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OVER three quarters of deaths from cardiovascular dis-
eases occur among patients over 65 years of age (1). 

Epidemiological studies show that even in the absence of 
risk factors related to lifestyle (eg, obesity, hypercholester-
olemia, smoking), advanced age, per se, promotes the de-
velopment of cardiovascular disease [for a recent review, 
see (2)]. In order to develop novel therapeutic interventions 
to promote vascular health in older persons, it is essential to 
understand the mechanisms through which aging impairs 
homeostatic mechanisms in the vasculature.

The oxidative stress hypothesis of aging postulates that in-
creased production of reactive oxygen species (ROS) induces a 
variety of macromolecular oxidative modifications and that ac-
cumulation of such oxidative damage gradually leads to cellu-
lar dysfunction, which is a primary causal factor in the aging 

process. Although there is currently much debate over the im-
portance of increased cellular ROS levels in regulation of life 
span (3–5), there is a consensus that oxidative stress contrib-
utes to the development of age-associated diseases. Previous 
studies in laboratory rodents provided ample evidence that 
oxidative stress develops with age in the arterial system, which 
impairs endothelial function and promotes vascular inflamma-
tion [for a recent review, see (6)]. Vascular oxidative stress and 
inflammation are thought to promote the development of ath-
erosclerotic vascular diseases (including myocardial infarc-
tion, stroke, and vascular dementias), increasing cardiovascular 
mortality in elderly patients (2).

Recent studies demonstrate that in vascular endothelial 
and smooth muscle cells of young animals in response to 
increased production of ROS induced by proatherogenic 
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conditions (ie, diabetes mellitus, cigarette smoke exposure) 
adaptive mechanisms are invoked that involve induction of 
NF-E2–related factor 2 (Nrf2)–driven antioxidant defense 
pathways (7–10). Nrf2 is a key redox-sensitive transcription 
factor, which regulates the antioxidant response, including 
induction of numerous genes for proteins that detoxify ROS 
and regulate synthesis of glutathione (GSH), as well as 
those with other antioxidant properties. In young organ-
isms, this homeostatic response serves to attenuate vascular 
oxidative stress and limits the cellular and macromolecular 
damage caused by the increased free radical production in-
duced by diabetic conditions (8,11,12) and other stressors 
(13,14). In the arterial system of aged rodents, ROS produc-
tion both by mitochondria (15) and by plasma membrane–
associated NADPH oxidases (16–18) is significantly 
increased. In cells of young animals, a similar level of ROS 
would result in an adaptive induction of Nrf2-driven free 
radical detoxification mechanisms. Despite the current ad-
vances in the understanding role of oxidative stress in vas-
cular aging, the role of Nrf2-dependent antioxidant response 
in the aged vasculature has not been elucidated.

The present study was undertaken to test the hypothesis 
that aging is associated with dysregulation of Nrf2, and, as 
a result, in aged organisms, oxidative stress fails to activate 
Nrf2-regulated ROS detoxification systems in the vascula-
ture. We chose to study aged Macaca mulatta because the 
nonhuman primate models have the advantage of being 
phylogenetically closest to humans but exhibiting few of the 
complicating effects of the cardiovascular diseases (eg, dia-
betes and hypertension) associated with aging (19,20). To 
test our hypotheses, we assessed aging-induced changes in 
markers of oxidative stress in carotid arteries of M mulatta 
and contrasted them with age-related changes in Nrf2 ex-
pression and activity and expression of Nrf2-driven antioxi-
dant enzymes. Using cultured primary smooth muscle cells 
derived from young and aged M mulatta, we also deter-
mined whether aging impairs the ability of vascular smooth 
muscle cells (VSMCs) to mount an effective antioxidant re-
sponse in response to oxidative stressors (H2O2 treatment 
and hyperglycemia) by inducing Nrf2-regulated ROS de-
toxification systems.

