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Vascular aging is associated with dysregulation of tu-
mor necrosis factor (TNF)-� expression. TNF-� is a
master regulator of vascular proatherogenic pheno-
typic changes, and it has been linked to endothelial
dysfunction and apoptosis. To test the hypothesis that
anti-TNF-� treatment exerts vasculoprotective effects
in aging, aged (29 months old) F344 rats were treated
with etanercept (1 mg/kg/week for 4 weeks), which
binds and inactivates TNF-�. In aged carotid arteries,
relaxations to acetylcholine were decreased, and en-
dothelial O2

. production was increased (as shown by
dihydroethidine fluorescence measurements). Etan-
ercept treatment significantly improved responses to
acetylcholine and decreased vascular NAD(P)H oxi-
dase activity and expression. In aged carotid and cor-
onary arteries, there were increases in DNA fragmen-
tation rate and caspase 3/7 activity (indicating an
increased rate of apoptotic cell death), which were
attenuated by etanercept treatment. In aged vessels,
there was an up-regulation of inflammatory markers,
including inducible nitric-oxide synthase and intercel-
lular adhesion molecule-1, which was decreased by
etanercept treatment. In carotid arteries of young
animals, recombinant TNF-� elicited endothelial dys-
function, oxidative stress, and increased apoptosis and
proinflammatory gene expression, mimicking many of
the symptoms of vascular aging. Thus, we propose that
anti-TNF-� treatment exerts anti-aging vasculoprotec-
tive effects. (Am J Pathol 2007, 170:388–398; DOI:
10.2353/ajpath.2007.060708)

Epidemiological studies have shown that even healthy
aging is an independent risk factor for cardiovascular
disease, suggesting that a large percentage of the US
population will die as a consequence of aging-related
vascular diseases (ischemic heart disease, stroke, aortic

aneurysm; reviewed recently by Lakatta and Levy1). Pre-
vious studies by this and other laboratories have shown
that the aging vascular system undergoes characteristic
changes that include endothelial dysfunction,2–5 oxida-
tive stress,2,4,6,7 and enhanced endothelial apoptosis.3,8

However, the underlying mechanisms responsible for
these proatherogenic changes in vascular phenotype in
aging remain unclear. In addition, there are no treatments
available to reverse or delay aging-induced decline of
vascular function.

Recent studies revealed that plasma levels of the
proinflammatory cytokine tumor necrosis factor (TNF)-�
significantly increase in aging.9–12 We have demon-
strated that in aged coronary arteries there is an
up-regulation of TNF-�3,13 associated with a gene ex-
pression profile, suggestive of an inflammatory re-
sponse.2–4,12–14 An increased TNF-� production has also
been demonstrated in the carotid arteries, aortic wall,15

and heart16 of aged rodents. Importantly, recent clinical
and experimental studies have linked TNF-� to endothe-
lial impairment, atherosclerosis, and heart failure.17,18

Previous studies by us and others have demonstrated
that administration of exogenous TNF-� can induce oxi-
dative stress by up-regulating/activating NAD(P)H oxi-
dase,19 endothelial dysfunction,20 endothelial apopto-
sis,3 and up-regulation of proatherogenic inflammatory
mediators, such as inducible nitric-oxide synthase (iNOS)
and adhesion molecules. All these effects closely mimic
aging-induced functional alterations of the vascular en-
dothelium.2,3,6,13,21 However, the link between TNF-� and
age-related functional and phenotypic vascular alter-
ations has not been explored.

Recent studies demonstrated that anti-TNF-� thera-
pies (eg, etanercept or infliximab), may improve inflam-
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mation-related endothelial dysfunction in various patho-
physiological conditions,22,23 including heart failure.24 In
addition, perfusion of rat hearts25 and coronary arteries19

with a TNF-� neutralizing antibody was shown to exert
cardiovascular protective effects against oxidative
stress. Although advanced age is associated with an
increased presence of TNF-�, there are no studies extant
investigating the potential beneficial vascular effects of
TNF-� inhibition in aging.

