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Increased mitochondrial H2O2 production promotes endothelial NF-�B
activation in aged rat arteries
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Ungvari Z, Orosz Z, Labinskyy N, Rivera A, Xiangmin Z,
Smith K, Csiszar A. Increased mitochondrial H2O2 production pro-
motes endothelial Nf-�B activation in aged rat arteries. Am J Physiol
Heart Circ Physiol 293: H37–H47, 2007. First published April 6,
2007; doi:10.1152/ajpheart.01346.2006.—Previous studies have
shown that the aging vascular system undergoes pro-atherogenic
phenotypic changes, including increased oxidative stress and a pro-
inflammatory shift in endothelial gene expression profile. To elucidate
the link between increased oxidative stress and vascular inflammation
in aging, we compared the carotid arteries and aortas of young and
aged (24 mo old) Fisher 344 rats. In aged vessels there was an
increased NF-�B activity (assessed by luciferase reporter gene assay
and NF-�B binding assay), which was attenuated by scavenging
H2O2. Aging did not alter the vascular mRNA and protein expression
of p65 and p50 subunits of NF-�B. In endothelial cells of aged vessels
there was an increased production of H2O2 (assessed by 5,6-chlorom-
ethyl-2�,7�-dichlorodihydrofluorescein diacetate-acetyl ester fluores-
cence), which was attenuated by the mitochondrial uncoupler FCCP.
In young arteries and cultured endothelial cells, antimycin A plus
succinate significantly increased FCCP-sensitive mitochondrial H2O2

generation, which was associated with activation of NF-�B. In aged
vessels inhibition of NF-�B (by pyrrolidenedithiocarbamate, resvera-
trol) significantly attenuated inflammatory gene expression and inhib-
ited monocyte adhesiveness. Thus increased mitochondrial oxidative
stress contributes to endothelial NF-�B activation, which contributes
to the pro-inflammatory phenotypic alterations in the aged vaculature.
Our model predicts that by reducing mitochondrial H2O2 production
and/or directly inhibiting NF-�B novel anti-aging pharmacological
treatments (e.g., calorie restriction mimetics) will exert significant
anti-inflammatory and vasoprotective effects.

inflammation; endothelial cell; senescence; aging; resveratrol

EPIDEMIOLOGICAL STUDIES showed that even “healthy” aging is an
independent risk factor for cardiovascular disease, which is the
number one cause for mortality and morbidity in persons aged
�65 yr in the Western world. Previous studies by this and
other laboratories have shown that the aging vascular system
undergoes pro-atherogenic phenotypic changes, including in-
creased oxidative stress and a pro-inflammatory shift in endo-
thelial gene expression profile (10–12, 15). Also, there is
increasing evidence that chronic inflammation in aging renders
endothelial cells susceptible to damage and is associated with
an exacerbated response to vascular injury (7, 12, 41). Yet, the
underlying mechanisms responsible for pro-inflammatory al-

terations in vascular phenotype and the link between increased
oxidative stress and vascular inflammation in aging remain
unclear.

NF-�� is a redox-sensitive transcription factor expressed in
both endothelial and smooth muscle cells (5, 9). There is
increasing evidence that endothelial oxidative stress can lead to
NF-�B activation and vascular pro-inflammatory gene expres-
sion in various pathophysiological conditions (9, 35). NF-�B
activation can induce the transcription of a large range of genes
implicated in vascular inflammation, including cytokines, che-
mokines, and adhesion molecules, and it is generally believed
that chronic activation of NF-�� predisposes arteries to ath-
erosclerosis (16). However, the role of NF-�B in the aged
vasculature remains unexplored.

Since Harman (20) originally proposed the free radical
theory of aging, considerable evidence has been published that
increased production of reactive oxygen species (ROS) under-
lies cellular dysfunction in various organ systems of aged
humans and laboratory animals (7, 10, 15, 18, 39, 44). The
mitochondrial theory of aging (21) postulates that mitochon-
dria-derived H2O2 diffuses readily through cellular membranes
and contributes to a variety of macromolecular oxidative mod-
ifications. Accumulation of such oxidative damage has been
proposed to be a primary causal factor in the aging process
(21). However, there is an emerging view that mitochondria-
derived H2O2, in addition to causing oxidative damage, plays
important signaling roles as well. On the basis of the aforemen-
tioned studies, we hypothesized that mitochondrial ROS produc-
tion increases in the aged blood vessels, and H2O2 produced by
mitochondria is implicated in the inflammatory process by acting
as a second messenger activating NF-�B.

Thus, in the present study, we tested the hypotheses that in
aged arteries 1) there is an increased NF-�B activity in the
endothelial cells, 2) NF-�B activation is responsible, at least in
part, for upregulation of pro-inflammatory gene expression,
and 3) increased NF-�B activation is due, at least in part, to an
increased vascular production of H2O2 by mitochondrial
sources.

METHODS

Animal models. All animal-use protocols were approved by the
Institutional Animal Care and Use Committee of the New York
Medical College, Valhalla, NY. Male Fisher 344 rats [ages: 3 mo old
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(“young”), 18 mo old, and 24 mo old (“aged”), n � 70, purchased
from the National Institute of Aging; kept under pathogen-free con-
ditions], were used as previously described (11, 12). All animals were
disease free with no signs of systemic inflammation and/or neoplastic
alterations. The animals were euthanized by an overdose of pentobar-
bital sodium as described (11, 12), and the carotid arteries and aorta
were isolated from subsequent studies.

Measurement of NF-�B activity in aged endothelial cells: organoid
culture, conditions of electroporation, and reporter gene assay. Effect
of aging on NF-�� activity in the endothelial cells of aged rat aortas
was tested by a reporter gene assay as described (8). We used a NF-��
reporter composed of an NF-�B response element upstream of firefly
luciferase (NF-��-Luc, Stratagene) and a renilla luciferase plasmid
under the control of the cytomegalovirus promoter (as an internal
control). Isolated aortic segments were transfected with the reporter
gene construct as described previously (8). In brief, square-wave
electric pulses were delivered to the vessels with a cylindrical external
electrode and an intraluminal electrode (1 cm long, 1-mm fixed
distance between the electrodes) by using an electric pulse generator
(model CUY 201 BTX; Protech International, San Antonio, TX), and
then the vessels segments were maintained in organoid culture for
24 h (6, 8, 9). The electric pulse was regulated as follows: voltage: 20
V, pulse-on time (Pon): 10 ms, interval time (Poff): 990 ms, and
number of pulses: 10. These optimized parameters were determined in
previous studies by measuring luciferase activity 1 day after electro-
poration of a cytomegalovirus-driven renilla luciferase construct at
various electrode voltages, pulse numbers, and pulse durations (8).
Previously, electroporation with a vector that expresses the red fluo-
rescent DsRed-monomer fluorescent protein was used to assess the
efficiency of the endothelial transfection by this method (8). The
concentration of the plasmid DNA solution used for transfection was
adjusted to 1.5 �g/�l. In separate experiments, vessel segments from
young animals were incubated with H2O2 (10�4 mol/l, for 4 h). After
the culture period all vessels were homogenized in 500 �l of dual
luciferase assay lysis reagent (Promega). The firefly and renilla
luciferase activities in homogenates of transfected aortas were mea-
sured by a procedure described previously (6, 8, 9).

