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Abstract

Advancing age is the major risk factor for cardiovascular diseases, driven largely by vascular 

endothelial dysfunction (impaired endothelium-dependent dilation, EDD) and aortic stiffening 

(increased aortic pulse wave velocity, aPWV). In humans, vascular aging occurs in the presence of 

differences in diet and physical activity, but the interactive effects of these factors are unknown. 

We assessed carotid artery EDD and aPWV across the lifespan in mice consuming standard 

(normal) low-fat chow (NC) or a high-fat/high-sucrose Western diet (WD) in the absence 

(sedentary, SED) or presence (voluntary wheel running, VWR) of aerobic exercise. Aging 

impaired nitric oxide-mediated EDD (peak EDD 88±12% 6 mo. P = 0.003 vs. 59±9% 27 mo. NC-

SED), which was accelerated by WD (60±18% 6 mo. WD-SED). In NC mice, aPWV increased 

32% with age (423±13 cm/sec 24 mo. P < 0.001 vs. 321±12 cm/sec 6 mo.) and absolute values 

were an additional ~10 % higher at any age in WD mice (P = 0.042 vs. NC-SED). Increases in 

aPWV with age in NC and WD mice were associated with 30-65% increases in aortic intrinsic 

wall stiffness (6 vs. 19-27 mo., P = 0.007). Lifelong aerobic exercise prevented age- and WD- 

related vascular dysfunction across the lifespan, and this protection appeared to be mediated by 

mitigation of vascular mitochondrial oxidative stress and inflammation. Our results depict the 

temporal impairment of vascular function over the lifespan in mice, acceleration and exacerbation 

of that dysfunction with WD consumption, the remarkable protective effects of voluntary aerobic 

exercise, and the underlying mechanisms.
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INTRODUCTION

Advancing age is the major risk factor for cardiovascular diseases (CVD), which remain the 

leading cause of death in developed societies (Timmis, Townsend et al. 2020, Virani, Alonso 

et al. 2020). The age-related increase in CVD risk is largely attributable to the development 

of vascular dysfunction, specifically vascular endothelial dysfunction and stiffening of the 

large elastic arteries (Lakatta and Levy 2003, Seals 2014). Endothelial function, commonly 

assessed as the vasodilatory response to a physical or chemical stimulus, declines with age 

and is an independent risk factor for CVD (Yeboah, Crouse et al. 2007, Yeboah, Folsom et 

al. 2009, Lind, Berglund et al. 2011, Seals, Jablonski et al. 2011, Seals, Kaplon et al. 2014). 

Stiffening of the large elastic arteries, particularly the aorta, can be assessed in humans via 

the gold standard measure pulse wave velocity, which increases with age and independently 

predicts CVD and other common disorders of aging, including cognitive impairment 

(Scuteri, Brancati et al. 2005, Waldstein, Giggey et al. 2005, Elias, Robbins et al. 2009, 

Mitchell, Hwang et al. 2010, Ben-Shlomo, Spears et al. 2014).

The key upstream mechanisms underlying age-related arterial dysfunction are vascular 

oxidative stress and inflammation, which interact in feed-forward fashion to impair 

endothelial function in large part by decreasing the bioavailability of key vasodilatory 

molecule nitric oxide (NO), which, in turn, promotes changes in the endothelial milieu 

toward a vasoconstrictive and pro-inflammatory state (van der Loo, Labugger et al. 2000, 

Lakatta 2003, Seals, Jablonski et al. 2011, Seals, Kaplon et al. 2014, Donato, Machin et al. 

2018, Ungvari, Tarantini et al. 2018). Oxidative stress- and inflammation-driven signaling 

are important mediators of aortic stiffening via adverse remodeling of the arterial wall, 

though endothelial dysfunction and age-related increases in vasomotor tone also likely 

contribute (Lakatta and Levy 2003, Zieman, Melenovsky et al. 2005, Soucy, Ryoo et al. 

2006, Fleenor, Seals et al. 2012). A growing body of literature suggests that dysregulated 

vascular mitochondria are an important source of oxidative stress in the setting of age-

related vascular dysfunction (Davidson and Duchen 2007, Widlansky and Gutterman 2011, 

Kluge, Fetterman et al. 2013, Gioscia-Ryan, Battson et al. 2016, Rossman, Gioscia-Ryan et 

al. 2020).

Vascular aging in humans occurs in the presence of, and is influenced by, lifestyle factors 

such as diet and physical activity, but how these factors interact with primary vascular aging 

processes is incompletely understood. Consumption of a “Western-style” dietary pattern, 

characterized by high levels of saturated fat and sugar, and low levels of fiber and nutrients, 

is prevalent in developed and developing societies and has been linked to increased CVD 

risk (Hu, Rimm et al. 2000, Fung, Rimm et al. 2001, Yusuf, Reddy et al. 2001, Iqbal, Anand 

et al. 2008). Although dietary patterns are frequently maintained over the course of adult 

life, there is little information about how consumption of a Western diet (WD) interacts with 

the changes that occur to arteries with primary aging. In contrast to WD, regular aerobic 

exercise has numerous established health benefits, including decreasing CVD risk; 

attributable in part to salutary effects on vascular function (Seals 2014, Seals, Kaplon et al. 

2014). Aerobic exercise has protective effects on the vasculature in the context of short-term 

high-fat or WD consumption in young animals (Park, Booth et al. 2012, Langbein, Hofmann 

et al. 2015) and one prior investigation in our laboratory showed that late-life voluntary 
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wheel running prevented the deleterious effects of short-term WD consumption on vascular 

function in old mice ( Lesniewski, Zigler et al. 2013). However, to our knowledge, whether 

exercise performed over the course of the lifespan can protect arteries from the combined 

stressors of aging and chronic WD consumption has never been investigated.

