
Inflammation as a Mediator of Arterial Ageing

Daniel W. Trott, Paul J. Fadel
Department of Kinesiology, University of Texas at Arlington, Arlington, TX

Abstract

Advanced age is a primary risk factor for cardiovascular disease (CVD), the leading cause of death 

in the industrialized world. Two major components of arterial ageing are stiffening of the large 

arteries and impaired endothelium dependent dilation in multiple vascular beds. These two 

alterations are major contributors to the development of overt CVD. Increasing inflammation with 

advanced age likely plays a role in this arterial dysfunction. The purpose of this review is to 

synthesize what is known about inflammation and its relationship to age-related arterial 

dysfunction. This review discusses both the initial observational evidence for the relationship of 

age-related inflammation and arterial dysfunction as well as evidence that inflammatory 

autoimmune diseases are associated with a premature arterial ageing phenotype. We next discuss 

interventional and mechanistic evidence linking inflammation and age-related arterial dysfunction 

in older adults. We also attempt to summarize the relevant evidence from preclinical models. 

Lastly, we discuss interventions in both humans and animals that have been shown to ameliorate 

age-related arterial inflammation and dysfunction. The available evidence provides a strong basis 

for the role of inflammation in both large artery stiffening and impairment of endothelium 

dependent dilation; however, the specific inflammatory mediators, the initiating factors, and the 

relative importance of the endothelium, smooth muscle cells, perivascular adipose and immune 

cells in arterial inflammation are not well understood. With the expansion of the ageing 

population, ameliorating age-related arterial inflammation represents an important potential 

strategy for preserving vascular health in the elderly.
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Introduction

Recently several lines of evidence have demonstrated that advanced age is associated with 

chronic low-grade inflammation and that this inflammation is associated with numerous age-

related pathologies that lead to morbidity and mortality. As ageing is the major risk factor 

for cardiovascular disease (CVD) and most of these diseases are either entirely vascular or 
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have a significant vascular component, there has been substantial attention to the aetiology 

of dysfunction in the aged artery. Arterial ageing manifests itself primarily through: 1) 

increases in large artery stiffness (Lakatta and Levy, 2003); and 2) impairments in 

endothelium dependent dilation (EDD) due to decreased nitric oxide (NO)-bioavailability 

and greater influence of the endothelial derived vasoconstrictor, endothelin-1 (Diehl, et al, 

2012, Donato, et al, 2007, Gerhard, et al, 1996). Both large elastic artery stiffness (Lakatta 

and Levy, 2003, Mitchell, et al, 2010, Vlachopoulos, et al, 2010) and endothelial dysfunction 

(Ras, et al, 2012, Widlansky, et al, 2003, Yeboah, et al, 2007) are predictive of future 

cardiovascular events and are present in patients with CVD. Numerous investigations 

implicate age-associated inflammation in the initiation or propagation of diseases of the 

arteries (discussed in detail below). Despite these findings, it is less clear how the cells of 

the cells of the artery wall, circulating inflammatory factors and immune cells interact with 

age. The purpose of this review is to synthesize data in humans, animals and in vitro models 

to summarize the current state of knowledge regarding arterial inflammation with advanced 

age and how it relates to arterial dysfunction and risk of CVD. The topics covered include: 

observational evidence for the relationship of age-related inflammation and arterial 

dysfunction, insight from autoimmune inflammatory diseases and their effects on arterial 

function, interventional evidence linking inflammation and age-related arterial dysfunction, 

insight into age-related arterial inflammation from preclinical models and interventions to 

ameliorate age-related inflammation and arterial dysfunction. Lastly, a summary and future 

directions for research on aging, inflammation and arterial dysfunction is provided.

Overview of inflammation

Inflammation, first identified by the Roman physician Cornelius Celsus in the 1st century 

AD, is known by the classic signs of heat, pain, redness and swelling. In 1858 Rudolph 

Virchow added an important fifth sign, loss of function (Medzhitov, 2010). Shortly after the 

addition of loss of function to the signs of inflammation, Augustus Walter and Julius 

Cohnheim discovered that leukocytes emigrate out of the vasculature into resident tissues 

and that the leaky vasculature results in plasma loss and swelling (Medzhitov, 2010).

For a comprehensive description of the normal inflammatory response, readers are referred 

to the excellent review of Medzhitov, 2010. Briefly summarized, the typical inflammatory 

response is initiated by the appearance of molecules from either invasive pathogens 

(pathogen associated molecular patterns, PAMPS) or tissue damage (damage associated 

molecular patterns, DAMPS). These initiating molecules are detected by Toll like receptors 

(TLR) on many different cell types. The TLRs activate the transcription factor, Nuclear 

Factor κ B (NFκB) which translocates to the nucleus and induces transcription of multiple 

pro-inflammatory cytokine genes. Of particular importance is interleukin (IL)-1β, which can 

subsequently induce production of other notable pro-inflammatory cytokines including 

Tumour Necrosis Factor (TNF)-α and IL-6 (Willebrords, et al, 2016). This combination of 

cytokines reduces endothelial barrier function and upregulates endothelial cell surface 

molecules (Intracellular adhesion molecule, ICAM; vascular cell adhesion molecule, 

VCAM; platelet endothelial cell adhesion molecule, PECAM; e-Selectin and p-selectin) that 

allow for adhesion, rolling and extravasation of immune cells to enable recruitment to the 

inflammatory site. These cells include phagocytic cells from the innate immune system 
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including neutrophils, monocytes (which can differentiate to macrophages), and dendritic 

cells. In addition, T cells and B cells from the adaptive immune system can also extravasate 

to the site of inflammation. Notably, Interferon (IFN)-γ and IL-17 production from T cells 

potentiate inflammation by recruiting and activating other leukocytes (Onishi and Gaffen, 

2010, Schroder, et al, 2004). In a typical healthy inflammatory response, neutrophils 

undergo apoptosis following completion of their phagocytic actions at the site of 

inflammation and macrophages ingest apoptotic neutrophils (Ortega‐Gómez, et al, 2013). 

