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Abstract

Habitual aerobic exercise prevents age-related impairments in endothelium-dependent dilation 

(EDD). We hypothesized that the pro-inflammatory transcription factor nuclear factor κB (NF-

κB) impairs EDD with sedentary aging and habitual aerobic exercise prevents this age-related 

suppression of EDD by NF-κB. To test this hypothesis, we inhibited NF-κB signaling via oral 

salsalate administration in healthy older aerobic exercise-trained adults (OT, n=14, 58±2 years), 

older non-exercising adults (ON, n=16, 61±1 years) and young non-exercising controls (YN, n=8, 

23±1 years). Salsalate reduced endothelial cell expression of NF-κB p65 by ~25% in ON 

(P<0.05), but did not significantly change expression in OT or YN (P>0.05). EDD, assessed by 

brachial artery flow-mediated dilation (FMD), was improved by salsalate in ON (4.0±0.7% vs. 

6.8±0.7%, placebo vs. salsalate, P<0.001), but did not change with salsalate in OT or YN (OT: 

7.2±0.7% vs. 7.7±0.6%; YN: 7.6±0.9% vs. 8.1±0.8%; placebo vs. salsalate, P>0.05). 

Endothelium-independent dilation was not affected by salsalate in any group (P>0.05). In ON, 

vitamin C infusion improved FMD by ~30% during placebo (P<0.001), but had no affect during 

salsalate (P>0.05). In OT and YN, vitamin C infusion did not affect FMD during either placebo or 

salsalate (P>0.05). Salsalate reduced endothelial cell nitrotyrosine content by ~25% and NADPH 

oxidase p47phox expression by ~30% in ON (P<0.05), but had no effect in OT or YN (P>0.05). 

Our results suggest that endothelial NF-κB signaling is associated with oxidative stress-related 

impairment of EDD in healthy non-exercising, but not aerobically exercising older adults. This 

may be a key mechanism by which regular aerobic exercise preserves endothelial function and 

reduces cardiovascular risk with aging.
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Vascular endothelial dysfunction, characterized by impaired endothelium-dependent dilation 

(EDD), is a predictor of future cardiovascular events [1–3]. EDD declines with age in 
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healthy sedentary adults [4, 5], but is preserved with age in individuals who regularly 

participate in aerobic exercise [5–7]. Reduced pro-inflammatory signaling is thought to 

contribute to the cardiovascular benefits of regular aerobic exercise [8, 9]. However, the role 

of reduced inflammatory signaling by regular aerobic exercise in the preservation of EDD 

with advancing age has not been directly assessed.

A key pro-inflammatory transcription factor in vascular endothelial cells is nuclear factor 

κB (NF-κB) [10]. We have shown that endothelial cell expression of NF-κB increases with 

age [11, 12], but that this age-related increase does not occur in aerobic exercise-trained 

individuals [13]. We also have established that short-term (4-day), high-dose oral 

administration of salsalate, a non-acetylated salicylate that inhibits NF-κB translocation to 

the nucleus [14, 15], suppresses NF-κB signaling and improves EDD in overweight and 

obese adults with characteristics of the metabolic syndrome [16]. Moreover, in a preclinical 

study we found that increased vascular expression of NF-κB with primary aging has 

functional consequences, as inhibiting NF-κB activity with salicylate restores EDD in old 

mice, but has no effect in young mice [17]. Thus in a rodent model, it appears that 

augmented NF-κB signaling mediates the age-related impairments in EDD. However, the 

role of NF-κB signaling in endothelial dysfunction with primary aging in adult humans and 

the possibility that regular aerobic exercise preserves endothelial function with aging by 

inhibiting this adverse effect of NF-κB are unknown.

Augmented NF-κB signaling is associated with increased oxidative stress, particularly by 

activating transcription of the pro-oxidant enzyme nicotinamide adenine dinucleotide 

phosphate (NADPH) oxidase, leading to increased superoxide production [18, 19]. 