On the basis of the aforementioned data, we hypoth-
esized that up-regulated TNF-� contributes to aging-in-
duced endothelial alterations. To test the hypothesis that
anti-TNF-� treatment exerts anti-aging vasculoprotective
effects, aged F344 rats were treated with etanercept,
which binds and inactivates TNF-�.18,26

Materials and Methods

Animal Models

All animal use protocols were approved by the Institu-
tional Animal Care and Use Committee of the New York
Medical College, Valhalla, NY. Male Fisher 344 rats
[ages: from 3 months old (young) to 29 months old
(aged), n � 70, purchased from the National Institute of
Aging, Bethesda, MD; kept under pathogen-free condi-
tions] were used as described.3,13 In three 29-month old
rats, subcutaneous adenoid tumor, hypophyseal tumor,
and splenomegaly of unknown origin, respectively, were
diagnosed on autopsy, and thus the vessels isolated from
these animals were discarded. All other aged rats were
disease-free with no signs of systemic inflammation
and/or neoplastic alterations. Inflammatory markers in the
plasma were measured by an immunoassay method
(Charles River Laboratories, Austin, TX). To evaluate the
role of chronic in vivo TNF-� inhibition, aged rats (n � 20)
were treated with either etanercept (a TNF-� inhibitor;
Immunex Corp., Thousand Oaks, CA), subcutaneously
administered at 1 mg/kg/week, or vehicle for 4 weeks
before experimentation. In other experiments, etanercept
treatment of rats was discontinued for 2 weeks. Etaner-
cept (Enbrel) is a Food and Drug Administration-ap-
proved drug that is composed of the extracellular ligand-
binding portion of the human 75-kd (p75) TNF receptor 2,
which binds and inactivates circulating TNF-� with well-
characterized pharmacodynamics. The etanercept dose
for chronic studies was chosen based on effective TNF-�
inhibition from previous studies in humans (RENES-
SAINCE and RECOVER trials27) and rats.28 We have not
attempted to determine plasma TNF-� levels in etaner-
cept-treated animals in the present study because of the
known dissociation between TNF-� immunoreactivity and
TNF-� bioactivity after etanercept treatment.29 In other
experiments, aged TNF-� knockout (n � 5, 14 to 16
months old; Jackson Laboratories, Bar Harbor, ME) and
age-matched wild-type control mice were used. All ani-
mals were sacrificed by an overdose of sodium pento-
barbital as described.3,13

Functional Studies

Endothelial function was assessed as previously de-
scribed.30 In brief, carotid arteries of etanercept-treated
and control rats were cut into ring segments 2 mm in
length and mounted on 40-�m stainless steel wires in the
myograph chambers (Danish Myo Technology A/S, Inc.,
Aarhus, Denmark) for measurement of isometric tension.
The vessels were superfused with Krebs’ buffer solution
(118 mmol/L NaCl, 4.7 mmol/L KCl, 1.5 mmol/L CaCl2, 25
mmol/L NaHCO3, 1.1 mmol/L MgSO4, 1.2 mmol/L
KH2PO4, and 5.6 mmol/L glucose, at 37°C and gassed
with 95% air and 5% CO2). Relaxations of precontracted
(10�6 mol/L phenylephrine) vessels to acetylcholine
(ACh; from 10�9 to 10�4 mol/L) and the NO donor S-
nitrosopenicillamine (from 10�9 to 3 � 10�5 mol/L) were
obtained. The effects of the NAD(P)H oxidase inhibitor
apocynin (3 � 10�4 mol/L) and the O2

. scavenger Tiron
(10 mmol/L) on ACh-induced responses of aged arteries
were also tested.

Measurement of Vascular Superoxide Levels

Production of O2
. in segments of the same carotid arteries

that were used for functional studies was determined in
the absence and presence (preincubation, 1 hour) of
diphenyleneiodonium [10�5 mol/L, an inhibitor of fla-
voprotein-containing oxidases, including NAD(P)H oxi-
dases] or apocynin using the lucigenin (10 �mol/L)
chemiluminescence method, as described.2,19,31,32

NAD(P)H oxidase activity was measured in vessel ho-
mogenates after the addition of 10�4 mol/L NAD(P)H as
reported.2

Hydroethidine, an oxidative fluorescent dye, was used
to localize superoxide production in situ as we previously
reported.2,31,32 This method provides sensitive detection
of O2

