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Summary

Vascular endothelial dysfunction occurs during the

human aging process, and it is considered as a crucial

event in the development of many vasculopathies. We

investigated the underlying mechanisms of this process,

particularly those related with oxidative stress and

inflammation, in the vasculature of subjects aged 18–

91 years without cardiovascular disease or risk factors.

In isolated mesenteric microvessels from these subjects,

an age-dependent impairment of the endothelium-

dependent relaxations to bradykinin was observed.

Similar results were observed by plethysmography in

the forearm blood flow in response to acetylcholine. In

microvessels from subjects aged less than 60 years,

most of the bradykinin-induced relaxation was due to

nitric oxide release while the rest was sensitive to cyclo-

oxygenase (COX) blockade. In microvessels from

subjects older than 60 years, this COX-derived vasodila-

tation was lost but a COX-derived vasoconstriction

occurred. Evidence for age-related vascular oxidant and

inflammatory environment was observed, which could

be related to the development of endothelial dysfunc-

tion. Indeed, aged microvessels showed superoxide

anions (O2
)) and peroxynitrite (ONOO)) formation,

enhancement of NADPH oxidase and inducible NO syn-

thase expression. Pharmacological interference of COX,

thromboxane A2 ⁄ prostaglandin H2 receptor, O2
),

ONOO), inducible NO synthase, and NADPH oxidase

improved the age-related endothelial dysfunction.

In situ vascular nuclear factor-jB activation was

enhanced with age, which correlated with endothelial

dysfunction. We conclude that the age-dependent endo-

thelial dysfunction in human vessels is due to the com-

bined effect of oxidative stress and vascular wall

inflammation.

Key words: aging; cyclooxygenase; endothelium; nitric
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vascular inflammation.

Introduction

The incidence and prevalence of cardiovascular diseases

increase with advancing age, to the extent that age has been

identified as the dominant risk factor for these pathologies

(Lakatta & Levy, 2003; Rothwell et al., 2005). Although endo-

thelial dysfunction is a key event in vascular disease, our

knowledge about the mechanisms underlying age-dependent

endothelial dysfunction remains limited mainly to animal

models (Lakatta & Levy, 2003; Matz & Andriantsitohaina,

2003; Brandes et al., 2005). Indeed, it has been considered

almost impossible to assess these mechanisms in humans, as

it requires studies in isolated vessels performed on large num-

bers of samples (Brandes et al., 2005). In animal models, age-

dependent endothelial dysfunction has been consistently

found (Hongo et al., 1988; Koga et al., 1989; Küng &

Lüscher, 1995; Matz et al., 2000; Matz & Andriantsitohaina,

2003; Brandes et al., 2005). Age-dependent endothelial

dysfunction has also been reported in humans (Celermajer

et al., 1994; Taddei et al., 1995, 1997; Gerhard et al., 1996;

Eskurza et al., 2004), although the mechanisms involved are

still poorly understood.

Nitric oxide (NO) is the most important factor involved in

the endothelial regulation of the vascular function. In experi-

mental animal models of aging, a decrease in NO bioavailabil-

ity has been reported, due to an increased generation of

superoxide anions (O2
)) and peroxynitrite (ONOO)) (Van der

Loo et al., 2000; Matz & Andriantsitohaina, 2003). In humans,

a decrease in NO bioavailability by enhanced oxidative stress

has also been proposed as a main cause for age-dependent

endothelial dysfunction (Taddei et al., 2001, 2006; Eskurza

et al., 2004; Higashi et al., 2006), but the source and mecha-

nism of damage are controversial. Aging is associated with

vascular inflammation in experimental models, in which an

age-dependent enhancement of some vascular inflammatory

mediators has been described (Csiszar et al., 2003; D’Alessio,

2004; Ungvari et al., 2004; Brandes et al., 2005). In human
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beings, epidemiological (Harris et al., 1999; Volpato et al.,

2001) and experimental evidence also supports a pro-

inflammatory profile in the normally aged vasculature (Donato

et al., 2007; Wang et al., 2007). However, no data is available

in humans concerning the possible relationship between a

pro-inflammatory vascular environment and age-dependent

endothelial dysfunction. Therefore, in this work, we investi-

gate the possible pro-oxidant and pro-inflammatory mecha-

nisms involved in the endothelial dysfunction associated with

human aging.

Results

Age-dependent endothelial dysfunction

In isolated mesenteric microvessels obtained from patients

(n = 110; 52 females) aged 18–91 years (mean age

57.0 ± 1.5) with no clinical cardiovascular diseases or classical

risk factors (according to the criteria indicated in the ‘Experi-

mental procedures’ section), the in vitro vasorelaxant

responses to bradykinin (BK) decreased as the age of the

donor increased (Fig. 1A), with a clear correlation between

age and pD2 for BK. No significant differences between

males and females were observed. When these subjects

were divided into two groups, adults younger and older

than 60 years (< 60 years, n = 59, 26 female; mean age

45.0 ± 1.5; > 60 years, n = 51, 26 female, mean age

70.9 ± 1.0), a significant reduction in the endothelium-medi-

ated responses was observed in the older group (Fig. 1B). In

contrast, no differences were found in the contractions

evoked by 35 mM KCl (5.95 ± 0.27 and 5.71 ± 0.4 mN in ves-

sels from subjects < 60 and > 60 years, respectively), and

there were no differences in the endothelium-independent

relaxations evoked by sodium nitroprusside (SNP) (Fig. 1C).