Nuclear extraction and NF-�B binding activity assay. Nuclei were
isolated from freshly isolated carotid arteries using the Nuclear Ex-
traction kit from Active Motif (Carlsbad, CA) as reported (9). In brief,
carotid arteries of young and aged rats were homogenized with a
dounce tissue homogenizer in 500 ml ice-cold hypotonic lysis buffer
followed by two centrifugation steps (500 g, for 30 s, 4°C) to exclude
tissue debris. Nuclear proteins (�10 �g/vessel segment) were then
extracted according to the manufacturer’s protocol. Protein concen-
trations in samples were equalized using a Bradford protein assay
(Bio-Rad). With the use of obtained nuclear extract, NF-�� binding

activity was assayed using the TransAM NF-�� ELISA kit (Active
Motif) according to the manufacturer’s guidelines.

In separate experiments, carotid arteries isolated from young and
aged rats were maintained in organoid culture (for 24 h). Some vessels
were treated with the H2O2 scavenger PEG-catalase (200 U/ml), the
NAD(P)H oxidase inhibitor apocynin (10�4 mol/l), or FCCP (1
�mol/l, an uncoupler of oxidative phosphorylation; Invitrogen),
which effectively decreases mitochondrial H2O2 generation. At the
end of the culture period, nuclear NF-�� binding activity was assayed
as described above.

mRNA and protein expression of NF-�B subunits in aged arteries:
quantitative RT-PCR and Western blot analysis. To analyze protein
expression of NF-�B subunits, Western blot analysis was performed
as described (10, 11), using primary antibodies, which recognize the
p65 and p50 subunits of NF-�B (Cell Signaling, Danvers, MA).
Anti-�-actin (Novus Biologicals, Littletown, CO) was used for nor-
malization purposes.

We have used a quantitative real-time RT-PCR (QRT-PCR) tech-
nique to analyze mRNA expression of NF-�B subunits and other
regulatory factors that modulate NF-�B activity (Table 1) in carotid
arteries of 3-, 18-, and 24-mo-old rats, using the Strategen MX3000 as
reported (6, 9–11). Total RNA was isolated with Mini RNA Isolation
Kit (Zymo Research, Orange, CA) and was reverse transcribed using
Superscript III RT (Invitrogen). Efficiency of the PCR reaction was
determined by using dilution series of a standard vascular sample.
Quantification was performed using the 		-cycle threshold method.
The housekeeping gene �-actin was used for internal normalization.
Oligonucleotides used for real-time QRT-PCR are listed in Table 1.
Fidelity of the PCR reaction was determined by melting temperature
analysis and visualization of product on a 2% agarose gel.

Measurement of mitochondrial O2
•� and H2O2 production. Mi-

toSox (Invitrogen, Carlsbad, CA), a mitochondrion-specific hydro-
ethidine-derivative fluorescent dye, was used to assess mitochondrial
O2

•� production in situ. In brief, segments of the carotid arteries and
aortas of young and aged rats (n � 5–6 in each group) were incubated
with MitoSox (10�6 mol/l; at 37°C for 60 min). SYTOX green was
used for nuclear staining. In some experiments, vessels coincubated
with FCCP or apocynin. The vessels were then washed three times,
embedded in OCT medium, and cryosectioned. Images were captured
using a Bio-Rad confocal microscope. In separate experiments optical
section of the endothelium of en face vessel preparations were
obtained. Average perinuclear MitoSox fluorescence intensities were
quantified. Ten to fifteen entire fields per vessel segment were ana-
lyzed with one image per field. The mean fluorescent intensities for
each vessel in each group were averaged.

In other experiments, the cell-permeant oxidative fluorescent indi-
cator dye 5,6-chloromethyl-2�,7�-dichlorodihydrofluorescein diac-

Table 1. Oligonucleotides for real-time RT-PCR

mRNA Targets Description/Alternative Names Sense Antisense

p65 NF-�B p65 subunit; v-rel ATGGACGATCTGTTTCCC GTCTTAGTGGTATCTGTGCT
p50 NF-�B p50 subunit; NF-�B p105 subunit CAAGACAGCACATAGATGAG TGTTCAGAGATAGCAGTGG
p100 NF-�B p100 subunit; Oncogene Lyt-10 CGCCTGAGACCCGAGACAAG CTGCCTCCTGCTCCACTGAC
c-rel v-rel avian reticuloendotheliosis viral oncogene homolog CCCAAGAGACCCGAGACAACTG TTAGGATGATGTGCGTCGTTTGC
I�B
 NF-�B inhibitor 
 GTTGAACCGCCATAGACTGTAGC AAGCACATACCACTGAACACCTG
I�B� NF-�B inhibitor � GCAGCAACAGCAGCAGTG GGTCATCAGGAAGAGGTTTGG
I�B-like-1 NF-�B inhibitor-like protein 1 GAATGAGCAAGAACCTGTG CGTTAGCCATCCCATATCC
I�B kinase � Inhibitor of NF-�B kinase �-subunit CCACCACAGAAGCACAACAATG CCCGCAGCAGTCCAAAGG
I�B kinase ε Inhibitor of NF-�B kinase ε subunit CCTACCACTGCCTCATTG CCACTTATCCAACCTCCTG
Nkiras-1 NF-�B inhibitor interacting Ras-like 1 TGAACAAGATTGCCAGACCTATGC GAGCCAGCCACAGTTGAAAGC
Nkiras-2 NF-�B inhibitor interacting Ras-like 2 TGCTCCAACCTCTTCAAG ACAACCAAGAAACAACCAG
ICAM-1 CACAGCCTGGAGTCTC CCCTTCTAAGTGGTTGGAA
iNOS TCCCGAAACGCTACACT CAATCCACAACTCGCT
�-Actin GAAGTGTGACGTTGACAT ACATCTGCTGGAAGGTG

Nkiras-1, NF-�B inhibitor interacting Ras-like 1; iNOS, inducible nitric oxide synthase.
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etate-acetyl ester (DCF or CM-H2DCFDA, Invitrogen) was used to
assess H2O2 production in isolated arterial segments, as previously
reported (26, 35). In brief, the arteries were pretreated with apocynin
(3 � 10�4 mol/l), 250 �mol/l 
-cyano-4-hydroxycinnamic acid
(4-OHCA; to inhibit pyruvate transport across the mitochondrial
membrane), and 1 �mol/l FCCP or high-dose DPI [100 �mol/l, which
inhibits mitochondrial O2

•� production probably through inhibiting
complex I (30)]. The vessel segments were then treated with DCF
(10�5 mol/l; at 37°C for 60 min). Untreated arteries were used as
controls. The arteries were then washed three times. Fluorescent
images of the endothelial layer of en face preparations were captured
and analyzed using the Axiovision software (Carl Zeiss, Gottingen,
Germany). Each experiment was performed in quadruplicates. Ten to
fifteen entire fields per vessel were analyzed with one image per field.
The background-corrected mean fluorescent intensities of the images
were averaged. In some experiments, vessels coincubated with cata-
lase were used as positive controls.