A better understanding of the interactive effects of aging, diet and exercise on vascular 

function across the lifespan would have important biomedical and societal implications for 

informing interventions designed to preserve vascular health in humans, thereby decreasing 

CVD risk. However, these interactions remain incompletely characterized, possibly due to 

the difficult and time-consuming nature of longitudinal studies in people and even, though to 

a lesser degree, experimental animal models. Accordingly, here we performed a series of 

longitudinal and cross-sectional studies in C57BL/6 mice, an established model of human 

vascular aging (Sindler, Fleenor et al. 2011, Fleenor, Sindler et al. 2013, LaRocca, Gioscia-

Ryan et al. 2013). We assessed the key expressions of vascular function – endothelial 

function and aortic stiffness – and markers of oxidative stress, mitochondrial oxidative 

stress, and inflammation at multiple timepoints across the lifespan in mice consuming either 

conventional (“normal”) low-fat rodent chow or a 41% fat/18% sucrose WD while 

remaining sedentary or performing aerobic exercise in the form of voluntary wheel running.

EXPERIMENTAL PROCEDURES

Ethical Approval.

All experiments were approved by the University of Colorado Boulder Institutional Animal 

Care and Use Committee (protocol # 2539) and adhered to all guidelines as set forth in the 

Guide for Care and Use of Laboratory Animals (National Research Council, 2011; Grundy 

2015).

Overall study design and experimental animals.

To examine the interactive effects of aging, WD consumption, and exercise across the 

lifespan, we studied separate cohorts of male, C57BL/6 mice. Male, but not female, mice of 

this strain consistently exhibit the key features of age-related vascular dysfunction in 

humans (Sindler, Fleenor et al. 2011, Fleenor, Sindler et al. 2013, LaRocca, Gioscia-Ryan et 

al. 2013); in addition, this work was funded and initiated in 2012, i.e., prior to the NIH 

mandate of studying (and providing the budget to study) both sexes in preclinical 

experiments. Each cohort was randomly divided into the 4 treatment groups described below 

and aged for a predetermined period of time. All experimental animals were obtained from 

Charles River at 8-10 weeks of age and allowed to acclimate to our facilities for at least 2 

weeks prior to the beginning of study procedures. Mice were singly housed in standard 

cages in our vivarium throughout the study, maintained on a 12:12 hour light/dark cycle and 

permitted ad libitum access to food and water. Daily animal health checks were performed 

by laboratory or institutional laboratory animal staff, under the supervision of the 

institutional veterinarian.
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Treatment groups.

At 3 months of age, baseline measurement of aortic stiffness (described below) was 

obtained. Mice were then randomly assigned to a diet (normal chow, NC, or Western diet, 

WD) and exercise (sedentary, SED, or voluntary wheel running, VWR) condition, yielding 4 

treatment groups as follows: normal chow sedentary (NC-SED), Western diet sedentary 

(WD-SED), normal chow voluntary wheel running (NC-VWR) and Western diet voluntary 

wheel running (WD-VWR).

Diets.

Normal chow was provided as Envigo 7917 (14% kcal from fat, 62% carbohydrate, 24% 

protein) whereas the Western diet (Harlan Teklad Diet 96132)—composed of 40.6% kcal 

from fat (beef tallow and vegetable shortening), 40.7% carbohydrate (including 18.2% of 

total caloric content as sucrose), and 18.7% protein—was chosen to reflect a typical high-fat, 

high-sugar, low fiber dietary pattern typical of Western societies (Lesniewski, Zigler et al. 

2013). Mice were permitted ad libitum access to food throughout the study.

Voluntary exercise.

Mice assigned to voluntary wheel running were provided with ad libitum access to a running 

wheel in their home cage (Ware Pet Products small flying saucer, product number 03281); a 

subset of mice from each group (n=5–6 per cohort) were placed in specialized cages 

(Lafayette Instruments, Lafayette, IN, USA) equipped with running wheels attached to 

electronic monitoring software (Activity Wheel Monitoring, Lafayette, IN) to enable 

quantification of running volume (Durrant, Seals et al. 2009, Fleenor, Marshall et al. 2010, 

Lesniewski, Zigler et al. 2013, Gioscia-Ryan, Clayton et al. 2020). Running distance was 

recorded from each exercising group for a continuous 72-hour period approximately once 

per month. Data are presented as the mean running volume per day.

Experimental timeline.

As illustrated in Figure 1, we performed repeated non-terminal measures of physiological 

function at baseline and approximately every 3 months. To obtain data and samples from 

terminal experiments at various ages across the lifespan, separate cohorts of mice were aged 

to 6 mo, 13 mo, 19 mo, and 27 mo, the latter of which represents the median survival age for 

C57/BL6 mice consuming normal rodent chow (Mercken, Mitchell et al. 2014, Mitchell, 

Martin-Montalvo et al. 2014). We selected these ages to determine the temporal pattern of 

changes in vascular function across the lifespan.

Longitudinal assessments

Aortic pulse wave velocity (aPWV). —Aortic stiffness was assessed as aortic pulse 

wave velocity using the Doppler ultrasound procedure previously described by our 

laboratory (Sindler, Fleenor et al. 2011, Fleenor, Seals et al. 2012, Gioscia-Ryan, Clayton et 

al. 2020). While maintained under light anesthesia with inhaled isoflurane (1.5-2%), mice 

were positioned supine on a warmed platform with paws secured to ECG leads. Doppler 

probes were placed at the transverse aortic arch and abdominal aorta to detect pulse waves. 

Three consecutive 2-second recordings were used to determine time delay between the ECG 
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R-wave and the foot of the Doppler signal at each site (timeabdominal and timetransverse). 

Aortic PWV was calculated as (physical distance between the two probes) / (timeabdominal-

timetransverse) and reported in cm/sec.

Terminal assessments and sample collection

Running wheels were removed from cages at least 24 hr prior to terminal measurements to 

prevent any influence of recent exercise. Mice were euthanized via exsanguination under 

inhaled isoflurane anesthesia.

