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Abstract

Advancing age is associated with increased stiffness of large elastic arteries as

assessed by aortic pulse wave velocity (PWV). Greater PWV, associated with

increased risk of cardiovascular diseases, may result from altered expression of

the extracellular matrix proteins, collagen and elastin, as well as cross-linking

of proteins by advanced glycation end products (AGEs). Indeed, aortic PWV

is greater in old (28–31 months) normal chow (NC, 16% fat by kcal)-fed male

B6D2F1 mice compared with young (Y: 5–7 months) NC-fed mice (397 � 8

vs. 324 � 14 cm/s, P < 0.05). Aging also induces a ~120% increase in total

aortic collagen content assessed by picosirius red stain, a ~40% reduction in

medial elastin assessed by Verhoeff’s Van Geison stain, as well as a 90%

greater abundance of AGEs in the aorta (P < 0.05). The typical American diet

contains high dietary fat and may contribute to the etiology of arterial stiffen-

ing. To that end, we hypothesized that the age-associated detriments in arte-

rial stiffening are exacerbated in the face of high dietary fat. In young animals,

high-fat (40% fat by kcal) diet increases aortic stiffness by 120 � 18 cm/s

relative to age-matched NC-fed mice (P < 0.001). High-fat was without effect

on aortic collagen or AGEs content in young animals; however, elastin was

greatly reduced (~30%) after high-fat in young mice. In old animals, high-fat

increased aortic stiffness by 108 � 47 cm/s but was without effect on total

collagen content, medial elastin, or AGEs. These data demonstrate that both

aging and high-fat diet increase aortic stiffness, and although a reduction in

medial elastin may underlie increased stiffness in young mice, stiffening of the

aorta in old mice after high-fat diet does not appear to result from a similar

structural modification.

Introduction

In industrialized societies, cardiovascular diseases (CVD)

are the leading cause of morbidity and mortality

(Lakatta and Levy 2003; Redberg et al. 2009). Among

CVD, coronary heart disease accounts for nearly half of

all deaths (Go et al. 2013). Several factors contribute to

the development of cardiovascular disease such as the

ingestion of a typical high-fat diet and advancing age,

which is the single greatest, nonmodifiable contributor

to CVD risk. The underlying mechanisms by which

high-fat and advancing age contribute to CVD etiology

are not fully known, however, increased large artery stiff-

ness has been implicated as a strong predictor of future

CVD (Laurent et al. 2005; Sutton-Tyrrell et al. 2005;

Willum Hansen et al. 2006; Go et al. 2013). Arterial

stiffness is influenced by acute physiological perturba-

tions such as the consumption of a single high-fat meal
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(Mc Clean et al. 2007), as well as chronic physiological

stimuli such as stress (Vlachopoulos et al. 2009), long-

term dietary changes (Avolio et al. 1986), and exercise

(Vaitkevicius et al. 1993), which, in some cases, lead to

permanent or semipermanent structural changes. For

example, increased arterial stiffness is linked to greater

collagen protein expression with age in the arterial wall

(Zieman et al. 2005; Fitch et al. 2006; Diez 2007; Fleenor

et al. 2010) and reduced (Fitch et al. 2006) or

fragmented elastin in the elastic lamina (Wagenseil et al.

2005). Concurrent with greater collagen expression,

arterial stiffening is also associated with increased cross-

linking of collagen fibers (Sims et al. 1996) by protein–
glucose interactions termed advanced glycation end

products (AGEs; Kass et al. 2001; Wolffenbuttel et al.

1998). These structural modifications together contribute

to greater arterial stiffness and thus to elevated risk of

CVD morbidity/mortality.

Both obesity and advancing age have been indepen-

dently linked to greater pulse wave velocity (PWV), an

in vivo index of arterial stiffness (Vaitkevicius et al.

1993; Mitchell et al. 2004; Sutton-Tyrrell et al. 2005;

Zebekakis et al. 2005; Safar et al. 2006). However, with

an increasing percentage of older adults in the popula-

tion (The State of Aging and Health in America 2013),

the coincidence of older age and consumption of a

high-fat diet is rising (Villareal et al. 2005; Chapman

2008; Go et al. 2013), and these risk factors may inter-

act to compound stiffening of the large arteries and

contribute to subsequent CVD morbidity and

mortality.

