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Abstract

As our world’s population ages, cardiovascular diseases (CVD) will become an increasingly
urgent public health problem. A key antecedent to clinical CVD and many other chronic disorders
of aging is age-related arterial dysfunction, characterized by increased arterial stiffness and
impaired arterial endothelial function. Accumulating evidence demonstrates that diet and nutrition
may favorably modulate these arterial functions with aging, but many important questions remain.
In this review, we will summarize the available information on dietary patterns and nutritional
factors that have been studied for their potential to reduce arterial stiffness and improve
endothelial function with age, with an emphasis on: 1) underlying physiological mechanisms, and
2) emerging areas of research on nutrition and arterial aging that may hold promise for preventing
age-related CVD.
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CARDIOVASCULAR DISEASE, DIET AND ARTERIAL FUNCTION

Our world’s population is aging. In fact, the number of adults over age 65 is projected to
more than double by the year 2050 (Harper, 2014). Because aging predisposes us to a variety
of chronic degenerative diseases, this shift in population demographics is expected to cause
major socioeconomic and health care problems in the near future (Olshansky et al., 2009). A
key concern among the many chronic diseases that will contribute to this aging-driven
“epidemic” is cardiovascular disease (CVD), which remains the leading cause of death in
modern societies. Indeed, it is estimated that >40% of the U.S. population will have one or
more form of clinical CVD by the year 2030 (Heidenreich et al., 2011).

Healthy lifestyle and diet clearly have the potential to reduce CVD risk (Mozaffarian et al.,
2011). However, research on dietary interventions typically focuses on reducing one or more
traditional CVD risk factors (e.g., systolic blood pressure, LDL cholesterol, etc.). Although
these factors certainly play a role in determining CVD risk, the majorrisk factor for CVD is
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advancing age itself (Mozaffarian et al., 2016). This is largely a result of age-related declines
in arterial function that make us more susceptible to clinical CVD as we grow older (Najjar
et al., 2005; Seals et al., 2014). Two particularly important functional changes that occur in
arteries as we age are: 1) stiffening of the large elastic arteries (the aorta carotid arteries),
and 2) a decline systemic vascular endothelial function (Figure 1) (Lakatta and Levy, 2003).
Both of these functional declines predict future CVD risk in older adults, and both are
“macro-scale” physiological parameters that integrate the influences of other risk factors
(Mitchell et al., 2010; Seals et al., 2011). As such, they may in some ways be more reflective
of overall cardiovascular health than traditional risk factors alone—especially in the context
of aging (Lakatta and Levy, 2003). Moreover, it is increasingly clear that in addition to
CVD, reduced arterial function contributes to a growing list of chronic systemic disorders of
aging (e.g., cognitive and motor impairments) (Heffernan et al., 2012; Stanimirovic and
Friedman, 2012). This is because appropriate blood flow/pressure and nutrient supply are
critical for active muscles and organs, so arterial dysfunction leads to tissue-level stresses
that may precipitate neurodegenerative diseases, kidney disease, and likely many other age-
related conditions. Thus, there is significant interest in specific healthy lifestyle
interventions, including dietary/nutritional strategies, for preventing or reversing age-related
arterial stiffening and endothelial dysfunction.

In this review, we will briefly summarize the physiology and underlying mechanisms of
arterial aging, and then discuss specific lifestyle dietary/nutritional strategies that appear to
prevent or reverse it. In some cases, there is limited direct evidence for the effects of
nutritional factors on arterial aging per se (i.e., in the absence of pre-existing disease and/or
risk factors). In those instances, we will focus on strategies for which there are compelling
data from studies in at-risk human populations, with a focus on middle-aged and older adults
(over age 40), and/or results of translational investigations using preclinical models. Finally,
we will provide insight into the mechanisms underlying the potential beneficial effects of
these nutritional strategies whenever possible.

ARTERIAL AGING

Large elastic arteries (e.g., the aorta and carotid arteries) are designed to expand and recoil
elastically as the heart beats in order to buffer the energy of the pulse wave, and to drive
blood distally to our tissues and cells (Santos-Parker et al., 2014). However, these arteries
stiffen progressively with aging (Avolio et al., 1985). This forces the heart to work harder
(pushing against stiff arteries), and leads to higher blood pressure, as well as greater pulsatile
flow that damages other tissues, especially high-perfusion organs such as the brain, kidneys
and eyes (Seals, 2014) (Figure 2). Age-related declines in arterial elasticity result primarily
from structural changes that occur in the arterial wall as we age, including increases in
collagen (fibrosis), fragmentation and degradation of elastin, and the formation of advanced
glycation end-products—all of which reduce elasticity and confer stiffness (Cavalcante et
al., 2011). These cellular changes are driven by the development of oxidative stress (excess
production and reduced degradation of reactive oxygen species, ROS), which is marked by
age-related increases in nitrotyrosine and other markers of oxidative protein damage
(Zieman, 2005). Chronic low-grade inflammation exacerbates these processes and interacts
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synergistically with oxidative stress (Wang et al., 2014), but the exact order and relationship
between these events are uncertain.

Compared to arterial stiffening, the mechanisms underlying arterial endothelial dysfunction
with aging are somewhat clearer. This is because the vascular endothelium, a single-cell
layer lining the interior of arteries, is accessible in both preclinical models and healthy
human subjects (whereas samples of the arterial wall are not). The endothelium plays a
central role in controlling vascular tone, metabolism, immune function, thrombosis, and
many other processes (Cines et al., 1998; Seals et al., 2011). It also is responsible for
coordinating circulation throughout the body, by dilating as necessary to allow increased
blood flow. A central mediator of these processes is the vascular-protective molecule nitric
oxide (NO), which is produced by endothelial NO synthase (eNOS) and subsequently
diffuses to the smooth muscle layer of the artery causing it to relax (dilation) (Figure 3).
This dilation in response to NO (endothelium-dependent dilation) is an excellent biomarker
of endothelial function with aging, as it declines starting in early middle age (Celermajer et
al., 1994). Indeed, as we age, ROS from various sources (e.g., dysfunctional mitochondria
and oxidant enzymes such as NADPH oxidase) scavenge NO, reducing its bioavailability
and damaging endothelial cell proteins, as indicated by increases in cellular nitrotyrosine
levels (Donato et al., 2015). Chronic inflammation, characterized by activation of central
inflammatory mediators like nuclear factor kB (NF-kB) and increases in circulating
inflammatory cytokines, also impairs endothelial cell function, and synergizes with
oxidative stress (Figure 3). Collectively, these events underlie the progressive decline in
endothelial function observed with aging (Seals et al., 2011).