In other experiments we tested whether treatment of aged carotid
arteries with the nitric oxide (NO) synthase inhibitor nitro-L-arginine
methyl ester (L-NAME, 3 � 10�4 mol/l, for 2 h) attenuates endothe-
lial DCF fluorescence or MitoSox fluorescence.

In separate experiments, we demonstrated that in aortic segments
from young rats mitochondrial ROS production can be increased by
coadministration of antimycin A (AA; 10�6 mol/l, which inhibits
complex III by binding to the UQI site, blocking electron transfer
from haem bH to ubiquinone) (27, 32) plus succinate (10 mmol/l, a
substrate of complex II). To demonstrate that AA � succinate selec-
tively increase mitochondrial O2

•� production, the time course of
increases in endothelial MitoSox fluorescence was recorded in the
presence and absence of FCCP. To demonstrate the effect of AA �
succinate on cellular H2O2 levels, the time course of DCF fluores-
cence was also obtained in the presence and absence of FCCP. In
separate experiments, rat coronary arterial endothelial cells (CAEC;
Celprogen, San Pedro, CA)] were grown in a 96-well plate (6) and
loaded with 10 �mol/l DCF, and the effect of AA � succinate was
assessed using a Tecan Infinite 200 plate reader. The blue fluorescent
DNA binding dye Hoechst 33342 was used for normalization pur-
poses.

In separate experiments DCF fluorescence was compared in senes-
cent (passage 13) CAECs and passage 3 CAECs.

Detection of senescent endothelial cells in aged carotid arteries.
Senescent cells were identified in isolated carotid arteries (en face) by
staining for senescence-associated �-galactosidase using the Senes-
cence Cells Histochemical Staining Kit (Sigma-Aldrich). In brief,
arteries were fixed in 2% formaldehyde for 3 min at room tempera-
ture, washed twice with PBS, and stained for �-galactosidase activity
at pH 6.0. Under these conditions, �-galactosidase is a biomarker
specific for senescent cells.

Measurement of endothelial NF-�B activation induced by mito-
chondria-derived H2O2. Effect of mitochondria-derived H2O2 on
NF-�� activity was tested by a reporter gene assay in rat CAECs
(Celprogen) as described (6, 8, 9). Transfection of the NF-��-Luc
vector in CAECs was performed using the Amaxa Nucleofector
technology (Amaxa, Gaithersburg, MD), as we have previously re-
ported (6, 9, 12). To test the role of mitochondria-derived H2O2 on
endothelial NF-�B activity, CAECs were preincubated with AA
(10�6 mol/l) plus succinate (for 4 h), which significantly increases
mitochondrial H2O2 generation. Exogenous H2O2 was used as posi-
tive control. Firefly and renilla luciferase activities were assessed after
24 h using the Dual Luciferase Reporter Assay Kit(Promega).

Effect of NF-�B inhibition on inflammatory gene expression in
aged carotid arteries. To assess the effects of chronic in vivo NF-�B
inhibition on inflammatory gene expression, aged rats (n � 6 in each
group) were treated with pyrrolidinedithiocarbamate [PDTC; intra-
peritoneally, 80 mg �kg�1 �day�1; for 1 wk (29)] or resveratrol [10
mg �kg�1 �day�1, in the drinking water (1), for 1 wk], which are
potent inhibitors of NF-�B activation in endothelial cells (8). Expres-

sion of ICAM-1 mRNA in the carotid arteries was analyzed by
QRT-PCR.

To test the role of H2O2 in regulation of ICAM-1 expression,
carotid arteries of aged rats were maintained in organoid culture for
24 h (6, 8, 9) in the presence or absence of resveratrol (10 �mol/l),
PDTC (10 �mol/l), PEG-catalase (200 U/ml), or N-acetylcysteine (1
mmol/l), apocynin (3 � 10�4 mol/l), or FCCP (1 �mol/l). At the end
of the culture period, mRNA expression of ICAM-1 and inducible NO
synthase (iNOS) was analyzed by QRT-PCR.

Monocyte adhesion assay and functional studies. To assess the
functional consequence of NF-�B activation, monocyte adhesion
assay was performed as reported (6, 35). In brief, carotid arteries from
aged rats were treated in organoid culture with PDTC (10�5 mol/l, for
24 h). Untreated vessels from young and aged rats and young arteries
treated with tumor necrosis factor-
 (TNF-
, 10 ng/ml) were used for
comparison. After the treatment period, the vessels were cut open (en
face) and incubated with fluorescently labeled PMA (10�6 mol/l)-
pretreated human monocytic (THP-1) cells. After a 1-h incubation at
37°C, unbound monocytes were washed out. Bound monocytes were
quantified by counting the cells under a fluorescent microscope.

To elucidate the consequence of NF-�B inhibition on endothelial
vasodilator function, ring preparations of aged carotid arteries were
treated with PDTC (10�5 mol/l) or FCCP (1 �mol/l) in organoid
culture (for 24 h). Acetylcholine-induced relaxations were assessed as
reported (6, 35). In brief, arterial ring segments 2 mm in length were
mounted on 40-�m stainless steel wires in the myographs chambers
(Danish Myo Technology A/S, Atlanta, GA) containing Krebs buffer
solution (in mM: 118 NaCl, 4.7 KCl, 1.5 CaCl2, 25 NaHCO3, 1.1
MgSO4, 1.2 KH2PO4, and 5.6 glucose; at 37°C; gassed with 95%
air-5% CO2) for measurement of isometric tension. After an equili-
bration period of 1 h during which an optimal passive tension of 0.5 g
was applied to the rings (as determined from the vascular length-
tension relationship), the vessels were contracted by phenylephrine
(10�6 mol/l) and relaxations to acetylcholine (from 10�9 to 10�4

mol/l) were obtained.
Data analysis. Data were normalized to the respective control mean

values and are expressed as means  SE. Statistical analyses of data
were performed by Student’s t-test or by two-way ANOVA followed
by the Tukey post hoc test, as appropriate. P � 0.05 was considered
statistically significant.

RESULTS

Increased NF-�B activation in aged arteries. To determine
the effect of aging on endothelial NF-�B activation, we tran-
siently transfected endothelial cells in aged rat aortas with a
NF-�B-driven reporter gene construct. We found that lucif-
erase activity was significantly greater in aged vessels com-
pared with young ones (Fig. 1A). In young vessels administra-
tion of H2O2 elicited significant increases in luciferase activity
(Fig. 1A). NF-�B binding activity was also increased in nuclei
extracted from freshly isolated aged carotid arteries compared
with those isolated from young rats (Fig. 1B). Increased NF-�B
activity was present in aged vessels after 24 h in organoid
culture (Fig. 1C). Pretreatment of cultured aged vessels with
PEG-catalase and FCCP, but not apocynin, significantly atten-
uated NF-�B binding activity in aged carotid arteries (Fig. 1C).
Treatment of young vessels with H2O2 significantly increased
NF-�B binding activity (Fig. 1C).