Methods

Animal Models
All animal use protocols were approved by the Institu-

tional Animal Care and Use Committees of the participating 
institutions. Four young (10.5 ± 0.9 years, mean relative 
age: 26% of maximum life span) and four old (22.2 ± 1.7 
years; mean relative age: 55% of maximum life span) male 
rhesus monkeys (M mulatta) were maintained according to 
National Institutes of Health guidelines and humanely sac-
rificed according to methods previously described (21). 
Species longevity record for M mulatta in captivity is 40 

years, according to the AnAge database (http://genomics.
senescence.info/species/) compiled by de Magalhaes and  
coworkers (22).

Assessment of Markers of Cellular Oxidative Stress: 
8-iso-PGF2a and 4-HNE

In order to assess the level of oxidative stress in the arter-
ies of aged monkeys, we measured tissue levels of the iso-
prostane 8-iso-PGF2a, a biomarker of lipid peroxidation, 
using the 8-iso-Prostaglandin F2a Assay (Cell Biolabs, 
Inc., San Diego, CA) according to the manufacturer’s 
guideline. Sample protein concentration was used for nor-
malization purposes.

We have also assessed tissue content of 4-hydroxy- 
2-nonenal (4-HNE; an oxidized secondary product that 
forms a relatively stable adduct with proteins), a useful  
biomarker of oxidative stress, by Western blotting using a 
primary antibody directed against 4-HNE (Abcam, ab46544).

Determination of Endogenous GSH and Ascorbate Using 
HPLC Electrochemical Detection

In aged rodents, vascular oxidative stress is associated 
with a significant decline in cellular redox-active GSH and 
ascorbate content (23). Thus, as an additional measure of 
vascular oxidative stress in the present study, we assessed 
concentrations of GSH and ascorbate in homogenates of M 
mulatta arteries using a Perkin-Elmer HPLC equipped with 
an eight-channel amperometric array detector as described 
(24,25). In brief, 10-mg aliquots of tissue samples were 
washed with ice-cold phosphate-buffered saline (PBS) and 
homogenized in 5% (w/v) metaphosphoric acid. Samples 
were centrifuged at 10,000g for 10 minutes to sediment pro-
tein, and the supernatant fraction was stored for analysis of 
redox-sensitive compounds. Precipitated proteins were dis-
solved in 0.1 N NaOH and stored for protein determination 
by a spectrophotometric quantitation method using BCA 
reagent (Pierce Chemical Co., Rockford, IL). Concentra-
tions of GSH and ascorbic acid in supernatant fractions 
were determined by injecting 5-mL aliquots onto an ultra-
sphere 5 m, 4.6 × 250 mm, C18 column and eluting with 
mobile phase of 50 mM NaH2PO4, 0.05 mM octane sul-
fonic acid, and 1.5% acetonitrile (pH 2.62) at a flow rate of 
1 mL/min. The detectors were set at 200, 350, 400, 450, 
500, 550, 600, and 700 mV, respectively. Peak areas were 
analyzed using ESA, Inc. software and concentrations of 
GSH and ascorbate are reported as nanomole per milli-
grams of protein.

Nuclear NF-kB–Binding Activity Assay
Nuclei were isolated from carotid arteries of young and 

aged M mulatta using the Nuclear Extraction kit from Active 
Motif (Carlsbad, CA) as reported (15,26). Using the nuclear 
extract obtained, nuclear factor-kappaB (NF-kB)–binding 
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activity was assayed using the TransAM NF-kB ELISA Kit 
(Active Motif), as reported (15).

Immunofluorescent Labeling for Nrf2
To assess nuclear translocation of Nrf2, immunolabeling 

for Nrf2 was performed using paraffin-embedded sections 
of the carotid arteries isolated from young and aged mon-
keys. In brief, after deparaffinization, arterial sections were 
incubated in ice-cold acetone (10 minutes) followed by 
washes in Tween-PBS (10 minutes) and then in PBS (3 × 5 
minutes). Triton (0.5%, 10 minutes) was used for permeabi-
lization. The sections were blocked with 10% fetal calf se-
rum in PBS for 1 hour and then immunolabeling was 
performed using a rabbit polyclonal antibody directed 
against Nrf2 (Abcam, ab31163; 1:50, overnight, at 4°C, in 
PBS containing 1% bovine serum albumin). Thereafter, 
slides were washed with PBS (3 × 10 minutes) before add-
ing the secondary antibody (Alexa Fluor 688 goat anti-rabbit 
IgG; for 1 hour, at room temperature). After washing with 
PBS (3 × 5 minutes), Hoechst 33342 (5 mg/mL) was added 
for 5 minutes. The sections were visualized by confocal  
laser scanning microscopy (Leica SP2 MP). Cells treated 
with the canonical Nrf2 activator sulforaphane (2 mmol/L) 
were also immunolabelled using the aforementioned proto-
col and were used as positive controls (data not shown).