. levels in situ.2,31–33 In brief, cells are permeable to
hydroethidine, which in the presence of O2

. is oxidized to
fluorescent ethidium bromide (EB), which is trapped by
intercalation with DNA. Isolated, living vessels were incu-
bated with hydroethidine (10�6 mol/L, at 37°C for 60
minutes). Then the arteries were washed three times,
embedded in OCT medium, and cryosectioned. Vascular
sections were imaged using a Zeiss AxioCam Mrm cam-
era mounted on a Zeiss Axiovert 200 fluorescence micro-
scope (Carl Zeiss, Gottingen, Germany). In other exper-
iments, optical sections of en face vascular preparations
were obtained using the Zeiss Apotome technology. Im-
ages were captured at �20 magnification and analyzed
using the Zeiss Axionvision imaging software. Ten to 15
entire fields per group were analyzed with one image per
field. The mean fluorescence intensities of EB-stained
nuclei in the endothelium and medial layer were mea-
sured in each view field.

Detection of Apoptotic Cell Death by Enzyme-
Linked Immunosorbent Assay

Vessels were lysed and cytoplasmic histone-associated
DNA fragments, which indicate apoptotic cell death,
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were quantified by the Cell Death Detection ELISAPlus kit
(Roche Diagnostics Corp., Indianapolis, IN) as de-
scribed.3 Results are reported as arbitrary optical density
units normalized to protein concentration.

Caspase Activity Assay

Arteries were homogenized in lysis buffer, and caspase
activities were measured using the Caspase-Glo 3/7 as-
say kit according to the manufacturer’s instruction (Pro-
mega, Madison, WI). In 96-well plates, the 50-�l sample
was mixed gently for 30 seconds with 50 �l of Caspase-
Glo 3/7 reagent and incubated for 2 hours at room tem-
perature. The lysis buffer with the reagent served as
blank. Luminescence of the samples was measured us-
ing an Infinite M200 plate reader (Tecan, Research Tri-
angle Park, NC). Luminescent intensity values were nor-
malized to the sample protein concentration.

Quantitative Real-Time Polymerase Chain
Reaction (PCR)

Total RNA from the arterial samples was isolated with Mini
RNA isolation kit (Zymo Research, Orange, CA) and was
reverse-transcribed using Superscript II RT (Invitrogen,
Carlsbad, CA) as described previously.2,13 Real-time RT-
PCR technique was used to analyze mRNA expression
using the Strategen MX3000, as reported.2,3,13,19 The
housekeeping gene �-actin was used for internal normal-
ization. Oligonucleotides used for real-time QRT-PCR are
listed in Table 1. Fidelity of the PCR reaction was deter-
mined by melting temperature analysis and visualization
of product on a 2% agarose gel.

Vessel Culture Studies

Arteries of young rats were isolated and maintained
in organoid culture (for 24 hours) under sterile condi-
tions in F12 medium (Life Technologies, Inc., Grand
Island, NY) containing antibiotics (100 UI/l penicillin,
100 mg/l streptomycin, and 10 �g/l Fungizone) and
supplemented with 5% fetal calf serum (Boehringer-
Mannheim, Indianapolis, IN), as previously de-
scribed.3,19,31,32 Arteries were treated with recombi-
nant TNF-� (from 0.1 to 100 ng/ml). After the culture

period vessels were subjected to subsequent func-
tional and molecular studies.

Cell Culture Studies

Primary rat coronary arterial endothelial cells (Celpro-
gen, San Pedro, CA) and aortic smooth muscle cells
(Cell Applications Inc., San Diego, CA) were treated
with recombinant TNF-� (from 0.1 to 100 ng/ml) as
described.34,35 Effect of TNF-� on nuclear factor
(NF)-�B activity in coronary arterial endothelial cells
was tested by a reporter gene assay as described.35

We used a NF-�B reporter comprised of a NF-�B re-
sponse element upstream of firefly luciferase (NF-�B-
Luc; Stratagene, La Jolla, CA) and a Renilla luciferase
plasmid under the control of the CMV promoter (as an
internal control). All transfections were performed with
Novafector (Venn Nova LLC, Pompano Beach, FL) fol-
lowing the manufacturer’s protocols. Firefly and Renilla
luciferase activities were assessed after 42 hours using
a dual luciferase reporter assay kit (Promega) and a
luminometer.