This prompts a switch in macrophages from pro- to anti-inflammatory characterized by an 

increase in anti-inflammatory IL-10 production (Ortega‐Gómez, et al, 2013). T regulatory 

cells, which also produce IL-10, are recruited by these anti-inflammatory macrophages and 

help to orchestrate the resolution of inflammation. In addition to these primary inflammatory 

factors, this review will also address the roles of: C reactive protein (CRP), a marker of 

inflammation which is synthesized by the liver in response to IL-6, IL-1 and TNF-α (Kolb-

Bachofen, 1991); chemokines, which broadly defined, serve to recruit leukocytes to the site 

of inflammation including the CC and CXC motif chemokine ligand (CCL and CXCL) 

families as well as Monocyte Colony Stimulating Factor (MCSF) and Granulocyte 

Monocyte Colony Stimulating Factor (GM-CSF) which recruit and activate monocytes and 

granulocytes; Matrix Metalloproteinases which are peptidases that are induced by 

inflammation that can break down elastin; Transforming Growth Factor (TGF)-β a cytokine 

that contributes to collagen deposition; and, Nrf2, a transcription factor that regulates 

antioxidant and anti-inflammatory genes. The inflammatory mediators discussed in this 

review are summarized in Table 1. Figure 1 depicts the cellular locations, age-related 

alterations and interactions of these mediators in the arterial wall that are most strongly 

supported by the literature. These alterations are discussed in detail in the subsequent 

paragraphs.

Age-related alterations in immune function and inflammation

As mentioned above, the immune system is composed of both innate and adaptive arms. The 

innate immune system is broadly composed of cells that differentiate along the myeloid 

lineage and include neutrophils, monocytes, macrophages, natural killer and dendritic cells. 

In contrast, adaptive immune cells differentiate along the lymphoid linage. Lymphoid cells 

have the capacity to generate T cell receptors (T cells) and antibodies (B cells) against 

specific antigens. This allows specificity, in contrast to the general capabilities of the innate 

immune system. Aging induces profound alterations in both the innate and adaptive immune 

system. First, there is a shift in the differentiation in hematoepoietic stem cells away from 

lymphoid (adaptive) and toward myeloid (innate) cells (Pang, et al, 2011). The innate 

immune system exhibits alterations including: impaired neutrophil chemotaxis, bacterial 

killing and phagocytosis; impairments in activation of monocytes and macrophages; 

increased basal monocyte and macrophage cytokine production; and, impairments in 

dendritic cell antigen and co-stimulatory molecule presentation. These alterations are 

expertly reviewed elsewhere by Shaw, et al, 2013. The major change that occurs in the 

adaptive immune system with advanced age is a decline in thymic naïve T cell output 

(Palmer, 2013). Other T cell changes include an inverted CD4:CD8 ratio, impaired T cell 

proliferation in response to mitogens, and accumulation of end differentiated memory T 
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cells, likely driven by latent cytomegalovirus infection and increased basal proinflammatory 

cytokine production (Chou and Effros, 2013, Ferguson, et al, 1995, Pawelec, et al, 2009). 

There is also evidence for increased proportions of T regulatory cells but lower frequency of 

suppressive B cells (Duggal, et al, 2013, Jagger, et al, 2014). Collectively these alterations 

lead to both a reduction in immunity and the ability to fight infection and; paradoxically, 

increased inflammation and risk for autoimmune diseases.

These changes in the immune system and other changes associated with organismal stress 

resistance are synthesized in the “Inflammaging” hypothesis (Franceschi, et al, 2000). This 

hypothesis states that the reduction in ability to cope with stressors and concomitant 

increases in inflammatory status is a hallmark of the aging process (Franceschi, et al, 2000). 

Further, the hypothesis posits that inflammation in response to antigenic stressors early in 

life confers stress resistance, but later in life the accumulation of exposure to these stressors 

and resultant inflammation contributes to progression of age-related diseases. In addition to 

the changes described above, senescent cells accumulate in many tissues with advanced age. 

These cells produce many factors collectively referred to as the Senescence Associated 

Secretory Phenotype (SASP), reviewed in by Coppé, et al, 2010. Although far from 

exhaustive, major SASP components include IL-6, IL-1β, TNF-α and CCL2 (Monocyte 

chemoattractant protein-1). Importantly, NFκB is an important regulator of the SASP 

mediator production (Chien, et al, 2011, Salminen, et al, 2012). In addition to the SASP, 

senescent cells also produce ROS (particularly superoxide anion (O2
−) and hydrogen 

peroxide (H2O2)). This is important because elevated ROS have been implicated as a major 

contributor to arterial ageing primarily by decreasing the bioavailability of NO (Donato, et 

al, 2018, Seals, 2014). ROS also induces activation of NFκB and subsequent inflammation 

(Schreck, et al, 1992), linking these two key processes in arterial ageing (Figure 1).

Observational evidence supporting a relationship between age-related 

inflammation and arterial dysfunction

Correlational Evidence of inflammation and CVD

Atherosclerosis is characterized by endothelial injury, which allows the initiation of 

inflammation with significant macrophage and T cell accumulation in atherosclerotic 

plaques (Ross, 1999). Because ageing is the single most predictive risk factor for the 

development of CVD, a natural hypothesis is that ageing is associated with increased 

inflammation that subsequently drives the development of CVD. Higher plasma levels of 

multiple proinflammatory mediators are present in older adults even in the absence of 

traditional CVD risk factors (Bonfante, et al, 2017, Cohen, et al, 1997, Gerli, et al, 2001, 

Shurin, et al, 2007). Further, inflammatory genes represent the largest cluster of increased 

whole blood gene expression with advanced age (Peters, et al, 2015).

Over the past 20 years a relatively robust literature on the association of inflammatory 

markers and arterial dysfunction or risk of CVD has emerged. Perhaps the most common 

clinical measurement of inflammation is CRP, which is synthesized in the liver in response 

to increases in IL-1, IL-6 and TNF-α during an inflammatory response (Pepys and 

Hirschfield, 2003). Plasma CRP levels are positively correlated with pulse wave velocity 
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(PWV, a measure of large artery stiffness) and inversely correlated with endothelial 

dependent dilation (EDD) in forearm resistance arteries (Fichtlscherer, et al, 2000, Lind, et 

al, 2008, Mattace-Raso, et al, 2004). In a study of over 2700 older subjects (mean age = 61) 

in the Framingham offspring study, circulating concentrations of CRP, IL-6 and soluble 

ICAM-1 were negatively correlated to forearm reactive hyperaemia; an index of 

microvascular EDD (Vita, et al, 2004). Other data from the Framingham study indicates that 

IL-6 is positively associated with PWV (Schnabel, et al, 2008). In older adults, circulating 

VCAM-1 and e-selectin are associated with impaired endothelial function in the cerebral 

and forearm circulations, respectively (Lind, et al, 2008, Tchalla, et al, 2015). Brachial 

artery flow mediated dilation (FMD) is negatively related to circulating white blood cell 

counts (specifically neutrophils, eosinophils and monocytes) in older adults and decreased 

NO bioavailability appears to involved (Walker, et al, 2010). Together, these data provide 

substantial correlational evidence for the influence of inflammation on arterial function with 

ageing.