Aorta were harvested and dissected free of surrounding connective tissue in ice-cold 

physiological saline. Segments of thoracic aorta were collected for determination of intrinsic 

stiffness and superoxide bioactivity (described below). The remainder of the aorta were 

snap-frozen in liquid nitrogen and stored at −80 C until use for determination of aortic 

cytokines (as described previously (Lesniewski, Durrant et al. 2011, Gioscia-Ryan, Battson 

et al. 2018, Ballak, Brunt et al. 2019), see below).

Vascular endothelial function.—Carotid artery endothelial function was assessed via 

pressure myography as we have previously described (Sindler, Fleenor et al. 2011, LaRocca, 

Gioscia-Ryan et al. 2013, Lesniewski, Zigler et al. 2013, Gioscia-Ryan, LaRocca et al. 

2014). Carotid arteries were harvested, dissected free of connective tissue, and cannulated 

onto glass pipet tips in a myograph chamber (DMT, Inc. Arhaus Denmark) while submerged 

in warm physiological saline solution. Arteries were gravity pressurized and allowed to 

equilibrate for at least 40 minutes prior to beginning experiments. Vessels were visualized on 

a computer screen via an inverted microscope and diameter was measured manually via 

Myoview 1.2p software. Pre-constriction of at least 15% was achieved with addition of 2 μM 

phenylephrine, after which dilation in response to increasing doses of acetylcholine (1 x 

10−9 to 1 x 10−4 mol/L). Arteries were washed with multiple changes of warm physiological 

saline prior to subsequent assessments of EDD in the presence of pharmacological 

modulators (below).

Nitric oxide component of EDD.: To determine the contribution of nitric oxide to the 

vasodilatory response to ACh, a subset of carotid arteries was pre-incubated with the 

endothelial nitric oxide synthase inhibitor L-NAME (0.1 mmol/L; Sigma-Aldrich Corp.) for 

40 minutes prior to assessment of the dose-response to ACh as described above.

Tonic suppression of EDD by mitochondrial oxidative stress.: To determine the 

contribution of mitochondrial oxidative stress to suppression of vasodilation, a subset of 

arteries was pre-incubated with the mitochondria-specific antioxidant, MitoQ (100 μM) for 

40 minutes prior to assessment of the dose-response to ACh as described above (Gioscia-

Ryan, LaRocca et al. 2014).

Endothelium independent dilation and maximal vessel diameter.: Following all ACh dose-

response experiments, endothelium-independent dilation (EID) was assessed as the dose-

response to increasing doses of the direct NO donor sodium nitroprusside (SNP). Arteries 

were then incubated in calcium-free physiological saline to determine maximal vessel 

diameter in the absence of smooth muscle tone.

Gioscia-Ryan et al. Page 5

J Physiol. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Calculations.: To account for differences in vessel diameter, all dilation responses are 

expressed on a percentage basis. Pre-constriction was calculated as percentage of maximal 

diameter according to the following formula:

Pre‐constriction % = Dm − Dp /Dm ∗ 100

Dm is the maximal lumen diameter achieved throughout the experimental day, Dp is the 

steady-state lumen diameter after the addition of a 2 μM dose of phenylephrine.

Vasodilator responses were recorded as actual diameters and expressed as a percentage of 

maximal possible vasodilator response according to the following formula:

Relaxation % = Ds − Dp /Dm − Dp ∗ 100

Dm is maximal diameter achieved throughout the experimental day, Ds is the steady-state 

diameter recorded after the addition of either acetylcholine or sodium nitroprusside, and Dp 

is the steady-state diameter following pre-constriction with phenylephrine before the first 

addition of drug.

Peak EDD and EID were considered the highest value of dilation achieved in a given dose-

response. The nitric oxide component of dilation was calculated as the difference between 

peak EDD in the absence vs. presence of L-NAME, expressed as a percent. In addition, 

carotid artery sensitivity (EC50) to acetylcholine was also assessed.

Aortic Intrinsic Stiffness and Biochemistry—Given that there were no differences in 

our key functional outcomes (EDD and aPWV) between 6 and 13 mo. of age in any of the 

treatment groups, the following measures using aortic tissue are presented only for samples 

obtained at 6, 19, and 27 mo.

Intrinsic Mechanical Stiffness.: Two ~1-mm segments of the thoracic aorta were used for 

determination of intrinsic mechanical stiffness by incremental stress-strain testing via wire 

myography, as described previously by our laboratory (Fleenor, Eng et al. 2014, LaRocca, 

Hearon et al. 2014, Gioscia-Ryan, Battson et al. 2018). Aortic segments were loaded into a 

warmed (37 C°) wire myograph chamber (DMT, Arhaus, Denmark) containing calcium-free 

phosphate-buffered saline. After three cycles of pre-stretching, ring diameter was increased 

to achieve 1mN force and then incrementally stretched by ~10% every 3 minutes until 

failure. The force corresponding to each stretching interval was used to calculate stress and 

strain, as follows:

Strain (λ) = Δ d/d(i); d= diameter; d(i)= initial diameter; Stress (t) = λL/2HD; L= one-

dimensional load; H= wall thickness determined by histology; D= vessel length

The collagen-dominant elastic modulus was determined as the slope of the linear regression 

fit to the final four points of the stress-strain curve (Fleenor, Sindler et al. 2012, LaRocca, 

Hearon et al. 2014, Gioscia-Ryan, Battson et al. 2018).
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Whole cell and mitochondrial superoxide bioactivity.: Two 1-mm segments of thoracic 

aorta were used for determination of aortic whole-cell and mitochondrial superoxide 

bioactivity (1, 1-mm segment for each) via electron paramagnetic resonance spectroscopy 

using the spin probes CMH (whole-cell superoxide) and MitoTempo-H (mitochondria-

specific superoxide), as reported previously (Dikalova, Bikineyeva et al. 2010, Fleenor, Seals 

et al. 2012, Gioscia-Ryan, LaRocca et al. 2014, LaRocca, Hearon et al. 2014).