Data Analysis

Data were normalized to the respective control mean
values and expressed as means � SEM. Statistical anal-
yses of data were performed by Student’s t-test or by
two-way analysis of variance followed by the Tukey post
hoc test, as appropriate. P � 0.05 was considered sta-
tistically significant.

Results

Effect of Anti-TNF-� Treatment on Endothelial
Vasodilator Function and Reactive Oxygen
Species Production

Aged F344 rats exhibited significantly higher plasma
TNF-� levels than young ones (Figure 1A). Advancing
age resulted in a significant decline in acetylcholine-
induced relaxation of rat carotid arteries, which was
significantly improved by chronic etanercept treatment
(Figure 1B). The beneficial effect of etanercept on

Table 1. Oligonucleotides for Real-Time RT-PCR

mRNA targets Sense Anti-sense

TNF-� 5�-TCGTAGCAAACCACCAAG-3� 5�-CTGACGGTGTGGGTGA-3�
iNOS 5�-TCCCGAAACGCTACACT-3� 5�-CAATCCACAACTCGCT-3�
ICAM-1 5�-CACAGCCTGGAGTCTC-3� 5�-CCCTTCTAAGTGGTTGGAA-3�
gp91phox 5�-GGATGAATCTCAGGCCAA-3� 5�-TTAGCCAAGGCTTCGG-3�
p22phox 5�-TGCCAGTGTGATCTACC-3� 5�-AGCTATTAACCATGTTTATTACAGT-3�
p47 5�-AGCACCAAGAGGAAACT-3� 5�-CCTAGCAATACCCGTGGA-3�
nox1 5�-TGAATCTTGCTGGTTGACACTTGC-3� 5�-GAGGGACAGGTGGGAGGGAAG-3�
nox4 5�-TGCCTCCATCAAGCCAAG-3� 5�-TTCCAGTCATCCAGTAGAGTG-3�
�-Actin 5�-GAAGTGTGACGTTGACAT-3� 5�-ACATCTGCTGGAAGGTG-3�
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acetylcholine-induced relaxation was not evident 2
weeks after the last etanercept injection (Figure 1B). Neu-
tralization of TNF-� had no effect on acetylcholine-in-
duced relaxation of vessels from young rats (at 10�6

mol/L: 87 � 8%, n.s.). Aging also tended to decrease
S-nitrosopenicillamine-induced relaxation in rat carotid
arteries, which was also normalized by etanercept treat-
ment (Figure 1C). Acetylcholine-induced relaxation of ca-
rotid arteries from aged mice with genetic lack of TNF-�
was greater compared with responses of vessels from
aged wild-type mice (Figure 1D). S-Nitrosopenicillamine-
induced responses were similar in carotid arteries of
young and aged wild-type mice and in vessels of aged
TNF-��/� mice (not shown).

Both apocynin and Tiron improved acetylcholine-
induced relaxation of aged carotid arteries (Figure 2A),
consistent with the view that up-regulation of NAD(P)H
oxidase activity is responsible, at least in part, for
aging-induced endothelial dysfunction.2 Lucigenin
chemiluminescence measurements showed that in ca-
rotid arteries of aged rats there was an increased O2

.

production, which could be inhibited by apocynin and
diphenyleneiodonium (Figure 2B). Vascular O2

. gener-
ation was also significantly reduced in etanercept-
treated aged rats (Figure 2B). In carotid arteries of
aged rats (n � 6), the relative number of EB-positive
nuclei was significantly increased both in the endothe-
lium (arrows) and media compared with vessels from
young rats (Figure 2, C–E), showing that in aged ves-
sels there is a significantly increased O2

. generation
both in the endothelial and smooth muscle cells. Nu-
clear EB fluorescence was significantly reduced in
etanercept-treated aged rats (Figure 2F). Neutraliza-
tion of TNF-� had no significant effect on O2

. production
in vessels from young rats (not shown). Our data re-
vealed an enhanced NAD(P)H-driven O2

. generation in
homogenates of aged carotid arteries, which was sig-
nificantly attenuated in etanercept-treated animals
(Figure 2G). Etanercept treatment tended to decrease
the expression of nox-1, gp91phox, and p47phox sub-
units of the NAD(P)H oxidase (Figure 2, H–J). Expres-
sion of the p22phox and nox-4 subunits was unaffected
by etanercept treatment (not shown).