Endothelial cell nitrotyrosine staining, a marker of oxidative stress, and NADPH oxidase 

expression increase with age [12], but these age-related increases are not present in older 

aerobic exercise-trained individuals [13]. Inhibiting NF-κB activity reduces endothelial cell 

nitrotyrosine and NADPH oxidase subunit p47phox expression in overweight/obese humans 

[16]. Furthermore, healthy sedentary middle-aged and older adults demonstrate tonic 

oxidative-stress mediated suppression of EDD, as indicated by improvements in EDD with 

acute infusion of the antioxidant vitamin C, an effect that is absent in their peers who 

habitually perform aerobic exercise [5]. However, it is unknown if the potential anti-

inflammatory effects of habitual aerobic exercise on EDD with aging are mediated by 

reduced oxidative stress.

The goal of the present study was to determine the role of NF-κB signaling in impaired 

EDD with aging in healthy sedentary adults, and if NF-κB–mediated suppression of 

endothelial function is absent in older aerobic exercise-trained individuals. We hypothesized 

that inhibiting NF-κB activity with salsalate [14–16] would improve EDD, measured by 

flow-mediated dilation (FMD), in healthy non-exercising older adults, but have no effect on 

aerobic exercise-trained older adults or young non-exercising adults. We also hypothesized 

that salsalate would improve FMD in healthy non-exercising older adults by reducing 

oxidative stress, and that this effect would be associated with reduced endothelial expression 

of NADPH oxidase.
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Methods

Subjects

A total of 38 men and women were enrolled in the study: 16 non-exercising and 14 aerobic 

exercise-trained older adults (50–75 years) and 8 non-exercising young controls (20–25 

years). “Non-exercising” was defined as no regular exercise (<30 min/day, <2 days/week) 

during the previous 2 years. “Aerobic exercise-trained” was defined as ≥4 sessions/week of 

vigorous aerobic-endurance exercise for ≥ 45 minutes/session. All of the subjects had total 

cholesterol <240 mg/dl, LDL-cholesterol <160 mg/dl, resting blood pressure <140/90 

mmHg, fasting blood glucose <126 mg/dl, body mass index (BMI) <32 kg/m2 and were 

nonsmokers and free of clinical diseases as assessed by medical history, physical 

examination, blood chemistry, and resting and exercise ECG. Subjects were not taking 

medications and had refrained from antioxidants (e.g., vitamins C and E) and aspirin within 

2 weeks of the study. Women were postmenopausal for at least 1 year and had not taken 

hormone replacement therapy for at least the previous 6 months. All procedures were 

approved by the Institutional Review Board of the University of Colorado at Boulder. The 

nature, benefits and risks of the study were explained to the volunteers, and their written 

informed consent was obtained before participation.

Procedures

All measurements were performed at the University of Colorado Boulder Clinical and 

Translational Research Center after a 12-hour fast and 24-hour abstention from alcohol and 

physical activity.

Subject characteristics and blood analyses—Waist and hip circumferences and 

BMI were measured by anthropometry. Percent body fat was measured by dual-energy X-

ray absorptiometry (DXA-GE; Lunar Corporation; software version 5.60.003, Madison, 

Wis). Maximal oxygen consumption was measured during incremental treadmill exercise 

using open-circuit spirometry as previously described [20]. Arterial blood pressure was 

measured over the brachial artery during supine rest using a semi-automated device 

(Dinamap Pro 100, GE Health Care, Waukesha, WI). Fasting plasma metabolic factors were 

determined by the Clinical and Translational Research Center core laboratory using standard 

assays. ELISA was used to measure serum interleukin-6 (IL-6) and tumor necrosis factor-α 

(TNF-α, R&D Systems, Minneapolis, MN). C-reactive protein (CRP) was measured using a 

high-sensitivity Chemistry Immuno Analyzer (AU400e, Olympus America, Center Valley, 

PA).

EDD and endothelium-independent dilation—Duplex ultrasonography (Power 

Vision 6000, Toshiba) with a linear array transducer was used to assess brachial FMD, 

endothelium-independent dilation (dilation to glyceryl trinitrate, GTN, 0.4 mg) and shear 

rate in the supine position, as previously described by our laboratory [5, 21]. Pulsed Doppler 

signals were recorded at an angle of insonation of 68 degrees with a sample volume the 

entire width of the artery as previously described [16]. Time-averaged peak velocity was 

obtained from recording the first 10 velocity envelopes. Brachial artery peak hyperemic 

shear rate was calculated as 8 times (due to wide sample volume) the peak velocity 
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immediately following 5 minutes of forearm occlusion, divided by occlusion diameter. FMD 