Inflammatory cytokines.: Aortic inflammatory cytokine protein levels were determined as 

previously described by our laboratory (Lesniewski, Durrant et al. 2011, Gioscia-Ryan, 

Battson et al. 2018, Ballak, Brunt et al. 2019) using a commercially available multiplex 

ELISA kit (Ciraplex, Aushon Biosystems, Billerica, MA). Aorta were lysed in RIPA buffer 

with phosphatase and protease inhibitors. 15 μg micrograms of protein were used for the 

assay, which was performed according to the manufacturer’s instructions for detection of 

Interleukin (IL)1β, IL6, Interferon (IFN)-γ, Tumor Necrosis Factor (TNF)-α, and IL2. 

Images were captured using Cirascan imager (Aushon), and results were analyzed with 

Cirasoft software (Aushon). If levels of a given cytokine were undetectable (e.g. fell below 

the limits of detection of the assay), samples were excluded from the analysis.

Statistical Analysis.—Data were assessed for outliers using the Grubb’s test (GraphPad 

online calculator) prior to statistical analysis with an exclusion threshold of 0.05. After 

confirming normality, data for all cross-sectional outcomes were analyzed by two-way 

analysis of variance (ANOVA) with main effects of group and age, whereas the longitudinal 

measure (aPWV) were analyzed using a linear mixed model accounting for group and age 

comparisons. Sidak’s multiple comparisons post hoc test was performed when significant 

main effect (group and age) differences were detected using a p value of < 0.05. All data are 

presented as means ± SD. Statistics were calculated using Graph Pad Prism version 8 (Graph 

Pad Software, La Jolla, CA).

RESULTS

The overall study design and timing of primary outcome measurements is illustrated in 

Figure 1. Diet (NC or WD) and exercise (SED or VWR) conditions were initiated at 3 

months of age and continued for the duration of the study. Non-invasive measurements were 

obtained at intervals of approximately 3-6 months, whereas terminal measurements and 

harvesting of arterial tissue for biochemical assessments were performed at pre-determined 

timepoints (6 mo, 13 mo, 19 mo, and 27 mo.). Due to the anticipated early mortality in the 

sedentary mice consuming WD (Baur, Pearson et al. 2006, Pearson, Baur et al. 2008), no 

terminal measurements were obtained from this group at 27 mo. Average running distance 

was similar (main effect of group, P = 0.87) between mice consuming NC and WD at all 

time points assessed, and decreased with age in both groups (average distance covered in 24 

hours 7.62 ± 5.16 km at 6 mo. of age vs 1.92 ± 2.04 km at 27 mo. of age, P < 0.0001), 

consistent with previous studies (Lesniewski, Zigler et al. 2013, Goh and Ladiges 2015, 

Gioscia-Ryan, Clayton et al. 2020). As expected, body weight was 30-60% higher in the 

WD-SED mice than in the NC groups and the WD-VWR group at all ages (all P < 0.0001). 

There were no other body weight differences detected between groups.
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Western diet accelerates, and voluntary aerobic exercise prevents, age-associated, nitric 
oxide-mediated impairments in endothelial function throughout the lifespan.

Age-related endothelial dysfunction developed later in life, evidenced by a 26% decline in 

peak isolated carotid artery dilation to ACh at 27 mo. of age in NC-SED mice (P = 0.001 vs. 

6 mo. NC-SED) (Figure 2A). Endothelial dysfunction was substantially accelerated by WD 

consumption, such that by 6 mo. of age peak EDD in WD-SED mice was 36% lower than 

that of age-matched NC-SED mice (P < 0.0001) and comparable in magnitude to that of 27 

mo. NC-SED mice, suggesting substantial impairment of endothelial function already in 

early adulthood. Lifelong aerobic exercise on both diet backgrounds preserved endothelial 

function throughout the lifespan, with peak EDD in NC-VWR and WD-VWR groups 

remaining at young adult control levels (e.g., not different from 6 mo. NC-SED) throughout 

the lifespan. There were no differences in carotid artery sensitivity to ACh (Table 1). 

Furthermore, there were no group differences across treatment nor time in the vasodilatory 

response to the direct nitric oxide donor sodium nitroprusside, indicating that the age, WD, 

and exercise effects on vasodilatory response to ACh were specific to the endothelium and 

not due to reduced vascular smooth muscle sensitivity to NO (Figure 2B).

Both the age and WD-related impairments in EDD appeared to be largely mediated by a 

decrease in bioavailability of NO. For example, the NO-mediated component of EDD 

(determined as the difference in EDD in the absence vs. presence of L-NAME) was ~35% 

lower in 27 mo. vs 6 mo. NC-SED mice (Figure 2C). The age-related decline in NO-

mediated dilation was accelerated by WD, such that decrements (as compared to 6 mo. NC-

SED) were observed beginning at 6 mo. and persisted across all timepoints. NO-mediated 

dilation was completely preserved by voluntary wheel running on both diet backgrounds, 

with the NO component of dilation remaining comparable to 6 mo. NC-SED in NC-VWR 

and WD-VWR at all ages.

Western diet exacerbates, and voluntary aerobic exercise prevents, age-associated aortic 
stiffening.

Aortic pulse-wave velocity, the most well-established in vivo measure of aortic stiffness, was 

significantly increased by 18 months of age in NC-SED mice and continued to increase 

through 24 mo. of age to ~40% above young adult baseline levels (Figure 3A). This age-

related aortic stiffening was exacerbated in sedentary mice consuming Western diet, such 

that aPWV values in WD-SED were higher vs. age-matched NC-SED beginning at 22 mo. 

of age. Lifelong aerobic exercise prevented the age- and Western diet- associated increases 

in aortic stiffness, with aPWV levels in voluntary wheel running mice from both diet groups 

remaining unchanged compared to baseline across the entire lifespan. The group differences 

in aPWV did not appear to be related to changes in arterial blood pressure, as there were no 

consistent changes nor group differences in tail-cuff blood pressure over the lifespan (data 

not shown).