Nuclear Nrf2–Binding Activity Assay
Using nuclear extracts obtained from carotid arteries of 

young and aged M mulatta, Nrf2-binding activity was as-
sayed using the TransAM Nrf2 ELISA Kit (Active Motif) 
according to the manufacturer’s guidelines.

Quantitative Real-Time Reverse Transcription–Polymerase 
Chain Reaction

A quantitative real-time reverse transcription–polymerase 
chain reaction technique was used to analyze messenger 
RNA (mRNA) expression of the NF-kB target genes; induc-
ible nitric oxide synthase (iNOS), intercellular adhesion mole-
cule 1 (ICAM-1), and interleukin-6; and the Nrf2/ARE target 
genes, NAD(P)H:quinone oxidoreductase 1 (Nqo1), heme 
oxygenase-1 (Hmox1), and gamma-glutamylcysteine syn-
thetase (Gclc) in carotid arteries of M mulatta as well as in 
vascular smooth muscle samples, using a Strategen MX3000, 
as previously reported (15,16,18,27). In brief, total RNA was 
isolated with a Mini RNA Isolation Kit (Zymo Research, 
Orange, CA) and was reverse transcribed using Superscript 
III RT (Invitrogen, Carlsbad, CA) as described previously 
(16,28). Amplification efficiencies were determined using a 
dilution series of a standard vascular sample. Quantification 
was performed using the efficiency-corrected DDCq method. 
The relative quantities of the reference genes Hprt and Actb 
were determined, and a normalization factor was calculated 
based on the geometric mean for internal normalization.  

Fidelity of the polymerase chain reactions was determined 
by melting temperature analysis and visualization of the 
product on a 2% agarose gel.

Western Blotting
To analyze protein expression of Nrf2 and the Nrf2 tar-

gets NQO1 and GCLC, Western blotting was performed as 
described (29), using the following primary antibodies: 
rabbit anti-Nrf2 (Abcam, ab31163; 1:1,000 5% milk), rab-
bit anti-GCLC (Abcam, ab41463; 1 mg/mL in 5% milk), 
and rabbit anti-NQO1 (Abcam, ab34173; 1:2,000 in 5% 
milk). All PVDF membranes were incubated in primary 
antibodies overnight at 4°C. A donkey anti-rabbit second-
ary antibody was used (Abcam, ab16284; 1:2,000 in 5% 
milk). Mouse anti-b-actin (Abcam, ab6276; 1:10,000 in 5% 
milk) and Coomassie staining were used for normalization 
purposes.

Cell Cultures, Keap-1 Overexpression
Early passage (Passages 4–5) arterial VSMCs; derived 

from young and aged M mulatta were used. VSMCs were 
isolated, as previously described (30). VSMCs were cul-
tured in Smooth Muscle Cell Growth Medium (Cell Appli-
cations Inc.). In some experiments, VSMCs were treated 
with high glucose (30 mmol/L) or H2O2 (from 10−6 to 10−4 
mol/L). Mannitol was used as osmotic control for the high-
glucose experiments. To disrupt Nrf2 signaling, Keap-1 
overexpression was achieved in VSMCs by transfection 
with a Keap-1 full-length cDNA-encoding plasmid  
(Origen) as described (12,31).