and GTN responses were expressed as relative (%) and absolute (mm) change from baseline 

diameter, per published guidelines [22]. During salsalate and placebo conditions (see 

below), FMD was measured first during saline infusion (control) and then during 

supraphysiological intravenous infusion of vitamin C as previously described [5]. 0.06 g/kg 

fat-free mass of vitamin C was infused for 20 minutes, immediately followed by FMD 

measurements during a 0.02 g/kg fat-free mass vitamin C maintenance drip infusion. GTN 

was only administered to subjects with resting blood pressure sufficient to safely tolerate 

vasodilation and no history of migraine headache, thus only 11 (9M/2F) non-exercising 

older, 8 (7M/1F) aerobic exercise-trained older and 6 (6M/0F) non-exercising young 

subjects received GTN under both conditions.

Endothelial cell protein expression—Endothelial cells were collected from peripheral 

veins and analyzed for protein expression as described in detail previously by our laboratory 

[16, 23, 24]. Briefly, cells were collected on J-wires advanced into an antecubital vein (~4 

cm beyond the tip of the catheter) and recovered by washing and centrifugation. 

Formaldehyde fixed cells were incubated with primary antibodies for NF-κB p65 (Santa 

Cruz, Dallas, TX), nitrotyrosine (Abcam, Cambridge, MA), NADPH oxidase p47phox 

(Abcam, Cambridge, MA), AMP-activated protein kinase (AMPK)(Cell Signaling 

Technology, Inc., Danvers, MA) or phosphorylated AMPK (Thr172)(Cell Signaling 

Technology, Inc., Danvers, MA) and with Alexaflour 555 fluorescent secondary antibody 

(Invitrogen Corp, Carlsbad, Calif). Cells were viewed with a fluorescence microscope 

(Eclipse Ni-U, Nikon, Melville, NY) and analyzed with Metamorph Software (Universal 

Imaging Corp, Downingtown, Pa). Endothelial cells were identified by staining for vascular 

endothelial-cadherin (VE-cadherin) (Abcam, Cambridge, Mass) and nuclear integrity was 

confirmed with DAPI (4′,6′-diamidino-2-phenylindole hydrochloride). The expression of 

each primary protein of interest was quantified for each subject at each condition by 

calculating the average pixel intensity in the Texas Red channel in 30 cells that had been 

identified by positive VE-cadherin staining. Any intensity values found to be greater or less 

than 2 standard deviations from the mean of these 30 cells were excluded and the remaining 

values were used to calculate the average pixel intensity. To minimize day-to-day variability 

resulting from differences in intensity of staining between different staining sessions, each 

batch of staining included a slide of human umbilical vein endothelial cells (HUVECs). For 

each protein, HUVECs were grown in the same batch for the same number of passages and 

were washed, fixed and stored similar to cells collected from subjects. Values for each 

protein are reported as a ratio of endothelial cell to HUVEC average pixel intensity. AMPK 

activity was expressed as the ratio of p-AMPK to total AMPK. Endothelial cells were not 

successfully collected for all subjects during each condition; therefore, subject numbers are 

presented in the figure legend for each protein.

Salsalate administration

As previously described by our laboratory [16], in a double-blind randomized crossover 

design, subjects were assigned oral doses of salsalate or placebo for 3 days prior and on the 

morning of experimental testing. Serum salicylate was measured on the morning of days 2 

and 3 and the day of experimental testing. Because of individual differences in 
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pharmacokinetics due to sex, size, absorption, metabolism and other factors, subjects 

received a total of 2500 mg to 4500 mg salsalate each day (divided into a morning and 

evening dose) to result in a steady-state serum salicylate in the therapeutic range of 10 to 30 

mg/dL. Doses were adjusted each day based on serum salicylate concentration to maintain 

salicylate in the therapeutic range without reaching toxicity (>30 mg/dl). Experimental 

testing days for placebo and salsalate conditions were separated by at least 1 week. For the 3 

days prior to each experimental testing day, subjects received a standardized research diet 

prepared by the Clinical and Translational Research Center bionutritionist.