Polymorphisms that promote production of IL-6 and IFN-γ and decreased production of 

IL-10 are associated with development of carotid plaques in older adults (Annoni, et al, 

2009, Giacconi, et al, 2004). In octogenarians, high levels of TNF-α, CRP, IL-1β, IL-6 and 

low levels of IL-10 are associated with increased coronary artery calcification and carotid 

artery intima media thickness (Freitas, et al, 2011, Machado-Silva, et al, 2016, Quaglia, et al, 

2014). It should be noted that IFN-γ and IL-17a, pro-inflammatory cytokines for which 

there is evidence of participation in age-related arterial dysfunction, were not associated 

with carotid artery disease in older adults (Machado-Silva, et al, 2016). Serum levels of 

CCL5 (RANTES), a potent T cell recruiting chemokine, is associated with arterial plaque 

development as well as serum CRP, IL-1β, and IL-6 in middle aged men (Koh, et al, 2009). 

Interestingly, carotid plaques in subjects > 70 years of age analysed ex vivo had lower 

plaque specific concentrations of IFN-γ and TNF-α (Grufman, et al, 2014). An important 

consideration when interpreting these studies is that these associations differ between 

arteries (i.e. carotid vs. coronary) and signs of CVD (i.e. plaque development, calcification, 

medial thickening) and localization of inflammatory mediator(s). It appears that various 

inflammatory mediators may have heterogeneous effects on the arterial tree and that the 

specific systemic vs. local effects (i.e. serum TNF-α associated with carotid disease, yet 

carotid plaques from older adults generating less TNF-α (Freitas, et al, 2011, Grufman, et 

al, 2014)) and interactions of these mediators are complex not completely understood.

Other population-based evidence indicates that seropositivity for cytomegalovirus (CMV) or 

CagA-positive Helicobactor pylori increase risk for CVD and cardiovascular mortality and 

CMV positivity is also associated with elevated PWV. (Mayr, et al, 2003, Roberts, et al, 

2010, Spyridopoulos, et al, 2016, Yu, et al, 2017). These data, in accordance with the 

“Inflammageing” theory, support the concept that lifelong accumulated antigen exposure 

increases inflammation, contributing to CVD. Although this body of evidence strongly 

implicates inflammation as a factor in CVD, there may be a critical interaction between 

western lifestyle and inflammation that mediates arterial ageing. In this regard, the Tismaine 

people of the Bolivian Amazon are horticulturalist/foragers and exhibit greater CRP and 

white blood cell counts but markedly lower systolic blood pressure and risk for CVD 

compared to Americans (Gurven, et al, 2009). There is some evidence that western diet 
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mediated changes in the microbiome may be responsible for these societal differences (see 

further discussion in the ‘Targeted Antioxidant and Pharmacological interventions’ section 

below). Collectively, these findings underscore the complexity by which inflammation and 

its multiple mediators interact with the vasculature as one ages.

Direct Evidence of Age-related Arterial Inflammation

Building on the base of correlational evidence, two seminal studies directly demonstrate the 

upregulation of NFκB in both venous and arterial endothelial cells of older humans (Donato, 

et al, 2007, Donato, et al, 2008). Further, venous endothelial cells from older adults exhibit 

increased IL-6, TNF-α and the pro-inflammatory chemokine CCL2 (Morgan, et al, 2013, 

Rossman, et al, 2017). The upregulation of these endothelial inflammatory factors that are 

components of the SASP may be due to increased age-associated arterial cell senescence 

(Morgan, et al, 2013, Rossman, et al, 2017). In human mesenteric arterioles, ageing is 

associated with increased NFκB and this increase is negatively correlated to EDD in these 

same vessels (Rodríguez-Mañas, et al, 2009). These observations demonstrate that 

endothelial specific inflammation occurs with advanced age. Complementing these data, 

aortas from healthy older adults exhibit greater intimal and medial CCL2 and macrophage 

staining as well as increased Matrix Metalloproteinase (MMP)2, MMP9 (proteinase 

enzymes that degrade elastin) and collagen deposition (Wang, et al, 2007). This process 

appears to be inflammation dependent (discussed further in the preclinical models section 

below) and promotes large artery stiffening. In older adults, aortic 18FDG PET, a non-

invasive measure of infiltrating inflammatory cells, is related to large artery stiffness and 

increases in the 18FDG signals around large arteries are observed in older adults over time 

(Joly, et al, 2016, Orellana, et al, 2013). Together these data provide direct evidence of 

endothelial inflammation, inflammation related arterial remodelling and arterial immune cell 

infiltration in older adults.

Insight from autoimmune inflammatory diseases and arterial function

There are a number of parallels between autoimmune disease and immune ageing. These 

similarities are reviewed extensively elsewhere (Weyand, et al, 2014). Briefly, a major 

change that occurs in both ageing and many autoimmune diseases, such as rheumatoid 

arthritis is the accumulation of CD28- T cells. These T cells are associated with increased 

arterial stiffness, impaired EDD and are predictive of stroke and cardiovascular mortality 

(Gerli, et al, 2004, Nadareishvili, et al, 2004, Youn, et al, 2013, Yu, et al, 2017). Further, 

patients with rheumatoid arthritis are at greater risk for cardiovascular disease and this is not 

explained by traditional CVD risk factors (del Rincón, et al, 2001). Patients with 

inflammatory bowel disease and Systemic lupus erythematosus exhibit greater large artery 

stiffness (Barnes, et al, 2011, Zanoli, et al, 2012). Perhaps the most relevant autoimmune 

disease is Giant Cell Arteritis, which is an autoinflammatory syndrome that is characterized 

by T cell and macrophage mediated intimal hyperplasia and stenosis of medium and large 

arteries that feed the eye, optic nerve and brain. Detailed pathophysiology of Giant Cell 

Arteritis is described elsewhere (Weyand, et al, 2012). Importantly, for this review, the 

strongest risk factor for the development of Giant Cell Arteritis is advanced age.
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There are a number of relevant clinical trials using anti-inflammatory interventions and 

assessing cardiovascular outcomes in patients with autoimmune diseases (Askling and 

Dixon, 2011). In patients with rheumatoid arthritis, ankylosing spondylitis, or psoriatic 

arthritis, TNF-α antagonism improves large artery stiffness (Angel, et al, 2010). Further, 

patients with rheumatoid arthritis treated with TNF-α antagonists exhibit decreased arterial 

inflammation as assessed by 18FDG imaging that is accompanied by improved large artery 

stiffness. (Mäki-Petäjä, et al, 2012). Brachial artery FMD was improved in rheumatoid 

arthritis patients twelve weeks following a single course of Ritiuximab to deplete B cells 

(Hsue, et al, 2014). In contrast, IL-6 receptor blockade and inhibition of T cell co-

stimulation do not improve PWV in rheumatoid arthritis patients (Mathieu, et al, 2013, 

McInnes, et al, 2015). Together these data indicate that some anti-inflammatory 

interventions designed to improve autoimmune symptoms have the secondary effect of 

improving arterial function.