Measurement of Mitochondrial −
2
O  and H2O2 Production 

in Cultured VSMCs
Mitochondrial 

2
O

−  production in VSMCs from young 
and aged monkeys was measure by flow cytometry  
(Guava, Hayward, CA) using MitoSOX Red (Invitrogen), a 
mitochondrion-specific hydroethidine-derivative fluores-
cent dye, as previously reported (32). Cell debris (low for-
ward and side scatter) and dead cells (Sytox Green) were 
gated out for analysis (32). As a positive control, mitochon-
drial ROS production was increased to maximum levels in 
VSMCs 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 ubiqui-
none) (33,34) plus succinate (10 mmol/L, a substrate of  
Complex II) (15).

In other experiments, the cell-permeant oxidative fluorescent 
indicator dye 5,6-chloromethyl-2′,7′-dichlorodihydrofluorescein 
diacetate-acetyl ester (CM-H2DCFDA; Invitrogen) was 
used to assess H2O2 production in VSMCs from young and 
aged monkeys. To assess the contribution of mitochondrial 
sources to cellular peroxide production, CM-H2DCFDA 
fluorescence was measured in the presence and absence of 
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the mitochondrial uncoupler carbonylcyanide-p-trifluoro-
methoxyphenylhydrazone (FCCP; 1 mmol/L), which effec-
tively inhibits mitochondrial ROS generation (15).

Furthermore, cellular H2O2 production was also assessed 
in VSMCs from young and aged monkeys cultured in the 
presence and absence of high glucose (30 mmol/L, for 24 
hours). For these experiments, mannitol was used as osmo-
larity control.

Transient Transfection, NF-kB, and Nrf2 Reporter Gene 
Assays

Transcriptional activity of NF-kB was tested in VSMCs 
derived from young and old M mulatta by a reporter gene 
assay as described (28). We used a NF-kB reporter com-
prised an NF-kB response element upstream of firefly lu-
ciferase (NF-kB-Luc; Stratagene) and a renilla luciferase 
plasmid under the control of the CMV promoter. The role 
of oxidative stress in NF-kB activation was tested by 
treating VSMCs with PEG-catalase (200 U/mL, for 24 
hours).

The effect of treatment with H2O2 (from 10−6 to 10−4 
mol/L) on transcriptional activity of Nrf2 was tested in 
VSMCs derived from young and old M mulatta by a re-
porter gene assay, as described (10,12). We used an anti-
oxidant response element (ARE) reporter composed of 
tandem repeats of the ARE transcriptional response  
element upstream of firefly luciferase (SA Biosciences, 
Frederick, MD) and a renilla luciferase plasmid under the 
control of the CMV promoter (as an internal control). All 
transfections in VSMCs were performed using the Amaxa 
Nucleofector technology (Amaxa, Gaithersburg, MD), as 
we have previously reported (26,35,36). Firefly and renilla 
luciferase activities were assessed after 24 hours using the 
Dual Luciferase Reporter Assay Kit (Promega) and a Te-
can Infinite M200 plate reader.

Data Analysis
Data were normalized to the respective control mean val-

ues and are expressed as means ± SEM. Statistical analyses 
of data were performed by Student’s t test or by two-way 
analysis of variance followed by the Tukey’s post hoc test, 
as appropriate. The p < .05 was considered statistically 
significant.

Results

Age-Associated Vascular Oxidative Stress and 
Inflammation in Macaca mulatta

8-Isoprostane content in the arterial wall was increased in 
aged M mulatta as compared with young vessels (Figure 1A). 
4-HNE content was significantly increased compared with 
that of young animals (Figure 1B and C). Consistent with 
the presence of aging-induced oxidative stress, vascular 

GSH content, and ascorbate concentrations were signifi-
cantly reduced in aged M mulatta (Figure 1D and E).

In VSMCs derived from aged M mulatta, H2DCFDA 
(Figure 1F) and MitoSox (Figure 1G) fluorescence, indicat-
ing cellular peroxide production and mitochondrial 

2
O

−  
generation, respectively, were significantly increased com-
pared with those in cells from young animals. Treatment 
with FCCP significantly decreased H2DCFDA fluorescence 
in aged VSMCs (Figure 1F), suggesting that mitochondrial 
sources contribute significantly to age-related oxidative 
stress in these cells.