Expression of NF-�B subunits in aged arteries. Protein
expression of p50 and p65 subunits of NF-�B also did not
show age-dependent changes (Fig. 2, A and B). QRT-PCR data
showed that the mRNA expression of p50, p65, and p100
subunits of NF-�B did not change with age in rat carotid
arteries (Fig. 3, A–C). Expression of c-Rel, I�B
, and I�B-
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like-1 increased in aged vessels (Fig. 3, D, E, and G), whereas
changes in I�B� expression did not reach statistical signifi-
cance (Fig. 3F). Expression of both I�B kinases investigated
tended to decrease with age (Fig. 3, H–I). NF-�B inhibitor
interacting Ras-like (Nkiras) 1 and Nkiras2 also showed age-
related downregulation (Fig. 3, J and K).

Increased mitochondrial O2
•� and H2O2 production in aged

arteries. In sections of aged carotid arteries and aortas there
was an increased MitoSox fuorescence (Fig. 4, A and B), which
was unaffected by apocynin and abolished by FCCP (not

shown). Similar results were obtained when endothelial
MitoSox fluorescence was measured in en face aorta prepara-
tions (arbitrary fluorescence units; young: 1.0  0.2, aged:
3.8  0.3; P � 0.05). In both aged aortas and carotid arteries
(Fig. 4, C and D) there was an increased DCF fluorescence,
which was significantly attenuated by pretreatment with FCCP,
OHCA, or DPI (Fig. 4D). Apocynin elicited a small (�10%)
decline in DCF fluorescence, which did not reach statistical
significance. The DCF signal was also abolished by pretreat-
ment with PEG-catalase and substantially increased by admin-
istration of H2O2 (10�6 mol/l for 1 h), showing the specificity
of the assay to H2O2. Treatment of aged carotid arteries with
L-NAME did not affect DCF or MitoSox fluorescence (Fig. 4,
E and F).

Increased presence of senescent endothelial cells does not
explain increased H2O2 production in aged arteries. In senes-
cent CAECs in culture there was an increased DCF fluores-
cence compared with passage 3 cells (Fig. 5A). In aged carotid
arteries staining for senescence-associated �-galactosidase re-
vealed that the absolute number of senescent endothelial cells
is increased in aged vessels (Fig. 5, B and C). However,
senescent cells represented only a small fraction of the total
cell population (Fig. 5, B and C). Interestingly, �-gal-positive
adventitial fibroblasts were more abundant in aged arteries
(Fig. 5B, inset).

Increased mitochondrial H2O2 production elicits NF-�B
activation in endothelial cells. In the endothelial cells of en
face preparations of aortic segments, AA � succinate signifi-
cantly increased mitochondrial ROS production (assessed by
MitoSox fluorescence; Fig. 6A) and cellular H2O2 production
(measured by DCF fluorescence; Fig. 6B), which could be
prevented by pretreatment with FCCP. Similar results were
obtained in cultured CAECs as well (Fig. 6C). We evaluated
the effect of mitochodnrial H2O2 on NF-�B activation by
assaying the effect of AA � succinate on NF-�B-driven
luciferase expression. We found that AA � succinate signifi-

Fig. 1. A: increased NF-�� reporter activity in the
endothelial cells of aged rat aortas electroporated with
the reporter gene construct. H2O2 treatment also in-
creased NF-�B reporter activity in young vessels. Data
are means  SE. *P � 0.05. vs. young control.
B: ELISA-based demonstration of increased NF-��
binding activity in nuclear extracts from aged rat carotid
arteries. Data are means  SE. *P � 0.05. C: effect of
treatment with PEG-catalase (200 U/ml), apocynin
(10�4 mol/l), and FCCP (1 �mol/l) on NF-�B binding
activity in cultured carotid arteries of aged rats. H2O2

treatment increased NF-�B activation in cultured arter-
ies from young rats. Data are means  SE. *P � 0.05
vs. young, #P � 0.05 vs. untreated.

Fig. 2. Protein expression of the p65 (A) and p50 (B) subunit of NF-�B in
carotid arteries of young and aged rats. Protein expression was assayed by
Western blot analysis. �-Actin was used for normalization. Data are means 
SE (n � 5 for each group).
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cantly increased NF-�B activity in CAECs, which could be
prevented by administration of FCCP or PEG-catalase (Fig.
6D). NF-�B activity in CAECs was also substantially in-
creased by pretreatment with H2O2 (Fig. 6E). These observa-
tions suggest that mitochondria-derived H2O2 can activate
NF-�B in endothelial cells.

Increased NF-�B activity contributes to pro-inflammatory
gene expression in aged carotid arteries. In carotid arteries of
aged rats there was an increased mRNA expression of
ICAM-1 compared with vessels of young rats (Fig. 7A). In
vivo treatment of aged rats with resveratrol or PDTC elic-
ited significant decreases in vascular ICAM-1 expression
(Fig. 7A). Resveratrol and PDTC also decreased ICAM-1
expression when administered in vitro to cultured aged
arteries (Fig. 7B). PEG-catalase, N-acetyl cysteine, and

FCCP elicited similar decreases in ICAM-1 expression in
aged vessels, whereas apocynin did not affect ICAM-1
significantly (Fig. 7B). We also found that expression of
iNOS was significantly increased in aged carotid vessels (by
�72%) when compared with young ones. Treatment of the
aged arteries with resveratrol, PDTC, and PEG-catalase
significantly decreased iNOS mRNA expression (untreated:
100  18%, resveratrol: 51  17%, PDTC: 50  8%,
PEG-catalase: 65  11%).

Monocyte adhesion assay and functional studies. Adhesive-
ness of activated THP-1 monocytic cells to the endothelial
surface of aged carotid arteries was significantly increased,
which could be inhibited by PDTC treatment (Fig. 7C). In-
creased monocyte adhesiveness induced by TNF-
 is shown as
positive control in Fig. 7C.

Fig. 3. Analysis of mRNA expression of NF-�B subunits (P65, p50, and p100), c-rel, NF-�B inhibitors (I�B
, I�B�, and I�B-like-1), and other regulators of
NF-�B activation (I�B kinase � and �, Nkiras-1 and -2) in carotid arteries of 3-, 18-, and 24-mo-old rats. Analysis of mRNA expression was performed by
real-time quantitative RT-PCR. �-Actin was used for normalization. Data are means  SE. *P � 0.05 vs. young (n � 4–6 for each group).
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In aged carotid arteries, relaxations to acetylcholine were
impaired when compared with responses of young vessels
(Fig. 7D). Treatment of the aged arteries with PDTC or
FCCP did not significantly change acetylcholine-induced
relaxation (Fig. 7D).