Effect of Anti-TNF-� Treatment on Vascular
Apoptotic Cell Death

Using vessels from various age groups we demonstrated
that DNA fragmentation rate starts to increase from 18

Figure 1. A: Plasma levels of TNF-� in 3-month-old and 29-month-old F344
rats. *P � 0.05 (n � 3 to 4). B and C: Relaxations to acetylcholine (B) and the
NO donor S-nitrosopenicillamine (C) in carotid arteries of aged (29 months
old) F344 rats treated with etanercept (1 mg/kg/week, for 4 weeks). Re-
sponses of vessels from untreated aged and young rats and rats 2 weeks after
discontinuation of etanercept treatment are shown for comparison. Data are
mean � SEM (n � 5 to 10). *P � 0.05. D: Relaxations to acetylcholine in
carotid arteries of young and aged TNF-��/� and TNF-��/� mice. Data �
SEM are normalized to the young mean values (n � 5 to 10). *P � 0.05.
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months of age and reaches high levels in rats aged �2
years (Figure 3A). There was also an increased caspase
3/7 activity in aged vessels (Figure 3C). Chronic etaner-
cept treatment significantly reduced DNA fragmentation

rate and caspase 3/7 activity in the aged arteries (Figure
3, B and C). The anti-apoptotic effect of etanercept was
diminished 2 weeks after the last etanercept injection
(Figure 3B).

Figure 2. A: Relaxations to acetylcholine in ca-
rotid arteries of aged F344 rats with or without
etanercept treatment (1 mg/kg/week, for 4
weeks) in the absence and presence of apocy-
nin (3 � 10�4 mol/L) or Tiron (10 mmol/L).
Data are mean � SEM (n � 5 to 7). *P � 0.05.
B: Superoxide production in vessels of young,
aged, and etanercept-treated aged rats, as mea-
sured by the lucigenin chemiluminescence
method. The NAD(P)H oxidase inhibitors di-
phenyleneiodonium (10�5 mol/L) and apocy-
nin (3 � 10�4 mol/L) significantly decreased
O2

. generation in aged vessels. Data are mean �
SEM. *P � 0.05 versus young, #P � 0.05 versus
untreated. C and D: Fluorescent photomicro-
graphs showing that compared with young ves-
sels (C), there was a significantly increased O2

.

production in the endothelial (arrows) and
smooth muscle cells of aged arteries (D), as
indicated by the intensive red fluorescent stain-
ing of the nuclei by EB. Green autofluorescence
is shown for orientation purposes (L, lumen; m,
media; ad, adventitia). Images are representa-
tive of six independent experiments. E: Repre-
sentative image of en face preparation of EB-
stained nuclei of endothelial cells (red) and
smooth muscle cells (pseudocolored blue) in an
aged artery. Optical sections were obtained us-
ing the Zeiss Apotome technology. F: Bar
graphs are summary data for nuclear EB fluores-
cence intensities in endothelial cells in arteries
of young, aged, and etanercept-treated aged
rats. Data are mean � SEM. *P � 0.05 versus
young, #P � 0.05 versus untreated. G:
NAD(P)H-driven O2

. generation (assessed by
the lucigenin chemiluminescence method) in
homogenates of carotid arteries of young, aged,
and etenercept-treated aged rats. Data are
mean � SEM. *P � 0.05 versus young, #P � 0.05
versus untreated. H–J: Vascular expression of
the NAD(P)H oxidase subunits nox-1 (H),
gp91phox (I), and p47phox (J) in young, aged,
and etenercept-treated aged rats. Data are
mean � SEM. *P � 0.05 versus young, #P � 0.05
versus untreated.
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Effect of Anti-TNF-� Treatments on Vascular
Expression of Inflammatory Markers