Previous studies demonstrated that age-associated oxida-
tive stress in laboratory rodents promotes vascular inflam-
mation by activating the redox-sensitive transcription factor 
NF-kB (15). We found that in carotid arteries of M mulatta, 
aging-induced oxidative stress is also associated with an in-
creased nuclear NF-kB–binding activity (Figure 2A) and 
upregulation of the NF-kB target genes iNOS (Figure 2B) 
and iCAM-1 (Figure 2C).

In VSMCs derived from aged M mulatta, transcriptional 
activity of NF-kB was also significantly increased (Figure 
2D), and this was partially inhibited by treatment with PEG-
catalase. In VSMCs from young M mulatta, treatment with 
H2O2 upregulated expression of interleukin-6 (Figure 2E). 
Interestingly, in VSMCs of aged M mulatta, H2O2 elicited 
significantly greater increases in interleukin-6 expression 
than in those of young M mulatta (Figure 2E).

Age-Associated Oxidative Stress Is Not Associated With 
Adaptive Increases in Nrf2 Activation in Arteries of 
Macaca mulatta

Upon ROS-induced activation in young animals, Nrf2 
translocates to the nucleus, where it binds to the ARE to 
activate transcription of Phase II and antioxidant defense 
enzymes. Thus, to determine whether age-related oxida-
tive stress is associated with Nrf2 activation, we tested 
nuclear translocation of Nrf2 and expression of known 
Nrf2 target genes. As shown in Figure 3A and B, predom-
inantly cytoplasmic labeling of Nrf2 with no significant 
nuclear staining was observed in arteries of aged M mu-
latta, and this staining pattern did not differ from Nrf2 
staining in arteries of young macaques. Nuclear Nrf2–
binding activity (Figure 3C) and protein expression of 
Nrf2 (Figure 3D) tended to decrease in arteries of aged M 
mulatta; however, the differences did not reach statistical 
significance.

A quantitative real-time reverse transcription– 
polymerase chain reaction technique and Western blotting 
was used to analyze mRNA and protein expression of 
known Nrf2 targets in M mulatta arteries. We found that 
expression of GCLC (Figure 4A and D), NQO1 (Figure 4B 
and E), and heme oxygenase-1 (Figure 4C) are not upregu-
lated in arteries of aged M mulatta, despite the presence of 
significant oxidative stress in these vessels (Figure 1).
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Oxidative Stress Elicits a Blunted Nrf2-Driven Antioxidant 
Response in VSMCs From Aged Macaca mulatta

To determine whether age-associated Nrf2 dysregulation 
impairs the ability of vascular cells to mount an effective 
antioxidant response to oxidative stressors, we treated 
VSMCs from young and aged M mulatta with H2O2 (10−7 to 
10−5 mol/L) and high glucose. We found that H2O2 signifi-
cantly increased transcriptional activity of Nrf2 in VSMCs 
of young M mulatta, whereas H2O2–induced Nrf2 activa-
tion was significantly attenuated in VSMCs derived from 
aged monkeys (Figure 5A). H2O2 and high glucose elicited 
substantial upregulation of the Nrf2 target genes NQO1, 
GCLC, and HMOX1 in young VSMCs (Figures 5B–D  
and 6B–D, respectively). In contrast, H2O2– and hyper-
glycemia-induced changes in mRNA expression of GCLC, 
NQO1, and HMOX1 were blunted in VSMCs derived from 
aged monkeys (Figures 4B–D and 5B–D, respectively). 
In young VSMCs, overexpression of Keap-1 significantly 
downregulated basal expression levels of NQO1, GCLC, 

and HMOX1 and prevented H2O2– and hyperglycemia-
induced changes in Nrf2 target genes, mimicking the aging 
phenotype (Figures 5B–D and 6B–D, respectively). In 
aged VSMCs, overexpression of Keap-1 did not elicit 
marked changes in the expression of Nrf2-driven genes. 
Lack of induction of Nrf2 target genes in response to 
model hyperglycemia was associated with significantly 
greater increases in cellular H2DCFDA fluorescence in  
VSMCs-derived aged M mulatta as compared with young 
VSMCs (Figure 6A).