DISCUSSION

There are three salient findings in this study. First, we have
shown that in arteries of aged rats there is an increased NF-�B
activity, which is due, at least in part, to the elevated cellular
H2O2 levels. Second, vascular aging is associated with in-
creased mitochondrial H2O2 production in the endothelial cells.
Third, NF-�B activation seems to contribute to the upregula-
tion of inflammatory gene expression in aged arteries.

Here we report a significant age-related increase in nulcear
NF-�B binding activity in aged vessels (Fig. 1, A and B). We
propose that NF-�B activation and chronic inflammation is a
generalized phenomenon in aging, because increases in NF-�B
activity have been observed recently in the aged rat skeletal
muscle, liver, brain, and cardiac muscle (22, 25, 36, 46). Our
results indicate that the protein expression level of the NF-�B
subunits p50 and p65 is not significantly affected by aging
(Fig. 2). The expression of NF-�B mRNAs (P50, p65, and
p100) with the exception of c-rel also did not show any
statistically significant age-related changes (Fig. 3, A–D) (23).

We found age-related changes in the mRNA expression of
NF-�B inhibitors (I�B
 and I�B-like 1) and I�B kinases (Fig.
3, E–I), which may represent a negative feedback loop regu-
lating constitutive NF-�B activation in aging. Interestingly, we
found an age-dependent downregulation of Nkiras-1 and
Nkiras-2, which are known to interact with the I�B
 and I�B�,
decreasing their rate of degradation (14).

Because scavenging of H2O2 attenuated NF-�B activation in
aged vessels (Fig. 1B), we propose a role for H2O2 in regula-
tion of endothelial NF-�B activity in aging. This view is in line
with the finding that exogenous H2O2 substantially increased
NF-�B activation in vessels of young rats, mimicking the aging
phenotype (Fig. 1, A–B). Because administration of SOD (not
shown) or inhibition of NAD(P)H oxidase (Fig. 1C), which is
responsible for a significant portion of cytoplasmic O2

•� gen-
eration in aged arteries (7, 10, 18), did not significantly atten-
uate NF-�B activation and NF-�B-dependent gene expression,
it is less likely that O2

•� plays a direct role in NF-�B activation
in aged endothelial cells.

Several lines of evidence suggest that mitochondria are a
major source of H2O2 in aged blood vessels. First, we found
that mitochondrial O2

•� production significantly increases in
aged arteries (Fig. 4, A and B). Because MnSOD is abundant in
the mitochondria (�10�5 mol/l) (10, 39), we predicted that a
significant portion of mitochondria-derived O2

•� is dismutated

Fig. 4. A: representative confocal image showing MitoSox staining (red fluorescence) in a cross section of an aged rat artery. SYTOX green (green fluorescence)
was used for nuclear staining. B: summary data for perinuclear MitoSox fluorescence in aged and young carotid arteries. Data are means  SE (n � 5 for each
group). C: representative images showing DCF fluorescence in the endothelial cells of en face preparations of young and aged aortic segments. The opening of
an intercostal artery is shown in both images for orientation purposes. Similar differences in DCF fluorescence were detected in carotid arteries as well.
D: summary data for endothelial DCF fluorescence in aged and young carotid arteries. The effects of pretreatment with apocynin (3 � 10�4 mol/l), FCCP
(1 �mol/l), OHCA 250 (�mol/l), and DPI (100 �mol/l) are also shown. Data are means  SE (n � 4–6 for each group). *P � 0.05 vs. young, #P � 0.05 vs.
untreated aged. E and F: Treatment of aged carotid arteries with the nitric oxide (NO) synthase inhibitor NG-nitro-L-arginine methyl ester (L-NAME, 3 � 10�4

mol/lL, for 2 h) did not affect endothelial DCF fluorescence (E) or MitoSox fluorescence (F).
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increasing also H2O2 levels (19). Indeed, measurements of
DCF fluorescence showed that endothelial H2O2 production is
significantly increased in aged arteries (Fig. 4, C and D).
Analysis of the effects of pharmacological inhibitors confirmed
that the primary source of H2O2 is likely the mitochondrial
electron transport chain (Fig. 4D). Although one could hypoth-
esize that uncoupled endothelial and/or mitochondrial NO
synthase may also produce significant amount of O2

•�, and
consequently H2O2, in aging, the findings that L-NAME did not
affect mitochondrial O2

•� and endothelial H2O2 production in
aged arteries (Fig. 4, E and F) renders this hypothesis unlikely.
This finding also accords with earlier observations that release
of H2O2 from mitochondria isolated from mouse skeletal
muscle significantly increases with age (31). Based on the

findings that endothelial H2O2 production was sensitive to
inhibition of complex I (Fig. 4D) (30), we hypothesize that
complex I is an important source of ROS in the aged endothe-
lium. Whether high rates of O2

•� production from complex I
occur in endothelial cells likely depends on the supply of
electrons from NADH and ubiquinone, on the current value of
	pH (which is modulated by uncoupling proteins) and on other
cellular regulators of complex I function (37, 40). In isolated
mitochondria, O2

•� generation on the matrix side of the mem-
brane is particularly high during reversed electron transport to
complex I driven by oxidation of succinate (3, 27, 28). It is also
important to note that other sites of the electron transport chain
are also capable of producing O2

•�, particularly when the
electron transport is inhibited. The observation that antimycin
increases H2O2 production in endothelial cells (Fig. 6, A and
B), as well as in isolated mitochondria (3, 19), is in line with
the notion that complex III can also be a major source of ROS
production. Mitochondrial O2

•� production is very sensitive to
proton motive force and can be strongly decreased by mild
uncoupling of oxidative phosphorylation (3, 4). It is significant
that the pharmacological uncoupler FCCP substantially de-
creased H2O2 production in aged vessels (Fig. 4D). The oxi-
dative stress hypothesis of aging predicts that if mitochondrial
ROS production is important in determining the rate of aging,
then cells of long-lived animals should produce less. Our
recent findings showing that H2O2 production in the arterial
endothelial cells of aged naked mole rats (Heterochepalus
glaber, maximum lifespan potential �28.3 yr) is significantly
lower than that of senescent shorter-living rodents support this
premise (Csiszar A, Buffenstein R, Ungvari Z, unpublished
observation, 2006). A central role for mitochondrial H2O2

production in organismal aging is also suggested by the find-
ings that overexpression of mitochondrial catalase may extend
lifespan in mice (38). Further studies are definitely needed to
determine whether decreasing mitochondrial H2O2 production
(e.g., by caloric restriction mimetics) would delay vascular
aging and development of atherosclerotic vascular disease in
the elderly.

Replicative senescence is a growth-arrest state associated
with loss of division potential, changes in cell morphology,
shape and physical appearance, and the pattern of gene expres-
sion in cells. Because replicative senescence in cultured endo-
thelial cells was associated with increased H2O2 production
(Fig. 5A), we hypothesized that increased presence of senes-
cent cells may explain the increased H2O2 production in the
aged arterial endothelium. However, this hypothesis could be
refuted because the number of senescent [�-galactosidase pos-
itive (43)] endothelial cells in aged arteries was very low (Fig.
5, B and C). Interestingly, the number of senescent adventitial
fibroblasts significantly increased with age (Fig. 5B). An age-
related increase in senescent skin fibroblasts was previously
reported in elderly humans (13).

