDUCED GENE EXPRESSION
TNF-α induces profound changes in the expression of a set of 19 glycosyltransferases, which
are correlated with an alteration of endothelial cell surface glycosylation in HUVEC [95].
Recent studies also found TNF-α induced stannin gene expression via a PKC-ζ dependent
manner in endothelial cells [106]. MnSOD expression is induced by TNF-α via a mitochondria-
to-nucleus signaling mechanism that is inhibited by NAC treatment [107], thus demonstrating
a role for ROS in this signaling pathway. Several studies suggested that TNF-α upregulates
ET-1 gene expression [108] and ET-1 release from endothelial cells [109,110], while one study
demonstrated lower concentrations (10–100pg/ml) of TNF-α to increase while higher
concentrations (1000pg/ml) decreased ET-1 secretion [78]. TNF-α significantly induces ET-1
and IL-8 gene expression in HMECs, but possibly through different redox signaling pathways.
Thus, ET-1 expression appears to be regulated by O2

·−, whereas IL-8 expression appears to be
mediated by H2O2 [111]. TNF-α induced RAGE expression is mediated through NF-κB and
17-beta-estradiol activation of the transcription factor Sp1,with this pathway being dependent

Chen et al. Page 8

Curr Hypertens Rev. Author manuscript; available in PMC 2010 June 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



on activation of NAD(P)H oxidase and subsequent ROS formation [112]. Additionally TNF-
α, in a ROS-dependent manner, is involved in initiating cytokine signaling, caspase activation,
cytochrome c release, regulation of mitochondrial membrane potential and NF-κB activation,
as has been comprehensively summarized in a previous review [101].

TNF-α Induced Vascular Endothelial Dysfunction
Vasoactivity (contraction and relaxation) depends on a complex interplay between endothelial
and smooth muscle cells. Endothelial cells contribute to the regulation of vasoactivity by
releasing several potent vasodilators, such as NO, endothelium-derived hyperpolarizing factor,
and prostacyclin, and several vasoconstrictors, including ET-1, TXA2, PGH2, and O2

·−. In
vitro, low concentrations (10–100 pg/ml) of TNF-α increase the intracellular content of LPO
and GSH, stimulate the secretion of ET-1 and TXA2, but inhibit the secretion of PGI2 in
HUVECs. In contrast, high concentrations (1000pg/ml) of TNF-α increase the secretion of
PGI2 and TXA2 while decreasing ET-1 secrettion. These results suggest that TNF-α induces
oxidative stress and results in altered secretion of vasodilatory substances in favor of
vasoconstrictors in human endothelial cells [78].

The effect of TNF-α on vasoactivity has been widely supported by studies in several species,
including humans, utilizing isolated blood vessels or in vivo studies. In rat skeletal muscle
arterioles, 2 min of incubation with TNF-α has no direct vasomotor effect. However,
pretreatment with endotoxin revealed that TNF-α can cause arteriolar dilation, possibly through
a mechanism involving COX and NOS [113]. Infusion of TNF-α into normal SD rats does not
significantly alter either mean arterial pressure or heart rate. However, isolated aorta and
pulmonary artery from both TNF-α infused and normal animals treated with TNF-α for 2h
showed reduced acetylcholine-induced vascular relaxation, which was sustained for at least 80
minutes. In the same system nitroglycerine-induced vascular relaxation was not altered [114].
Aortic strips from pregnant rats show a greater enhancement of phenylephrine (Phe)
contraction than those from virgin rats indicating that pregnancy alters vascular function.
Furthermore, TNF-α significantly inhibits acetylcholine (Ach)- and bradykinin-induced
vascular relaxation and nitrite/nitrate production more prominently in pregnant than virgin rats.
In TNF-α treated vessels, L-NAME and ODQ (cGMP inhibitor) inhibit Ach-mediated
relaxation and enhance Phe-mediated contraction suggesting the involvement of NO-cGMP-
mediated vascular relaxation in TNF-α treated vessels [115,116]. Intraperitoneal injection of
recombinant murine TNF-α (20 µg/kg) to male ACI rats caused no effect on hemodynamics
or significant tissue injury, while inducing iNOS expression with a subsequent increase in NO
production. Furthermore, the systemic vascular barrier was injured by TNF-α administration
[117].