We found that vascular expression of TNF-� and
the inflammatory markers iNOS and intercellular
adhesion molecule (ICAM)-1 increases as a function
of age after mid-life (Figure 4, A–C), extending
our previous findings.2,3,13 Chronic etanercept treat-
ment significantly decreased the expression of
both inflammatory markers in aged vessels (Figure 5, A

and B). Similar results were obtained in the heart
(Figure 5, C and D) of etanercept-treated aged rats.
Expression of iNOS increased with age in carotid ar-
teries of wild-type mice and showed a positive corre-
lation with up-regulation of TNF-� (Figure 5G). Our
recent microarray analysis also showed that age-re-
lated phenotypic changes in carotid arteries are al-
ready present in 14- to 16-month-old mice (Z. Ungvari
and G. Kaley, unpublished results). We found that
genetic lack of TNF-� prevented age-related up-regu-
lation of iNOS in the carotid arteries of mice in this age
group (Figure 5H).

Figure 3. A: Age-dependent increases in DNA fragmentation in vessels of
F344 rats. B: DNA fragmentation in carotid arteries of young, aged, and
etenercept-treated aged F344 rats. Data obtained in vessels from rats 2
weeks after discontinuation of etanercept treatment are also shown. C:
Caspase 3/7 activity in vessels of young, aged, and etenercept-treated
aged F344 rats. Data � SEM are normalized to the young mean values
(n � 4 to 5 for each group). *P � 0.05 versus young, #P � 0.05 versus
untreated.

Figure 4. Expression of TNF-� (A), iNOS (B), and ICAM-1 (C) in vessels of
3-, 9-, 12-, 18-, 24-, and 29-month-old F344 rats. Analysis of mRNA expression
was performed by real-time QRT-PCR. Data � SEM are normalized to the
3-month-old mean values (n � 4 to 5 for each group). *P � 0.05 versus 3
months old.
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Exogenous TNF-� Elicits Oxidatives Stress,
Endothelial Dysfunction, and Apoptotic Cell
Death and Promotes Endothelial Inflammatory
Phenotypic Changes
In isolated carotid arteries from young rats, recombi-
nant TNF-� significantly increased O2

. generation and
impaired ACh-induced relaxations (Figure 6, A and B).
DNA fragmentation, a marker of apoptotic cell death,
was significantly increased by TNF-� in these vessel

preparations (Figure 6C). We also analyzed the effects
of rTNF-� on cultured coronary arterial endothelial cells
and smooth muscle cells. TNF-� elicited substantial
endothelial NF-�B induction and up-regulation of iNOS
(both in endothelial and smooth muscle cells; Figure 6,
D–F). Similar results were obtained in TNF-�-treated
vessels as well (not shown). Interestingly, cultured en-
dothelial cells appeared to be more sensitive toward
TNF-� than smooth muscle cells (Figure 6, compare E
with F).

Figure 5. Vascular (A, B) and cardiac (C, D) expression of iNOS (A, C) and ICAM-1 (B, D) mRNA in aged (29 months old) rats with or without etanercept
treatment (4 weeks, 1 mg/kg/week). Analysis of mRNA expression was performed by real-time QRT-PCR. Data � SEM are normalized to the young (3 months
old) mean values (n � 5 for each group). *P � 0.05 versus young, #P � 0.05 versus untreated. E: Correlation between age-related increases in TNF-� and iNOS
mRNA expression in carotid arteries of wild-type mice. F: Expression of iNOS mRNA in carotid arteries of young and aged TNF�/� mice and TNF�/� mice. Data �
SEM are normalized to the 3-month-old mean values (n � 5 to 6 for each group). *P � 0.05 versus young, #P � 0.05 versus wild type.
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Discussion

There are four salient findings in this study. First, we
found that in advanced aging increased TNF-� levels9–12

(Figure 1A) were associated with significant impairment

of endothelium-dependent and NO-mediated (Figure 1, B
and C) relaxations extending previous findings by this
and other laboratories.6,7,14 Our present data and find-
ings from previous studies suggest that aging in-
creases vascular O2