In the present study, we sought to explore the

hypothesis that two hallmark CVD risk factors common

to the American population, namely advancing age and

the chronic consumption of a high-fat diet, may exert

an additive effect on large elastic artery stiffness. To

explore this hypothesis, we utilized high-fat feeding in

the B6D2F1 mouse, a strain we have previously

demonstrated to develop increased PWV (large artery

stiffening) with advanced age (Donato et al. 2013). To

explore the additive effect of aging and consumption of

high dietary fat, we assessed in vivo arterial stiffness by

pulse wave velocity in animals fed either high-fat

(8 weeks, 40% fat by kcal) diet or normal chow (NC)

diet and we further sought to elucidate the potential

mechanisms contributing to greater stiffness in response

to these stimuli by examining changes in key structural

components of the artery. Specifically, we hypothesized

that advancing age and high-fat diet would induce

altered content of key structural proteins (collagen and

elastin) as well as increase the formation of a key modi-

fier of collagen, advanced glycation end products, com-

pared with either condition alone.

Methods

Animals

Old B6D2F1 mice were obtained from the National Insti-

tute on Aging rodent colony maintained at Charles River

Inc. and young mice were obtained from the commercial

colony maintained at Charles River Inc. All mice were

housed in an animal care facility at the Salt Lake City

VA Medical Center’s Animal Facility on a 12:12 light:

dark cycle. Young (7.6 � 0.5 months) and old (30.4 �
0.3 months) male mice were fed normal rodent chow

(NC: 16% kcal from fat, 55% carbohydrate, 29% protein,

8640 Harlan Teklad 22/5 Standard Rodent Chow) or a

commercially available high-fat diet (HF: 41% kcal from

fat (41% saturated/total fat), 41% from carbohydrate,

18% protein, Harlan Adjusted Fat diet #TD.96132) ad

libitum and housed in standard mouse cages for

8–12 weeks prior to sacrifice as previously described

(Lesniewski et al. 2013). Access to food and water was

provided ad libitum. All animal procedures conformed to

the Guide for the Care and Use of Laboratory Animals

(2011, 8th Ed) and were approved by the University of

Utah and Salt Lake City VA Medical Center Animal Care

and Use Committee.

In vivo pulse wave velocity

The day before euthanasia, aortic PWV was measured as

described previously (Hartley et al. 1997; Reddy et al.

2003, 2005, Donato et al. 2013). Briefly, mice were

anesthetized under 2% isoflurane in a closed chamber

anesthesia machine (V3000PK, Parkland Scientific, Coral

Springs, FL) for ~1–3 min. Anesthesia was maintained via

nose cone, and mice were secured in a supine position on

a heating board (~35°C) to maintain body temperature.

Velocities were measured with 4-mm crystal 20-MHz

Doppler probes (Indus Instruments, Webster, TX) at the

transverse aortic arch and ~ 4 cm distal at the abdominal

aorta and collected using WinDAQ Pro+ software (DataQ

Instruments, Akron, OH). Absolute pulse arrival times

were indicated by the sharp upstroke, or foot, of each

velocity waveform analyzed with WinDAQ Waveform

Browser (DataQ Instruments, Akron, OH). Aortic PWV

is then calculated as the quotient of the separation dis-

tance, assessed to the nearest half millimeter by engineer-

ing caliper (typically ~4 cm) and difference in absolute

arrival times.