Importantly, both arterial stiffness and reduced endothelial function predict future CVD risk
in healthy middle-aged and older adults (Mitchell et al., 2010; Widlansky et al., 2003;
Yeboah et al., 2007), and both can be measured in preclinical/animal models, as well as in
clinical settings (human subjects) (Seals et al., 2014). This makes it possible to evaluate
mechanisms and interventions for improving arterial aging, including nutritional strategies,
in time-efficient preclinical/animal experiments, and to translate these findings to clinical
studies in middle aged/older adults when appropriate. Stiffness is commonly assessed by
determining aortic pulse wave velocity or carotid artery compliance (stiffer arteries result in
greater pulse wave velocity and reduced compliance), whereas endothelial function is
evaluated by measuring increases in blood flow in response to a pharmacological stimulus,
such as acetylcholine, or arterial dilation induced by physiological stimuli (e.g., increased
shear stress/flow within the blood vessel). The details of these measurements are reviewed
elsewhere (Cavalcante et al., 2011; Santos-Parker et al., 2014; Seals et al., 2014); for the
purposes of this review, we will simply focus on the influence of healthy lifestyle and
nutrition on age-related arterial function/dysfunction, as measured by arterial stiffness and
endothelium-dependent dilation.

NUTRITIONAL FACTORS AND INTERVENTIONS

In many cases, evidence for the effects of diet/nutrition on arterial aging phenotypes and the
underlying mechanisms is somewhat limited. In part, this is likely because dietary
intervention trials are challenging to perform and involve many factors that might contribute
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to changes in arterial function and/or underlying mechanisms (e.g., different foods and
micronutrients in any particular diet). It also is difficult to conduct preclinical investigations
of food-based diets (e.g., to feed mice a Mediterranean diet), thus limiting mechanistic
insight into the effects of diet/nutrition on cells and tissues. Likewise, translating
observations from animal models to clinical settings is often challenging, as the standardized
chow used in preclinical studies is often much lower in fat than the typical westernized
human diet. Nevertheless, there are promising data in support of several broad dietary
patterns that protect against arterial aging, and clear translational evidence for a number of
more targeted nutritional approaches. The following is a summary of current information on
these dietary/nutritional strategies reported to promote healthy arterial aging.

Diet Composition

At the broadest level, general dietary patterns have strong modulatory effects on arterial
aging (Table 1). Different study designs and differences among baseline/control diets (e.g.,
between trials performed in different countries) make this a challenging area of research.
Nevertheless, based on clinical data from observational studies and controlled trials, certain
diets do appear to be particularly protective, especially among middle-aged and older adults
who are overweight/obese, or have elevated systolic blood pressure and/or cholesterol. These
include the traditional Mediterranean and DASH diets, which emphasize fruits and
vegetables, whole grains, nuts, legumes, seeds, low-fat dairy, moderate amounts of lean meat
and fish, and limited consumption of refined/sugary foods (Al-Solaiman et al., 2009;
Schwingshackl and Hoffmann, 2014; van de Laar et al., 2013). Although the Mediterranean
diet is less well defined than the DASH diet (and may differ among countries where it is
consumed), both diets improve endothelial function and reduce arterial stiffness in certain
populations (Blumenthal et al., 2010; Klonizakis et al., 2013; Lee et al., 2015; Marin et al.,
2013; Shenoy et al., 2010). Evidence suggests that key common factors in these diets may be
an emphasis on unprocessed, plant-based foods, and sources of fat (e.g., olive oil and nuts
vs. meats and dairy) (Mozaffarian et al., 2011). Similarly, although there is less evidence,
vegetarian diets appear to be protective against some expressions of arterial aging in middle-
aged and older, at-risk adults (Lin et al., 2001). More general dietary patterns, such as higher
intake of fruits, vegetables, fiber and fish are also associated with improved arterial aging
phenotypes (reduced stiffness in some cases, improved endothelium-dependent dilation in
others) in the same groups (Blanch et al., 2015; Klonizakis et al., 2013; McCall et al., 2009;
van Bussel et al., 2011), and intervention trials demonstrate that increasing the intake of
these foods improves function in middle-aged/older subjects (McCall et al., 2009; van
Bussel et al., 2015). The exact mechanisms by which these macro-scale dietary patterns
modulate arterial aging are not certain, but evidence suggests that reduced oxidative stress
and inflammation play a role in most cases (Chistiakov et al., 2015; Marin et al., 2013).

In contrast to healthy diet, less is known about the effects of suboptimal dietary patterns on
arterial aging. However, preclinical (mouse model) evidence demonstrates that “Western”
diet (high fat/sugar) increases arterial stiffness (DeMarco et al., 2015; Henson et al., 2014)
and reduces endothelial function (Lesniewski et al., 2013) with age. Direct evidence for this
in humans is limited and less consistent. Most reports do indicate that diets high in saturated
fat reduce endothelial function (although primarily in middle-aged/older adults with pre-
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existing risk factors) (Fuentes et al., 2008; Keogh et al., 2005), but the influence of these
diets on arterial stiffness is less clear; some have found that high fat diet increases stiffness,
while others have observed no effects (Hall, 2009; Sanders et al., 2013). Thus, there is a
clear need for future trials aimed at establishing the effects of suboptimal (e.g., Western) diet
on arterial functions in humans with aging—especially because this is the diet consumed by
most middle-aged/older adults in developed (and developing) countries.