Data analysis

Statistical analyses were performed with IBM SPSS (version 20, Armonk, NY). Differences 

in subject characteristics between groups were assessed by one-way ANOVA, using a 

Student-Newman-Keuls post-hoc test. A 3×2 repeated measures ANOVA was performed to 

identify a group (older non-exercising, older aerobic exercise-trained, young non-exercising) 

x condition (placebo, salsalate) interaction for FMD, subject characteristics and brachial 

artery characteristics. In the case of a significant interaction, a paired t-test for within-group 

contrast and independent t-test for between-group contrasts (placebo condition only) were 

performed with a Bonferonni correction. The differences in FMD within subjects during 

saline vs. vitamin C with salsalate and placebo conditions were calculated by repeated 

measures ANOVA and in cases of a significant F, post-hoc analysis was performed by 

paired t-tests with a Bonferonni correction. The differences in endothelial cell protein 

expression within subjects between the placebo and salsalate conditions were assessed with 

a paired t-test for each group. Pearson correlation analysis was used to assess bivariate 

relations between the difference in %FMD and the difference in factors that could influence 

FMD between placebo and salsalate. Each of these variables (difference between placebo 

and salsalate) were normally distributed. The influence on FMD of clinical characteristics 

that changed with salsalate administration in any group was assessed by repeated measures 

ANCOVA. Significance was set at P<0.05. Values are mean±SE.

Results

Baseline subject characteristics

The groups of older aerobic exercise-trained, older non-exercising and young non-exercising 

men and women did not differ in systolic blood pressure, HDL-cholesterol, fasting glucose 

or waist:hip ratio (P>0.05, Table 1,2). The older aerobic exercise-trained and older non-

exercising subjects had a similar age, diastolic blood pressure, total cholesterol, LDL-

cholesterol and triglycerides (P>0.05), and all of these variables were greater in the older 

groups compared with the young non-exercising group (P<0.05, Table 1,2). The older 

aerobic exercise-trained subjects had lower BMI and percent body fat, and higher VO2max 

than the older non-exercising subjects (P<0.05), but not different from the young non-

exercising subjects (P>0.05, Table 1). Older aerobic exercise-trained subjects had a lower 

resting HR than both the older non-exercising and young non-exercising subjects (P<0.05, 

Table 1).
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Salsalate administration

Salsalate administration resulted in serum salicylate concentrations in the therapeutic range 

for all subjects (>10 mg/dl) and concentrations were not different between groups (young 

non-exercising: 17.1±0.9 mg/dl, older non-exercising: 20.3±1.4 mg/dl, older exercise-

trained: 19.2±0.8 mg/dl, P>0.05). Serum salicylate was undetectable in all subjects during 

the placebo condition. Salsalate administration did not affect systolic or diastolic blood 

pressure, HDL-cholesterol, or fasting glucose for any group (P>0.05, Table 2). Salsalate 

administration reduced total cholesterol in all groups, reduced triglycerides in both older 

groups, and reduced LDL-cholesterol in only the older non-exercising group (P<0.05, Table 

2). The circulating inflammatory markers CRP, IL-6 and TNF-α did not change in any 

group with salsalate administration (P>0.05, Table 2).

Endothelial cell NF-κB

Salsalate administration did not affect endothelial cell NF-κB p65 expression in older 

aerobic exercise-trained or young non-exercising subjects (P>0.05, Figure 1). In older non-

exercising subjects, salsalate administration reduced endothelial cell NF-κB p65 expression 

by ~25% compared with the placebo condition (P=0.03, Figure 1).

Endothelial Function

During the placebo condition, older aerobic exercise-trained subjects had a higher brachial 

FMD compared with the older non-exercising subjects (P<0.005) and not different from the 

young non-exercising subjects (P>0.05, Figure 2, Table 3). Brachial FMD was less in older 

non-exercising subjects than young non-exercising subjects during placebo (P<0.005, Figure 

2, Table 3). Brachial FMD did not change in either the older aerobic exercise-trained or 

young non-exercising subjects with salsalate administration (P>0.05), but improved by 

~70% in the older non-exercising subjects (P<0.001 vs. placebo, Figure 2, Table 3). 

Baseline brachial artery diameter, peak shear rate and endothelium-independent dilation 

were not different between groups and did not change with salsalate administration in any 

group (P>0.05, Table 3).