Discussion
Results from the present study demonstrate for the first 

time an age-dependent increase in carotid arteries of M 
mulatta in oxidative stress, as indicated by the increased 
levels of several independent markers of cellular oxidative 
stress (Figure 1A–E). These results extend those of previous 
studies in rodents (16,18,37). Our findings that increased per-
oxide production in VSMCs derived from aged M mulatta 

Figure 1. (A) 8-iso-PGF2a content in carotid arteries of young and aged Macaca mulatta. Data are mean ± SEM (n = 4 for each group), *p < .05. (B) Represen-
tative Western blot showing immunolabeling for 4-HNE in samples of carotid arteries of young and aged M mulatta (m.w., molecular weight markers). Equal protein 
loading was confirmed using Coomassie staining. Bar graphs (C) are summary densitometric data, *p <.05. (D–E) GSH (D) and ascorbate (E) content, determined 
using HPLC electrochemical detection, in carotid arteries of young and aged M mulatta, *p < .05. Data are mean ± SEM (n = 4 for each group). (E) H2DCFDA (F) 
and MitoSox (G) fluorescence intensities, representing cellular peroxide and mitochondrial 

2
O

−
 production, in cultured vascular smooth muscle cells derived from 

young and aged M mulatta (flow cytometry data). The effect of treatment with the mitochondrial uncoupler FCCP on H2DCFDA fluorescence is also shown, *p < .05 
versus young, #p < .05 versus untreated. Data are mean ± SEM (n = 4–5).
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was attenuated by a mitochondrial uncoupler (Figure 1F), and 
the demonstration of increased mitochondrial 

2
O

−  in aged 
VSMCs (Figure 1G) suggest that mitochondria importantly 
contribute to the age-related increase in oxidative stress in 
carotid arteries of M mulatta. This conclusion is in accord 
with the results of previous studies showing increased mito-
chondrial oxidative stress in arteries of aged rodents (15,27). 
Additional mechanisms of increased ROS production with 
advancing age also include activation of NADPH oxidases 
(16,18,38). From a pathophysiological standpoint, an in-
creasing vascular oxidative stress with increasing age is ex-
pected to promote vascular inflammation and endothelial 
dysfunction contributing to the development of vascular 
diseases. Accordingly, age-associated oxidative stress is 
linked to increased activity of the redox-sensitive transcrip-
tion factor NF-kB and upregulation of NF-kB–driven pro-
inflammatory gene expression both in arteries and in 
VSMCs derived from aged M mulatta (Figure 2), extending 
previous findings in vessels of aged rats (15) and mice 
(17,39). Aging is also associated with generalized endothe-
lial dysfunction in primate models (19) and elderly humans 
(38), similar to the findings in laboratory rodents (16,18,40).

There is increasing evidence to suggests that stress-acti-
vated “cap’n’collar” transcription factors, including Nrf2, 
play an important role in regulating the aging process by or-
chestrating the transcriptional response of cells to oxidative 
stress (41–44). Regulation of the expression of antioxidant 
enzymes by homologues of Nrf2 is evolutionarily highly con-
served, and studies on Caenorhabditis elegans demonstrate 
that knockdown of SKN-1, the worm homolog of Nrf2, 