In addition to broad dietary patterns, evidence suggests that some individual micronutrients
common to many foods have powerful effects on arterial function with aging, and may
contribute to the more general effects of certain diets (Mozaffarian et al., 2011). For
example, specific electrolytes (e.g., potassium, magnesium, and calcium) appear to improve
endothelial function in middle-aged/older adults (Aaron and Sanders, 2013; Blanch et al.,
2015; Blanch et al., 2014; Joris et al., 2016)—although the effects of these micronutrients on
arterial stiffness remain to be determined. Other micronutrients exert adverse effects on
arterial aging, as demonstrated by studies in which intake of these micronutrients is reduced.
Lower sodium intake, in particular, is associated with greater endothelial function and
reduced arterial stiffness in middle-aged and older adults (Jablonski et al., 2009), and dietary
sodium restriction improves endothelial function and reduces stiffness in these same groups
(Gates et al., 2004; Jablonski et al., 2013). Similarly, although the effects of high fat diet on
arterial function are somewhat uncertain, it does seem that dietary fat restriction improves
endothelial function in adults with pre-existing CVD risk factors—especially when the
overall dietary pattern is also healthy (Fuentes et al., 2001; Mohler et al., 2013). Again, these
interventions appear to reduce markers of systemic oxidative stress and inflammation, but
the specifics of how this occurs are unclear.

Finally, the effects of certain dietary patterns on arterial aging may also be due to greater
intake of specific foods in these diets. The consumption of whey protein and dairy, for
instance, is associated with enhanced endothelial function and lower arterial stiffness in
middle-aged or older adults (Ballard et al., 2013; Crichton et al., 2012). Similarly, data from
controlled trials demonstrate that cocoa products, including dark (not milk) chocolate,
improve endothelial function and reduce arterial stiffness (Corti et al., 2009; Heiss et al.,
2015), as do fermented dairy, tea and soy (Jauhiainen et al., 2010; Lin et al., 2016; Pase et
al., 2011; Schreuder et al., 2014). Besides these well studied foods, accumulating evidence
also suggests that consuming olive oil, seeds, whole grains, nuts, legumes and coffee is
associated with CVD risk-lowering effects, and this is likely to be mediated in part by
preservation of endothelial function and reductions in arterial stiffness (Mozaffarian et al.,
2011; Ros and Hu, 2013; Uemura et al., 2013). As is the case with broad dietary patterns,
specific foods are thought to improve arterial function primarily by reducing oxidative stress
and inflammation (Seals et al., 2014; Wu et al., 2015). However, beyond these macro-
mechanistic processes, it is often difficult to isolate specific signaling pathways activated by
nutritional factors, perhaps because foods contain numerous bioactive components, and thus
activate multiple cellular/physiological signaling cascades.
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Energy Intake

Whereas diet quality (patterns/foods) certainly modulates arterial aging, in many ways the
effects and underlying mechanisms of guantity are even clearer. Energy restriction in the
absence of malnutrition (caloric restriction, CR) is associated with beneficial effects on
numerous physiological parameters with aging (Ingram et al., 2006; Mattson and Wan,
2005). Arterial functions are no exception, and there is strong translational evidence for this
(Figure 4). In mice, long term (lifelong) CR protects against arterial stiffening and preserves
endothelial function with aging by preventing age-related changes in collagen and elastin,
maintaining NO bioavailability, and reducing vascular ROS production and oxidative stress
(Donato et al., 2013). Evidence also indicates that briefer periods of energy restriction can
recapitulate the effects of long-term CR. In old mice, for example, 8 weeks of CR restores
endothelial function to levels observed in young animals, again by reducing oxidative stress
and increasing NO bioavailability (Rippe et al., 2010). In humans, there is some evidence
that CR improves select cardiovascular parameters (Meyer et al., 2006), but direct
translational evidence for its effects on vascular function is limited because clinical trials of
CR per se are few. However, the preclinical observations described above are consistent with
studies of weight loss in overweight/obese middle-aged and older adults (short-term CR,
effectively). In fact, a ~30% reduction in energy intake over 12 weeks, without any increase
in physical activity, greatly improves endothelial function (Pierce et al., 2008) and
ameliorates arterial stiffness (Dengo et al., 2010) in these subjects. Reductions in fat mass
may play a role in these improvements, but nevertheless, this evidence suggests that energy
restriction powerfully protects against (and/or reverses) arterial aging phenotypes.

In spite of the compelling evidence for long and short term energy restriction, these
strategies are unlikely to be successful for preventing arterial aging in most modern
societies, where high calorie diets are a common lifestyle feature and most adults are
unlikely to adhere to CR (Mattson et al., 2014). As a result, there is significant interest in
practical alternatives for mimicking the effects of CR. In this context, intermittent fasting
(IF) may be particularly promising. IF strategies include simple, alternate day fasting (i.e.,
eating every other day), as well as interval-based approaches (e.g., the “5:2 diet”—
unrestricted food intake 5 days of the week coupled with fasting or significant calorie
reduction 2 days a week) (Harvie et al., 2011; Varady et al., 2013). Recent reports suggest
that both of these diets improve various CVD risk factors and, in some cases, markers of
arterial function in aged mice (Kroeger et al., 2012; Razzak et al., 2011). Direct evidence in
humans is limited, but IF paradigms do promote weight loss and improve select CVD risk
factors, at least in certain populations (Varady et al., 2013). This suggests that IF in general
may mimic CR and could be a viable strategy for preventing/reversing arterial aging. Still,
even IF-based approaches require strong adherence. Moreover, the weight loss associated
with both CR and IF could have adverse effects on normal weight older adults who are at
risk for age-related declines in muscle mass and bone mineral density (Miller and Wolfe,
2008). Thus, there is interest in more feasible approaches, such as periodic fasting (e.g., 4
consecutive days of fasting once per month) (Mattson et al., 2014). However, it may also be
possible to mimic CR via even simpler methods, like time-restricted feeding (TRF). TRF
involves restricting normal calorie intake to a 6-12 hour window, and fasting for the
remainder of the day (Rothschild et al., 2014). This may mimic the effects of CR but reduce
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the risk of poor adherence and unwanted weight loss in older adults. Like alternate day and
interval-based fasting, there is compelling preclinical evidence for TRF (Chaix et al., 2014;
Hatori et al., 2012), but it has not been studied in older human subjects and, therefore, is an
important area for future investigation.

