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Abstract Diabetes and the ageing process independently increase the risk for cardiovascular
disease (CVD). Since incidence of diabetes increases as people get older, the diabetic older adults
represent the largest population of diabetic subjects. This group of patients would potentially
be threatened by the development of CVD related to both ageing and diabetes. The relationship
between CVD, ageing and diabetes is explained by the negative impact of these conditions on
vascular function. Functional and clinical evidence supports the role of vascular inflammation
induced by the ageing process and by diabetes in vascular impairment and CVD. Inflammatory
mechanisms in both aged and diabetic vasculature include pro-inflammatory cytokines, vascular
hyperactivation of nuclear factor-кB, increased expression of cyclooxygenase and inducible nitric
oxide synthase, imbalanced expression of pro/anti-inflammatory microRNAs, and dysfunctional
stress-response systems (sirtuins, Nrf2). In contrast, there are scarce data regarding the interaction
of these mechanisms when ageing and diabetes co-exist and its impact on vascular function. Older
diabetic animals and humans display higher vascular impairment and CVD risk than those either
aged or diabetic, suggesting that chronic low-grade inflammation in ageing creates a vascular
environment favouring the mechanisms of vascular damage driven by diabetes. Further research
is needed to determine the specific inflammatory mechanisms responsible for exacerbated vascular
impairment in older diabetic subjects in order to design effective therapeutic interventions
to minimize the impact of vascular inflammation. This would help to prevent or delay CVD
and the specific clinical manifestations (cognitive decline, frailty and disability) promoted by
diabetes-induced vascular impairment in the elderly.
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Abstract figure legend Ageing and diabetes are two well-known cardiovascular risk factors that are associated with
impaired vascular function, which in turn increases the risk of developing cardiovascular disease (CVD). Although
many of the potential inflammatory mechanisms (circulating cytokines: tumour necrosis factor-α (TNF-α) and
interleukin-6 (IL-6); enzymes: inducible nitric oxide synthase (iNOS) and cyclooxygenase (COX); and the redox-sensitive
pro-inflammatory nuclear factor κB (NF-κB)) implicated in vascular alteration associated with ageing overlap with
those induced by diabetes, the co-existence of both entities results in greater inflammation and vascular dysfunction and
therefore higher risk of CVD. From this fact arises the possibility of the existence of additional mechanisms of vascular
damage that only manifest when diabetes and ageing co-exist, maybe related to a defective response through factors
counteracting inflammation (nuclear related factor 2 (Nrf2) and sirtuins (SIRT)).

Abbreviations AA, arachidonic acid; BMI, body mass index; COX, cyclooxygenase; CRP, C-reactive protein; CVD,
cardiovascular disease; FMD, flow-mediated dilatation; IL, interleukin; iNOS, inducible nitric oxide synthase; LETO,
Long–Evans Tokushima Otsuka; LPS, lipopolysaccharide; miR, microRNA; NF-κB, nuclear factor-κB; NO, nitric oxide;
NOS, nitric oxide synthase; Nrf2, nuclear related factor-2; OLETF, Otsuka Long–Evans Tokushima fatty; PBMNC,
peripheral blood mononuclear cell; PGI2, prostaglandin I2; PGE2, prostaglandin E2; ROS, reactive oxygen species;
ICAM, intercellular adhesion molecule; SIRT, sirtuin; TNF-α, tumour necrosis factor-α; TXA2, thromboxane A2;
VCAM, vascular cell adhesion molecule; VEGF, vascular endothelial growth factor.

Introduction

Ageing and diabetes are two well-established and
outstanding risk factors for the development of cardio-
vascular disease (CVD) (Lakatta & Levy, 2003; Sarwar
et al. 2010). This is due, in part, to the presence
of altered endothelial function, manifested by reduced
endothelium-dependent vasodilatation. In fact, end-
othelial dysfunction is considered the primary antecedent
for atherosclerotic diseases. Therefore, exploring the
underlying mechanisms implicated in the genesis of this
alteration in physiological or pathological conditions
is of the utmost importance in developing adequate

strategies to prevent or retard the clinical manifestations
of CVD. In this sense, a large body of experimental
and clinical evidence indicates a prominent role of
vascular inflammation in the development of endothelial
dysfunction. Within arterial wall the interplay between
the pro-inflammatory and pro-oxidant milieus, which
both act synergistically, accelerates the formation of
atherosclerotic plaque and, therefore, increases the risk
of arterial disease (Hajjar & Gotto, 2013). In fact,
inflammation is now considered a key event in vascular
dysfunction and the development of CVDs (Okazaki et al.
2014; Libby & Hansson, 2015; Rein et al. 2015). Such a
concept is supported by the fact that anti-inflammatory
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cytokines protect endothelial function (Shao et al. 2014)
and interventions resulting in reduced inflammation
prevent vascular dysfunction and cardiovascular events
(Santos-Parker et al. 2014; Moreira et al. 2015; van
Bussel et al. 2015). Thus, the focus of this review is to
address the role of inflammation and its mechanisms
in vascular dysfunction associated with ageing and
diabetes, by describing the impact of these conditions
separately and, then, analysing the vascular impairment
and inflammatory mechanisms generated when ageing
and diabetes co-exist. First, we will briefly describe the
impact of these two cardiovascular risk factors on vascular
function.