In concert with the age- and WD-related increases in aPWV, intrinsic mechanical stiffness of 

the aorta—determined via ex vivo stress-strain testing of aortic rings and expressed as elastic 

modulus—increased 38-42% from 6 to 19-27 months of age in the NC-SED and WD-SED 

groups (Figure 3B). Increases in intrinsic aortic stiffness were completely prevented by 
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lifelong aerobic exercise in both NC-VWR and WD-VWR mice, consistent with the 

protective effects of lifelong aerobic exercise against age-related increases in aPWV.

Age-related vascular dysfunction and its acceleration by Western diet are linked to aortic 
whole cell and mitochondria-derived oxidative stress, which are prevented by lifelong 
aerobic exercise.

Aortic whole-cell (Figure 4A) superoxide was elevated ~2-fold in NC-SED mice by 27 mo. 

of age (P = 0.035 vs. 6 mo.), consistent with age-related vascular oxidative stress. Given the 

growing body of literature supporting an important role for mitochondria as a source of 

vascular oxidative stress, we also assessed mitochondria-specific superoxide, which was 

increased ~ 2-fold as well at 27 mo. of age (Figure 4B). WD consumption accelerated and 

exacerbated the age-associated increases in whole-cell and mitochondrial superoxide, such 

that ~2.5-3-fold elevations (whole cell: P = 0.032; mitochondrial: P = 0.005 vs. 6 mo. NC-

SED) in aortic whole-cell and mitochondrial superoxide were evident by 6 mo. of age in 

WD-SED mice and persisted across the shortened lifespan of those animals (19 mo. 

timepoint). Lifelong voluntary aerobic exercise prevented the increases in aortic whole-cell 

and mitochondrial superoxide observed with aging in both NC-VWR and WD-VWR groups.

To determine the functional contribution of elevated vascular mitochondrial oxidative stress 

to age- and WD-related vascular dysfunction, we assessed EDD in isolated carotid arteries 

following acute ex vivo application of the mitochondria-targeted antioxidant MitoQ 

(Gioscia-Ryan, LaRocca et al. 2014) (Figure 4C). The higher aortic mitochondrial 

superoxide levels with aging and WD consumption were associated with greater tonic 

suppression of endothelial function by mitochondrial oxidative stress, as indicated by 

significant acute improvements in EDD in the presence vs. absence of MitoQ in 27 mo. NC-

SED and all ages of WD-SED mice (i.e., all groups displaying baseline impairments in 

EDD). Consistent with the suppression of age- and WD- related elevations in whole-cell and 

mitochondrial superoxide, lifelong voluntary aerobic exercise prevented the mitochondrial 

oxidative-stress mediated suppression of EDD, evidenced by no further improvement in 

EDD with acute MitoQ in NC-VWR and WD-VWR groups at all ages.

Age-related vascular dysfunction and its acceleration by WD consumption are associated 
with aortic inflammation, which is attenuated by lifelong exercise.

In sedentary mice consuming NC, aging was associated with ~4-fold elevations in the aortic 

pro-inflammatory cytokines IL1β, IL6, IFN-γ, TNF-α and IL-2 (Figure 5 A–E) by 27 mo. 

of age (P = 0.001 vs. 6 mo). Consumption of WD in sedentary mice accelerated age-related 

aortic inflammation, such that ~ 2-fold elevations in cytokine levels (P = 0.042 vs. 6 mo. 

NC-SED) were observed already by 6 mo. of age in WD-SED, with further increases (to 

levels at least 4-6 times greater than 6 mo. NC-SED) observed by 19 mo. of age. VWR 

completely prevented (in NC-fed mice) or markedly attenuated (in the setting of WD 

consumption) age- and diet- associated elevations in pro-inflammatory cytokines.
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DISCUSSION

Overall, the results of this study provide the first insight into vascular aging across the 

lifespan as modulated by two common lifestyle behaviors observed in human populations—

consumption of a “Western” vs. non-Western dietary pattern and the presence vs. absence of 

regular aerobic exercise. We show that age-associated impairments in the two key 

expressions of vascular function, nitric oxide-mediated endothelium-dependent dilation and 

aortic stiffening, were accelerated and/or exacerbated by lifelong Western diet consumption, 

accompanied by corresponding worsening of age-related vascular oxidative stress—

including excessive mitochondria-derived reactive oxygen species production—and 

inflammation. Lifelong aerobic exercise completely protected arteries from both the separate 

and combined effects of aging and consuming a Western diet, preserving vascular function 

across the lifespan with attendant prevention or marked attenuation of vascular oxidative 

stress and inflammation.

By assessing vascular function at several points over the lifespan in sedentary mice 

consuming standard rodent chow, we were able to establish the temporal pattern by which 

vascular function becomes impaired with adult aging in the absence of adverse dietary or 

beneficial physical activity exposure. In this setting, “primary aging” in mice was 

characterized by the development of vascular endothelial dysfunction and aortic stiffening, 

extending previous findings based on cross-sectional observations in rodents and humans 

(Vaitkevicius, Fleg et al. 1993, Celermajer, Sorensen et al. 1994, Lakatta and Levy 2003, 

Mitchell, Parise et al. 2004, Seals, Jablonski et al. 2011, Donato, Walker et al. 2013, Seals, 

Kaplon et al. 2014). Our results indicate that aortic stiffening increased progressively with 

advancing age; aPWV was significantly increased compared to baseline by later middle-age 

(~18 months) and there was a further, significant increase in older adulthood (24 months). 

This pattern is consistent with longitudinal carotid-femoral pulse-wave data from adult 

humans in the Baltimore Longitudinal Study of Aging (AlGhatrif, Strait et al. 2013). The 

age-related increase in aortic stiffening appeared to be at least partially attributable to arterial 

structural remodeling, as evidenced by greater intrinsic mechanical stiffness of isolated 

aortic rings at later ages (19 and 27 mo.).