In anesthetized, ventilated sheep, recombinant human TNF-α (10 mg for 20 or 40 min) infused
directly into the bronchial artery resulted in a significant decrease in bronchial vascular
resistance after 20 minutes but this vasodilation was followed by a reversal of tone within 120
min. The observed increase in bronchial vascular resistance was suggested to result from a
secondary release of ET-1 [118]. The incubation of bovine intralobar pulmonary arteries with
TNF-α for 60min inhibited endothelium-dependent relaxation to acetylcholine, bradykinin and
histamine. TNF-α mediated inhibition of endothelium-dependent relaxation was not reversible
by L-NMMA, an inhibitor of NOS, the COX inhibitor, ibuprofen, or the platelet-activating
factor antagonist, CV3908 [119]. In isolated palmar digital arteries of horses, TNF-α (5100 pg/
ml) exposure significantly decreased maximal relaxation to Ach and increased maximal
contraction to norepinephrine. L-arginine treatment was without effect [120]. Intravenous
administration of natural human TNF-α (10 µg/kg) to anesthetized dogs induced a significant
increase in mean arterial pressure and cardiac index and a significant decrease of systemic and
pulmonary vascular resistance index. Furthermore, plasma levels of ET-1, ET-3, NOx, and 6-
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keto-PGF1 alpha significantly increased at 1 h [121]. Our own studies showed that intraluminal
treatment of pig coronary arterioles with TNF-α (1ng/ml, 90 min) significantly attenuated NO
release and vasodilation to adenosine which was not observed in denuded vessels or in the
presence of L-NMMA. O2

·− production and JNK phosphorylation was enhanced by TNF-α.
Furthermore, administration of an O2

·− scavenger (TEMPOL) or inhibitors of CAPK
(dimethylaminopurine), JNK (SP600125 and dicumarol), and XO (allopurinol) reduced O2

·−

production as while restoring NO release and vasodilation to adenosine. Conversely, the effects
of TNF-α were insensitive to inhibitors of p38 (SB203580), ERK (PD98059), NAD(P)H
oxidase (apocynin), or mitochondrial respiratory chain (rotenone). These data, therefore,
indicated that TNF-α inhibits endothelium-dependent NO-mediated dilation of coronary
arterioles by ceramide-induced activation of JNK and subsequent production of O2

·−via XO
[91].

In humans, several lines of evidence point towards TNF-α playing an important role in eliciting
ED. It has been established, through clinical studies, that there is a strong positive relationship
between increased plasma TNF-α levels and reduced reactivity to Ach [122]. Though elevated
concentrations of TNF-α contract the distal ends of human internal mammary arteries, it failed
to relax norepinephrine-precon-tracted vessels. The observed vasoconstrictor effects were
mediated by ETA receptors and were endothelium dependent [123]. In healthy volunteers, low-
dose intra-arterial forearm infusion of TNF-α increased forearm vascular resistance by
increasing the bioavailability of the vasoconstrictor prostaglandin while reducing the
bioavailability of NO [124]. Furthermore, incubation of human temporal artery segments with
TNF-α for 2 days concentration-dependently enhanced endothelin ETB receptor-mediated
contraction [125]. TNF-α infusion in healthy subjects induced transient and reversible ED in
vein as determined by measurements of vessel diameter [114]. In diabetic adults, TNF-α
induces ED, which is reversed by the PPAR-gamma agonist pioglitazone [126]. However, other
studies in human isolated resistance arteries, preconstricted with noradrenalin or a depolarizing
high potassium solution, showed that TNF-α and IL-1 (alone or in combination) does not exert
any relevant vasoactive effect [127]. These data suggest that TNF-α does not exert a direct
effect on human resistance arteries.

Animal models have provided more evidence for the role of ROS in TNF-α induced ED. For
example, one study indicated that TNF-α contributes to ischemia-reperfusion (I/R) induced
endothelial activation, in isolated rat heart, through early TNF-α cleavage and NF-κB activation
[128]. Additionally, our lab has provided direct evidence for the role of ROS in TNF-α induced
ED. We tested the effect of neutralizing TNF-α antibody on coronary arteriolar dilation in a
murine I/R model and found that the neutralizing antibody as well as TEMPOL, allopurinol
and oxypurinol restored endothelium-dependent dilation in the I/R group and reduced I/R-
stimulated O2