The age-induced impairments in the endothelium-

dependent relaxations were also tested in vivo, analyzing the

forearm blood flow (FBF) vasodilator responses to acetylcho-

line (ACh) by plethysmography in 54 subjects aged 24–81

years. ACh-induced responses decreased smoothly according

to age and reached their lowest values in the oldest subjects

(Fig. 1D). Again, no significant gender differences were

observed. On dividing these subjects into two groups, adults

younger and older than 60 years (< 60 years, mean age

37.8 ± 1.7; > 60 years, mean age 71.4 ± 1.4; see also

Table 1), a significant reduction in the endothelium-mediated

responses was observed (Fig. 1E), whereas the endothelium-

independent relaxations evoked by SNP were unaffected

(Fig. 1F). The baseline clinical characteristics of these subjects

are shown in Table 1. Although lacking clinical and analyti-

cal evidence of cardiovascular disease (according to the crite-

ria shown in ‘Experimental procedures’), subjects > 60 years

presented significantly higher systolic blood pressure, plas-

matic glucose, glycosylated hemoglobin (HbA1c), total choles-

terol, and triglycerides, while HDL-cholesterol was lower

Fig. 1 (A) Relationship between age and pD2 values for bradykinin (BK) in isolated human mesenteric microvessels from donors aged between 18 and

91 years. Every point represents the averaged pD2 values of segments from one single subject. (B) Relaxations induced by BK in the same vessels divided into

two groups, < 60 and >60 years. (C) Relaxations induced by sodium nitroprusside (SNP) in mesenteric microvessels from subjects < 60 and >60 years. The

relaxant responses of the microvessels are expressed as percentage of a previous contraction elicited by 35 mmol L)1 KCl. The number of vascular segments

and subjects for each curve are shown in parentheses. *P < 0.05 vs. < 60 years. (D) Relationship between age and pD2 values for acetylcholine relaxations

(ACh) measured by plethysmography in the forearm blood flow (FBF) of subjects between 24 and 81 years, whose characteristics are shown in Table 1.

(E and F) Relaxations to ACh or SNP on the FBF of the same subjects divided into two groups, < 60 and >60 years. Plethysmography data are shown as a

percentage of the ratio (infused arm:noninfused arm) of FBF measured in response to drugs with regard to the ratio measured during the control period. The

number of subjects for each curve is given in parentheses. *P < 0.05 vs. < 60 years.
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(Table 1). To exclude any potential bias in our results due to

these factors, we carried out regression analysis. Systolic and

diastolic blood pressure, total and LDL-cholesterol and trigly-

cerides, in addition to age, were associated with ACh pD2

in the simple regression analysis. However, after adjusting

for potentially confounding variables, age was the only vari-

able that remained significantly associated with ACh pD2

(Table 2).

We next investigated the effects of the blockade of

constitutive endothelial nitric oxide synthase (eNOS) in isolated

microvessels from both subjects < 60 and > 60 years,

by administering 100 lM NG-nitro-L-arginine methyl ester

(L-NAME). Although this compound markedly reduced the

relaxations induced by BK in all the vessels studied (Fig. 2),

clear differences could be observed in relation to donor age.

In vessels from subjects < 60 years, BK still produced a small

vasodilatation in the presence of L-NAME, a response that

was blocked by the further addition of 10 lmol L)1 indo-

methacin (Fig. 2). On the contrary, in microvessels from

subjects > 60 years, the pretreatment with L-NAME abolished

BK-induced relaxations and revealed a contractile response

that was reduced by the nonspecific inhibition of cyclooxygen-

ase (COX) with 10 lM indomethacin (Fig. 2). In the absence

of L-NAME, indomethacin improved BK-induced relaxations in

microvessels from subjects > 60 years (Fig. 2), although these

relaxations were still significantly lower (P < 0.05) than those

induced by BK in vessels from subjects < 60 years; in vessels

from this later group, BK-induced relaxations were unaffected

by indomethacin (Fig. 2). When indomethacin was adminis-

tered together with superoxide dismutase (SOD, 100 U mL)1),

a scavenger of O2
), the BK-induced relaxations in vessels from

subjects > 60 years reached the same values as those

from subjects < 60 years (Fig. 2). The administration of indo-

methacin plus SOD had no significant effect on the BK-

induced relaxations in mesenteric microvessels from subjects

< 60 years (data not shown). The previous contractile

response elicited by 35 mM KCl in the different groups of ves-

sels was not modified by L-NAME, indomethacin, L-NAME plus

indomethacin, indomethacin plus SOD, or de-endothelializa-

tion (data not shown).

All the vasoactive responses elicited by BK in both groups

of vessels were dependent on the presence of an intact endo-

thelial layer, as they were totally abolished when the isolated

mesenteric microvessels were mechanically de-endothelialized

(Fig. 2).

Role of cyclooxygenase products in the

age-dependent endothelial dysfunction in isolated

human mesenteric microvessels

There were no significant changes in the relative expression

(95% CI) for mRNA from both COX-1 and COX-2 in mesen-

teric microvascular vessels from subjects < 60 or > 60 years

(Fig. 3A). In addition to the above-mentioned experiments

with indomethacin, the role of COX products in the age-

dependent defective relaxations to BK was also analyzed by

preincubating the vessels with SQ-29548 (10 lM), a specific

inhibitor of the thromboxane A2 ⁄ prostaglandin H2 receptor.

This compound partially recovered BK-induced relaxations in

mesenteric microvessels from subjects > 60 years (Fig. 3B),

Table 1 Characteristics of the study subjects

< 60 years > 60 years

N 36 18

Male ⁄ female 18 ⁄ 18 11 ⁄ 7
Systolic blood pressure (mmHg) 114.5 ± 2.0 121.9 ± 2.2*

Diastolic blood pressure (mmHg) 71.9 ± 1.6 77.4 ± 2.0

Body mass index 24.3 ± 0.5 25.8 ± 0.6

Glucose (mmol L)1) 4.91 ± 0.12 5.28 ± 0.12*

HbA1c (%) 4.67 ± 0.06 5.02 ± 0.07*

Total cholesterol (mmol L)1) 4.80 ± 0.14 5.24 ± 0.12*

LDL-cholesterol (mmol L)1) 2.77 ± 0.14 2.93 ± 0.14

HDL-cholesterol (mmol L)1) 1.51 ± 0.06 1.26 ± 0.07*

Triglycerides (mmol L)1) 1.33 ± 0.14 2.37 ± 0.37*

HbA1c, glycosylated hemoglobin.

*Differences vs. < 60 year (P < 0.05).