Aortic histology

Animals were euthanized via by exsanguination via car-

diac puncture under isoflurane anesthesia. Thoracic aortas
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were quickly excised and placed in cold (4°C) physiologi-
cal salt solution. Two millimeter rings with perivascular

tissue intact were removed from the thoracic aorta

directly distal to the greater curvature of the aortic arch

and embedded in Optimal Cutting Temperature (OCT)

medium. Rings were sectioned (7 micron) and mounted

on glass slides for histologic analysis. Collagen was

quantified by picrosirius red stain as described previously

(Donato et al. 2013) and green channel images from a

RGB stack were utilized for densitometric quantification

with ImageJ (NIH, Bethesda, MA). Elastin was quantified

by Verhoff’s Van Geison stain as described previously

(Raub et al. 2010) and 8-bit grayscale were utilized for

densitometric quantification with ImageJ. AGEs were

assessed by immunohistochemical visualization. Briefly,

sections are washed and incubated in primary antibody

(1:200, GeneTex 20055) or negative control (2.5% horse

serum, Vector Labs) overnight and AGEs were visualized

using the appropriate secondary antibody and Vector

Labs NovaRed (SK-4800) Peroxidase substrate kit. Three

separate, blinded observers scored images on a zero to

three scale (0 = absence of appreciable positive stain,

1 = minimal positive stain, 2 = appreciable positive stain,

3 = highly positive stain). Scores for each section were

averaged across observers and normalized to negative

control sections.

Free fatty acid assessment

Plasma nonesterified fatty acid content was measured in

blood collected during exsanguination by cardiac punc-

ture using a commercially available kit (Wako Diagnos-

tics, HR-Series NEFA-HR).

Statistics

To detect differences between age and diet groups for

pulse wave velocity as well as collagen, elastin, and AGEs

content, one-way analysis of variance were performed

with least squares difference post hoc tests utilized where

appropriate. All data are represented as mean � SEM.

Significance was set at P < 0.05.

Results

Animal characteristics

In comparison to young NC-fed mice, both heart mass

and liver mass were greater in old NC mice. Soleus mass,

while tending to be greater in aged animals was not sig-

nificantly different from young counterparts. Although

not different with aging in NC-fed mice, epididymal

white adipose tissue (WAT) was higher after HF diet in

young and old mice. Serum-free fatty acid content was

not different between groups (Table 1).

Pulse wave velocity is markedly increased by age
and high-fat diet alone and in combination

When compared with young NC, aortic stiffness, assessed

by PWV, was higher in old NC (324 � 14 vs.

397 � 8 cm/s, P < 0.05) mice. Aortic stiffness was greater

in young animals fed HF for 8 weeks (+120 cm/s,

P < 0.05 compared to young NC) and HF led to a further

increase in PWV in old mice (505 � 47.11 cm/s,

P < 0.05 compared to both young and old NC; Fig. 1).

Heart rates during testing were not significantly different

between treatments or ages (data not shown).

Aortic collagen content is increased by age but
not high-fat diet

In histological sections of aortas excised from old NC ani-

mals, collagen content was 120% higher than young NC

(P < 0.05). HF did not impact aortic collagen content in

young or old mice (Fig. 2A).

Table 1. Body, heart, liver, soleus muscle, and epididymal white adipose tissue (WAT) mass and free fatty acids (FFA) in young and old normal

chow (NC) and high-fat (HF)-fed mice.

Young (Y) Old (O)

NC HF NC HF

N 14 13 20 9

Body Mass (g) 32.7 � 1.34 35.7 � 0.8 37.2 � 2.3 39.9 � 1.7

Heart Mass (g) 0.19 � 0.01 0.16 � 0.01 0.26 � 0.03* 0.20 � 0.03

Liver Mass (g) 1.87 � 0.14 1.68 � 0.06 2.19 � 0.07* 2.33 � 0.21

Soleus Mass (g) 0.017 � 0.001 0.016 � 0.002 0.023 � 0.004 0.023 � 0.009

WAT Mass (g) 0.62 � 0.05 0.85 � 0.08* 0.80 � 0.14 1.25 � 0.24†

Plasma FFA 724 � 64 843 � 208 958 � 195 975 � 109

Values are mean � SEM *P < 0.05 versus YC. †P < 0.05 versus OC.
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Aortic elastin content is reduced by aging and
high-fat diet

Aging reduced elastin content in the aortic media by

~30% (P < 0.05).The same reduction (~30%) in aortic

elastin was observed in young mice after HF (P < 0.05);

however, there was no further reduction in elastin content

in old mice after HF (Fig. 2B).