In the overall group or within specific age/training groups, the change in FMD with salsalate 

was not related to changes in clinical characteristics including blood pressure, lipids, fasting 

glucose or circulating inflammatory markers. When accounting for clinical factors that 

changed in response to salsalate (total cholesterol, LDL-cholesterol, triglycerides), the 

improvement in FMD with salsalate in the older non-exercising group remained significant 

(ANCOVA, P<0.05). The change in FMD with salsalate for either older group did not differ 

between males and females (P>0.05) and the FMD improvement in the older non-exercising 

group remained significant when accounting for sex (ANCOVA, P<0.05).

Oxidative stress

During the placebo condition, vitamin C infusion had no effect in the older aerobic exercise-

trained or young non-exercising subjects (P>0.05, Figure 3A,C, Supplemental Table 1), but 

improved brachial FMD by ~30% in the older non-exercising subjects (P<0.001, Figure 3B, 

Supplemental Table 1). During the salsalate condition, vitamin C infusion did not affect 

FMD in any subject group (P>0.05, Figure 3, Supplemental Table 1).
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Endothelial cell content of nitrotyrosine and expression of NADPH oxidase p47phox did not 

change in either the older aerobic exercise-trained or young subjects with salsalate 

administration (P>0.05, Figure 4). In the older non-exercising subjects, salsalate 

administration resulted in a 25% reduction in nitrotyrosine content (P=0.02) and a 30% 

reduction in NADPH oxidase p47 expression (P<0.001, Figure 4).

AMPK

Recent studies indicate that salsalate activates AMPK in cultured cells [25, 26]. Because 

salsalate administration improved brachial FMD in the older non-exercising subjects in the 

present study, we assessed AMPK activation in endothelial cells obtained from that group 

(n=8, 5M/3F). AMPK activation did not change with salsalate administration (p-AMPK/

total AMPK ratio; placebo: 1.26±0.18; salsalate: 0.84±0.22; P>0.05).

Discussion

In the present study, we found that salsalate reduces endothelial NF-κB expression and 

improves EDD in healthy non-exercising older adults. However, salsalate does not affect 

EDD in older exercising adults, consistent with an absence of tonic NF-κB –mediated 

suppression of EDD in this group. Furthermore, the improvement in EDD with salsalate in 

non-exercising older adults is mediated in part by reduced oxidative stress associated with 

decreased endothelial expression of NADPH oxidase. Taken together, these results are 

consistent with the concept that older adults who habitually perform aerobic exercise have 

preserved vascular endothelial function associated with less NF-κB signaling and oxidative 

stress.

Aging, habitual aerobic exercise and endothelial NF-κB

Sedentary aging is regarded as a state of chronic low-grade inflammation [9, 27]. Indeed, we 

have previously found that expression of the master pro-inflammatory mediator NF-κB is 

greater in endothelial cells collected from older adults compared with young adults [12]. 

Furthermore, we have shown that reducing NF-κB activity with salicylate treatment 

improves EDD in old mice [17], and recently it was reported that genetic inhibition of NF-

κB specifically in endothelial cells leads to increased lifespan and diminishes features of 

vascular dysfunction with aging [28]. Here, using a previously established experimental 

approach [16], we extend these prior findings in mice to human aging by using 

administration of oral salsalate to reduce NF-κB expression in endothelial cells. We find that 

salsalate improves FMD in older non-exercising adults and this effect is independent of 

changes in circulating factors or clinical characteristics. In contrast, salsalate treatment had 

no effect on FMD in young controls or on endothelium-independent dilation in either group, 

suggesting that the effects were specific to the endothelium. Collectively, these observations 

support the hypothesis that endothelial function is suppressed by vascular NF-κB signaling 

in primary human aging, and that endothelial NF-κB signaling is an important modulator of 

vascular function and health with advancing age.

Habitual aerobic exercise is associated with numerous cardiovascular health benefits that 

include preventing or lessening the age-related declines in endothelial function [5, 29]. 

Walker et al. Page 7

Clin Sci (Lond). Author manuscript; available in PMC 2015 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Reduced pro-inflammatory signaling has been proposed to contribute to the cardiovascular 

benefits of regular aerobic exercise [8, 9]. Previously, we have shown that older aerobic 

exercise-trained individuals have lower endothelial cell NF-κB expression compared with 

their non-exercising peers [13]. Using a randomized, cross-over experimental design, in the 

present study we extend these earlier observations by indicating that the enhanced vascular 

endothelial function of aerobic exercise-trained vs. non-exercising older adults is likely 

mediated by an absence of NF-κB-mediated suppression of EDD.