Table 2 Factors associated with ACh pD2

Simple linear regression Multiple regression

Coefficient SE R2 P Coefficient SE P

Age )0.034 0.009 0.337 < 0.0001 )0.029 0.013 0.036

SBP )0.043 0.011 0.261 0.0003 )0.021 0.017 0.243

DBP )0.045 0.017 0.157 0.007 )0.013 0.020 0.517

BMI )0.08 0.06 0.034 NS – – –

Glucose )0.09 0.332 0.002 NS – – –

HbA1c )0.72 0.542 0.04 NS – – –

Cholesterol )0.66 0.217 0.222 0.0014 )0.841 0.576 0.154

LDL-Cholesterol )0.56 0.285 0.118 0.032 0.683 0.654 0.304

HDL-Cholesterol 0.93 0.492 0.078 NS – – –

Triglycerides )0.46 0.144 0.192 0.003 )0.033 0.262 0.901

HbA1c, glycosylated hemoglobin; SBP, systolic blood pressure; DBP, diastolic blood pressure; BMI, body mass index.
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whereas the relaxations to BK obtained in mesenteric micro-

vessels from those < 60 years were not modified (data not

shown). The previous contractile response elicited by 35 mM

KCl in the different groups of vessels was not modified by

SQ-29548 (data not shown).

Mechanisms of age-dependent oxidative stress in

isolated human mesenteric microvessels

Qualitative evidence for the enhanced oxidative stress in the

microvessels obtained from the older subjects was provided

Fig. 2 Effects of 100 lM NG-nitro-L-arginine methyl ester (L-NAME), 10 lM indomethacin, L-NAME plus indomethacin, indomethacin plus 100 U mL)1

superoxide dismutase (SOD), and mechanical de-endothelialization on the vasoactive responses to bradykinin (BK) in isolated human mesenteric microvessels

obtained from subjects > 60 and < 60 years. The vasoactive responses are expressed as a percentage of a previous contraction elicited by 35 mmol L)1 KCl.

Paired experiments were performed, with parallel analysis of the control and treated segments from the same subjects. The number of vascular segments

and subjects for each curve are shown in parentheses. *P < 0.05 vs. control BK, †P < 0.05 vs. de-endothelialized segments. #P < 0.05 vs. L-NAME;

–P < 0.05 vs. indomethacin.

Fig. 3 (A) RT-PCR expression of mRNA relative to that of the housekeeping gene (18s) of COX-1 and COX-2 in isolated human mesenteric microvessels

derived from subjects < 60 and > 60 years. Data are expressed as means ± confidence intervals (95% CI). (B) Effects of preincubation with 10 lM SQ-29548

on the relaxant responses to BK in isolated human mesenteric microvessels from subjects > 60 years. The vasoactive responses are expressed as a percentage

of a previous contraction elicited by 35 mmol L)1 KCl. Paired experiments were performed, with parallel analysis of the control and treated segments from

the same subjects. The number of vascular segments and subjects for each curve are shown in parentheses. *P < 0.05 vs. control < 60 years, †P < 0.05 vs.

control > 60 years.
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by the fluorescent dye dihydroethidum (DHE), which is rela-

tively specific for O2
) (Tarpey & Fridovich, 2001). Thus, after

incubating the vascular wall samples (obtained from four sub-

jects of each group) with this dye, increased fluorescence was

observed in microvessels from subjects > 60 years while this

was absent or very weak in vessels from those < 60 years (see

representative case in Fig. 4A). In addition, the preincubation

of the microvessels from these older subjects with intracellular

and extracellular scavengers of O2
) (100 lM tempol or

100 U mL)1 SOD) partially improved the responses to BK

(Fig. 4C,D). Neither tempol nor SOD modified the BK-induced

relaxations in vessels from those < 60 years (data not shown).

The previous contractile response elicited by 35 mmol L)1 KCl

in the different groups of vessels was not modified by tempol

or SOD (data not shown).

The enhanced production of ONOO) in the vascular wall of

the microvessels from subjects > 60 vs. those < 60 years

(obtained in four subjects of each group) was shown by the

increase of nitrotyrosine residues using specific anti-nitrotyro-

sine antibody (see representative case in Fig. 4B). In addition,

the preincubation of microvessels from subjects > 60 years

with the ONOO) scavenger uric acid (10 lM) partially

improved the relaxation induced by BK (Fig. 4E). In the mes-

enteric microvessels obtained from subjects < 60 years, prein-

cubation with uric acid did not exert any significant effect on

the BK-induced relaxations (data not shown). The previous

contractile response elicited by 35 mmol L)1 KCl in the differ-

ent groups of vessels was also not modified by uric acid (data

not shown).

Possible sources of NO and O2
) in aged human

mesenteric microvessels

As ONOO) production requires the formation of NO, we inves-

tigated the mRNA expression for the two main isoforms of NOS

(eNOS and iNOS) in the vascular wall of subjects < 60 and

> 60 years. Indeed, iNOS mRNA relative expression (95% CI)

was significantly increased (Fig. 5A) in mesenteric microvascular

tissue from those > 60 years. However, we did not detect age-

related differences for eNOS mRNA (Fig. 5A). The role of iNOS

in the age-dependent dysfunction was analyzed by preincubat-

ing the vessels with the specific iNOS inhibitor 1400W (10 lM).

This compound partially recovered BK-induced relaxations in

mesenteric microvessels from subjects > 60 years (Fig. 5B). In

addition, the possible role of NOS uncoupling in age-related

impaired BK-evoked vasodilatations was investigated by treat-

ing the segments with the cofactor tetrahydrobiopterin (BH4;

10 lM). This agent also partially improved BK-induced responses

in vessels from subjects > 60 years (Fig. 5B). Neither 1400W

nor BH4 modified the relaxations to BK obtained in mesenteric

microvessels from subjects < 60 years (data not shown). The

previous contractile response elicited by 35 mmol L)1 KCl in the

different groups of vessels was unchanged by both 1400W and

BH4 (data not shown).

Fig. 4 (A and B) Representative photomicrographs (20·) of microscopic sections of human mesenteric microvessels derived from subjects < 60 and

> 60 years (samples from four subjects of each group were studied). Vessels were labeled with the superoxide-detecting fluorescent probe DHE or with an

anti-nitrotyrosine polyclonal antibody, followed by an Alexa Fluor-conjugated secondary antibody. Negative controls were obtained by omitting the dye or

the anti-nitrotyrosine primary antibody. (C–E) Effects of preincubation with 10 lM tempol, 100 U mL)1 superoxide dismutase (SOD), or 10 lM uric acid on

the relaxant responses to BK in isolated human mesenteric microvessels obtained from subjects > 60 years. The vasoactive responses are expressed as a

percentage of a previous contraction elicited by 35 mmol L)1 KCl. Paired experiments were performed, with parallel analysis of the control and treated

segments from the same subjects. The number of vascular segments and subjects for each curve are shown in parentheses. *P < 0.05 vs. control < 60 years.