There are several lines of evidence supporting the view that
O2

•� in the mitochondria is dismutated to H2O2, and it is the
increased release of H2O2, which is responsible for activating
NF-�B in the cytoplasm of aged cells. First, O2

•� is membrane
impermeable (except in the protonated perhydroxyl radical
form, which represents only a small fraction of total O2

•�

produced), whereas H2O2 easily penetrates the mitochondrial
membranes. Second, AA � succinate increased mitochondrial
O2

•� production in endothelial cells, which was associated

Fig. 5. A: cellular replicative senescence in cultured coronary arterial endo-
thelial cells (CAECs; after passage 13) is associated with an increased cellular
H2O2 production (assessed by DCF fluorescence) compared with primary
CAECs after low number of passages. *P � 0.05. B: representative light
microscopic image showing staining for senescence-associated �-galactosi-
dase in an endothelial cell (arrow) in en face preparation of an aged rat carotid
artery. Inset: fibroblasts with positive staining for senescence-associated �-
galactosidase (double arrows) in the adventitia of an aged rat carotid artery.
Original magnification: �20. C: summary data for the frequency of �-galac-
tosidase-positive endothelial cells in young and aged rat carotid arteries (en
face preparations). *P � 0.05.
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with increased H2O2 levels in the cytoplasm (Fig. 6, A–C).
Importantly, mitochondrial oxidative stress (similar to exoge-
nous H2O2) elicited endothelial NF-�B activation, which was
prevented by scavenging of H2O2 (Fig. 6, D and E). Third,
scavenging of intracellular H2O2, similar to mitochondrial
uncoupling, attenuated both NF-�B activation (Fig. 1B) and
pro-inflammatory gene expression (Fig. 7B) in aged arteries.

In aged arteries, an increased constitutive nuclear NF-�B
binding activity is likely to upregulate the expression of NF-�B

target genes. Indeed, studies by this and other laboratories
revealed that vascular expression of ICAM-1 (Fig. 7), iNOS,
and various pro-inflammatory cytokines are upregulated both
in aged rats and mice (7, 10, 15). To establish a direct link
between NF-�B activation and vascular inflammatory gene
expression, we have used PDTC and resveratrol, which effec-
tively inhibit NF-�B activation in endothelial cells (8). We
found that both inhibitors of NF-�B activation attenuated
inflammatory gene expression in aged vessels when adminis-

Fig. 6. A and B: time course of increases in MitoSox (A) and DCF (B) fluorescence in response to antimycin A (1 �mol/l) plus succinate (10 mmol/l) in en face
preparations of aortic segments from young rats in the presence or absence of FCCP (1 �mol/l). Insets: slope factors derived from a best-fit tangent to the time
course curves. C: in cultured primary rat coronary arterial endothelial cells (CAECs) antimycin A (1 �mol/l) plus succinate (10 mmol/l) elicited significant
increases in H2O2 production (assayed as increases in DCF fluorescence). Data are means  SE (n � 6 for each group). *P � 0.05 vs. untreated. D: reporter
gene assay showing that antimycin A plus succinate also increased NF-�B reporter activity in CAECs. FCCP (1 �mol/l) and PEG-catalase (200 U/ml) abolished
NF-�B activation by antimycin A plus succinate. Data are means  SE (n � 6 for each group). *P � 0.05 vs. untreated, #P � 0.05 vs. antimycin A plus succinate
only. E: in CAECs H2O2 also increased NF-�B reporter activity. Data are means  SE (n � 6 for each group). *P � 0.05 vs. untreated.
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Fig. 7. A: expression of ICAM-1 mRNA in carotid arteries of young and aged rats. Treatment of aged rats with the NF-�B inhibitors resveratrol (10
mg �kg�1 �day�1; for 1 wk) and PDTC (80 mg �kg�1 �day�1; for 1 wk) significantly attenuated vascular ICAM-1 expression. Analysis of mRNA expression was
performed by real-time quantitative RT-PCR. �-Actin was used for normalization. Data are means  SE. (n � 5–6 for each group). *P � 0.05 vs. young, #P �
0.05 vs. untreated aged. B: efects of in vitro treatment of aged carotid arteries (for 24 h) with resveratrol (10 �mol/l), PDTC (10 �mol/l), PEG-catalase (200
U/ml), l-acetylcysteine (NAC; 1 mmol/l), apocynin (3 � 10�4 mol/l), or FCCP (1 �mol/l) on the mRNA expression of ICAM-1. Data are means  SE (n �
5–6 for each group). *P � 0.05 vs. untreated. C: results of monocyte adhesion assay (see METHODS). Bar graphs are summary data of fluorescently labeled
PMA-stimulated THP-1 monocytes bound to the endothelial surface of young and aged arteries. Treatment of aged arteries with PDTC significantly decreased
monocyte adhesiveness. The effect of TNF
 (10 ng/ml) is shown for comparison. Data are means  SE. *P � 0.05. vs. young control. #P � 0.05 vs. untreated
aged. D: effects of in vitro treatment of aged carotid arteries (for 24 h) with PDTC (10 �mol/l) or FCCP (1 �mol/l) on relaxations to acetylcholine. Responses
of cultured young carotid arteries are shown for comparison. Data are means  SE (n � 4 for each group). E: proposed scheme for the link between oxidative
stress and vascular inflammation in aging: in aged endothelial cells increased levels of O2

•� generated by the electron transport chain are dismutated to H2O2,
which can penetrate the mitochondrial membranes increasing cytoplasmic H2O2 levels. H2O2 contributes to the activation of NF-�B, resulting in a
pro-inflammatory shift in endothelial gene expression profile. Increased O2

•� production by the NAD(P)H oxidase (stimulated, at least in part, by TNF-
) and/or
downregulation of eNOS is responsible for the impaired bioavailability of NO and endothelial vasodilator dysfunction in aged arteries. The model predicts that
upregulation of TNF-
 and/or impaired NO bioavailiability may contribute to the development of mitochondrial oxidative stress in aging.

H45NF-�B IN VASCULAR AGING

AJP-Heart Circ Physiol • VOL 293 • JULY 2007 • www.ajpheart.org

 on January 20, 2009 
ajpheart.physiology.org

D
ow

nloaded from
 

http://ajpheart.physiology.org


tered in vivo and in vitro (Fig. 7, A and B). The functional
relevance of upregulation of NF-�B-dependent genes is sug-
gested by the increased adhesiveness of activated monocytes to
the aged endothelium (Fig. 7C). Previous studies demonstrated
that endothelial dysfunction in aging is predominantly due to
an increased production of O2

•� [predominantly by the
NAD(P)H oxidase] (10, 17). The finding that attenuation of
mitochondrial oxidative stress did not improve endothelial
function in aged arteries supports the view that aged mitochon-
dria predominantly release H2O2 rather then O2

•� in the cyto-
plasm (Fig. 7D).