. production, at least in part, by

Figure 6. Concentration dependence of the vascular effects of TNF-�. A and B: Superoxide production (A; measured by the lucigenin chemiluminescence
method) and relaxations to acetylcholine (B) and in ring preparations of carotid arteries of young F344 rats maintained in vessel culture (for 24 hours) in the
absence and presence of TNF-�. Data are mean � SEM (n � 4 to 6 in each group) *P � 0.05. C: DNA fragmentation in arteries of young F344 rats maintained
in vessel culture (for 24 hours) in the absence and presence of TNF-�. Data are mean � SEM (n � 4 to 6 in each group) *P � 0.05. D: Reporter gene assay showing
the effects of TNF-� on NF-�� reporter activity in coronary arterial endothelial cells. Endothelial cells were transiently co-transfected with NF-��-driven firefly
luciferase and CMV-driven Renilla luciferase constructs followed by TNF-� stimulation. Cells were then lysed and subjected to luciferase activity assay. After
normalization, relative luciferase activity was obtained from four independent transfections (data are mean � SEM, *P � 0.05 versus control). E and F: Effect of
TNF-� treatment (24 hours) on the expression of iNOS in coronary arterial endothelial cells (E) and smooth muscle cells (F). Analysis of mRNA expression was
performed by real-time QRT-PCR. Data are mean of four independent experiments.
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increasing the activity of NAD(P)H oxidase (Figure 2),
thereby increasing NO breakdown and decreasing its
bioavailability.4,6,7,14

We found that neutralization of TNF-� by chronic treat-
ment with etanercept improved endothelial function (Fig-
ure 1B) and NO mediation in aged arteries (Figure 1C)
and reduced vascular NAD(P)H oxidase activity and ex-
pression (Figure 2). Genetic lack of TNF-� also improved
endothelial function in vessels of aged mice (Figure 1D).
Previously, we found that TNF-� inhibition does not sig-
nificantly affect either acetylcholine-induced responses
or vascular reactive oxygen species generation in young
animals.19 These data suggest a link between aging,
TNF-�, oxidative stress, and endothelial dysfunc-
tion.19,36,37 Recent studies also showed that in ovariec-
tomized 12- to 15-month-old female Sprague-Dawley rats
administration of etanercept (0.3 mg/kg, for 4 weeks) also
improved endothelium-dependent vascular relaxations
and decreased expression of the gp91phox NAD(P)H ox-
idase subunits.28,38 There are also studies showing that
anti-TNF-� treatment with infliximab improves endothelial
dysfunction in humans with vascular inflammation char-
acterized by an up-regulation of TNF-�.23 We believe that
these findings support the view that anti-TNF-� therapy,
alone or in combination with standard treatments, may
exert vasculoprotective effects in elderly humans. At
present it is unknown how etanercept treatment affects
cardiac function in aged rats or humans. It is important to
note that recent clinical studies using etanercept (RE-
NAISSANCE and RECOVER trials, the combined analysis
being termed RENEWAL) failed to demonstrate signifi-
cant beneficial effects on cardiac performance in pa-
tients with chronic heart failure.39

Second, our present and previous studies have dem-
onstrated that increased DNA fragmentation rate (Figure
4) is associated with an increased number of terminal
dUTP nick-end labeling-positive endothelial cells in arter-
ies of aged rats.3 Our present data suggest increased
endothelial apoptosis2,3 is a feature of advanced aging
(Figure 4). The results that both chronic etanercept treat-
ment (Figure 4, B and C) and in vitro neutralization of
TNF-�3 decreased apoptotic cell death in aged vessels
provide strong evidence that increased TNF-� levels in
aging initiate programmed endothelial cell death and
thus are likely to contribute to age-related cardiovascular
pathophysiology.14 One can hypothesize that decreasing
endothelial cell death also contributes to the beneficial
effects of etanercept on vascular endothelial function
(Figure 1). It is interesting to note that the vasculoprotec-
tive effects of etanercept diminished in the posttreatment
group (Figures 1B and 3B), which is likely a consequence
of the elimination of etanercept from the circulation in the
2-week period after treatment (the reported half-life of
etanercept is 4 to 5 days in humans).