The basic idea behind alternative energy restriction strategies like TRF is to stimulate the
same signaling pathways as CR and, in doing so, exert many of the same beneficial
physiological effects (Ingram et al., 2006; Mattson et al., 2014). Indeed, the efficacy of CR
for preventing/reversing arterial aging (and other age-related conditions) is likely due to the
activation of important, conserved cellular signaling networks (Figure 4). In general, energy
restriction reduces arterial oxidative stress and inflammation, and increases nitric oxide
bioavailability (Seals et al., 2014; Ungvari et al., 2008). Upstream of these effects,
improvements in arterial function as a result of CR are generally associated with modulation
of key energy sensing networks, most of which are impairedwith aging (Donato et al.,
2015). Important examples include the sirtuin-1 (SIRT-1) and AMP-activated protein kinase
(AMPK) signaling pathways (Donato et al., 2011; Lesniewski et al., 2012). At the same
time, CR generally represses cellular growth mediators that are associated with aging and
disease, such as mammalian target of rapamycin (mTOR) (Mattson and Wan, 2005). All of
these proteins/systems are sensitive to decreases in markers of cellular energy levels, such as
NAD:NADH ratios (SIRT-1), ATP concentrations (AMPK), and amino acid and glucose
availability (mTOR). Under low energy conditions, they activate (SIRT-1 and AMPK) and/or
de-repress (MTOR) cellular energy generating systems and stress resistance pathways, such
as protein catabolism, fatty acid oxidation, autophagy and mitochondrial homeostasis
networks—all of which protect against oxidative stress and inflammation (Donato et al.,
2015; Mattson and Wan, 2005; Ungvari et al., 2008). The specifics of how this occurs are
not well defined, but it seems likely that because energy-sensing networks generally increase
oxidative phosphorylation, this would lead to more mitochondrial ROS production and a
subsequent need for cellular responses to suppress oxidative stress. Energy-sensing networks
also broadly accelerate the degradation/recycling of damaged cellular components (to
generate energy production substrates) that may stimulate inflammatory signaling (Kroemer
et al., 2010), thereby decreasing low-grade inflammation. Consistent with this notion, CR is
reported to activate endogenous anti-oxidant/inflammatory systems, especially those under
control of the transcription factor nuclear factor erythroid 2-related factor 2 (Nrf2), and
ROS-scavenging superoxide dismutase (SOD) enzymes (Martin-Montalvo et al., 2011;
Rippe et al., 2010). Because the coordinated activation of these important, cell-protective
signaling pathways is thought to underlie the broad efficacy of energy restriction, they
represent novel targets for alternative arterial aging therapies, including nutrition-based
treatments, such as nutraceuticals (discussed below) (Figure 4).

Nutraceuticals

Concept and Examples—Healthy diet and energy restriction (when appropriate) are
likely to be the most effective nutritional approaches for preventing and treating arterial
aging. As such, they should be the “first line” strategies emphasized in public health/policy
efforts (Mozaffarian, 2016; Seals et al., 2016). However, for a number of reasons (e.g., poor
education, financial constraints, social/lifestyle influences, and even environmental cues),

Ageing Res Rev. Author manuscript; available in PMC 2018 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

LaRocca et al.

Page 8

many middle-aged and older adults do not engage in healthy lifestyle behaviors. As a result,
there is significant interest in easily deliverable treatments that may induce effects similar to
healthy diet and lifestyle. One possibility is that pharmaceutical drugs could be “repurposed”
for treating arterial aging; for example, certain antihypertensive drugs appear to also reduce
arterial stiffness in middle aged/older adults (Hayashi et al., 2006), and anti-inflammatory
agents improve endothelial function in the same groups (Pierce et al., 2009). Other examples
are reviewed elsewhere (Alfaras et al., 2016). This is a promising area of research, but many
middle-aged and older adults/consumers are also interested in more “natural” treatments,
such as nutracueticals—individual food ingredients/components with bioactive properties
that may benefit human health (and in this case, arterial function) (Seals et al., 2014; Zuchi
etal., 2010).

Nutraceuticals comprise a broad range of dietary supplements, functional foods (any altered
food or ingredient that could have a beneficial effect beyond that provided by nutrients it
traditionally contains), and medical foods (foods formulated to be consumed or administered
under the supervision of a physician for dietary management of a disease or condition)
(Ferrari, 2004; Wrick, 2005). Broadly, the concept is based on: 1) the idea that the benefits
of certain dietary patterns may be a result of nutrients that are particularly abundant in these
diets, and 2) the potential ability of these compounds to suppress established macro-
mechanistic processes that contribute to physiological/arterial dysfunction, such as oxidative
stress and inflammation. Classic examples include omega-3 polyunsaturated fatty acids
(anti-inflammatory compounds abundant in Mediterranean and other diets), and antioxidant
vitamins (C, E, etc., in most high-fruit/vegetable diets). However, results from intervention
trials with these agents have been largely inconsistent, at least in the context of arterial
aging. Omega-3s seem to improve arterial functions in some populations but not others (Pase
etal., 2011; Wang et al., 2012), and the reported effects often vary from one study to the
next. Similarly, despite the central role of oxidative stress in arterial aging, chronic
supplementation with antioxidant vitamins generally has not been successful for reducing
CVD risk, and their effects on arterial aging phenotypes are unclear at best (Kris-Etherton et
al., 2004). On one hand, acute administration of high dose antioxidants temporarily reverses
endothelial dysfunction, and in some cases arterial stiffness, in older humans and mice
(Eskurza et al., 2004; Wilkinson et al., 1999). On the other hand, whereas chronic
antioxidant supplementation is generally effective for reversing arterial aging phenotypes in
old mice and humans with pre-existing disease/risk factors, it seems to have no effect in
older, otherwise healthy middle-aged/older adults (Ashor et al., 2015b; Ashor et al., 2014;
Eskurza et al., 2004). Other examples, such as folate and vitamin D, do exert protective
effects on arterial aging in select populations (Jablonski et al., 2011; Liu et al., 2013; Moat et
al., 2004), but trials investigating these compounds in middle-aged/older adults without
clinical disease have been generally inconclusive (Massaro et al., 2010).