We also observed significant impairments in NO-mediated endothelial function in later life 

(27 months) which were not apparent at the middle-age timepoint (19 months), suggesting 

that the onset of endothelial dysfunction occurred sometime between 19 and 27 months. 

Based on human data demonstrating reduced endothelial function by the 5th to 6th decade of 

life (Celermajer, Sorensen et al. 1994, Taddei, Virdis et al. 1995, Brandes, Fleming et al. 

2005, Seals, Jablonski et al. 2011)—equivalent to ~20-24 months in C57BL/6 mice (Dutta 

and Sengupta 2016, Hagan and Catherine 2017)—it is plausible that decrements in peak 

EDD may be present as early as 20-21 months; however, because of the terminal nature of 

our endothelial function measurements performed at 4 pre-determined ages, we cannot 

provide additional temporal resolution regarding the onset of endothelial dysfunction. 

Nevertheless, our data demonstrating the development of vascular dysfunction with primary 

aging provide an important framework for investigating its modification by Western diet and 

aerobic exercise.
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A key objective of this study was to determine how lifelong consumption of a Western diet, 

a common occurrence in human populations of both developed and developing nations, 

interacts with the changes that occur to vascular function with primary aging. Our results 

demonstrate that lifelong Western diet consumption markedly accelerates vascular 

endothelial dysfunction; by 6 months of age, peak EDD in the Western diet-fed mice was 

already impaired similarly to that of the oldest (27 mo.) normal chow-fed mice. We also 

found that Western diet exacerbated aortic stiffening, with aPWV in WD-SED mice 

significantly higher than that of age-matched mice consuming normal chow, due at least in 

part to adverse structural remodeling, as indicated by higher intrinsic mechanical stiffness 

(vs. 6 mo. NC-SED) at 19 mo. in WD-SED. Previous work indicates that high-fat or Western 

diet consumption can induce endothelial dysfunction and promote arterial stiffening and 

remodeling in young animals (Lesniewski, Zigler et al. 2013, García-Prieto and Fernández-

Alfonso 2016, Battson, Lee et al. 2018, Kramer, França et al. 2018, Elrashidy, Zhang et al. 

2019) and a prior study from our laboratory demonstrated that short-term (10-14 weeks) 

Western diet feeding in older mice further worsened already existing age-related endothelial 

dysfunction (Lesniewski, Zigler et al. 2013). Our findings here reinforce and extend this 

previous work by showing that the deleterious effects of lifelong WD consumption extend 

throughout the lifespan and compound the declines in vascular function that occur with age. 

Our findings may also have translational implications. Epidemiological data link Western 

dietary patterns to increased CVD risk (Hu, Rimm et al. 2000, Fung, Rimm et al. 2001, 

Yusuf, Reddy et al. 2001, Iqbal, Anand et al. 2008), and our results suggest that some of this 

risk likely is attributable to exacerbation of the already significant vascular dysfunction that 

occurs with natural adult aging.

The most remarkable finding of the present study was that we show for the first time that 

lifelong voluntary wheel running completely prevented the impairments in vascular function 

induced by primary aging and, even more impressively, the additive dysfunction induced by 

lifelong Western diet consumption. Interestingly, the preservation of vascular function by 

aerobic exercise persisted to the oldest ages despite the well-documented substantially lower 

volume of voluntary running exercise observed in older compared to younger mice (Durrant, 

Seals et al. 2009, Fleenor, Marshall et al. 2010, Lesniewski, Zigler et al. 2013, Goh and 

Ladiges 2015, Gioscia-Ryan, Clayton et al. 2020). The present results demonstrating the 

effects of lifelong voluntary wheel running extend previous findings demonstrating that 

short-term exercise interventions initiated in late life improve vascular function in mice in 

settings of aging alone and aging compounded by short-term Western diet (Durrant, Seals et 

al. 2009, Fleenor, Marshall et al. 2010, Lesniewski, Zigler et al. 2013, Gu, Wang et al. 

2014). In humans, later-life aerobic exercise training interventions improve vascular 

endothelial function (DeSouza, Shapiro et al. 2000, Seals, Desouza et al. 2008, Pierce, 

Donato et al. 2011, Nowak, Rossman et al. 2018) and some studies suggest favorable effects 

on arterial stiffness, though these results are less consistent, possibly related to the relatively 

short duration of the intervention period (Tanaka, Dinenno et al. 2000, Moreau, Donato et al. 

2003, Nowak, Rossman et al. 2018). There are limited data on the effects of regular aerobic 

exercise over longer periods of adulthood in humans. Cross-sectional analyses suggest that 

habitually aerobic exercise trained older adults have preserved endothelial function and that 

the age-associated increase in arterial stiffness is attenuated by 50% or more compared with 
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sedentary individuals (Vaitkevicius, Fleg et al. 1993, Seals, Desouza et al. 2008, Gando, 

Kawano et al. 2010, Laurent, Marenco et al. 2011, Seals 2014, Pierce 2017, Nowak, 

Rossman et al. 2018, Shibata, Fujimoto et al. 2018, Tanaka, Palta et al. 2018). This, 

combined with our results, suggest that maintenance of physical activity in general, and 

regular aerobic exercise in particular, throughout life may be critical for optimizing vascular 

health. Additionally, our results indicate that the vascular protective effects of regular, 

lifelong aerobic exercise may persist even in the face of adverse effects of prolonged 

exposure to consumption of a Western diet. Future work is warranted to determine the 

translational potential of these observations—particularly with respect to the optimal timing 

and duration of aerobic exercise required to confer vascular-protective effects in human as 

compared to rodent aging (Demetrius 2005) - and to establish whether the salutary effects of 

voluntary running extend to other forms of aerobic exercise (e.g., cycling, swimming) 

commonly performed by older adults.