Interventional evidence linking inflammation and age-related arterial 

dysfunction

Paul Ridker has led several highly impactful clinical trials to determine whether 

inflammation can directly influence cardiovascular outcomes. In a cohort from the 

Physicians Health Study his team found that aspirin lowered risk of cardiovascular events in 

subjects with high, but not low, plasma CRP (Ridker, et al, 1997). Further, in The JUPITER 

trial, statin treatment reduced CVD risk in subjects with high CRP but normal blood lipids, 

suggesting an anti-inflammatory effect of statins independent of cholesterol lowering 

(Ridker, et al, 1997, Ridker, et al, 2008). Most recently, the IL-1β antagonist canakinumab 

(The CANTOS trial) has been shown to be effective in preventing cardiovascular events 

(Ridker, et al, 2017). There are several other clinical trials that are ongoing, for a full review 

see Ferrucci and Fabbri, 2018.

In smaller mechanistic studies, short-term inhibition of NFκB with salsalate improved EDD 

in older adults (Figure 2) (Pierce, et al, 2009). Interestingly, in this cohort, salsalate reduced 

endothelial cell NFκB, oxidative stress and ROS producing enzymes, but not endothelial cell 

or systemic cytokines/chemokines (Pierce, et al, 2009). In a subsequent investigation, the 

same short-term inhibition of NFκB improved PWV in older adults (Jablonski, et al, 2015). 

Supporting this line of evidence, induced inflammation via vaccination, acutely impairs 

EDD in young healthy subjects (Hingorani, et al, 2000). The combination of data from these 

large clinical trials and smaller mechanistic studies provide support for the concept that 

inflammation is causal in arterial dysfunction with age.

In older post-menopausal women, short-term treatment with the TNF-α antagonist 

etanercept improves both large artery stiffness and EDD independent of exogenous 

oestrogen treatment (Moreau, et al, 2013). However, in uterine arteries, in vitro treatment 

with 17β-estradiol reduces production of endothelial adhesion molecules, IL-6 and CCL2 in 

arteries from women who are less than 5 years, but not greater than 10 years, from the onset 

of menopause (Novella, et al, 2012). Interestingly, physical activity reduces systemic 

inflammation in oestrogen-deficient postmenopausal women but does not improve 
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endothelial function (Santos-Parker, et al, 2017). Collectively, these data suggest that the 

interaction of sex hormones, inflammation and arterial function in postmenopausal women is 

complex and is an important topic of further investigation.

Insight into age-related arterial inflammation from preclinical models

The first evidence of age-related arterial inflammation in animals was introduced 25 years 

ago when it was shown that aortas from old rats produce more TNF-α and IL-6 than young 

controls (Belmin, et al, 1995). Since then, it has been found that aortas from old rodents also 

produce more IL-1β, IFN-γ, endothelial adhesion molecules (ICAM1 and VCAM1) as well 

as T cell, granulocyte and monocyte recruiting chemokines (CCL2, CXCL10, GM-CSF, 

MCSF) (Lesniewski, et al, 2011, Sindler, et al, 2011, Trott, et al, 2017, Yepuri, et al, 2012). 

Most of these mediators are downstream of NFκB. Whole aortas of old mice and carotid 

arteries from non-human primates also demonstrate greater NFκB activity (Lesniewski, et 

al, 2011, Sindler, et al, 2011, Ungvari, et al, 2011). In endothelial cells from old rats, NFκB 

activity and inflammatory cytokine production is dependent upon mitochondrial ROS 

production (Ungvari, et al, 2007). Further, inhibition of NFκB with salicylate ameliorates 

age-related increases in aortic proinflammatory cytokine concentrations and endothelial 

dysfunction (Lesniewski, et al, 2011). These data indicate that NFκB is a major mediator of 

age-related inflammation and endothelial dysfunction.

Older IL-10 (an anti-inflammatory cytokine) knockout mice exhibit greater large artery 

stiffness and greater impairments in carotid artery EDD and compared to old wild type mice 

(Kinzenbaw, et al, 2013, Sikka, et al, 2013). Arteries from old IL-10 knockout mice exhibit 

greater NADPH oxidase (a ROS producing enzyme) and IL-6 gene expression (Kinzenbaw, 

et al, 2013). In wild type mice, we have found that aortic IL-10 production is greater in old 

mice compared to young (Trott, et al, 2017). Together, these data suggest that upregulated 

IL-10 may be an attempt to constrain age related arterial inflammation and dysfunction.

In addition to endothelial effects, there are also direct pro-inflammatory effects on smooth 

muscle cells with ageing. For example, in primary smooth muscle cells from old non-human 

primates, ROS upregulates NFκB and IL-6 to a greater extent than in young animals, due to 

impairments in Nrf2 activity (Ungvari, et al, 2011). Nrf2 is a transcription factor that 

regulates expression of numerous antioxidant and anti-inflammatory genes and can oppose 

the proinflammatory effects of NFκB (Ahmed, et al, 2017). Inflammatory processes 

orchestrate multiple changes in both the intimal and medial layer that lead to elastin 

breakdown and collagen deposition. NFκB promotes MMP9 production in large arteries 

from older mice; MMP9 degrades elastin and promotes arterial stiffness (Donato, et al, 

2013). Carotid arteries from older mice exhibit greater levels of the cytokine Transforming 

Growth Factor (TGF)-β1 which leads to increased collagen deposition and arterial stiffness 

(Fleenor, et al, 2010). This increase in TGF-β may be due to a feed forward cascade that 

involves age-related impairments in NO bioavailability, increases in arterial ROS, 

upregulation of leukocyte attracting chemokines (CCL2, CCL5 and CXCL2), upregulation 

of adhesion molecules, monocyte infiltration and MMP2 production (Du, et al, 2016, 

Koyanagi, et al, 2000, Lozhkin, et al, 2017, Song, et al, 2012, Wang, et al, 2011). Both 

mineralacortocoid receptor/aldosterone signalling and TLRs also appear to be involved in 
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this process (Krug, et al, 2010, Song, et al, 2012). Collectively, these data suggest that 

inflammation dependent alterations can occur in the medial layer of large arteries. 

Perivascular adipose also appears to play a role in arterial ageing as transplantation of 

perivascular adipose from old mice induces large artery stiffness in young recipient mice 

(Fleenor, et al, 2014). In this same study, cultured perivascular adipose tissue from old mice 

generated greater amounts of IL-6 and chemokines GM-CSF, CCL2, and CXCL2 (Fleenor, 

et al, 2014). Others have found relatively few age-related inflammatory changes in 

perivascular adipose tissue but when older mice were fed a high fat diet to induce obesity 

perivascular adipose inflammation was markedly enhanced (Bailey-Downs, et al, 2013). 