In agreement with our previous observations and those of others [16, 30, 31], in the present 

study salsalate administration reduced endothelial NF-κB expression, but did not affect 

circulating inflammatory markers. Collectively, these results suggest that the improvements 

in EDD are a result of reduced local endothelial rather than systemic inflammation.

Consistent with previous findings of reduced total cholesterol and/or LDL-cholesterol with 

salsalate administration [16, 32], in the present study we found modest reductions in total 

cholesterol in all groups and LDL-cholesterol in the older non-exercising group. However, 

we find that the improvement in FMD with salsalate in the older non-exercising adults 

remains significant when accounting for the reduction in LDL-cholesterol. Nevertheless, 

even modest elevations in LDL-cholesterol are associated with impaired FMD among 

healthy non-exercising older adults [33]. Given our small sample size, we cannot discount 

that reduced LDL-cholesterol, although it does not statistically account for improvement in 

FMD, may have a physiologic role in the benefits of salsalate among older non-exercising 

adults.

Oxidative stress

We originally reported that nitrotyrosine, a cellular marker of oxidative stress, is greater in 

endothelial cells obtained from healthy older compared with young healthy adults [12], and 

more recently demonstrated that habitual aerobic exercise prevents this age-related increase 

in endothelial oxidative stress in humans [13]. Consistent with the latter, we and others also 

have shown that aerobic exercise prevents oxidative stress-mediated suppression of 

endothelial function (i.e., EDD) with aging [5, 34]. Here, we extend these previous 

observations by showing that salsalate treatment reduces endothelial nitrotyrosine content, a 

marker of oxidative damage, in non-exercising, but not aerobic exercise-trained older adults, 

nor in young controls. We further show that vitamin C improves EDD in older non-

exercising adults during placebo, but not salsalate, suggesting that NF-κB signaling 

contributes to the increased oxidative stress that suppresses EDD. However, the 

improvements in EDD seen with vitamin C alone (~30%) are not as great as the 

improvements with salsalate alone (~70%). This could be the result of incomplete 

neutralizing of excessive superoxide (oxidative stress) by vitamin C, the difference in 

treatment time of the 2 interventions (20-minute infusion vs. 3 days), or a contribution of 

additional mechanisms to the EDD improvement with salsalate, for example, an increase in 

phosphorylation of endothelial NO synthase [17]. Oxidative stress does not affect EDD in 

aerobic exercise-trained older individuals or young controls, as indicated by no effect of 

vitamin C in these groups during placebo or salsalate. Thus, the findings of the present study 
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support the idea that NF-κB-mediated oxidative stress impairs EDD in older adults, but 

habitual aerobic exercise prevents this adverse effect.

One key source of reactive oxygen species in endothelial cells is NADPH oxidase [35]. We 

previously demonstrated that older otherwise healthy adults have greater endothelial cell 

NADPH oxidase p47phox expression compared with young controls [12]. We further showed 

that older aerobic exercise-trained adults have less NADPH oxidase p47phox expression than 

their non-exercising peers and similar levels as young adults [13]. In mice, we have 

demonstrated that NADPH oxidase contributes to carotid endothelial dysfunction in old non-

exercising animals, but not in old animals given access to voluntary running wheels [36]. In 

the present study, we extend these findings by showing that salsalate reduces endothelial 

NADPH oxidase p47phox expression in non-exercising older adults, but has no effect in 

older aerobic exercise-trained adults. Thus, in sedentary older adults, it is likely that 

reducing endothelial NF-κB signaling leads to reduced NADPH oxidase transcription.

Experimental model: short-term, high-dose salsalate administration as a mechanistic 
probe

In the present study, short-term, high-dose administration of salsalate was used as an 

experimental approach to “pharmaco-dissect” the role of NF-κB signaling in the differences 

in endothelial function in healthy exercising and non-exercising middle-aged/older adults. 

Our results do not address the potential therapeutic efficacy of longer-term, lower-dose 

salsalate treatment in this or other groups. In contrast to short-term salsalate administration 

in the present study and previous investigation in overweight/obese adults [16], recent work 

in patients with type 2 diabetes [30] and coronary artery disease [37] found no 

improvements in FMD with longer-term administration of salicylate-based compounds 

(salsalate and sulfasalazine, respectively). These differences may result from differences in 

compounds and dosing, concurrent use of medications such as statins, ACE inhibitors and/or 

metformin that improve endothelial dysfunction, or different etiologies of endothelial 

dysfunction among these groups.