Third, we have demonstrated that, in addition to
increased plasma TNF-� levels, advanced aging is
associated with up-regulation of TNF-� expression
within the vascular wall (Figure 5, A and E).2,13 Thus,
both locally generated and circulating TNF-� (Figure
1A) are likely to contribute to vascular aging pheno-
type. Our present data (Figure 1A) and findings from

previous studies suggest that plasma levels of TNF-�
in elderly patients9,10 and aged experimental ani-
mals11,12 is probably in the range of 	0.3 ng/ml. It can
be assumed that endothelial cells are exposed to even
higher TNF-� concentrations attributable to the local
release of TNF-� from cells within the vascular wall
(smooth muscle cells,2,3,13 leukocytes, and/or fibro-
blasts). It is likely that etanercept neutralizes TNF-�
both in the plasma and within the vascular tissue. The
mechanisms by which aging leads to the up-regulation
of TNF-� in blood vessels13,15 and other organs16,40

are not well understood. Because TNF-� mRNA ex-
pression also tends to increase in cultured vascular
smooth muscle cells with an increased number of pas-
sages,14 it is likely that up-regulation of TNF-� expres-
sion, at least in part, is intrinsic to the aging process/
senescence of vascular cells. Parallel to the age-
dependent increase in TNF-� levels, we found an
increase in the expression of the inflammatory markers
iNOS and ICAM-1 in rat arteries (Figure 4, B and C).2

The findings that chronic etanercept treatment attenu-
ates aging-induced vascular and cardiac up-regula-
tion of iNOS and ICAM-1 in aged rats (Figure 5, A–D)
and that genetic lack of TNF-� reduces vascular ex-
pression of iNOS in aged mice (Figure 5F) suggest that
TNF-� plays an important regulatory role in age-related
phenotypic changes. The mechanisms by which TNF-�
induces iNOS and other inflammatory genes probably
involves activation of NF-�B.41 Accordingly, NF-�B
binding activity seems to increase in aging of many
tissues including the heart42 and carotid arteries of
aged rats (A. Csiszar and Z. Ungvari, manuscript in
preparation). It is significant that premature vascular
aging in many pathophysiological conditions, includ-

Figure 7. Proposed scheme for the vasculoprotective effects of TNF-�
neutralization in aging. In aging, plasma TNF-� levels are increased.9–12 In
addition, TNF-� is also up-regulated and secreted [by the TNF-� convertase
enzyme (TACE)3] by vascular cells as a paracrine mediator. The resulting
increased levels of TNF-� within the vascular wall activate NAD(P)H oxidase-
derived O2

. generation leading to endothelial dysfunction, induce apoptotic
endothelial cell death, and promote vascular inflammation by inducing
NF-�B activation. Etanercept is likely to neutralize both circulating and
locally produced TNF-�, attenuating oxidative stress and vascular inflamma-
tion, limiting endothelial cell loss, and improving endothelial function in
aging.
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ing hyperhomocysteinemia, is also associated with an
up-regulation of vascular TNF-� expression and con-
comitant endothelial oxidative stress and proinflamma-
tory gene expression (including iNOS).19

Fourth, we have demonstrated that in young arteries
administration of TNF-�, in a dose-dependent manner,
promotes vascular oxidative stress and endothelial
dysfunction (Figure 6, A and B), increases apoptotic
cell death (Figure 6C), activates NF-�B (Figure 6D),
and induces iNOS (Figure 6, E and F), mimicking many
symptoms of vascular aging. There is increasing evi-
dence that proinflammatory effects of TNF-�, including
activation of NF-�B, are mediated by NAD(P)H oxidase
activation.41 The effective concentration range of
TNF-� overlaps with its plasma concentrations present
in elderly patients9,10 and aged experimental ani-
mals11,12 (Figure 1A). Moreover, levels of TNF-� within
the aged vascular wall are likely to far exceed the
plasma levels because of the paracrine secretion of
TNF-� by vascular cells.3,13,19,41

Taken together, we propose (Figure 7) that aging-
induced dysregulation of TNF-� contributes (at least in
part) to endothelial dysfunction and oxidative stress, pro-
motes apoptotic cell death, and induces a proinflamma-
tory phenotype of blood vessels. There is growing evi-
dence that TNF-� plays a role in atherosclerosis: both
genetic lack of TNF-�43 and pharmacological neutraliza-
tion of TNF-�44 are anti-atherogenic in animal models
(although the role of the TNF receptor p55 is still not
completely understood45,46). Thus, vasculoprotective ef-
fects of anti-TNF-� treatments may be beneficial in el-
derly patients.
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