These age-related alterations in arterial wall inflammation are summarized in Figure 1.

Most of the above findings are in the aorta or other large-elastic arteries; however, since the 

arterial tree exhibits marked heterogeneity in both anatomy and function, it is important to 

consider the role of inflammation other vascular beds. In the cerebro-microvasculature old 

rats exhibit greater in vivo endothelial leukocyte adhesion and rolling during ischemia 

reperfusion along with decreased shear rate (Ritter, et al, 2008). Ageing results in a leakier 

hippocampal blood brain barrier and greater hippocampal inflammation (both cytokines and 

inflammatory microglia) (Tucsek, et al, 2014). Genetic deletion of the anti-inflammatory 

transcription factor Nrf2 results in impaired cerebral artery EDD and increased brain 

inflammatory gene expression (Fulop, et al, 2018). In coronary arteries from old rats, IL-1β 
and IL-6 are predominantly localized in the endothelium whereas TNF-α and IL-17 are 

localized in the smooth muscle (Csiszar, et al, 2003). Importantly, CRP, IL-6, IL-17, TNF-α, 

IL-1β and IFN-γ have all been shown to directly induce resistance artery impairments in 

EDD and/or increase endothelial leukocyte adhesion in experimental models (Bevilacqua, et 

al, 1985, Hein, et al, 2009, Nguyen, et al, 2013, Stokes, et al, 2007, Wassmann, et al, 2004, 

Watson, et al, 1996, Zhang, et al, 2006). These data suggest that with age, locally produced 

cytokines may contribute to impairments in resistance artery function. The potential 

differential effects of age-related inflammation on large elastic and resistance arteries are 

depicted in Figure 3. The relative lack of information about age-related inflammation in 

vascular beds other than the large elastic arteries represent an important area of future study.

Immune system contribution to arterial inflammation

Although there is a sizeable literature on inflammation in the artery per se, there is a relative 

lack of information on whether the immune system contributes directly to age-related 

arterial inflammation. We have found that T cells, B cells and Macrophages accumulate in 

the aorta and in the mesenteric vascular arcade of old mice (Figure 4) (Lesniewski, et al, 

2011, Trott, et al, 2018). In the atherosclerosis Ldlr−/− mouse model, ageing promotes 

macrophage infiltration of the aorta beyond that observed in younger Ldlr−/− mice (Du, et 

al, 2016). Immune cell recruitment to arteries of mice that overexpress smooth muscle 

p22phox (a component of the ROS producing NADPH oxidase) is age-dependent up to early 

middle age, suggesting that the recruitment of inflammatory immune cells to the artery is 

dependent on arterial ROS (Wu, et al, 2016). Further, increased large artery stiffness in these 

mice is dependent on the presence of lymphocytes (Wu, et al, 2016). In experimental stroke 

models, old mice exhibit greater memory T cell mediated inflammation in the brain as well 

as increased infiltrating neutrophils, which produce MMP-9 and ROS, leading to 
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impairments in functional recovery (Ritzel, et al, 2016, Ritzel, et al, 2018). When these mice 

were irradiated and received a bone marrow transplant from a younger donor much of the 

inflammation and functional deficits were ameliorated (Ritzel, et al, 2018). In a similar 

experimental stroke model, in old mice, splenectomy resulted in smaller infarct sizes when 

compared to old mice with spleens intact (Chauhan, et al, 2018). Collectively, these data 

suggest that ageing results in recruitment of immune cells to both the large elastic arteries 

and smaller arteries of the gut and brain circulation where these cells can affect arterial 

structure and function (Figures 1 & 3).

Interventions to ameliorate age-related inflammation and arterial 

dysfunction

Dietary interventions

Caloric restriction, a life extending and vasculoprotective intervention improves endothelial 

function and decreases NFκB activity as well as ICAM gene expression in aortas from old 

rats (Csiszar, et al, 2009). Further, in vitro monocyte adhesion is blunted in the presence of 

serum from old caloric restricted rats when compared to serum from old ad libitum fed rats 

(Csiszar, et al, 2009). Caloric restriction also improves PWV and reverses the age-related 

increase of MMP-9 in mouse large elastic arteries (Donato, et al, 2013) as well as 

normalizing age-related infiltration of aortic T cells, B cells and macrophages (Figure 4) and 

aortic production of the T cell recruiting chemokine CXCL10 (Trott, et al, 2017, Trott, et al, 

2018). Similar effects of caloric restriction on immune cell infiltration was observed in the 

mesenteric vasculature (Figure 4) (Trott, et al, 2018).

In addition, a number of dietary interventions have been shown to be effective in reducing 

age-related inflammation and arterial dysfunction. In smooth muscle cells isolated from non-

human primates resveratrol reverses age-related increases in IL-1β, CCL2, TNF-α, 

mitochondrial ROS production and NFκB activity, as well as increasing Nrf2 activity 

(Csiszar, et al, 2012). Sodium nitrate supplementation improves EDD and normalizes PWV 

in old mice (Sindler, et al, 2011). These improvements were associated with lower aortic 

ROS and IL-1β, IL-6, IFN-γ and TNF-α (Sindler, et al, 2011). In older adults nitrate-rich 

beetroot juice decreased blood pressure and monocyte/platelet aggregation (Raubenheimer, 

et al, 2017). Trehalose, a disaccharide which has autophagy stimulating effects, improves 

EDD in both older humans and mice and the aortas from old mice treated with trehalose 

exhibit lower IL-1β, IL-6 and TNF-α production (LaRocca, et al, 2012). Curcumin, a 

polyphenol found in turmeric, improves both resistance and conduit artery EDD in older 

adults independent of changes in systemic CRP, IL-6 or TNF-α (Santos-Parker, et al, 2017). 

Flaxseed and nut consumption appear to improve arterial function and reduce inflammation 

in middle-aged cohorts with cardiovascular and metabolic diseases (Khandouzi, et al, 2019, 

Neale, et al, 2017).