As expected, the development of age-related vascular dysfunction was accompanied by 

aortic oxidative stress and inflammation, consistent with previous work establishing these 

mechanisms as key drivers of vascular aging (Lakatta 2003, Seals, Kaplon et al. 2014, 

Donato, Machin et al. 2018, Ungvari, Tarantini et al. 2018). Emerging evidence supports an 

important role for vascular mitochondria dysregulation as an important factor contributing to 

age-related vascular oxidative stress and inflammation (Davidson and Duchen 2007, 

Widlansky and Gutterman 2011, Kluge, Fetterman et al. 2013, Rossman, Gioscia-Ryan et al. 

2020). Consistent with this idea, we observed elevations in aortic mitochondria-specific 

superoxide across the lifespan in sedentary mice consuming normal chow, and associated 

tonic suppression of EDD, evidenced by restoration of EDD with the ex vivo application of a 

mitochondrial antioxidant (MitoQ) to isolated arteries (Gioscia-Ryan, LaRocca et al. 2014). 

Together, these observations support the growing body of literature indicating that vascular 

mitochondria are an important source of reactive oxygen species bioactivity and oxidative 

stress in aging arteries (Rossman, Gioscia-Ryan et al. 2020).

The exacerbation of vascular dysfunction by Western diet consumption was mediated, at 

least in part, by exaggeration of the same mechanisms observed to mediate primary vascular 

aging, as age-related elevations in aortic superoxide, mitochondria-specific superoxide, and 

inflammation were more pronounced in mice consuming Western diet throughout the 

lifespan. This is in line with evidence that Western diet intake promotes oxidative stress, 

inflammation, and impairs mitochondrial function in many tissues, including in the 

vasculature (Lesniewski, Zigler et al. 2013, Gioscia-Ryan, Battson et al. 2016, Kramer, 

França et al. 2018). The results of the present study provide the first evidence that lifelong 

aerobic exercise decreases total arterial superoxide production, mediated at least in part by 

decreased mitochondrial superoxide production, and suppresses inflammation with aging, 

even in animals consuming a pro-inflammatory WD. These findings extend our previous 

findings that improvements in vascular function following late-life exercise interventions in 

mice are mediated by decreases in oxidative stress and inflammation (Durrant, Seals et al. 

2009, Fleenor, Marshall et al. 2010, Lesniewski, Durrant et al. 2011, Lesniewski, Zigler et 

al. 2013) and have also been associated with improvements in vascular mitochondrial health 

markers in some models (Knaub, McCune et al. 2013, Gu, Wang et al. 2014, Keller, Knaub 

et al. 2015, Gioscia-Ryan, Battson et al. 2016). Taken together, the present results along with 
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our earlier findings demonstrate that regular aerobic exercise preserves vascular function 

with aging and consumption of a WD by inhibiting vascular oxidative stress, inflammation, 

and adverse mitochondrial alterations.

Conclusion

In summary, this study provides novel insight into the interactive influences of primary 

aging, Western diet consumption, and aerobic exercise on vascular function across the 

lifespan in mice. Our data indicate that lifelong aerobic exercise is a powerful intervention 

which largely prevents the development of age-related vascular endothelial dysfunction and 

arterial stiffening, even when compounded by Western diet, by mitigating vascular oxidative 

stress and inflammation (Figure 6). Our results contribute to the understanding of the 

interplay among aging and these real-world lifestyle factors on vascular function and could 

inform efforts aimed at identifying effective strategies to preserve cardiovascular health 

across the lifespan in humans.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key Points

Overall, the results of the present study:

• Establish the temporal pattern of age-related vascular dysfunction across the 

adult lifespan in sedentary mice consuming a non-Western diet, and the 

underlying mechanisms;

• Demonstrate that consuming a Western diet accelerates and exacerbates 

vascular aging across the lifespan in sedentary mice;

• Show that lifelong voluntary aerobic exercise has remarkable protective 

effects on vascular function throughout the lifespan, in the setting of aging 

alone, as well as aging compounded by Western diet consumption;

• Indicate that amelioration of mitochondrial oxidative stress and inflammation 

are key mechanisms underlying the voluntary aerobic exercise-associated 

preservation of vascular function across the lifespan in both the presence and 

absence of a Western dietary pattern.
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Figure 1. Study overview
At 3 months of age, mice were randomly assigned to diet (normal rodent chow, NC, or 

Western diet, WD) and exercise (sedentary, SED, or voluntary wheel running, VWR) 

conditions, which were continued for the duration of the study. Non-invasive measurements 

(top) of aortic stiffness (pulse wave velocity) were obtained at intervals of approximately 3-6 

months. Terminal measurements (bottom) of endothelial function in isolated carotid arteries 

were performed at 4 pre-determined ages (6 mo, 13 mo, 19 mo, and 27 mo), at which times 

aortic tissue was collected for determination of intrinsic mechanical stiffness, oxidative 

stress, and inflammation.
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Figure 2. Western diet accelerates, and voluntary aerobic exercise prevents, age-associated, 
impairments in nitric oxide-mediated endothelium-dependent dilation throughout the lifespan.
A) Peak carotid artery endothelium-dependent dilation (EDD) to acetylcholine (ACh) in 

normal chow sedentary (NC-SED), Western diet sedentary (WD-SED), NC voluntary wheel 

running (NC-VWR), and WD voluntary wheel running (WD-VWR) mice at ages indicated 

on the x-axis. B) Peak carotid artery endothelium-independent dilation in response to the 

direct nitric oxide (NO) donor sodium nitroprusside (SNP). C) Proportion of EDD mediated 

by NO, assessed as the difference between peak EDD in the absence vs. presence of L-

NAME.

n = 7-13 (NC-SED; all time-points); n = 6-10 (WD-SED; 6, 13 and 19 mo); n = 7-27 (NC-

VWR; all time-points); n = 5-8 (WD-VWR; all time-points). Data are the mean ± SD. *P < 

0.05 Two-way ANOVA, main effect of group with post-hoc test demonstrating a significant 

difference between NC-SED vs. WD-SED; #P < 0.05 main effect of group with post-hoc test 

demonstrating a significant difference between NC-VWR vs. NC-SED and WD-VWR vs. 