shortens life span (45). Previous studies also suggest that 
Nrf2 mediates the antiaging effects of caloric restriction (42). 
Recent studies have demonstrated that activation of Nrf2 and 
upregulation of its downstream target enzymes provide vas-
cular protection in oxidative stress by conferring important 
antioxidative and anti-inflammatory effects (8,12,46–49). 
Here, we demonstrate, for the first time, that development of 
vascular oxidative stress in aged nonhuman primates is asso-
ciated with a homeostatic failure due to dysregulation of 
Nrf2-mediated antioxidant responses (Figures 3 and 4). Our 
findings extend the results of recent studies showing that in 
the liver (50,51) and in the vasculature (52) of rodents, Nrf2-
depedent cytoprotection against oxidative stress diminishes 
with aging. The available data also suggest an age-related de-
cline in antioxidant enzymes in humans (53), although a de-
tailed analysis of age-related changes in Nrf2 target gene 
expression in human vessels is yet to be conducted. We pos-
tulate that aging-induced Nrf2 dysfunction contributes to the 
age-related dysregulation of GSH synthesis in various tissues 
(54–56), which likely contributes to the observed age-related 
decline in vascular GSH content as well. The mechanisms 
underlying dysregulation of Nrf2-mediated antioxidant re-
sponse in aging are likely multifaceted. Although our recent 
findings in F344×BN rats demonstrate that aging is associ-
ated with a downregulation of basal vascular Nrf2 expres-
sion both at the mRNA and protein levels (Ungvari and 
Csiszar, unpublished data, 2010), age-associated changes in 
Nrf2 expression in arteries of M mulatta are less pronounced 
(Figure 3D). In addition, aging may also impair the pathways 
that regulate Nrf2 activation and nuclear translocation.  

Figure 2. NF-kB–binding activity in nuclear extracts from carotid arteries of young and aged Macaca mulatta. Data are mean ± SEM (n = 4 in each group), *p < 
.05 vs young. (B–C) Expression of iNOS (B) and ICAM-1 (C) mRNA in carotid arteries of young and aged M mulatta. Data are mean ± SEM (n = 4 in each group; 
*p < .05). (D) Reporter gene assay showing that in VSMCs derived from aged M mulatta transcriptional activity of NF-kB is significantly increased (*p < .05 vs young 
VSMCs). Data are mean ± SEM (n = 4–5). (E) Expression of interleukin-6 mRNA in cultured vascular smooth muscle cells derived from young and aged M mulatta. 
The effects of treatment with H2O2 (10 mmol/L, for 24 hours) are also shown (*p < .05 vs young VSMCs and &p < .05 vs untreated).
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Accordingly, results from the present study demonstrate that 
exogenous administration of H2O2 elicits significant Nrf2 
activation (Figure 5A) and upregulates Nrf2-depedenent 
genes (Figure 5B–D) in VSMCs of young M mulatta. In con-
trast, in cells of aged monkeys, H2O2 fails to increase tran-
scriptional activity of Nrf2 and upregulates Nrf2-dependent 
free radical detoxification pathways.

There are multiple mechanisms through which dysregu-
lation of Nrf2 may promote the development of cardiovas-
cular diseases in aging. Adaptive activation of the Nrf2/
ARE pathway in young animals plays a key role in vasopro-
tection in a diabetic context (10,12). Importantly, genetic 
lack of a functional Nrf2/ARE pathway results in signifi-
cant increases in vascular ROS levels and a more severe  

Figure 3. Representative confocal images showing immunofluorescent labeling for Nrf2 (red) in sections of carotid arteries of young (A, left) and aged (B, left) 
Macaca mulatta. Green autofluorescence of elastic laminae is shown for orientation purposes, Hoechst 33342 (blue) was used for nuclear staining (original magnifi-
cation: 20×, SMC, smooth muscle cells; EC, endothelial cells; Lu, lumen). Insets: arrows and double arrows point to the nuclei of endothelial cells and smooth 
muscle cells, respectively (middle panels: overlay images and right panels: respective monochrome images showing immunolabeling for Nrf2. Note cytoplasmic lo-
calization of Nrf2 in each image.). (C) Nuclear Nrf2–binding activity in carotid arteries of young and aged M mulatta. Data are mean ± SEM (n = 4 in each group). 
(D) Protein expression of Nrf2 in carotid arteries of young and aged M mulatta (Western blotting, b-actin was used for normalization purposes). Bar graphs are sum-
mary densitometric values. Data are mean ± SEM (n = 4 in each group).
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endothelial functional impairment in arteries of young type 
2 diabetic Nrf2−/− mice compared with vessels of young 
wild-type controls (10). Also, in isolated blood vessels and 
endothelial cells from young animals, high glucose elicits 

Figure 4. Expression of GCLC (A), NQO1 (B), and HMOX1 (C) mRNA in 
carotid arteries of young and aged Macaca mulatta. Data are mean ± SEM (n = 
4 in each group; *p < .05). (D and E) Protein expression of GCLC (D) and 
NQO1 (E) in carotid arteries of young and aged M mulatta (Western blotting, 
b-actin was used for normalization purposes). Bar graphs are summary densito-
metric values. Data are mean ± SEM (n = 4 in each group).