Physical Activity

Habitually exercising older adults exhibit lower PWV compared to their sedentary 

counterparts and improvements in PWV induced by inhibition of NFκB occur only in 

sedentary older adults (Jablonski, et al, 2015), suggesting that NFκB activity is restrained by 
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chronic exercise. Habitually exercising older adults also exhibit blunted endothelial 

senescence and production of SASP components compared to their sedentary counterparts 

(Rossman, et al, 2017). In a cross sectional study, exercise trained postmenopausal women 

exhibited lower CRP when compared to sedentary postmenopausal women; however, the 

exercise trained women did not exhibit improved EDD in either the macro- or 

microvasculature of the forearm (Santos-Parker, et al, 2017). In old mice, voluntary wheel 

running ameliorates aortic NFκB activity, IL-1β, IL-6, TNF-α and IFN-γ production as well 

as aortic and mesenteric T cell and macrophage infiltration (Figure 4) (Lesniewski, et al, 

2011, Trott, et al, 2018). Physically active Systemic Lupus Erythematosus patients exhibit 

improved large artery stiffness and lower inflammation compared to sedentary patients 

(Barnes, et al, 2011). Together, these data suggest that physical activity can act to restrain 

arterial inflammation; however, there appear to be differential effects in men and women. 

Elucidating mechanistically how physical activity might influence arterial inflammation with 

age is understudied and an important topic for further investigation.

Role of ROS and Antioxidant Interventions

As discussed previously, with age, increases in arterial ROS likely activate NFκB and 

supress Nrf2 signalling resulting in increased production of both ROS producing enzymes 

and inflammatory cytokines. ROS are also involved in MMP-9 production and arterial 

remodelling (Wang, et al, 2015). Scavenging of O2
− with TEMPOL both improves arterial 

function and normalizes production of IL-1β, IL-6 and TNF-α production in older mice 

(Fleenor, et al, 2012). Further, TEMPOL abolished the increases in large artery stiffness 

induced by old to young perivascular adipose tissue transplants or using an ex vivo 
perivascular adipose tissue/large artery incubation assay (Fleenor, et al, 2014). 

Mitochondrial targeted antioxidants have been shown to improve both large artery stiffness 

and EDD in old mice and older adults: however, in contrast to the results with TEMPOL 

described above, these improvements are largely independent of alterations in circulating 

and aortic cytokine production (Gioscia-Ryan, et al, 2018, Gioscia-Ryan, et al, 2014, 

Rossman, et al, 2018, Zinovkin, et al, 2014). Mitochondrial targeted antioxidants decrease 

aortic ICAM in old mice (Zinovkin, et al, 2014) and in rat endothelial cells scavenging of 

mitochondrial ROS attenuates NFkB activity and inflammatory cytokine production 

(Ungvari, et al, 2007). The age-related increase in aortic VCAM is dependent on the 

NAPDH oxidase subunit Nox2 (Fan, et al, 2017). Leukocyte recruitment to arteries is greater 

in 9 month old mice that overexpress p22phox in smooth muscle compared to 9 month old 

controls (Wu, et al, 2016). Further, the increase in large artery stiffness in these mice is 

dependent on the presence of lymphocytes as Rag-1 knockout mice, which lack T and B 

cells, were protected against increases in stiffness, even in the presence of smooth muscle 

p22phox overexpression (Wu, et al, 2016). Chemerin, an adipose derived cytokine that is 

increased with advanced age, mediates increases in endothelial/monocyte adhesion in vitro 
in a ROS dependent manner (Neves, et al, 2015). Paradoxically, the NADPH oxidase subunit 

Nox4 is decreased in vascular smooth muscle cell senescence and down regulation of Nox4 

led to increases in IL-6 and IL-8 secretion (Przybylska, et al, 2016). These data suggest an 

important link between ROS and inflammation. Collectively the data suggest that cytosolic 

and extracellular scavenging of ROS may be more effective than scavenging mitochondrial 

specific ROS; however, the localization of ROS both at the tissue and subcellular level that 
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contribute to increased inflammation as well as what characterizes optimal vs. pathogenic 

ROS production has yet to be fully elucidated. It should also be noted that most studies have 

only assessed the influence of ROS on a small number of inflammatory mediators, it is 

likely that different ROS and their localization effect inflammation differently.

Pharmacological interventions

In a model of Alzheimer’s disease (amyloid precursor protein transgenic mice), treatment 

with low dose simvastatin decreases brain microglia activation and also improved cerebral 

artery reactivity and blood flow (Tong, et al, 1994). Treatment with exogenous parathyroid 

hormone improves EDD in bone principal nutrient arteries of old rats, this effect was 

associated with greater bone marrow production of IL-10 (Lee, et al, 2018). Clearance of 

senescent cells with the senolytic drug cocktail Dasatinib + Quercetin has recently been 

shown to improve several age-related pathologies including impaired endothelium 

dependent relaxation in both old and hypercholesterolemic mice (Roos, et al, 2016). In this 

investigation, the authors found that the improvements in arterial function were independent 

of changes in arterial macrophage specific gene expression in the hypercholesterolemic mice 

but did not assess other inflammatory outcomes in either the hypercholesterolemia or old 

mice (Roos, et al, 2016). Pharmacological activation of SIRT1, a member of the sirtuin 

family of enzymes that contribute to lifespan extension, improves EDD and ameliorates age-

related increases in aortic ROS, NFκB activity and TNF-α in old mice (Gano, et al, 2014). 

Supplementation with nictotinamide mononucleotide, which also contributes to SIRT1 

activity improves EDD and large-artery stiffness in old mice with a concomitant decrease in 

NFκB activity (de Picciotto, et al, 2016)

A possible explanation for the role of the western lifestyle discussed in the ‘Observational 

evidence’ section above is the interaction of diet and the gut microbiome. In mice, a western 

diet induces gut dysbiosis that is accompanied by systemic and arterial inflammation and 

arterial dysfunction (Battson, et al, 2018). These deleterious effects on the arteries were 

abolished with broad spectrum antibiotics, indicating that the microbiome plays a critical 

role in inflammation and arterial dysfunction. The microbiome also appears to play a role in 

age-related arterial dysfunction. In old mice broad spectrum antibiotics improve EDD, large 

artery stiffness and ameliorate age-related increases in aortic IL-6, TNF-α and IFN-γ 
production (Brunt, et al, 2019). In this investigation, antibiotic treatment also reduced 

systemic levels of the microbiota derived molecule trimethylamine N-oxide (TMAO) which 

has been shown to be proatherogenic (Brunt, et al, 2019, Tang, et al, 2013). There is a clear 

need for more interventional studies targeting age-related inflammation to improve arterial 

dysfunction.