Arguably, the problem with nutraceuticals like omega-3s and exogenous antioxidants is that
they are somewhat non-specific; that is, they may have anti-oxidant/inflammatory effects,
but they do not “target” any particular cellular signaling pathways or compartments. Thus,
there is growing interest in more targeted compounds for treating precise cellular causes of
arterial aging and/or boosting specific, cell-protective pathways (Table 2) (Ingram et al.,
2006; Seals et al., 2016; Zuchi et al., 2010). For example, given the role of mitochondria in
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mediating vascular oxidative stress (Dai et al., 2012), mitochondria-specific antioxidants,
such as mitoquinone (MitoQ, a mitochondria-targeted version of the naturally occurring
coenzyme Q10 in meats and vegetable oils, among other food sources) (DiNicolantonio et
al., 2015), may be good candidates for preventing arterial aging. Indeed, MitoQ
supplementation completely restores endothelial function and NO bioavailability in old mice
(Gioscia-Ryan et al., 2014). Preliminary data also suggest that MitoQ reduces arterial
stiffness in these same animals, and a pilot clinical trial is underway to examine its efficacy
in middle-aged and older human subjects (clinicaltrials.gov/ct2/show/NCT02597023).

Aside from specific cellular sources of ROS, the most promising targets for candidate
nutraceuticals are likely those activated by energy restriction, as this approach appears to
exert consistently beneficial effects on function (Alfaras et al., 2016). Indeed, there is strong
interest in the concept of “CR mimetics” (Ingram et al., 2006). As discussed above, CR/
energy restriction increases NO bioavailability and favorably modulates arterial wall
structure by: 1) activating endogenous cellular stress resistance networks (SIRT-1, AMPK,
mTOR and autophagy) that have powerful, cell-protective effects, and 2) upregulating
endogenous antioxidant systems, such as those controlled by Nrf2. As such, targeting these
key players would seem to be a promising approach for nutraceutical interventions, and
evidence in support of this concept is growing.

Nutraceuticals studied for their effects on arterial aging-related outcomes via key cellular
health pathways (Table 2) include compounds present in coffee (terpenes and polyphenols)
and green tea (EGCG and epicatechin), as well as soy isoflavones and cocoa flavonols—all
of which seem particularly promising based on findings in both mice and human subjects
(Corti et al., 2009; Jimenez et al., 2012; Mubarak et al., 2012; Pase et al., 2011). Bioactive
constituents of fruits and vegetables are also of interest, including: quercetin (apples), allicin
(garlic), sulforaphane (broccoli), lycopene (tomatoes) and capsaicin (peppers) (Alfaras et al.,
2016; Burton-Freeman and Sesso, 2014; Dower et al., 2015; Evans, 2011; Landberg et al.,
2012; McCarty et al., 2015). Herbal compounds, such as shogaol (ginger) and carnosol
(rosemary) are promising, as well (Kelsey et al., 2010). Many of these nutraceuticals have
been shown to reduce oxidative stress/inflammation, activate certain CR-related signaling
systems, and improve one or more expressions of arterial aging in preclinical (mouse)
models and in some cases cell culture. However, only a few have been studied for their
effects in human subjects. Additional clinical trials are underway in some cases
(clinicaltrials.gov), but in general, more uniform evidence for the efficacy of these
compounds, based on well-controlled trials in middle-aged/older adults, is needed. Other
concerns include the inconsistent composition of nutraceutical formulations from one study
to the next, and generally less stringent regulations for their use.

Examples with Translational Evidence—In contrast to the many nutraceutical
examples based on limited experimental data, there are several for which compelling
translational evidence does exist (Table 2). Most of these nutraceuticals trigger a multitude
of cellular signaling pathways (much like CR), which may in part explain their beneficial
effects on arterial/physiological function. However, it is difficult to know exactly which
cellular targets are the most important mediators of any one nutraceutical, as related data
from studies of older transgenic animals is generally lacking. Thus, in order to simplify the

Ageing Res Rev. Author manuscript; available in PMC 2018 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

LaRocca et al.

Page 10

discussion, we will review these in the context of their most frequently reported cellular
targets.

Perhaps the best characterized nutracuetical in the context of arterial aging is nitrite/nitrate—
found in high concentrations in green leafy vegetables and beets, among other foods. Diets
enriched in these foods improve arterial aging phenotypes (Hobbs et al., 2013), and recent
findings demonstrate that this is likely because increased levels of circulating (plasma) and
tissue (e.g., skin) nitrite, nitrate and related compounds serve as precursor molecules for
increasing NO bioavailability and preventing/treating oxidative stress and inflammation
(Oplander et al., 2009; Rocha et al., 2011). As such, these molecules appear to be good
nutraceutical candidates for preventing arterial aging. Indeed, short-term supplementation
with nitrite restores endothelial function and reverses arterial stiffening in old mice by
increasing NO bioavailability, reducing oxidative stress and normalizing structural proteins
(Sindler et al., 2011). Moreover, recent reports show that supplementation with nitrite
(DeVan et al., 2016) and nitrate (Rammos et al., 2014) improves endothelial function in
middle-aged/older adults without clinical CVD. Nitrite seems particularly promising, as it
also is reported to improve motor (neuromuscular) and cognitive functions (Justice et al.,
2015), and larger trials to establish efficacy and broader mechanisms are underway
(clinicaltrials.gov/ct2/show/NCT02393742).

Upstream of NO, other nutraceutical compounds may protect against arterial aging by
activating the CR mediator SIRT-1. The polyphenol resveratrol, which is reported to potently
activate SIRT-1 (in addition to other cell-protective pathways), improves endothelial function
with aging in rodents fed normal chow or high-fat diets (da Luz et al., 2012; Pearson et al.,
2008), an effect associated with reduced vascular oxidative stress and inflammation.
Resveratrol also improves endothelial function in surgically removed arteries of middle-aged
and older patients with hypertension and dyslipidemia (Carrizzo et al., 2013). Clinically,
acute resveratrol administration is reported to improve endothelial function in middle-aged
and older overweight and obese adults with elevated blood pressure (Wong et al., 2011), and
chronic resveratrol supplementation enhances endothelial function in older obese adults
(Wong et al., 2013). These observations suggest that SIRT-1 activation with resveratrol may
indeed improve endothelial function with aging, but its effects on arterial stiffness are
uncertain. There is, however, some evidence in support of other activators of the SIRT-1
network, such as nutraceuticals that boost NAD* (the cellular trigger for SIRT-1 activity).
For example, supplementation with nicotinamide mononucleotide (NMN), a metabolic
precursor to NAD™, restores endothelial function and decreases arterial stiffness (de
Picciotto et al., 2016), and clinical trials investigating the effects of nicotinamide riboside
(NR, a similar compound found in milk and yeast-derived foods) on various physiological
parameters, including arterial function, are currently underway (clinicaltrials.gov).