On the basis of the present findings and previous results, we
propose a model for the link between oxidative stress and
vascular inflammation in aging (Fig. 7E). Accordingly, in aged
endothelial cells increased levels of O2

•� generated by the
electron transport chain are dismutated to H2O2, which can
penetrate the mitochondrial membranes increasing cytoplasmic
H2O2 levels. H2O2 contributes to the activation of NF-�B,
resulting in a pro-inflammatory shift in endothelial gene ex-
pression profile. Increased O2

•� production by the NAD(P)H
oxidase (stimulated, at least in part, by TNF-
) and/or down-
regulation of endotheial NO synthase is responsible for the
impaired bioavailability of NO and endothelial vasodilator
dysfunction in aged arteries. Because recent studies demon-
strated that NO and TNF-
 (by decreasing NO bioavailability)
can regulate mitochondrial biogenesis and the expression of
electron transport chain components (33, 34, 42), future studies
should explore whether upregulation of TNF-
 and/or im-
paired NO bioavailiability contribute to the development of
mitochondrial oxidative stress in aging. Finally, because res-
veratrol was shown to exert anti-aging activity extending the
lifespan of lower organisms (24, 45), future studies should
determine whether chronic NF-�B inhibition contributes to the
putative anti-aging, lifespan-extending effects of resveratrol in
mammalian systems (1, 2).

GRANTS

This work was supported by grants from the American Heart Association
(0430108N, 0435140N) and the National Heart, Lung, and Blood Institute
(HL-077256 and HL-43023) and by Philip Morris USA and Philip Morris
International.

REFERENCES

1. Baur JA, Pearson KJ, Price NL, Jamieson HA, Lerin C, Kalra A,
Prabhu VV, Allard JS, Lopez-Lluch G, Lewis K, Pistell PJ, Poosala S,
Becker KG, Boss O, Gwinn D, Wang M, Ramaswamy S, Fishbein
KW, Spencer RG, Lakatta EG, Le Couteur D, Shaw RJ, Navas P,
Puigserver P, Ingram DK, de Cabo R, Sinclair DA. Resveratrol im-
proves health and survival of mice on a high-calorie diet. Nature 444:
337–342, 2006.

2. Baur JA, Sinclair DA. Therapeutic potential of resveratrol: the in vivo
evidence. Nat Rev Drug Discov 5: 493–506, 2006.

3. Brand MD, Affourtit C, Esteves TC, Green K, Lambert AJ, Miwa S,
Pakay JL, Parker N. Mitochondrial superoxide: production, biological
effects, and activation of uncoupling proteins. Free Radic Biol Med 37:
755–767, 2004.

4. Brand MD, Buckingham JA, Esteves TC, Green K, Lambert AJ,
Miwa S, Murphy MP, Pakay JL, Talbot DA, Echtay KS. Mitochondrial
superoxide and aging: uncoupling-protein activity and superoxide produc-
tion. Biochem Soc Symp: 203–213, 2004.

5. Clark RA, Valente AJ. Nuclear factor kappa B activation by NADPH
oxidases. Mech Ageing Dev 125: 799–810, 2004.

6. Csiszar A, Ahmad M, Smith KE, Labinskyy N, Gao Q, Kaley G,
Edwards JG, Wolin MS, Ungvari Z. Bone morphogenetic protein-2
induces proinflammatory endothelial phenotype. Am J Pathol 168: 629–
638, 2006.

7. Csiszar A, Pacher P, Kaley G, Ungvari Z. Role of oxidative and
nitrosative stress, longevity genes and poly (ADP-ribose) polymerase in
cardiovascular dysfunction associated with aging. Curr Vasc Pharmacol
3: 285–291, 2005.

8. Csiszar A, Smith K, Labinskyy N, Orosz Z, Rivera A, Ungvari Z.
Resveratrol attenuates TNF-
-induced activation of coronary arterial en-
dothelial cells: role of NF-�B inhibition. Am J Physiol Heart Circ Physiol
291: H1694–H1699, 2006.

9. Csiszar A, Smith KE, Koller A, Kaley G, Edwards JG, Ungvari Z.
Regulation of bone morphogenetic protein-2 expression in endothelial
cells: role of nuclear factor-�B activation by tumor necrosis factor-
,
H2O2, and high intravascular pressure. Circulation 111: 2364–2372, 2005.

10. Csiszar A, Ungvari Z, Edwards JG, Kaminski PM, Wolin MS, Koller
A, Kaley G. Aging-induced phenotypic changes and oxidative stress
impair coronary arteriolar function. Circ Res 90: 1159–1166, 2002.

11. Csiszar A, Ungvari Z, Koller A, Edwards JG, Kaley G. Aging-induced
proinflammatory shift in cytokine expression profile in rat coronary
arteries. FASEB J 17: 1183–1185, 2003.

12. Csiszar A, Ungvari Z, Koller A, Edwards JG, Kaley G. Proinflamma-
tory phenotype of coronary arteries promotes endothelial apoptosis in
aging. Physiol Genomics 17: 21–30, 2004.

13. Dimri GP, Lee X, Basile G, Acosta M, Scott G, Roskelley C, Medrano
EE, Linskens M, Rubelj I, Pereira-Smith O, Peacocke M, Campisi J.
A biomarker that identifies senescent human cells in culture and in aging
skin in vivo. Proc Nat Acad Sci USA 92: 9363–9367, 1995.

14. Fenwick C, Na SY, Voll RE, Zhong H, Im SY, Lee JW, Ghosh S. A
subclass of Ras proteins that regulate the degradation of IkappaB. Science
287: 869–873, 2000.

15. Francia P, delli Gatti C, Bachschmid M, Martin-Padura I, Savoia C,
Migliaccio E, Pelicci PG, Schiavoni M, Luscher TF, Volpe M, Co-
sentino F. Deletion of p66shc gene protects against age-related endothe-
lial dysfunction. Circulation 110: 2889–2895, 2004.

16. Hajra L, Evans AI, Chen M, Hyduk SJ, Collins T, Cybulsky MI. The
NF-�B signal transduction pathway in aortic endothelial cells is primed for
activation in regions predisposed to atherosclerotic lesion formation. Proc
Natl Acad Sci USA 97: 9052–9057, 2000.

17. Hamilton CA, Brosnan MJ, McIntyre M, Graham D, Dominiczak AF.
Superoxide excess in hypertension and aging: a common cause of endo-
thelial dysfunction. Hypertension 37: 529–534, 2001.

18. Hamilton CA, Brosnan MJ, McIntyre M, Graham D, Dominiczak AF.
Superoxide excess in hypertension and aging: a common cause of endo-
thelial dysfunction. Hypertension 37: 529–534, 2001.

19. Han D, Williams E, Cadenas E. Mitochondrial respiratory chain-depen-
dent generation of superoxide anion and its release into the intermembrane
space. Biochem J 353: 411–416, 2001.