Limitations and alternative explanations

This study was a cross-sectional comparison of young controls and groups of healthy older 

adults who did or did not perform regular vigorous aerobic exercise. The results of the 

present investigation provide the experimental basis for conducting intervention studies 

targeting endothelial NF-κB signaling to improve endothelial function in older non-

exercising adults and/or assessing the effects of aerobic exercise. Whereas, the older subject 

groups are fairly well-matched by sex, we were not able to successfully complete the study 

on any young female participants as a result of difficulties in controlling for menstrual cycle 

phase in this complex intervention study design. However, we did not find that the FMD 

improvement with salsalate was affected by sex in the older non-exercising group. 

Furthermore, as all older women were post-menopausal, there is a minimal influence of 

estrogen/progesterone in all subject groups.

We were limited in the number and type of analyses we could perform on the collected 

endothelial cells and, therefore, could only assess specific inflammatory and oxidative stress 
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pathways and were unable to measure enzyme activities. In addition, a limitation of 

analyzing protein expression with an epifluorescence microscope is that we cannot 

accurately determine cellular localization. We also utilized a qualitative assessment of VE-

cadherin expression to identify endothelial cells that could potentially introduce bias towards 

of the exclusion of endothelial cells with low VE-cadherin expression. However, as the 

individual performing cell imaging and analysis was blinded to group/condition, we do not 

believe this potential bias affected our results. In addition, control experiments involving the 

analysis of NF-κB expression with use of a blocking peptide (data not shown) indicates that 

any leak of VE-cadherin fluorescence into the NF-κB channel, while potentially present, 

was not different between subjects. Moreover, we assessed only endothelial cells obtained 

from venous sampling because the noninvasive measurements of brachial FMD and short 

treatment period did not allow for repeated placement of arterial catheters in our young and 

older human subjects. However, we previously demonstrated that protein expression in 

endothelial cells obtained from venous sampling is strongly, positively related to that in cells 

obtained from arterial sampling [24].

We recognize that our results do not definitively prove cause-and-effect associations 

between NF-κB and endothelial function. However, the study uses a combination of 

functional assessments, pharmaco-dissection of NF-κB and oxidative stress signaling, and 

novel molecular analyses of biopsied ECs in humans to provide as much insight into these 

relations as is possible in a clinical research setting. Salicylates are known to modulate other 

pathways in addition to NF-κB, but we do not believe that these other targets affected our 

results and conclusions. Although aspirin can inhibit cyclooxygenase leading to decreased 

prostaglandin production, salsalate lacks the acetyl group necessary to produce this effect 

[16, 38, 39]. Additionally, we have previously demonstrated that the salsalate dosing 

regimen used in this study does not affect endothelial cell cyclooxygenase 1/2 protein 

expression or circulating 6-keto-prostaglandin F1α concentrations (Pierce, 2009). Recent 

studies indicate that salsalate activates AMPK in cultured embryonic kidney cells and 

cultured hepatocytes [26], however, this effect has not been demonstrated in endothelial 

cells. In our study, we found that short-term salsalate administration did not affect AMPK 

activation in endothelial cells from non-exercising older adults. We limited our analyses to 

the older non-exercising subjects because salsalate administration improved brachial FMD 

only in this group. It is possible that systemic activation of AMPK explains the reduction in 

circulating lipids with salsalate administration; however, we found that the improvements in 

FMD in older non-exercising adults are independent of changes in lipids. Thus, although 

salicylates/salsalate have potential effects on cyclooxygenase and AMPK, we do not believe 

that these effects explain our findings related to EDD.

Conclusions

In the present study, we demonstrate that salsalate reduces endothelial NF-κB expression 

and improves EDD, partially by reducing oxidative stress, in healthy older non-exercising 

adults, but has no effect in young non-exercising or older exercising adults. These results 

suggest that NF-κB signaling mediates the impairment of EDD with primary human aging in 

part by increasing oxidative signaling and this is prevented by habitual aerobic exercise. 