Translational evidence also supports nutraceutical compounds that activate endogenous
antioxidants, such as Nrf2. Curcumin, a polyphenol found in the curry spice turmeric
(Carmona-Ramirez et al., 2013), is often characterized as a potent Nrf2 activator—although
similar to resveratrol, it has various other targets, as well. Curcumin restores endothelial
function in old mice to levels of young controls by increasing NO bioavailability and
normalizing oxidative stress, and reduces arterial stiffness in these same animals by
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normalizing arterial structural proteins (Fleenor et al., 2013). Consistent with these
preclinical findings, oral supplementation with curcumin improves endothelial function and
lowers circulating C-reactive protein (an indicator of inflammation) in healthy
postmenopausal women (Akazawa et al., 2012). Conclusive evidence for the effects of
curcumin on arterial stiffness and endothelial function in healthy, older adults is lacking, but
again, clinical trials are underway (clinicaltrials.gov/ct2/show/NCT01968564).

Downstream of SIRT-1, AMPK and Nrf2, autophagy (the cellular process of recycling
damaged macromolecules and organelles) is a central mediator of CR’s beneficial effects on
physiological function (Alfaras et al., 2016; Marzetti et al., 2013). Several naturally
occurring nutraceuticals may have the potential to boost autophagy. For example, oral
supplementation with trehalose, a disaccharide found in mushrooms and honey, stimulates
autophagy and reverses endothelial dysfunction and arterial stiffening in old mice by
normalizing oxidative stress and structural proteins, while also ameliorating vascular
inflammation (LaRocca et al., 2014; LaRocca et al., 2012). The autophagy enhancer
spermidine (a polyamine found in grapefruits and fermented soy products) also enhances
arterial autophagy and reverses age-associated endothelial dysfunction and arterial stiffness
in mice (LaRocca et al., 2013). The exact mechanisms by which trehalose and spermidine
induce autophagy are poorly characterized, and like resveratrol and curcumin, they may have
multiple targets. Still, this evidence suggests that translational studies of autophagy-
enhancing nutraceuticals are warranted. Thus far, clinical trials are limited, but recent
evidence demonstrates that trehalose supplementation in middle-aged/older adults does
improve endothelial function, although the role of autophagy is not entirely clear (Kaplon et
al., 2016). Nevertheless, these observations provide an experimental basis for future studies
aimed at determining the effects autophagy-boosting compounds on arterial aging in
humans.

OTHER CONSIDERATIONS

Interactions between Lifestyle and Nutritional Factors

An important concern with any approach for improving arterial function with aging is the
potential for redundant or adverse effects due to interactions between cellular/physiological
signaling pathways. Indeed, many of the mechanisms by which diets and bioactive food
ingredients improve function can be characterized as Aormetic (i.e., low-level stressors that
stimulate protective cellular processes and beneficial physiological outcomes) (Mattson,
2008). Other healthy lifestyle behaviors, such as fasting and physical activity/exercise, are
also hormetic stressors (Radak et al., 2008). Thus, for example, it is possible that targeting
one cause of arterial aging by supplementing with certain nutraceuticals might negate the
hormetic effects of other healthy lifestyle behaviors or diets. Alternatively, some of these
factors/interventions might have additive or even synergistically positive effects on arterial
function.

One key lifestyle factor that interacts with diet and nutrition is exercise. Aerobic exercise,
specifically, is perhaps the most powerful and well-established lifestyle intervention for
preventing/reversing arterial aging (Santos-Parker et al., 2014). Cross-sectional studies show
that middle-aged and older adults who habitually perform moderate aerobic exercise (e.g.,
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walking, running, swimming) have more elastic arteries and greater endothelial function
(Seals, 2014). Moreover, meta-analyses demonstrate that even moderate aerobic exercise
interventions (e.g., walking for 12-16 weeks) improve endothelial function and reduce
arterial stiffness in middle-aged/older subjects with or without existing CVD or risk factors
(Ashor et al., 2015a). In general, these functional improvements associated with exercise are
a result of its powerful inhibitory effects on oxidative stress and inflammation (Seals, 2014).
This is particularly clear in preclinical studies; for example, voluntary wheel running
restores endothelial function and decreases arterial stiffness in old mice by boosting NO
bioavailability and reversing age-associated increases in collagen and advanced glycation
end-products (Durrant et al., 2009; Fleenor et al., 2010). These preclinical studies also show
that in old mice with access to running wheels, vascular expression of key oxidative stress
sources (e.g., NADPH oxidase) and inflammatory mediators (e.g., NF-kB) are normalized to
levels of young mice, and this is associated with reductions in oxidative protein damage
(nitrotyrosine) and pro-inflammatory cytokines.

Translational studies in human subjects are consistent with these preclinical observations. In
older sedentary men, for example, reducing vascular oxidative stress via acute infusion of
the antioxidant vitamin C restores endothelium-dependent dilation to levels observed in
young controls, but does not further improve function in old endurance exercise-trained
subjects (Eskurza et al., 2004), thus demonstrating that reduced oxidative stress underlies
exercise-associated improvements in arterial function. Consistent with these observations,
the expression of nitrotyrosine and NADPH oxidase is higher in endothelial cells biopsied
from arteries of older adults than in cells from young sedentary and old endurance exercise-
trained subjects (Pierce et al., 2011). Moreover, the expression of inflammatory cytokines
(e.g., IL-6) and NF-kB is lower in older endurance exercise-trained subjects compared with
their sedentary counterparts, and this is associated with preserved endothelium-dependent
dilation (Walker et al., 2014). Collectively, these translational studies indicate that the
suppression of ROS-mediated oxidative stress and vascular inflammation plays a central role
in the beneficial effects of aerobic exercise on arterial aging (Figure 5). And, although little
information is available on vascular tissue per se, many of the beneficial effects of exercise
on arterial function with aging are likely also mediated by activation of the key cellular
signaling pathways related to CR (discussed above) (Cacicedo et al., 2011; Ferrara et al.,
2008; Lira et al., 2013; Seals et al., 2016).