Summary and Future Directions

Collectively the data described in this review lends a strong basis for the concept that 

inflammation contributes to age-related arterial dysfunction. However, the origin and onset 

of age-related arterial inflammation, the mechanisms by which inflammation is a direct 

driver of arterial dysfunction, and the effects of inflammation at different points in the 

arterial tree remain unclear. This review proposes the model depicted in Figure 3. With 

advancing age both the increases in ROS and the accumulation of senescent cells in the 

Trott and Fadel Page 12

Exp Physiol. Author manuscript; available in PMC 2020 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



artery mediate NFκB activation. Notably, whether the increase in ROS or accumulating 

cellular senescence is the initiating factor in arterial inflammation is unknown. The ability of 

Nrf2 to promote antioxidant and antiinflammatory mediators is impaired with age resulting 

in the production of proinflammatory cytokines and chemokines. Several of the mediators 

discussed throughout the review (CRP, IL-6, IL-17, TNF-α, IL-1β, IFN-γ) can directly 

induce resistance artery impairments in EDD and/or increase endothelial leukocyte adhesion 

in preclinical models (Bevilacqua, et al, 1985, Hein, et al, 2009, Nguyen, et al, 2013, Stokes, 

et al, 2007, Wassmann, et al, 2004, Watson, et al, 1996, Zhang, et al, 2006). Which of these 

mediators is most critical in induction of impairments in resistance artery EDD and the 

mechanism(s) are important topics for further study. In addition to these direct effects on the 

endothelium, it appears that inflammation in the perivascular adipose and smooth muscle 

media layers of the artery mediate leukocyte infiltration, collagen deposition and arterial 

stiffening in large elastic arteries (Donato, et al, 2013, Fleenor, et al, 2010, Fleenor, et al, 

2014, Lesniewski, et al, 2011, Wang, et al, 2011). These immune cells may generate more 

inflammatory cytokines further promoting inflammation and impairing vascular function. 

Which immune cell subtypes and the inflammatory cytokines and chemokines involved in 

this process have yet to be fully identified. Lastly, the contributions of other factors, such as 

increased sympathetic nerve activity, which is known to play a role in both vascular aging 

(Kaplon, et al, 2011) and arterial inflammation (Marvar, et al, 2010), are unknown. These 

gaps in knowledge represent several important lines of future investigation.

In conclusion, it appears that age-related arterial inflammation contributes to both 

endothelial dysfunction and impaired NO-bioavailability as well as elastin breakdown and 

collagen deposition leading to arterial stiffening. These factors together contribute to 

increased risk of CVD. Importantly, the initiating factor(s) of arterial inflammation; the 

relative importance of inflammation in the large arteries, resistance arteries and 

microcirculation; the relative importance of the endothelium smooth muscle, perivascular 

adipose, and immune cells; and the differential effects of inflammation along the arterial tree 

are unknown. Lastly, as major suppression of inflammation and the immune system is not 

practical in older adults, identifying interventions to ameliorate arterial specific 

inflammation represents a potentially fruitful area for intervention to prevent and treat CVD 

in the elderly.
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New Findings

What is the topic of this review?

This review summarizes and synthesizes what is known about the contribution of 

inflammation to age-related arterial dysfunction.

What advances does it highlight?

This review details observational evidence for the relationship of age-related 

inflammation and arterial dysfunction, insight from autoimmune inflammatory diseases 

and their effects on arterial function, interventional evidence linking inflammation and 

age-related arterial dysfunction, insight into age-related arterial inflammation from 

preclinical models and interventions to ameliorate age-related inflammation and arterial 

dysfunction.
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Figure 1. Age-related alterations in inflammatory mediators in the arterial wall.
In the endothelial layer increased reactive oxygen species (ROS) mediate increased Nuclear 

Factor κ B (NFκB) and decreased Nuclear factor (erythroid-derived 2)-like 2 (Nrf2) activity 

which results in increased inflammatory cytokine (interleukin (IL)-6, Tumour Necrosis 

Factor (TNF)-α), chemokine (CC motif chemokine ligand 2 (CCL2) and adhesion molecule 

production, leukocyte recruitment and subsequent impaired endothelium dependent dilation 

(EDD). In the smooth muscle layer ROS similarly affects NFκB and Nrf2 which mediate 

increased cytokine (IL-17, TNF-α, Transforming Growth Factor (TGF)-β), chemokine 

(CCL2 and CXC motif chemokine ligand 10 (CXCL10)) as well as Matrix 

Metalloproteinase (MMP) 9. These cytokines can interact with the endothelium to blunt 

EDD, contribute to collagen deposition and elastin degradation leading to increased arterial 

stiffness and recruitment of proinflammatory leukocytes. In the perivascular adipose, aging 

results in an increase in chemokines CCL2, CXCL2, and Granuolocyte Macrophage Colony 

Stimulating Factor (GM-CSF), these chemokines contribute to infiltration of inflammatory 

leukocytes that appear to play a role in increased arterial stiffness.
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Figure 2. Inhibition of Nuclear Factor κB improved endothelium dependent dilation in middle 
aged to older adults.
(A) Individual values for endothelium-dependent dilation (n=14; brachial artery FMD; 

percentage change, Δ%) in subjects after placebo and salsalate conditions; (B) Relation 

between baseline (placebo condition) brachial artery FMD and the change (Δ) in FMD from 

placebo to salsalate conditions. *P<0.05 vs placebo. Reproduced with permission from 

Pierce et al., (2009).
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Figure 3. Schematic for proposed model of inflammation mediated arterial dysfunction with 
advanced age.
We propose that increased arterial reactive oxygen species (ROS) and increased cellular 

senescence result in increased NFκB and decreased Nrf2 activity resulting in upregulation of 

inflammatory and ROS producing gene expression. In the resistance vasculature, the 

upregulation of inflammatory cytokines act directly to suppress Nitric Oxide (NO) and 

endothelium dependent dilation (EDD). In the large elastic arteries, inflammation leads to 

increased Matrix Metalloproteinase (MMP) and Transforming Growth Factor (TGF)-β 
activity as well as increased infiltration of proinflammatory leukocytes. These changes lead 

to breakdown of elastin, increased collagen deposition and resultant arterial stiffness. 

Together the impairments in EDD and increase in large artery stiffness contribute to 

increased risk for cardiovascular disease (CVD).
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Figure 4. Leukocyte infiltration of aorta with age, caloric restriction and voluntary running.
Aortas and mesenteric vascular arcades from young normal chow (YNC), old- (O) normal 

chow (NC), voluntary running (VR) and calorie restricted (CR) mice were digested to a 

single cell suspension and incubated with antibodies against CD45 and CD3 to assess total T 

cells in aorta (A) and mesentery (B); CD45 and CD19 to assess total B cells in aorta (C) and 

mesentery (D) and; CD45, CD11b and F4/80 to assess total macrophages in aorta (E) and 

mesentery (F). Representative flow cytometry plots are shown on the left of each panel, 

summary data is shown on the right. n = 5–11/group. Differences were assessed with one-

way ANOVA with LSD post hoc tests. * different from YNC, † different from ONC, p ≤ 

0.05. Data are means ± SEM. Adapted with permission from Trott et al., (2018).
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Table.