20. Harman D. Aging: a theory based on free radical and radiation chemistry.
J Gerontol: 298–300, 1956.

21. Harman D. The biologic clock: the mitochondria? J Am Geriatr Soc 20:
145–147, 1972.

22. Helenius M, Hanninen M, Lehtinen SK, Salminen A. Aging-induced
up-regulation of nuclear binding activities of oxidative stress responsive
NF-kB transcription factor in mouse cardiac muscle. J Mol Cell Cardiol
28: 487–498, 1996.

23. Helenius M, Kyrylenko S, Vehvilainen P, Salminen A. Characterization
of aging-associated up-regulation of constitutive nuclear factor-� B bind-
ing activity. Antioxid Redox Signal 3: 147–156, 2001.

24. Howitz KT, Bitterman KJ, Cohen HY, Lamming DW, Lavu S, Wood
JG, Zipkin RE, Chung P, Kisielewski A, Zhang LL, Scherer B,
Sinclair DA. Small molecule activators of sirtuins extend Saccharomyces
cerevisiae lifespan. Nature 425: 191–196, 2003.

25. Korhonen P, Helenius M, Salminen A. Age-related changes in the
regulation of transcription factor NF-�B in rat brain. Neurosci Lett 225:
61–64, 1997.

26. Labinskyy N, Csiszar A, Orosz Z, Smith K, Rivera A, Buffenstein R,
Ungvari Z. Comparison of endothelial function, O2

•� and H2O2 produc-
tion, and vascular oxidative stress resistance between the longest-living
rodent, the naked mole rat, and mice. Am J Physiol Heart Circ Physiol
291: H2698–H2704, 2006.

27. Lambert AJ, Brand MD. Inhibitors of the quinone-binding site allow
rapid superoxide production from mitochondrial NADH:ubiquinone oxido-
reductase (complex I). J Biol Chem 279: 39414–39420, 2004.

28. Lambert AJ, Brand MD. Superoxide production by NADH:ubiquinone
oxidoreductase (complex I) depends on the pH gradient across the mito-
chondrial inner membrane. Biochem J 382: 511–517, 2004.

H46 NF-�B IN VASCULAR AGING

AJP-Heart Circ Physiol • VOL 293 • JULY 2007 • www.ajpheart.org

 on January 20, 2009 
ajpheart.physiology.org

D
ow

nloaded from
 

http://ajpheart.physiology.org


29. Li Y, Ha T, Gao X, Kelley J, Williams DL, Browder IW, Kao RL, Li
C. NF-kappaB activation is required for the development of cardiac
hypertrophy in vivo. Am J Physiol Heart Circ Physiol 287: H1712–H1720,
2004.

30. Li Y, Trush MA. Diphenyleneiodonium, an NAD(P)H oxidase inhibitor,
also potently inhibits mitochondrial reactive oxygen species production.
Biochem Biophys Res Commun 253: 295–299, 1998.

31. Mansouri A, Muller FL, Liu Y, Ng R, Faulkner J, Hamilton M,
Richardson A, Huang TT, Epstein CJ, Van Remmen H. Alterations in
mitochondrial function, hydrogen peroxide release and oxidative damage
in mouse hind-limb skeletal muscle during aging. Mech Ageing Dev 127:
298–306, 2006.

32. Nishikawa T, Edelstein D, Du XL, Yamagishi S, Matsumura T,
Kaneda Y, Yorek MA, Beebe D, Oates PJ, Hammes HP, Giardino I,
Brownlee M. Normalizing mitochondrial superoxide production blocks
three pathways of hyperglycaemic damage. Nature 404: 787–790, 2000.

33. Nisoli E, Clementi E, Paolucci C, Cozzi V, Tonello C, Sciorati C,
Bracale R, Valerio A, Francolini M, Moncada S, Carruba MO.
Mitochondrial biogenesis in mammals: the role of endogenous nitric
oxide. Science 299: 896–899, 2003.

34. Nisoli E, Tonello C, Cardile A, Cozzi V, Bracale R, Tedesco L, Falcone
S, Valerio A, Cantoni O, Clementi E, Moncada S, Carruba MO.
Calorie restriction promotes mitochondrial biogenesis by inducing the
expression of eNOS. Science 310: 314–317, 2005.

35. Orosz Z, Csiszar A, Labinskyy N, Smith K, Kaminski PM, Ferdi-
nandy P, Wolin MS, Rivera A, Ungvari Z. Cigarette smoke-induced
proinflammatory alterations in the endothelial phenotype: role of
NAD(P)H oxidase activation. Am J Physiol Heart Circ Physiol 292:
H130–H139, 2007.

36. Radak Z, Chung HY, Naito H, Takahashi R, Jung KJ, Kim HJ, Goto
S. Age-associated increase in oxidative stress and nuclear factor kappaB
activation are attenuated in rat liver by regular exercise. FASEB J 18:
749–750, 2004.

37. Raha S, Myint AT, Johnstone L, Robinson BH. Control of oxygen free
radical formation from mitochondrial complex I: roles for protein kinase
A and pyruvate dehydrogenase kinase. Free Radic Biol Med 32: 421–430,
2002.

38. Schriner SE, Linford NJ, Martin GM, Treuting P, Ogburn CE,
Emond M, Coskun PE, Ladiges W, Wolf N, Van Remmen H, Wallace
DC, Rabinovitch PS. Extension of murine life span by overexpression of
catalase targeted to mitochondria. Science 308: 1909–1911, 2005.

39. Sun D, Huang A, Yan EH, Wu Z, Yan C, Kaminski PM, Oury TD,
Wolin MS, Kaley G. Reduced release of nitric oxide to shear stress in
mesenteric arteries of aged rats. Am J Physiol Heart Circ Physiol 286:
H2249–H2256, 2004.

40. Taylor ER, Hurrell F, Shannon RJ, Lin TK, Hirst J, Murphy MP.
Reversible glutathionylation of complex I increases mitochondrial super-
oxide formation. J Biol Chem 278: 19603–19610, 2003.

41. Torella D, Leosco D, Indolfi C, Curcio A, Coppola C, Ellison GM, Russo
VG, Torella M, Li Volti G, Rengo F, Chiariello M. Aging exacerbates
negative remodeling and impairs endothelial regeneration after balloon
injury. Am J Physiol Heart Circ Physiol 287: H2850–H2860, 2004.

42. Valerio A, Cardile A, Cozzi V, Bracale R, Tedesco L, Pisconti A,
Palomba L, Cantoni O, Clementi E, Moncada S, Carruba MO,
Nisoli E. TNF-alpha downregulates eNOS expression and mitochon-
drial biogenesis in fat and muscle of obese rodents. J Clin Invest 116:
2791–2798, 2006.

43. van der Loo B, Fenton MJ, Erusalimsky JD. Cytochemical detection of
a senescence-associated beta-galactosidase in endothelial and smooth
muscle cells from human and rabbit blood vessels. Exp Cell Res 241:
309–315, 1998.

44. van der Loo B, Labugger R, Skepper JN, Bachschmid M, Kilo J,
Powell JM, Palacios-Callender M, Erusalimsky JD, Quaschning T,
Malinski T, Gygi D, Ullrich V, Lüscher TF. Enhanced peroxynitrite
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