Advanced glycation end products are increased
by aging and HF diet in the aorta

There was a 90% increase in aortic AGEs of old compared

to young NC-fed mice (P < 0.05). This age-associated

increase in AGEs was mirrored in young mice after HF

(98% increase, P < 0.05). However, the combination of

older age and HF did not result in an additive increase in

AGEs content (Fig. 3).

Discussion

The novel findings of the present study are that (i) two

major, commonly coincident risk factors for CVD,

advancing age and consumption of a high-fat diet, addi-

tively increase arterial stiffness; (ii) high-fat diet is

sufficient to reduce arterial elastin and increase collagen

cross-links by AGEs in young mice; and (iii) while

advancing age and high-fat diet induce structural abnor-

malities in the arterial wall independently, these structural

modifications are not the main contributor to the additive

effect of older age and high-fat diet on arterial stiffening.

Large elastic artery stiffening and structural
alterations with aging

The results of the present study are in agreement with

previously published reports that demonstrated an age-

associated increase in large artery stiffness with aging,

assessed by aortic pulse wave velocity in humans (McEni-

ery et al. 2005) and mice (Donato et al. 2013), and a

decreased distensibility in isolated carotid arteries from

old mice (Donato et al. 2013). Stiffening of the carotid

and aorta, large conduit arteries, was associated with

A

B

Figure 2. Total thoracic aortic collagen (A) and medial elastin (B)

content in young normal chow (YC) and high-fat (YHF) fed and old

normal chow (OC) and high-fat (OHF)-fed B6D2F1 mice. Collagen

and elastin are expressed normalized to their respective YC means.

Representative picrosirius red (collagen) and Verhoeff’s Van Geisson

(elastin)-stained aortic rings are provided to the right of the

summary graphs (clockwise from upper left: YC, YHF, OC, OHF).

Values are mean � SEM. *P < 0.05 versus YC.

Figure 1. Aortic pulse wave velocity (PWV; n = 5–13 per group) in

young normal chow (YC) and high-fat (YHF) fed and old normal

chow (OC) and high-fat (OHF) fed B6D2F1 mice. Values are

mean � SEM. *P < 0.05 versus YC. †P < 0.05 versus OC.

Figure 3. Aortic advanced glycation end products (AGEs) in young

normal chow (YC) and high-fat (YHF) fed and old normal chow

(OC) and high-fat (OHF)-fed B6D2F1 mice. AGEs identified by

immunohistochemistry with primary antibody against AGEs

(Genetex) and visualized with NovaRed. Representative stained

aortic rings are provided to the right of the summary graphs

(clockwise from upper left: YC, YHF, OC, OHF) Values are

mean � SEM *P < 0.05 versus YC.
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structural modifications in the arterial wall (Donato et al.

2013). Here, we demonstrate that concurrent with an

increase in aortic stiffness assessed in vivo, there is an

increase in collagen deposition throughout the arterial

wall, as well as reduced elastin content in the elastic lam-

ina, similar to what has been found previously in aged

humans (Goldin et al. 2006) and rodents (Donato et al.

2013). Importantly, and in agreement with others

(Fleenor et al. 2012; LaRocca et al. 2013), we also found

an age-associated increase in advanced glycation end

products. These data are significant given the efficacy of

AGEs breakers in treating diabetic aortic stiffness in rats

(Wolffenbuttel et al. 1998). Indeed, clinical treatment

with ALT-711, an advanced glycation end product

breaker, has been shown to increase arterial compliance,

reducing pulse wave velocity in a hypertensive patient

population (Kass et al. 2001).