†P < 0.05 vs. control > 60 years.
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As another possible source of O2
) production, we investi-

gated the role of nox-4 (a NADPH oxidase subunit). We deter-

mined the mRNA for this enzyme, finding that the relative

expression (95% CI) for mRNA of nox-4 was significantly

increased (Fig. 5C) in mesenteric microvascular tissue from

subjects > 60 years. The role of NADPH oxidase in the age-

dependent dysfunction was also analyzed by preincubating the

vessels with the specific inhibitor apocynin (100 lM). This com-

pound partially recovered BK-induced relaxations in mesenteric

microvessels from subjects > 60 years (Fig. 5D), whereas the

relaxations to BK in microvessels from subjects < 60 years were

unaffected (data not shown). The previous contractile response

elicited by 35 mmol L)1 KCl in the different groups of vessels

was not modified by apocynin (data not shown).

The role of xanthine oxidase as a source of O2
) in the

microvessels from subjects > 60 years was also investigated.

We did not detect mRNA for xanthine dehydrogenase in

microvascular tissue from subjects < 60 and > 60 years. Its

specific inhibitor oxypurinol (10 lM) did not modify either the

previous contractile response elicited by 35 mmol L)1 KCl or

the BK-induced relaxations in mesenteric microvessels from

subjects of both groups (data not shown).

In situ NF-jB detection in aged human mesenteric

microvessels

Nuclear factor-jB (NF-jB) activation was localized by South-

western histochemistry in mesenteric microvessels obtained

from 14 subjects aged between 18 and 81 years (seven

females). The arterial sections were hybridized with an oligo-

nucleotide containing the consensus sequence of the NF-jB

recognition site. As shown in Fig. 6A, the vascular wall of a

representative younger subject did not show any staining for

NF-jB, while activated nuclei could be observed in the arterial

section from an older subject (Fig. 6B). Furthermore, there

was a significant direct correlation between the number of

NF-jB stained nuclei and the respective age of the vascular

segment’s donors (Fig. 6C), whereas an inverse correlation

was observed between in situ NF-jB activation and the

respective pD2 values for BK-induced relaxations (Fig. 6D).

Discussion

By combining two experimental approaches in a large sample

of subjects with a wide age range, we first determined the

Fig. 5 (A and C) RT-PCR expression of mRNA relative to that of the housekeeping gene (18s) of eNOS, iNOS, and the NADPH nox-4 subunit in isolated

human mesenteric microvessels derived from subjects < 60 and > 60 years. Data are expressed as means ± confidence intervals (95%). *P < 0.05 vs.

< 60 years. (B and D) Effects of preincubation with 10 lM 1400W, 10 lM BH4, or 100 lM apocynin on the relaxant responses to BK in isolated human

mesenteric microvessels from subjects > 60 years. Paired experiments were performed, with parallel analysis of the control and treated segments from the

same subjects. The number of vascular segments and subjects for each curve are shown in parentheses. *P < 0.05 vs. control < 60 years. †P < 0.05 vs.

control > 60 years.
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existence of age-dependent endothelial dysfunction, both

in vitro and in vivo, in subjects with no clinical cardiovascular

diseases and no classical risk factors. Measurements of the

endothelium-dependent relaxations induced by BK in vitro

and ACh in vivo indicated that endothelial dysfunction devel-

ops throughout the aging process, confirming earlier reports

(Celermajer et al., 1994; Taddei et al., 1995, 1997; Gerhard

et al., 1996; Eskurza et al., 2004). It should be noted that the

profile of endothelial dysfunction observed was very similar

both in vitro and in vivo, despite the different methods and

agonist employed, which contrasts with previous reports

suggesting that age-dependent endothelial dysfunction is

specific for ACh-induced vasodilatations (DeSouza et al.,

2002). We also confirmed that the observed impairments of

the relaxant responses with age do not involve alterations of

the vascular smooth muscle layer, as the responses to SNP (an

endothelium-independent vasodilator) were well preserved in

the aged vasculature, both in vitro and in vivo, which agrees

with previous reports (Taddei et al., 1995, 1997; Gerhard

et al., 1996; DeSouza et al., 2002).

In our in vitro experimental approach, preconstrictions of

the vascular segments were performed by adding a depolariz-

ing solution of 35 mM KCl to the organ bath. Thus, the possi-

ble participation of the endothelium-derived hyperpolarizing

factor was excluded, avoiding misinterpretations of the

results due to the elusive nature of this compound (Félétou &

Vanhoutte, 2006a,b). Despite the absence of this factor, we

observed important endothelium-dependent relaxations in

response to BK, contrasting with previous results which indi-

cate that these relaxations are mostly due to endothelium-

derived hyperpolarization (MacKenzie et al., 2008). Other

authors, however, have reported that both ACh-and

BK-evoked relaxations in human vessels are composed by

several mechanisms, including NO, EDHF, and COX-derived

compounds (Deng et al., 1995; Kemp & Cocks, 1997;

Ohlmann et al., 1997). As previously reported in this experi-

mental approach (Vallejo et al., 2000), we observed that NO

was the predominant vasodilatatory involved factor in mesen-

teric microvessels from subjects < 60 years, although a minor

endothelium-dependent relaxation sensitive to indomethacin

was revealed after blocking NO synthesis, suggesting a

secondary role for a COX product.