WD-SED; ^P < 0.05 main effect of group with post-hoc testing demonstrating a significant 

difference between NC-SED vs. WD-VWR; +P < 0.05 significant difference over time 

within group.
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Figure 3. WD exacerbates, and voluntary aerobic exercise prevents, age-associated aortic 
stiffening.
A) Aortic stiffening as measured by aortic pulse wave velocity across the lifespan (ages 

indicated on x-axis) in normal chow (NC-SED; n = 17-29), Western diet (WD-SED; n = 

12-27), NC voluntary wheel running (NC-VWR; n = 4-15) and WD-VWR (WD-VWR; 

5-31).

B) Intrinsic mechanical stiffness (elastic modulus) in isolated aorta rings from NC-SED (n = 

5), WD-SED (n = 4–5), NC-VWR (n = 4–6) and WD-VWR (n = 4).

Data are the mean ± SD. *P < 0.05 main effect of group with post-hoc test demonstrating a 

significant difference between NC-SED vs. WD-SED; #P < 0.05 main effect of group with 

post-hoc test demonstrating a significant difference between NC-VWR vs. NC-SED and 

WD-VWR vs. WD; ^P < 0.05 main effect of group with post-hoc testing demonstrating a 

significant difference between NC-SED vs. WD-VWR; +P < 0.05 significant difference over 

time within group.
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Figure 4. Age-related vascular dysfunction and its acceleration by Western diet consumption are 
linked to aortic whole cell and mitochondria-derived oxidative stress, which are prevented by 
lifelong exercise.
Whole-cell (A) and mitochondria-specific (B) superoxide production in aortic segments 

from normal chow (NC-SED; n = 4-8/group), Western diet (WD-SED; n = 4-7/group), NC 

voluntary wheel running (NC-VWR; n = 5-13/group), and WD voluntary wheel running 

(WD-VWR; n = 4-5/group) mice at 6, 19 and 27 mo. of age. C) Peak endothelium-

dependent dilation (EDD) to ACh in the absence versus presence of acute ex vivo treatment 

with the mitochondria-specific antioxidant MitoQ (NC-Sed, n = 4-6/group; WD-Sed, n = 

4-5/group; NC-VWR, n = 5-8/group; WD-VWR, n= 4-5/group). Data are the mean ± SD.

*P < 0.05 main effect of group with post-hoc test demonstrating a significant difference 

between NC-SED vs. WD-SED; #P < 0.05 main effect of group with post-hoc test 

demonstrating a significant difference between NC-VWR vs. NC-SED and WD-VWR vs. 

WD-SED; ^P < 0.05 main effect of group with post-hoc testing demonstrating a significant 

difference between NC-SED vs. WD-VWR; +P < 0.05 significant difference over time 

within group. § p<0.05 MitoQ treated vs. untreated within group and timepoint.
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Figure 5. Age-related vascular dysfunction and its acceleration by Western diet consumption are 
accompanied by aortic inflammation, which is attenuated by lifelong exercise.
Aortic protein abundance of inflammatory cytokines A) interleukin (IL)-1β, B) IL-6, C) 
interferon (IFN)-γ, D) tumor necrosis factor (TNF)-α, and E) IL-2 in aortic lysates from 

normal chow sedentary (NC-SED), Western diet sedentary (WD-SED), NC voluntary wheel 

running (NC-VWR), and WD voluntary wheel running (WD-VWR) mice at 6, 19 and 27mo 

of age. n = 5 (NC-SED; all time-points); n = 5 (WD-SED; 6, 13 and 19 mo); n = 5 (NC-

VWR; all time-points); n = 5 (WD-VWR; all time-points).

Data are the mean ± SD. *P < 0.05 main effect of group with post-hoc test demonstrating a 

significant difference between NC-SED vs. WD-SED; #P < 0.05 main effect of group with 

post-hoc test demonstrating a significant difference between NC-VWR vs. NC-SED and 

WD-VWR vs. WD-SED; ^P < 0.05 main effect of group with post-hoc testing 

demonstrating a significant difference between NC-SED vs. WD-VWR; +P < 0.05 

significant difference over time within group.
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Figure 6. Working hypothesis.
We studied interactions of common lifestyle factors and vascular aging across the lifespan in 

mice. Age-related nitric oxide-mediated endothelial dysfunction and aortic stiffening were 

accelerated and exacerbated by lifelong Western diet, with corresponding worsening of age-

related vascular mitochondria-derived oxidative stress and inflammation. Lifelong exercise 

preserved vascular function throughout life regardless of diet, with attendant amelioration of 

oxidative stress and inflammation.
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Table 1.

Carotid artery sensitivity (EC50) to acetylcholine

EC50 (logM)

Age NC-Sed WD-Sed NC-VWR WD-VWR

6 mo −7.4 ± 0.5 −7.1 ± 1.0 −7.7 ± 0.8 −7.5 ± 0.5

13 mo −7.4 ± 0.8 −7.7 ± 0.8 −7.5 ± 0.5 −7.5 ± 0.5

19 mo −7.6 ± 0.7 −7.0 ± 0.9 −7.4 ± 0.8 −6.8 ± 0.4

27 mo −7.6 ± 0.8 No Survival −7.7 ± 0.6 −7.5 ± 1.0

NC-Sed: Normal Chow-Sedentary; WD-Sed: Western Diet-Sedentary; NC-VWR: Normal Chow- Voluntary Wheel Running; WD-VWR: Western 
Diet-Voluntary Wheel Running. Data are presented as mean ± SD. There were no statistically significant differences among groups (main effect of 
timepoint, p = 0.34; main effect of group, p = 0.16).
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