Contribution of high-fat diet to arterial
structure

We have previously demonstrated that high-fat diet is

associated with reduced arterial function in the B6D2F1

mouse (Lesniewski et al. 2013). It is also appreciated that

obesity, and even acute ingestion of a single high-fat meal

(Lithander et al. 2013), induce alterations in in vivo arte-

rial stiffness. However, there are limited data exploring

the contribution of a high-fat diet per se to arterial struc-

tural components. Data from obesity-related studies sug-

gest that obesity is strongly associated with increased

arterial stiffness (Sutton-Tyrrell et al. 2001; Wildman

et al. 2003), and it is well-appreciated that chronic expo-

sure to high-fat diet induces obesity in humans and ani-

mals. While our animals did not gain weight over the

treatment period, our data are the first to demonstrate

that high-fat diet per se, even independent of obesity,

induces structural maladaptations in the arterial wall;

notably, reduced elastin content of the medial layer. Elas-

tin can be degraded by elastases such as matrix metallo-

proteinase (MMP)-9 (Lau et al. 2008). Importantly,

MMP-9 has been shown to be elevated in serum from

obese patients (Ghanim et al. 2004) and in normal weight

subjects following ingestion of a single high-fat, high-car-

bohydrate meal (Ghanim et al. 2010), providing a poten-

tial mechanism for the changes in elastin observed in this

study. We further show that high-fat diet is sufficient to

induce a greater expression of AGEs in the aorta of young

animals. Previous studies have found similar increases in

AGEs high-fat in the viscera of high-fat fed animals (Li

et al. 2005) or in the arteries of diabetic mice (Reaven

et al. 1997), but, to our knowledge, we are the first to

demonstrate the high-fat diet increases AGEs in the arte-

rial wall.

Combined effect of aging and diet on large
elastic arteries

Chronic consumption of a typical American high-fat diet

can lead to obesity as well as a variety of pathophysiologi-

cal consequences such as hepatic steatosis (Ma et al.

2008), diabetes (Ravussin and Smith 2002; Lesniewski

et al. 2007) and vascular endothelial dysfunction (Lesniew-

ski et al. 2008; Donato et al. 2012). The latter may result

from, or contribute to, increased arterial stiffness. In

humans, few studies have explored the combined effects of

obesity and aging on arterial stiffening, and the few avail-

able reports have contradictory results. While a report by

Corden et al. (2013) found that obesity is associated with

greater pulse wave velocity in older adults and lower pulse

wave velocity (PWV) in children, Wildman et al. (2003)

demonstrated that obesity is associated with a 40 to

90 cm/s increase in pulse wave velocity across age groups.

Similar to the results obtained in obese animals by Wild-

man et al., we demonstrate here that consumption of

high-fat diet per se increased pulse wave velocity in both

young and old mice and that the increase was similar in

magnitude (~100 cm/s) in both age groups. However, the

important distinction is that our data suggest that high-fat

diet, even in the absence of overt obesity, induces adverse

physiological consequences such as arterial stiffness.

Furthermore, we extended these findings to explore

the potential changes in arterial structural components

that may underlie alterations in arterial stiffness. Our

data provide evidence for differential mechanisms con-

tributing to increased arterial stiffness after high-fat diet

between young and old mice. Nevertheless, given the

higher initial pulse wave velocity in old normal show fed

mice, the increased pulse wave velocity after high-fat diet

in old mice results in a large increase in arterial stiffness

that may be a critical factor in the increased risk of dis-

ease and mortality when aging is combined with high-fat

diet. These results are highly significant given that the

population of older adults in the United States is

expected to double by 2050 (Unal et al. 2010) and that

obesity has increased steadily in this age group from

1999 to 2010 (Fakhouri et al. 2012). Consequently, a

recent report demonstrates that the lifetime health care

costs are significantly increased and health outcomes are

significantly worsened by overweight/obesity in Ameri-

cans above age 65 (Yang and Hall 2008).

Dichotomous structural modifications in
young and old mice

We have previously demonstrated that aging is related to

key structural changes within the arterial wall typically

associated with greater stiffness (Donato et al. 2013).
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Namely, the deposition of collagen concomitant with

reduced or fragmented elastin and greater formation of

advanced glycation end products (Donato et al. 2013).