Figure 5. (A) Reporter gene assay showing that in VSMCs derived from 
aged Macaca mulatta H2O2–induced transcriptional activity of Nrf2 is signifi-
cantly attenuated as compared with VSMCs derived from young monkeys. Data 
are mean ± SEM (n = 4–5 for each data point), *p < .05 versus young VSMCs. 
(B) Expression of NQO1, GCLC (C), and heme oxygenase-1 (D) mRNA 
in VSMCs derived from young and aged M mulatta. The effects of H2O2 
(10 mmol/L, for 24 hours) and overexpression of Keap-1 are also shown. Data 
are mean ± SEM (n = 4–5 in each group; *p < .05).

Figure 6. (A) In VSMCs from aged Macaca mulatta, high-glucose treat-
ment (30 mmol/L, for 24 hours) results in significantly higher peroxide levels as 
compared with VSMCs derived from young monkeys. Cellular peroxide levels 
were measured by flow cytometry using the redox-sensitive fluorescent dye 
CM-H2DCFDA. Data are mean ± SEM (n = 4–5 in each group; *p < .05 vs un-
treated and &p < .05 vs young VSMCs). (B) Expression of NQO1, GCLC (C), 
and heme oxygenase-1 (D) mRNA in VSMCs derived from young and aged M 
mulatta. The effects of high glucose (30 mmol/L, for 24 hours) and overexpres-
sion of Keap-1 are also shown. Data are mean ± SEM (n = 4–5 in each group; *p 
< .05 vs untreated, #p < .05 vs no Keap-1 overexpression, and & p < .05 vs 
young VSMCs).

significant mitochondrial ROS production (57,58), which 
significantly increases the transcriptional activity of Nrf2 
(8,11,12). Our present studies provide evidence that aging 
impairs the ability of primate VSMCs to mount an effective 
Nrf2-dependent antioxidant defense in response to hyper-
glycemia (Figure 6B–D), which results in more robust oxi-
dative stress in VSMCs derived from aged monkeys than in 
those of young animals (Figure 6A). We posit that impaired 
ability of aged cells to mount an effective Nrf2/ARE-medi-
ated antioxidant response (50,52) would render the vascular 
system vulnerable to the deleterious effects of metabolic 
disease. Because type 2 diabetes is a disease of aging (af-
fecting almost one in five of people aged 65 years or more), 
future studies should investigate the interaction of aging 
and type 2 diabetes, with special emphasis on the role of 
Nrf2 dysfunction in exaggerated vascular complications ob-
served in aged diabetics (59). Both aging (16) and diabetes 
mellitus (60) exacerbates the production of reactive nitro-
gen species in the cardiovascular system, thus subsequent 
studies should also elucidate whether Nrf2 dysregulation 
renders the aged vasculature more sensitive to the adverse 
effects of diabetes-related nitrosative stress as well (61).

In conclusion, our studies provide evidence that aging in 
a nonhuman primate impairs the ability of vascular cells to 
mount an effective Nrf2-dependent antioxidant defense in 
response to age-related increases in ROS production. Nrf2 
may provide a therapeutic target for countering oxidative 
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stress associated with aging and pathological conditions 
characterized by accelerated vascular aging. In that regard, 
it is significant that in vascular cells, Nrf2 can be activated 
pharmacologically by resveratrol (10), a polyphenolic com-
pound with diverse antiaging properties (17,62–65). Impor-
tantly, resveratrol was shown to confer vasoprotection in 
rodent models of aging, upregulating antioxidant systems, 
decreasing oxidative stress, improving endothelial function, 
and attenuating vascular inflammation (17). Further studies 
are warranted to determine whether resveratrol and/or other 
activators of Nrf2 can confer similar vasoprotective effects 
in aged primates as well.
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