Identifying interventions to improve endothelial function in sedentary older adults is of great 
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clinical importance as these interventions could reduce the risk of cardiovascular diseases 

and events. Lifestyle interventions, such as aerobic exercise, improve vascular endothelial 

function in many older adults, but not all individuals can or will participate in aerobic 

exercise. Thus, identifying the molecular pathways responsible for such improvements is 

important as future interventions can be designed to target these pathways. Here we 

demonstrate that NF-κB signaling is likely an important modulating influence on endothelial 

function with aging, and that the “healthy endothelial effects” of aerobic exercise with aging 

are explained, at least in part, by suppression of excessive NF-κB signaling.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Clinical Perspectives

• Habitual aerobic exercise prevents the age-related decline in endothelial 

function, however the underlying molecular mechanisms responsible are 

incompletely understood.

• Our results suggest that endothelial NF-κB signaling suppresses endothelial 

function in healthy non-exercising healthy older adults, and that this suppression 

is absent in exercising older adults.

• This may be a key mechanism by which regular aerobic exercise preserves 

endothelial function and reduces cardiovascular risk with aging.

• Inhibition of NF-κB signaling may have therapeutic potential in older adults 

who are unable or unwilling to perform regular aerobic exercise.
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Summary statement

Our results suggest that inflammatory regulator nuclear factor-κB is associated with 

impaired arterial function in healthy non-exercising, but not exercising older adults. This 

may be a mechanism by which regular aerobic exercise preserves function and reduces 

cardiovascular risk with aging.
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Figure 1. 
Endothelial protein expression of nuclear factor-κB (NF-κB) p65 in young non-exercising 

(n=9: 9M,0F), older non-exercising (n=15: 11M,4F) and older aerobic exercise-trained 

(n=13: 10M,3F) adults during placebo and salsalate conditions. Values are fluorescent 

intensity relative to human umbilical vein endothelial cell (HUVEC) control intensity. 

Representative images are shown below summary graph for NF-κB p65 and VE-cadherin 

(to identify endothelial cells). Values are mean ± SE. *P<0.05 vs. placebo condition within 

group.
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Figure 2. 
Brachial flow-mediated dilation (FMD, percent change in diameter) in young non-

exercising, older non-exercising and aerobic exercise-trained adults during placebo and 

salsalate conditions. Values are mean ± SE. *P<0.05 vs. young placebo condition. †P<0.05 

vs. older non-exercising placebo condition.
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Figure 3. 
Brachial flow-mediated dilation (FMD, percent change in diameter) during intravenous 

saline and vitamin C infusion for placebo and salsalate conditions of (A) young non-

exercising, (B) older non-exercising and (C) older aerobic exercise-trained adults. Values 

are mean ± SE. *P<0.05 vs. placebo saline condition within group.
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Figure 4. 
Endothelial protein expression of (A) nitrotyrosine and (B) nicotinamide adenine 

dinucleotide phosphate (NADPH) oxidase p47phox in young non-exercising (n=7–8: 7–8M, 

0F), older non-exercising (n=13–14: 10–11M, 3F) and older aerobic exercise-trained (n=14: 

11M, 3F) adults during placebo and salsalate conditions. Values are fluorescent intensity 

relative to human umbilical vein endothelial cell (HUVEC) control intensity. Representative 

images are shown below summary graphs for nitrotyrosine or NADPH oxidase p47phox and 

VE-cadherin (to identify endothelial cells). Values are mean ± SE. *P<0.05 vs. placebo 

condition within group.
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Table 1

Subject characteristics

Variable Young Non-exercising Older Non-exercising Older Exercise-Trained

n (male/female) 8 (8/0) 16 (11/5) 14 (10/4)

Age (years) 23 ± 1 61 ± 1 * 58 ± 2 *

Body mass index (kg/m2) 24 ± 1 27 ± 1 * 23 ± 1 †

% Body fat 19 ± 4 33 ± 2 * 20 ± 2 †

Waist:Hip ratio 0.80 ± 0.01 0.89 ± 0.03 0.84 ± 0.02

VO2max (ml/kg/min) 48 ± 2 29 ± 1 * 44 ± 2 †

Resting heart rate (beats/min) 61 ± 3 64 ± 3 53 ± 2 *†

Data are mean ± SE. VO2max, maximal oxygen consumption.

*
P<0.05 vs. young non-exercising,

†
P<0.05 vs. old non-exercising
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