Different responses to BK were obtained in the mesenteric

vascular segments obtained from subjects > 60 years. Interest-

ingly, the NO pathway seemed to be well preserved in these

microvessels; in this case, it was the only vasodilatatory

compound produced by the endothelium (again, the endothe-

lium-derived hyperpolarization was excluded by a previous

depolarization). This fact indicates that endothelial dysfunction

is not always due to lower NO synthesis, as previously

suggested by others (Lavi et al., 2008). On the other hand,

after blocking NO synthesis with L-NAME, we observed no

more relaxations to BK, revealing a dose-dependent

vasoconstricting COX-sensitive response. Furthermore, a small

Fig. 6 (A and B) Representative photomicrographs (20·) of microscopic sections of human mesenteric microvessels derived from subjects < 60 and

> 60 years, hybridized with an oligonucleotide with the NF-jB consensus site. Preparations without probe were used as negative controls and a 200-fold

excess of unlabeled probe was used to test the specificity of the technique. (C) Relationship between the age of the donors and the number of NF-jB

stained nuclei by squared micrometers in isolated human mesenteric microvessels. (D) Relationship between the respective pD2 for BK-induced relaxations

and the number of NF-jB stained nuclei by squared micrometers in isolated human mesenteric microvessels. Every point represents the averaged pD2 values

of segments from one single subject.
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endothelium-dependent COX-insensitive vasoconstriction could

also be observed in these vessels from subjects > 60 years.

From all these results, we propose that endothelium of aged

subjects produces enough NO to reach a full relaxation of the

mesenteric vasculature, but this NO is partially counteracted

by COX-derived vasoconstricting compounds and reactive

oxygen species, probably superoxide anions, also produced by

the endothelial cells. Indeed, we observed that indomethacin,

tempol, or SOD partially improved the age-related endothelial

dysfunction, while the simultaneous administration of indo-

methacin plus SOD to these older microvessels made it possi-

ble to attain BK-induced relaxations similar to those observed

in vessels from younger subjects.

The existence of COX-derived vasoconstricting factors associ-

ated with aging has been previously proposed by indirect evi-

dence using plethysmography studies (Taddei et al., 1997;

Vanhoutte et al., 2005) but, to our knowledge, this is the first

report directly demonstrating such an effect in human vascula-

ture. We did not elucidate the nature of this vasoconstricting

factor, but it is sensitive to the blockade of thromboxane

A2 ⁄ prostaglandin H2 receptors. A role for O2
) is also possible,

as these reactive oxygen species have been described as COX-

derived activity endothelium-dependent vasoconstrictors

(Vanhoutte et al., 2005). No consensus has so far been estab-

lished regarding the COX isoform responsible for these age-

related vasoconstrictions (Matz & Andriantsitohaina, 2003).

Our present data do not clarify this point in the human mesen-

teric microvasculature, as we could not observe age-dependent

differences in the expression of mRNA for both COX isoforms,

which present important variability. Nevertheless, the existence

of post-translational changes in the activity of these enzymes

related to the age-dependent endothelial dysfunction cannot

be ruled out. Thus, there is an important regulation of COX

activity by NO and ONOO) (Upmacis et al., 2006). Further-

more, a physiological binding interaction between COX-2 and

iNOS has recently been reported, bringing NO or ONOO) to

activate COX-2 in a synergistic molecular interaction between

these two inflammatory pathways (Kim et al., 2005).

A role for oxidative stress in the age-dependent endothelial

dysfunction has been previously suggested (Taddei et al.,

2001; Eskurza et al., 2004), while more recently, Donato

et al. (2007) have provided direct evidence showing a rela-

tionship between oxidative markers in endothelial cells and

age-dependent alterations in flow-dependent dilatation. It is

widely accepted that enhanced oxidative stress, particularly

O2
), reduces the bioavailability of NO and inhibits its main tar-

get, the soluble guanylyl cyclase (Félétou & Vanhoutte,

2006a,b). We observed higher levels of O2
) in isolated human

mesenteric microvessels from aged subjects using the fluores-

cent dye DHE. Additionally, the functional role of O2
) in the

age-dependent endothelial dysfunction was further demon-

strated by using the scavengers of O2
), tempol and SOD

(Offer et al., 2000).

The generation of ONOO) is emerging as a determinant

mechanism for the induction of oxidative damage in the

vasculature (Van der Loo et al., 2000; Csiszar et al., 2002).

Therefore, we looked for biological markers of this compound

in mesenteric microvessels from aged subjects, and found an

enhanced presence of nitrotyrosine residues. This indicates a

higher age-derived production of vascular ONOO), as previ-

ously reported in rats (Van der Loo et al., 2000; Csiszar et al.,

2002). In addition, the functional role of ONOO) as mediator

of age-dependent endothelial dysfunction was confirmed, as

its scavenger uric acid improved the BK-induced relaxations as

much as tempol did. Among the possible mechanisms

involved, ONOO) uncouples eNOS, inhibits guanylyl cyclase,

inactivates prostacyclin synthase, and further enhances oxida-

tive stress by inhibiting SOD (Félétou & Vanhoutte, 2006a,b;

Pacher et al., 2007). Additionally, the enhancement of vascu-

lar ONOO) regulates COX-2 activity, thereby producing syner-

gistic inflammatory responses in the vascular wall (Kim et al.,

2005; Upmacis et al., 2006).

The formation of ONOO) requires the chemical interaction

of O2
) and NO in a one-to-one stoichiometry (Cai & Harrison,

2000; Vinten-Johansen, 2000). ONOO) production depends

on the concentration of NO available, which in turn derives

from the activity of NOS. We investigated the expression of

mRNA in both the inducible and constitutive isoforms of NOS

in the vascular wall of mesenteric microvessels from subjects

< 60 and > 60 years. Previous reports in rats suggest an age-

dependent enhanced vascular expression of iNOS (Cernadas

et al., 1998; Csiszar et al., 2002), while controversial results

have been reported about the relationship between age and

eNOS expression (Van der Loo et al., 2000; Brandes et al.,

2005; Nevado et al., 2006). In this work, we observed that

the expression of mRNA for eNOS did not change in mesen-

teric microvessels from aged subjects, whereas it was mark-

edly enhanced for the iNOS isoform. Furthermore, the

improvement in the age-related endothelial dysfunction by

the selective iNOS inhibitor, 1400W, strongly suggests that

iNOS is the main source of NO contributing to the formation

of ONOO). Previous data in cultured human peritoneal meso-

thelial cells indicated an age-dependent enhancement of iNOS

expression (Nevado et al., 2006) but, to our knowledge, this

is the first demonstration of iNOS involvement in the human

vascular wall in age-dependent endothelial dysfunction.