In general, adverse interactions do not seem to be a problem for the combination of exercise
and healthy diet. In fact, some reports demonstrate that healthy (Mediterranean) diet
combined with exercise leads to long-lasting improvements in endothelial function in
middle-aged and older adults that are even greater than the effects of either intervention
alone (Klonizakis et al., 2013). Additional trials investigating the effects of this combination
on arterial stiffness, as well as the influence of the DASH diet, are currently underway
(Blumenthal et al., 2010; Blumenthal et al., 2013). Less evidence exists for the interactions
between energy restriction and exercise (in part because it is difficult to separate the effects
of these interventions), but studies comparing the two suggest that both improve arterial
aging phenotypes to the same degree (Maeda et al., 2015). Recent studies in middle-aged/
older human subjects also suggest that aerobic exercise directly protects arterial function
against adverse CVD risk factors related to diet, such as elevated circulating LDL
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cholesterol and fasting glucose (DeVan et al., 2013; Walker et al., 2009). Evidence for
protection from poor diet per se in human subjects is lacking, but: 1) aerobic exercise does
protect against Western diet-induced impairments in endothelial function in old mice by
increasing resistance to oxidative stress and preserving NO (Lesniewski et al., 2013), and 2)
aerobic exercise also prevents acute, postprandial impairments in endothelial function as a
result of high fat meals in middle aged adults (Tyldum et al., 2009). Taken together, these
observations suggest that aerobic exercise likely enhances the effects of healthy diet/
nutrition and reduces the effects of poor diet on arterial function with aging (Figure 5).

In contrast to diet and exercise, the data on interactions between nutraceuticals and healthy
lifestyle/diet are less clear. Some examples are encouraging; lactotripeptides (isolated from
dairy products), for example, additively enhance the effects of exercise on endothelial
function in postmenopausal women (Yoshizawa et al., 2009, 2010). Similarly,
supplementation with curcumin is as effective as exercise for improving endothelial function
(Akazawa et al., 2012), and may synergistically improve vascular parameters related to
arterial stiffness in this same group (Sugawara et al., 2012). The effects of other
nutraceuticals, however, are uncertain. Recent reports suggest that resveratrol
supplementation may inhibit some of exercise’s physiological benefits (although not in
arteries per se) (Gliemann et al., 2013), and studies of omega-3 fish oil supplements
combined with exercise have found mixed, but generally benign results (Hill et al., 2007).
For the great many nutraceuticals that have not been studied in this way, determining the
nature of these potential interactions will be an important line of research in the future.

Remaining Questions

Significant evidence supports certain dietary patterns and nutritional strategies for healthy
arterial aging, but many important questions remain for future investigation (Figure 6).

How effective will dietary/nutritional interventions be for reducing long-term
CVD risk?—Research into nutritional influences on arterial aging and their role in the
development of CVD is relatively new. Thus, although evidence demonstrates that
improvements in endothelial function and arterial stiffness are associated with a reduced risk
of CVD-related outcomes (Kitta et al., 2009; Modena et al., 2002; Orlova et al., 2010) and it
is clear that dietary/nutritional interventions may improve arterial functions with aging,
whether or not these improvements will translate to reduced long-term CVD risk remains to
be determined. Improvements in arterial function are linked with favorable changes in
biological processes that lead to CVD (e.g., reduced oxidative stress/inflammation in the
arterial wall), but there is an important need for intervention trials that include follow-up
assessments of CVD-related outcomes years, and perhaps decades later.

How do healthy dietary patterns exert their effects on arteries?—Broadly, it is
still unclear whether specific components of healthy dietary patterns (e.g., select foods in the
Mediterranean diet) are the most important features of these diets. If so, is it possible to
supplement other diets with these foods to achieve the same effects, or is overall diet the
most influential factor? Or, could particular ingredients within those foods be responsible for
the observed benefits, and therefore serve as therapeutic targets of natural or synthetic
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supplements? And, what is the role of key energy-sensing and anti-oxidant/inflammatory
cellular signaling networks in mediating the effects of these diets or foods? Addressing these
questions will require more carefully controlled clinical trials to establish efficacy in human
subjects, as well as an understanding of the underlying mechanisms (likely via preclinical
experiments).

Are alternative energy restriction strategies feasible/effective?—Aside from diet
content, quantity (caloric load) is clearly a central mediator of healthy arterial aging. Energy
restriction (i.e., CR) appears to be a particularly promising strategy for healthy arterial
aging, but it is generally recognized as unfeasible. Other diet-based alternatives, such as
protein restriction (Fontana et al., 2008), may be worth investigating for their potential to
mimic CR—but concerns about these approaches leading to inappropriate weight/muscle
loss in older adults will need to be addressed. Potentially more practical CR alternatives,
such as IF and/or TRF, may be effective for mimicking the effects of CR on arterial function,
but the efficacy of these strategies remains to be determined. If any are successful in pilot
clinical trials, it will be important to establish long-term feasibility and safety in older adults,
and to determine whether chronic energy restriction is necessary, or if, for example, several
weeks of an IF or TRF regime has sufficiently long-lasting effects on arterial health.

Can nutraceuticals actually mimic the beneficial effects of CR?—Nutraceuticals
are a popular and developing area of research; these compounds will probably not be as
effective as overall healthy diet for reducing CVD risk, but they may represent promising
alternatives and/or complementary approaches for maximizing arterial health. They also are
appealing to many consumers and less costly than traditional pharmaceuticals.
Unfortunately, the safety and consistency of nutraceutical formulations are not well defined
and often vary from one study to the next (Seals et al., 2014), making it difficult to
recommend any of these compounds based on existing evidence. Thus, additional well
designed clinical trials aimed at translating observations from preclinical studies are needed
to determine if nutraceuticals can actually “mimic” the beneficial effects of healthy diet
and/or energy restriction on arterial function. More stringent and consistent standards for the
composition of nutraceutical formulations (and perhaps additional regulatory oversight) will
also be important in this context.