Inflammatory Mediators and their role(s) in arterial ageing

Mediator Abbreviation Localization Species Role in arterial ageing Key References

Adhesion molecules

e-selectin N/A Circulation Human

Associated with 
microvascular EDD 
impairment (Lind, et al, 2008)

Intracellular adhesion 
molecule ICAM Endothelial, 

circulation
Human, rat, 
mouse

Associated with impaired 
EDD (primarily 
microvascular), promotes 
leukocyte adhesion to 
endothelium

(Csiszar, et al, 2009, Vita, 
et al, 2004a, Yepuri, et al, 
2012)

Vascular cell 
adhesion molecule VCAM Endothelial, 

circulation
Human, 
mouse

Associated with impaired 
cerebral blood flow, 
promotes leukocyte 
adhesion to endothelium

(Tchalla, et al, 2015, 
Yepuri, et al, 2012)

Cytokines & Chemokines

Interferon-γ IFN-γ Whole artery Human, 
mouse

Gene polymorphisms 
associated with CVD, 
EDD impairment

(Annoni, et al, 2009, 
Lesniewski, et al, 2011, 
Stokes, et al, 2007)

Interluekin-1β IL-1β Endothelial, 
whole artery, 
circulation

Human, non-
human 
primate, rat, 
mouse

Major role in CVD (Csiszar, et al, 2003, 
Csiszar, et al, 2012, 
Lesniewski, Durrant, 
Connell, Henson, et al., 
2011, Ridker, Paul M., et 
al, 2017)

Interluekin-6 IL-6 Endothelial, 
circulation

Human,rat Associated with CVD & 
large artery stiffness, role 
in impaired EDD

(Csiszar, et al, 2003, 
Donato, et al, 2008, 
Schnabel, et al, 2008, Vita, 
et al, 2004b, Wassmann, et 
al, 2004)

Interleukin-17 IL-17 Smooth muscle Rat EDD impairment (Csiszar, et al, 2003, 
Nguyen, et al, 2013)

Interleukin-10 IL-10 Circulation, 
whole artery

Human, 
mouse

Low levels associated with 
CVD, large artery 
stiffness, EDD impairment

(Freitas, et al, 2011, 
Kinzenbaw, et al, 2013)

Transforming Growth 
Factor-β

TGF-β Whole artery Mouse Collagen deposition, 
arterial stiffening

(Fleenor, et al, 2010)

Tumour Necrosis 
Factor-α

TNF-α Endothelial, 
smooth muscle, 
circulation

Human, rat, 
mouse

Associated with CVD, 
impaired EDD, role in 
large artery stiffening

(Belmin, et al, 1995, 
Csiszar, et al, 2003, 
Donato, et al, 2008, 
Machado-Silva, et al, 
2016, Moreau, et al, 2013)

CC motif chemokine 
ligand 2

CCL2, aka 
Monocyte 
Chemoattractant 
protein 1

Endothelial, 
Smooth muscle, 
perivascular 
adipose

Human, 
mouse

Leukocyte recruitment to 
artery, promotes large 
artery stiffening

(Donato, et al, 2008, 
Wang, et al, 2007, Wang, 
et al, 2011)

CC motif chemokine 
ligand 5

CCL5, aka 
RANTES

Circulating Human, 
mouse

Associated with CVD, 
may promote arterial 
stiffening

(Grufman, et al, 2014, 
Lozhkin, et al, 2017)

CXC motif 
chemokine ligand 2

CXCL2 Smooth muscle, 
perivascular 
adipose

Mouse Recruitment of monocytes 
to the artery

(Fleenor, et al, 2014, Song, 
et al, 2012)

CXC motif 
chemokine ligand 10

CXCL10 Whole artery, 
smooth muscle

Mouse Recruitment of T cells to 
the artery

(Song, et al, 2012, Trott, et 
al, 2017)
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Mediator Abbreviation Localization Species Role in arterial ageing Key References

Granuolocyte 
Macrophage Colony 
Stimulating Factor

GM-CSF Whole artery, 
perivascular 
adipose

Mouse Macrophage recruitment 
to the artery

(Fleenor, et al, 2014, Trott, 
et al, 2017)

Immune cells

B cells N/A
Circulation, 
Perivascular 
adipose

Mouse Infiltration of perivascular 
adipose (Trott, et al, 2018)

T cells N/A
Circulation, 
Perivascular 
adipose

Human, 
mouse

Proinflammatory cells 
associated with large 
artery stiffness, infiltration 
of perivascular adipose

(Lesniewski, et al, 2011, 
Trott, et al, 2018, Yu, et al, 
2017)

Monocytes/ 
Macrophages N/A

Circulation, 
Perivascular 
adipose

Human, 
mouse

Associated with EDD 
impairment, infiltration of 
perivascular adipose 
promote atherosclerosis

(Du, et al, 2016, 
Lesniewski, et al, 2011, 
Trott, et al, 2018, Walker, 
et al, 2010)

Neutrophils N/A Circulation, 
other? Human

Associated with 
microvascular EDD 
impairment

(Walker, et al, 2010)

Transcription Factors

Nuclear Factor κ B NFκB Endothelial, 
Smooth muscle

Human, non-
human 
primate, 
rodent

Induces transcription of 
pro-inflammatory 
cytokines and chemokines 
and ROS producing 
enzymes. Associated with 
impaired flow mediated 
dilation and microvascular 
EDD impairment

(Donato, et al, 2007, 
Donato, et al, 2008, 
Donato, et al, 2013, 
Rodríguez-Mañas, et al, 
2009, Ungvari, et al, 2011)

Nuclear factor 
(erythroid-derived 2)-
like 2

Nrf2 Endothelial, 
smooth muscle

Non-human 
primate, 
mouse

Decrease in antoxidant 
and antiinflammatory gene 
expression, EDD 
impairment

(Csiszar, et al, 2012, 
Fulop, et al, 2018, 
Ungvari, et al, 2011)

Other

Matrix 
Metalloproteinase 2 MMP2 Endothelial Human Elastin degradation, 

arterial stiffening (Wang, et al, 2007)

Matrix 
Metalloproteinase 9 MMP9 Endothelial, 

whole artery
Human, 
mouse

Elastin degradation, 
arterial stiffening

(Donato, et al, 2013, 
Wang, et al, 2007)

Toll Like Receptor 4 TLR Smooth muscle Rat Upregulation of IL-6 
production (Song, et al, 2012)

C reactive protein CRP Circulation Human

Associated with CVD & 
large artery stiffness, role 
in impaired EDD 
(primarily microvascular)

(Fichtlscherer, et al, 2000, 
Hein, et al, 2009, Lind, et 
al, 2008, Mattace-Raso, et 
al, 2004)
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