·− production (Fig. 1). Furthermore, I/R-dependent activation of XO was
prevented by the antibody as well as the XO inhibitor allopurinol. These results suggest that
TNF-α contributes to ED in myocardial I/R through activation of XO and production of O2

·−,
leading to coronary ED [129]. We also demonstrated that TNF-α upregulates expression of
arginase in endothelial cells, which leads to O2

·− production that then contributes to ED and I/
R injury [130]. Pretreatment of SD rats with a neutralizing antisera directed against TNF-α
demonstrated a significant reduction in acute lung edema in response to 4 h of ischemia and
30 min of reperfusion [131]. Furthermore, cultured endothelial cells exposed to plasma from
the ischemic hind limb of a SD rat altered their shape and increased permeability in a TNF-α-
dependent manner [131]. Using Zucker Obese Fatty (ZOF) mice, a model of pre-diabetic
metabolic syndrome, we discovered that administration of the O2

·− scavenger TEMPOL, NAD
(P)H oxidase inhibitor (apocynin), or anti-TNF-α restored endothelium-dependent dilation in
pressurized coronary small arteries [124]. Furthermore, administration of anti-TNF-α or
apocynin inhibited O2

·− formation and restored eNOS expression [132]. These results
demonstrate the ED occurring in the metabolic syndrome may be the result of effects of the
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inflammatory cytokine TNF-α and subsequent production of O2
·− [132]. Similar results were

obtained with type 2 diabetic Leprdb mice [133]. In summary, among the mechanisms
responsible for TNF-α induced endothelial dysfunction is most likely to play the primary role
of ROS (Fig. 2).

CONCLUSION
Endothelial activation, injury and dysfunction precede the development of a number of
cardiovascular diseases especially atherosclerosis. Excessive production of ROS may cause
oxidative damage in a molecule, a cellular organelle, a cell tissue and even an organ resulting
in a steady state condition generally referred to as oxidative stress. Importantly, many of the
accepted cardiovascular risk factors, including hyperlipidemia, hypertension, diabetes and
smoking, are associated with overproduction of ROS or increased oxidative stress.
Furthermore, increased oxidative stress is considered to be a major mechanism involved in the
pathogenesis of ED and may serve as a common pathogenic mechanism manifesting the effect
of risk factors on the endothelium. Recent studies show that TNF-α, one of the most important
inflammatory cytokines, also plays an important role in ED. ROS appears to serve as one of
the key mediators involved in TNF-α induced cellular responses thus linkings these two
mechanisms. Elucidating the exact mechanism(s) underlying these actions will require further
study.
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Fig 1.
DHE-fluorescence imaging of O2 in coronary arterioles . DHE fluorescence was markedly
elevated in both endothelial (arrow head) and vascular smooth muscle (arrow) cells of arteriolar
sections after TNF-α treatment (1 ng/mL, 60 minutes, n=4) and I/R (n=4) compared with
vehicle (sham). Apocynin and nonimmune IgG did not, but TEMPOL, allopurinol, and anti-
TNF-α, markedly reduced the fluorescent signals (n=4). (Adapted from Figure 1 in Zhang, C
et al. [129].
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Fig 2.
Role of ROS in TNF-α induced endothelial dysfunction. At least four sources of ROS exist in
TNF-α treated endothelial cells: the NADPH oxidase, the mitochondria, the XO and the eNOS.
The binding of TNF-α to its receptor: 1. induces PKC phosphorylate p47phox and
phosphorylated p47phox to recruit adaptor protein TRAF4. The p47phox-TRAF4 complex
translocates to the membrane and activated NADPH oxidase; 2. induces mitochondrial ROS
formation through ceramide-CAPK or caspase 8 ; 3. activates ASMase then through creamide-
CAPK-JNK pathway to activate XO ; 4. activates NSMase then through PI3K–AKT or
Sphingosine 1 phosphate (Sph1p) receptor to regulate eNOS resulting in NO production .TNF-
α induced ROS may exert a variety of effects including causing direct injury to lipid
membranes, proteins, glucose, LDL, enzymes, DNA. ROS also acts as a second messenger to
induce RAGE, IL-8, ET-1, E-selectin, ICAM-1, VCAM-1 expression and induces cytokine
signaling, caspase activation, cytochrome c release, NF-κB activation, mitochondrial
membrane potential changes etc. Collectively, these events contribute to TNF-α induced
endothelial activation, injury and dysfunction.
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