What other dietary/lifestyle factors and mechanisms modulate arterial aging?
—Finally, as previously discussed, the adverse effects of poor diet on arterial function with
age remain poorly defined. This is a particularly important area of research, as unhealthy
(Western) diet may be the norm for most adults in modern countries. Aging adults in these
societies are also exposed to numerous environmental factors (e.g., stress, physical
inactivity) that may interact with dietary habits to influence arterial function, but many of
these are only just being studied. One highly novel and emerging modulator of physiological
(and arterial) function that may be affected by these various stresses is the gut microbiome.
Dysbiosis of the microbiome has been implicated in various diseases, and appears to be
influenced by age, diet and physical activity (exercise) (Conlon and Bird, 2015). However,
there is no information about the role of the gut microbiome in mediating changes in arterial
function with aging, or the possible influence of consuming a Western diet on this process.
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Therefore, an important goal for future research will be to determine how age- and diet-
related changes to the gut microbiome influence arterial function (i.e., endothelial function
and arterial stiffness), as this may be a modifiable target in the quest to prevent age-related
CvVvD.

CONCLUSIONS

With our population rapidly aging, nutritional strategies for preventing or reversing arterial
aging and reducing CVD risk will continue to be an important area of research. There is
already strong clinical/translational evidence in support of several broad dietary patterns,
energy restriction approaches, and nutraceutical compounds for healthy arterial aging.
However, many important questions remain. It will be particularly important to further
establish which specific diets and foods improve vs. impair function, and which alternative
strategies (e.g., intermittent fasting paradigms, select nutracueticals) have the potential to
enhance arterial health in older adults for whom healthy diet alone is not enough.
Fortunately, there is a growing body of translational evidence that can serve as an
experimental platform for designing and conducting future studies to address these
questions.
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Figure 1.
Aging leads to arterial dysfunction (increased stiffness and reduced endothelial function)

that predisposes us to cardiovascular diseases (CVD) and other chronic disorders. Diet/
nutrition has the potential to modulate/prevent arterial dysfunction with aging.
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Figure 2.
A key function of large elastic arteries is to buffer energy of the pulse wave. As large elastic

arteries age, oxidative stress (characterized by excess reactive oxygen species, ROS) and
inflammation alter structural protein composition of the arterial wall. Age-related reductions
in elastin, increases in collagen, and buildup of oxidatively damaged proteins and advanced
glycation end products (AGEs) results in stiffer arterial walls and greater pulse wave
velocity/pressure.
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Figure 3.
Endothelium-dependent dilation in response to nitric oxide (NO) is an important indicator of

overall arterial endothelial function. Aging is associated with increases in oxidative stress
(marked by excess reactive oxygen species, ROS) and inflammation driven by nuclear factor
kB (NF-kB) and other cytokine mediators. Together, these processes reduce the
bioavailability of NO, resulting in reduced endothelium-dependent dilation with age.
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Figure 4.
Energy restriction prevents/reverses age-related arterial dysfunction by stimulating key

cellular signaling networks that reduce oxidative stress/inflammation and increase nitric
oxide bioavailability. These energy-sensitive networks, which tend to become impaired with
aging, may be novel targets for alternative nutritional therapies, such as nutraceuticals.
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Figure 5.
Exercise protects against the effects of poor diet and synergizes with healthy diet, but its

interactions with nutraceuticals are less certain. The interactive effects of healthy diet and
nutraceuticals on oxidative stress/inflammation-mediated arterial aging have generally not
been studied.
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Figure 6.
Important remaining questions and areas of research related to healthy diet, energy

restriction and nutraceutical treatments for preventing/reversing age-related arterial
dysfunction.
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Table 1
> Broad dietary patterns and specific foods that modulate arterial function with aging.
c
[l *
=5 Diet/factor Effects Evidence
9
<
QO
g Mediterranean, DASH, 1 endothelial function
%) vegetarian(?) diets | arterial stiffness
=
o)
—+
. . . * endothelial function
Higher fruit/vegetable intake U arterial stiffness
>
= 1 endothelial functi
- - endothelial function
g Higher fish intake | arterial stiffness
=
<
[a})
>
5) | endothelial functi
: : endothelial function
Q High fat diet ? arterial stiffness
e}
~—+
. * endothelial function
Low fat diet ? arterial stiffness
jC> * endothelial function
— Specific electrolytes | arterial stiffness
=5 (some)
o
-
5 -
E l [ Sodium restriction | €ndothelial function
0 \ | arterial stiffness
O
=.
o)
—+
* endothelial function
Nuts, tea, coffee, cocoa, whole U arterial stiffness
grains, legumes, olive oil (some)
>
c
~+
>0 *
Q Human and mouse symbols represent clinical and preclinical evidence, respectively, and number of symbols reflects approximate weight of
Z evidence. For details, see references/discussion in text.
a8}
>
c
n
(@]
=.
e}
~—+
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Table 2

Nutracueticals studied for their effects on arterial function with aging.
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Nutraceutical

Target(s)

Effects

Evidence

Omega-3 fish oils

Toofc

<> endothelial
function
V<> arterial stiffness

it

7 Green tea polyphenols
7Soy isoflavones

? Coffee polyphenols
Sulforaphane

t Lactotripeptides
7 Allicin
7Spermidine
Capsaicin
Shogaol

Carnosol

7 Cocoa flavonols
Lycopene
Quercetin

" NAD* precursors

T Antioxidants
(Nrf2, SODs)

TSIRT
signaling
T autnphagyl

* endothelial function
(most cases)

| arterial stiffness (7
some cases)

3

(i limited)

Nitrite/nitrate

* endothelial function
| arterial stiffness
(mice)

it

TSIRT
signaling

* endothelial function
| arterial stiffness
(mice)

At

‘T autophagyl

* endothelial function
| arterial stiffness
(mice)

if

Resveratrol
::'.‘k
no"‘“(o“_ SO, e JOH
o™ "0 £J oM Trehalose
bl
OH
‘/_ . S S VL’/‘ o
Y i .
J‘ L oy Curcumin

~
- ~L i

(Nrf2, SODs)

* endothelial function
| arterial stiffness
(mice)

if

*
Human and mouse symbols represent clinical and preclinical evidence, respectively, and the number of symbols reflects approximate weight of

evidence. For details, see references/discussion in text.

fNutraceuticaIs reported to modulate arterial stiffness.
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