Concerning the origin of the O2
) detected in the aged vas-

culature, we found evidence of the possible implication of

NADPH oxidase. The nox-4 subunit of NADPH oxidase was

selected because its expression in the human vasculature has

been previously demonstrated (Sorescu et al., 2002). We

observed an enhanced expression of the mRNA for nox-4 in

the vascular wall from subjects > 60 years, while the NADPH

inhibitor apocynin (Williams & Griendling, 2007) improved

the age-dependent endothelial dysfunction. An analogous

approach for analyzing the role of xanthine oxidase (studying

mRNA expression and the effect of oxypurinol on BK-evoked

relaxations) was negative. Taken together these data

agree with previous results indicating that the main source

of oxidative stress in nonpathological vascular aging is
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NADPH-dependent superoxide production rather than xan-

thine oxidase-derived production (Eskurza et al., 2006;

Donato et al., 2007).

A second possible source of O2
) in vascular aging could be

the uncoupling of NOS (Cai & Harrison, 2000; Guzik et al.,

2002; Brandes et al., 2005). As indicated earlier, ONOO)

uncouples endothelial NOS, by oxidizing the zinc–thiolate

complex (Zou et al., 2002). NOS uncoupling has also been

described after a decline in BH4 bioavailability which, interest-

ingly, can be a consequence of its oxidation to BH2 by O2
) or

ONOO) (Milstien & Katusic, 1999; Schiffrin, 2008). In fact,

data in humans indicate that the administration of the NOS

cofactor BH4 markedly improves the age-dependent endothe-

lial dysfunction measured by plethysmography (Higashi et al.,

2006). We further confirmed this proposal in isolated mesen-

teric microvessels from aged subjects, as BH4 improved endo-

thelial dysfunction as much as the scavengers of O2
).

Although most reports point to eNOS as the isoform that can

be uncoupled, producing O2
) (Brandes et al., 2005), the

inducible iNOS isoform is much more catalytically active than

eNOS and consumes more substrate and cofactors; therefore,

this isozyme can also serve as a source of O2
) in the absence

of sufficient substrate or BH4 (Loscalzo, 2000).

There is emerging evidence based on experimental models

suggesting that aging is associated with vascular inflammation

(Chung et al., 2002; Csiszar et al., 2003; D’Alessio, 2004;

Ungvari et al., 2004). In humans, epidemiological data indi-

cate an association between elevated inflammatory cytokines

and mortality in the elderly people (Harris et al., 1999;

Volpato et al., 2001). Recently, Wang et al. (2007) have

described a pro-inflammatory profile in grossly normal, aged,

human aortic wall. In addition, Donato et al. (2007) reported

an age-dependent up-regulation of NF-jB in endothelial cells,

which may be associated with impaired endothelial dysfunc-

tion. We have also recently reported an age-dependent aug-

mented expression and activity of NF-jB in unstimulated

cultured human peritoneal mesothelial cells (Nevado et al.,

2006). Here, we used Southwestern histochemistry techniques

(Hernández-Presa et al., 1999) to demonstrate directly the

age-dependent NF-jB activation in situ, as demonstrated in

experimental atherosclerosis (López-Franco et al., 2006).

Indeed, we found a significant correlation in the human mes-

enteric vasculature between increasing age and the number

of nuclei stained for NF-jB, suggesting the development of an

inflammatory environment in the vascular wall of aged

subjects. Furthermore, a clear correlation was also found

between the development of the age-endothelial dysfunction

and the NF-kB activation in situ. To our knowledge, this is

the first direct evidence in the human vasculature linking a

possible relationship between age-dependent endothelial

dysfunction and the development of a pro-inflammatory

status.

In this work, we used several agents able to reduce differ-

ent oxidative or inflammatory pathways, but only partial

improvements were attained by interfering with different

mechanisms. We propose that the age-dependent endothelial

dysfunction is a complex process that involves several pro-

oxidant and pro-inflammatory mediators. Unfortunately, our

study design does not allow us to establish a causal relation-

ship between them or to show that one pre-exists the other.

In addition, we cannot rule out the existence of possible bidi-

rectional relationships between pro-oxidant and pro-inflamma-

tory mechanisms (see scheme of Fig. 7).

It has been suggested that a pro-atherosclerotic environ-

ment could be a characteristic feature of vascular aging in

humans (Minamino & Komuro, 2007). In this regard, the

increased oxidative stress and inflammation in the vascular

wall, together with endothelial dysfunction, would be the

consequence of vascular cell senescence, leading to alterations

indistinguishable from the early phases of atherosclerosis.

However, we should also consider the opposite, namely, that

oxidative stress and inflammation, together with endothelial

dysfunction, can be the cause, rather than the consequence,

of vascular cell senescence and atherosclerosis (Erusalimsky &

Kurz, 2005). Therefore, aging seems to generate an oxidative

and pro-inflammatory background that facilitates the develop-

ment of clinical vascular disease. Further studies should be

carried out to clarify how cardiovascular risk factors interact

with this milieu to produce disease and how this disease

becomes clinically manifest.

Experimental procedures

Measure of vascular reactivity in isolated vessels

Omental arteries were obtained, from patients requiring a

nonurgent, nonseptic abdominal surgery. According to Span-

ish legal regulations, written informed consent was obtained

from the subjects who participated in the study. The study

Fig. 7 Schematic representation of the vascular pro-oxidant and

pro-inflammatory mechanisms proposed as involved in the endothelial

dysfunction associated with human aging. EC, endothelial cell; VSMC,

vascular smooth muscle cells; ONOO), peroxynitrite; O2
), superoxide

anions; BH4, tetrahydrobiopterine; BH2, dihydrobiopterine; NF-jB, nuclear

factor-kappaB; eNOS, endothelial nitric oxide synthase; iNOS, inducible

nitric oxide synthase; COX, cyclooxygenase.