Thus, we hypothesized that an additive effect of high-fat

diet and aging would be reflected in arterial structural

changes. However, although we did observe an increase in

pulse wave velocity in old high-fat diet fed mice com-

pared with diet- and age-control animals, we did not

observe the same structural modifications in old high-fat

fed mice as were observed in young mice after high-fat

diet. One possible explanation for the dichotomy of

changes in the structural composition arteries is that

aging or chronic high-fat diet in youth is associated with

significant structural changes; however, in older age, the

established modifications in the arterial wall are at or near

the physiological threshold. Dysfunction of the arterial

endothelium, a well-established phenomenon that occurs

with advancing age and after high-fat diet, both indepen-

dently and in combination, may underlie the additive

effect of aging and high-fat diet on PWV (Lesniewski

et al. 2008; Donato et al. 2012, 2013). Endothelial dys-

function is characterized by a blunted vasodilatory

response to pharmacological stimulation in ex vivo vessel

preparations. In young mice fed high-fat diet, impaired

endothelium-dependent dilation was associated with a

greater mechanical stiffness of the carotid artery, calcu-

lated from the passive mechanical properties in excised

carotid artery. However, although consumption of a high-

fat diet also reduced endothelium-dependent dilation to

acetylcholine in old mice compared to age-matched nor-

mal chow fed mice, this was not associated with greater

mechanical stiffness (Lesniewski et al. 2013). We further

demonstrated that the old animals fed high-fat diet had a

reduced nitric oxide bioavailability compared to age-

matched normal chow fed counterparts that was abolished

by superoxide scavenging. Taken together with the present

findings demonstrating a lack of change in structural prop-

erties in the old high-fat fed mice, these previous results

implicate an oxidative stress-mediated reduction in endo-

thelial function in increased in vivo arterial stiffness after

high-fat diet in old mice. Indeed, both reductions in nitric

oxide (Fitch et al. 2001) and greater superoxide (Delles

et al. 2008; Donato et al. 2013) have been related to

increases in arterial stiffness. This provides evidence that

additional factor(s), perhaps related to vascular cell signal-

ing, may confer stiffness to the artery in addition to struc-

tural or mechanical alterations.

Conclusions and Implications

Our data demonstrate that there is an effect of both age

and high-fat diet on aortic pulse wave velocity, a major

predictor of future CVD-related morbidities and mortali-

ties. Here, we provide evidence that in young animals fed

high-fat diet and old animals fed normal chow, increased

pulse wave velocity is associated with greater collagen,

reduced elastin, and greater advanced glycation end prod-

ucts than their young normal chow fed counterparts. Fur-

thermore, although old animals fed a high-fat diet had

greater pulse wave velocity than normal chow fed age-

matched mice, this increase in large artery stiffness did

not result from further alterations in structural proteins;

perhaps indicating a role of endothelial dysfunction in the

large artery stiffening observed in these mice.

Limitations

We acknowledge that there are several limitations to the

current study. In vivo pulse wave velocity is a powerful

tool for the assessment of arterial stiffening. It is

strongly associated with blood pressure and does not

allow for mechanistic dissection of the observed changes

in structural proteins. Unfortunately, our study lacks

blood pressure measures that would allow us to evaluate

if the relation between blood pressure and PWV is

impacted by high-fat diet in old mice. Additionally,

while the absolute change in structural proteins such as

collagen and elastin provide some mechanistic insights

into alterations in arterial stiffness, we are not able to

assess quantitative changes in the architecture of these

proteins. For example, changes in the structure of colla-

gen fibers and the fragmentation of elastin in the elastic

lamina may contribute as much as, if not more than,

total protein content. Future studies should also deter-

mine if the observed structural changes are preventable

and/or reversible by pharmacological (e.g., protein cross-

link breakers or beta-adrenergic blockade) or lifestyle

(e.g., chronic aerobic exercise or intermittent fasting)

interventions, providing valuable links between structural

and functional outcomes in arteries.

Summary

The novel findings of the present study demonstrate

that both aging and high-fat diet increase aortic stiff-

ness. We further find that although a reduction in

medial elastin may underlie increased stiffness in young

mice, stiffening of the aorta in old mice after high-fat

diet does not appear to result from a similar structural

modification. The results of these studies suggest that

the underlying mechanisms for high-fat diet-induced

large artery stiffening differ with age, and thus effective

therapies to ameliorate arterial stiffness may need to be

targeted to specific populations; that is, therapies that

are effective in young populations may not be effica-

cious in older individuals.
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