Age-dependent endothelial dysfunction, oxidative stress, and inflammation, L. Rodrı́guez-Mañas et al.
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was approved by the Local Ethics Committee and the Local

Research Committee. None had clinical evidence of large ves-

sel disease (history of coronary, cerebral, or peripheral vascular

disease). Current or former smokers and people taking estro-

gens, NSAIDs, vitamin supplements, or drugs that might influ-

ence endothelial cell function or vascular tone (lipid lowering

drugs, fibrinolysis enhancing drugs, diuretics, hypotensive

agents, vasodilators, sympathomimetics, pentoxifyline, fibrino-

gen lowering drugs, anticoagulants, and nitrates) were

excluded. Other exclusion criteria were body mass index (BMI)

(kg m)2) ‡ 32; hypertension (‡ 140 ⁄ 90 mmHg); diabetes;

total cholesterol > 6.2 mM; and any other condition that

might interfere with the progress of the study. The partici-

pants were distributed by age into two groups: < 60 years

(n = 68) and > 60 years (n = 61). The arteries (mean internal

diameter ± SE: 309.1 ± 9.2 lm) were obtained, cleaned, and

mounted as ring preparations (2.5 mm length) on a small ves-

sel myograph, as described elsewhere (Vallejo et al., 2000).

Resting tension for the experiments was calculated to obtain

an internal circumference equivalent to 90% of the tension of

the vessels in situ and in a relaxed state under a transmural

pressure of 100 mmHg (Vallejo et al., 2000), using the Myo-

Norm-4 (CIBERTEC S. A.) program. The vessels were first con-

tracted with 125 mM KCl and the segments failing to produce

a maximum active tension equivalent to a pressure of

100 mmHg on the final contraction were rejected. After a

washout period, the arteries were contracted again with

35 mM KCl, which produced approximately 80% of the maxi-

mum response. When the contraction reached a plateau, the

subsequent relaxations to BK were assessed by adding

increasing concentrations of the drug at 2 min intervals (final

bath concentrations 10 nM to 3 lM). Responses to SNP were

used to test nonendothelium-dependent relaxant responses.

In some experiments, the microvascular mesenteric segments

were pretreated for 15 min before BK administration with

100 lM L-NAME, 10 lM indomethacin, L-NAME plus indometh-

acin, indomethacin plus 100 U mL)1 SOD, 10 lM SQ-29548,

100 lM tempol, 100 U mL)1 bovine CuZn SOD, 10 lM uric

acid, 10 lM 1400W, 10 lM BH4, 100 lM apocynin, and 10 lM

oxypurinol. This kind of experiment was systematically per-

formed in a paired way, with parallel analysis of control and

treated segments from the same subjects. In other experi-

ments, the endothelium was removed with a human hair, and

removal was confirmed by observing a relaxation of less than

10% of precontraction of 35 mM KCl after addition of BK

(Gupta et al., 2007). In each experiment, papaverine (100 lM)

was added to the bath at the end of the protocol to test the

vasodilatatory ability of the vascular smooth muscle. The

experiments were performed in Krebs Henseleit solution,

which was composed of (mM): NaCl 115, CaCl2 2.5, KCl 4.6,

KH2PO4 1.2, MgSO4.7H2O 1.2, NaHCO3 25, glucose 11.1,

and Na2EDTA 0.03. The solution was bubbled with a mixture

of 95% O2 and 5% CO2 to maintain a pH of 7.4. Unless

otherwise stated, all drugs used were purchased from Sigma

(St Louis, MO, USA).

Measurement of FBF

Fifty-four healthy adults aged between 24 and 81 years (mean

age 48.43 ± 2.5) were recruited. According to Spanish legal

regulations, written informed consent was obtained from the

subjects who participated in the study. The study was

approved by the Local Ethics Committee and the Local

Research Committee. None had clinical evidence of large ves-

sel disease (history of coronary, cerebral, or peripheral vascular

disease). Current or former smokers and people taking estro-

gens, NSAID, vitamin supplements, or drugs that might influ-

ence endothelial cell function or vascular tone (lipid lowering

drugs, fibrinolysis enhancing drugs, diuretics, hypotensive

agents, vasodilators, sympathomimetics, pentoxifyline, fibrino-

gen lowering drugs, anticoagulants, and nitrates) were

excluded. Other exclusion criteria were BMI (kg m)2) ‡ 32;

hypertension (‡ 140 ⁄ 90 mmHg); diabetes; total cholesterol

> 6.2 mmol L)1; and any other condition that might interfere

with the progress of the study. Aliquots of fresh sera from

every subject were stored at )80 �C until laboratory determi-

nations were made simultaneously in a unique set of assays.

The response to endogenous NO was assessed as described

elsewhere (Rodrı́guez-Mañas et al., 2003), by measuring FBF

responses to brachial artery infusion of five cumulative doses

of ACh each for 5 min (12.5, 25, 50, 100, and 200 nM min)1)

using strain gauge plethysmography. SNP (4.2, 12.6, and

37.8 nmol min)1) was used to evaluate the endothelium-inde-

pendent relaxant responses. After every dose–response curve,

we made a washout by the infusion of saline until reaching

the recovery of the basal flow. FBF was measured simulta-

neously in both arms, and the noninfused arm served as a

control. The ratio (infused arm ⁄ noninfused arm) of FBF mea-

sured in response to drugs was expressed as a percentage of

the ratio measured during the control period. We randomly

assigned a number to each record and a single researcher,

blinded to the randomization, made all the measurements.

Each record was measured five times, and the final value was

the mean of these five measurements. FBF showed nonsignifi-

cant changes in the control forearm during each infusion per-

iod. After the washing periods (saline infusion) that followed

each dose–response curve, FBF in the infused arm was not

different from the basal value (data not shown). Drugs and

solutions to be infused in the forearm were prepared under

sterile conditions by the Pharmacy Department of Hospital

Universitario de Getafe.

O2
) and nitrotyrosine detection

Formalin-fixed, paraffin-embedded transverse sections (5 lm

thick) were mounted on polysine-coated glass slides. After

blockade with 5% bovine serum albumin (BSA) plus 0,1% Tri-

ton X-100 in phosphate-buffered saline (PBS) overnight at

4 �C, the sections were incubated for 90 min at 37 �C with

the fluorescent probe DHE (4 lM; Calbiochem, Darmstadt,

Germany). In the presence of O2
), DHE is oxidized to
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ethidium, which intercalates with DNA, and yields bright red

fluorescence. After washing with PBS plus 0.1% Triton X-100,

sections were mounted and visualized by fluorescence micros-

copy (Olympus BX51, Japan). The distribution of 3-nitrotyro-

sine residues, as an indirect marker of peroxynitrite (ONOO))

production, was evaluated by indirect immunofluorescence. In

brief, arterial sections were blocked for 2 h at 37 �C and incu-

bated overnight at 4 �C with a polyclonal anti-nitrotyrosine

antibody (dilution 1:100; Chemicon International, Temecula,

CA, USA). Following washes in PBS plus 0.1% Triton X-100,

the sections were incubated with a secondary Alexa Fluor

546-conjugated goat anti-rabbit antibody (dilution 1:250;

Molecular Probes, Inc., Eugene, OR, USA) for 45 min at

37 �C. After further washing in PBS, sections were mounted

and visualized by fluorescence microscopy. The specificity of

the immunostaining was evaluated by omission of the primary

antibody.

RNA isolation and reverse transcription-PCR

As the vascular tissue availability was limited, the expression

of eNOS, iNOS, COX-1, COX-2, and nox-4 was studied by

RNA isolation and reverse transcription-PCR. Total RNA

derived from human arteries was extracted using RNAqueous

kit (Applied Biosystems, Foster City, CA, USA) following the

manufacturer’s instructions, with RNA recovery determined

spectrophotometrically (ND-100 spectrophotometer; Nano-

drop Technology, Montchanin, DE, USA). Total RNA (1–2 lg)

was then reverse transcribed using the High Capacity cDNA

Reverse Transcription Kit (Applied Biosystems) according to

the manufacturer’s instructions in a final reaction volume of

20 lL. Reverse transcription-PCR analysis was performed using

the iCycler Real-time PCR detection System (Bio-Rad Laborato-

ries, Hercules, CA, USA). The reaction solution was assembled

in a volume of 20 lL, which comprised 50 ng of cDNA tem-

plates, 10 lL Quantimix Easy Probes Kit (Biotools, B&M labs,

S.A. Madrid, Spain), plus 1 lL Taqman Assays (Applied Biosys-

tems). The following genes were analyzed (each followed by

its corresponding catalog number): eNOS (Hs00167166_m1),

iNOS (Hs00167248_m1), COX-1 (Hs00377721_m1), COX-2

(Hs00153133_m1), nox-4 (Hs00276431_m1), xanthine

dehydrogenase (Hs00166020_m1), and 18s rRNA

(Hs99999901_s1). PCR reactions were carried out according

to the procedures provided by the manufacturer, and each

sample was analyzed in duplicate. Transcript levels were nor-

malized to ribosomal 18s (used as an internal standard). Rela-

tive expression levels were determined using the 2DDCt

method. (User Bulletin Applied Biosystems Real-Time PCR

Systems, July 2007.)

In situ detection of activated NF-jB

Southwestern histochemistry is a nonradioactive technique

developed for in situ detection of activated transcription fac-

tors, as described in detail elsewhere (Hernández-Presa et al.,

1999). This method requires the use of a double-stranded

DNA containing the consensus sequence of NF-jB. In brief,

NF-jB consensus oligonucleotides were digoxigenin labeled

with a 3¢-terminal transferase. Paraffin-embedded tissue sec-

tions were fixed in 0.5% paraformaldehyde and subsequently

digested with 0.5% pepsin and 0.1 mg mL)1 DNase I. Sam-

ples were then incubated at 37 �C with 12 pmol of digoxige-

nin-labeled NF-jB probe in buffer containing 0.25% BSA and

2 lg mL)1 poly(dI-dC), followed by alkaline phosphatase-con-

jugated anti-digoxigenin IgG and colorimetric detection with

nitro blue tetrazolium ⁄ 5-bromo-4-chloro-3-indolyl phosphate

toluidine salt (NBT ⁄ BCIP). The nuclear staining in blue gives

evidence for activated transcription factor. To verify the speci-

ficity of the Southwestern histochemistry, three different con-

trols were systematically performed (López-Franco et al.,

2006): (i) competition assay: incubation with a 200-excess of

unlabeled probe reduced the intensity of the nuclear staining;

(ii) mutant labeled probe: serial slides were incubated under

the same conditions with consensus NF-jB probe or a mutant

probe (with a modification in the NF-jB binding site). A very

slight intensity was observed with mutant probe, as compared

with consensus probe, demonstrating the specificity of the

DNA binding; and (iii) negative control: no staining was

observed in the absence of labeled probe.

Statistical analyses

In isometric recording experiments, results are expressed as

means ± standard error. pD2 values were calculated as the

negative log of the effective dose of BK or ACh (no. of moles)

required to produce half-maximum effect. Regression analyses

were performed to test the association between age and the

responses (pD2) to BK or ACh (simple), age and the stained

nuclei for NF-jB by squared micrometer (simple), or pD2 for

BK and the stained nuclei for NF-jB by squared micrometer

(simple). Multiple stepwise regression analysis was further per-

formed between clinical and analytical parameters and pD2

for ACh. In the reactivity experiments, in vitro or in vivo, dif-

ferences between groups or between treatments were deter-

mined by the analysis of variance (ANOVA). In the experiments

of RT-PCR, the data are expressed as means ± confidence

intervals (95% CI). In this particular case, analyses of the dif-

ferences between groups were performed using the Mann–

Whitney U-test. In all cases, a probability value of less than

5% was considered significant.
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guez-Mañas L (2006) Changes in the human peritoneal mesothelial

cells during aging. Kidney Int. 69, 313–322.

Offer T, Russo A, Samuni A (2000) The pro-oxidative activity of SOD

and nitroxide SOD mimics. FASEB J. 14, 1215–1223.

Ohlmann P, Martı́nez MC, Schneider F, Stoclet JC, Andriantsitohaina R

(1997) Characterization of endothelium-derived relaxing factors

released by bradykinin in human resistance arteries. Br. J. Pharma-

col. 121, 657–664.

Pacher P, Beckman JS, Liaudet L (2007) Nitric oxide and peroxynitrite

in health and disease. Physiol. Rev. 87, 315–424.
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