Vascular dysfunction in ageing

Ageing is considered the major risk factor and driver of
CVD. In fact, the incidence and severity of subclinical
and clinical manifestations of CVD steeply increase with
age (Lakatta & Levy, 2003; Paneni et al. 2015), even in
the absence of traditional risk factors (Wu et al. 2014).
Both clinical and preclinical data have shown that vascular
ageing is associated with functional and structural changes
that take place at different levels: the endothelium and
vascular smooth muscle cells, as well as the extracellular
matrix of vessel walls (Rubio-Ruiz et al. 2014). Salient
aspects of age-associated changes in vasculature include
intima and media thickening, increased arterial stiffness
and dilatation of central elastic arteries resulting in a
reduced ability to expand and contract in response to
pressure changes (Kotsis et al. 2011). Several data have
highlighted a linear relationship between arterial stiffness
and age (Wen et al. 2015). Others have also found
accelerated stiffening between 50 and 60 years of age
(McEniery et al. 2005).

In fact, arterial stiffness is always preceded by an
impaired endothelial vasodilatation suggesting that this
arterial alteration is also linked to endothelial dysfunction
(Scuteri et al. 2008). Furthermore, the presence of an
altered endothelial function may, in turn, aggravate
media thickness and fibrosis (Paneni et al. 2015). Thus,
endothelial dysfunction represents a key step in the
initiation and maintenance of atherosclerosis and is an
independent predictor of cardiovascular events (Steyers
& Miller, 2014). Indeed, a vast number of published
data show that the ageing process is associated with
endothelial dysfunction, manifested by a reduction of
the endothelium-dependent vasodilatation, in both the
micro- and the macrovasculature derived from animal
models (Lakatta & Levy, 2003; Matz & Andriantsitohaina,
2003; Brandes et al. 2005; Dal-Ros et al. 2012; Gano
et al. 2014) and humans (Matz & Andriantsitohaina, 2003;
Brandes et al. 2005; Rodrı́guez-Mañas et al. 2009; Toda,
2012; Walker et al. 2014). Therefore, the maintenance of
a correct function of the vascular bed seems to be an

essential determinant of healthy ageing (Virdis et al. 2010;
Toda, 2012).

Vascular dysfunction in diabetes

Diabetes represents an important risk factor for CVD
(Sarwar et al. 2010; Lind et al. 2014; Peters et al.
2014). Like ageing, diabetes impacts vascular function.
In fact, the impairment of endothelium-dependent
vasodilatation is a frequent finding in arteries from
diabetic animals and patients in both in vivo and ex
vivo settings (Rodrı́guez-Mañas et al. 1998; Angulo et al.
1998; Kim et al. 2002; Rodrı́guez-Mañas et al. 2003;
Angulo et al. 2003; Molnar et al. 2005; Schjørring
et al. 2012). Furthermore, endothelial dysfunction is
a predictor of CVD in diabetic patients (van Slotten
et al. 2014). Even in young diabetic patients, a decrease
in endothelium-dependent, flow-mediated, dilatation
contributes to early atherosclerotic changes (Jin et al. 2008;
Naylor et al. 2011). In this sense, endothelial dysfunction
seems to represent an early stage in the development
of vascular complications in patients with either type
1 or type 2 diabetes (Xu & Zou, 2009; Ladeia et al.
2014). Remarkably, some comparative studies have shown
greater impairment of endothelial function in subjects
with type 2 diabetes (Ohsugi et al. 2014). This finding
could be related to the deleterious effect that insulin
resistance exerts on endothelial function (Avogaro et al.
2013), which is supported by recent data showing that
only mesenteric microvessels obtained from obese subjects
with insulin resistance display impaired endothelial vaso-
dilatation, even after exclusion of diabetic cases (El Assar
et al. 2013). Thus, hyperglycaemia and insulin resistance
could simultaneously compromise endothelial function
in type 2 diabetic patients. In fact, insulin resistance
estimated by Homeostasis Model Assessment (HOMA)
is independently associated with subsequent symptomatic
CVD in the general population (Bonora et al. 2007).

Although reduced endothelial vasodilatation is a
hallmark of vascular dysfunction related to diabetes,
arterial stiffness is frequently detected in diabetic patients,
especially in those with advanced age (Prenner & Chirinos,
2015). Moreover, pulse wave velocity has been found to
increase in type 2 diabetic patients (Cruickshank et al.
2002; Lukich et al. 2010; Zhang et al. 2011), suggesting
that arterial stiffness is associated with diabetes as another
manifestation of vascular dysfunction. In fact, pulse wave
velocity in diabetic patients increases as the age increases
(Naka et al. 2012).

Inflammation related to either ageing or to diabetes

The mechanisms underlying vascular ageing and diabetes
are complex and involve multiple pathways and factors
(Fig. 1 and Table 1). It is well established that nitric
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oxide (NO) is a crucial factor for the proper functioning
of endothelial cells. Emerging evidence derived from
experimental animal and human models has emphasized
a central role of two main mechanisms responsible for
reduced NO bioavailability and endothelial dysfunction
with ageing and with diabetes: oxidative stress and
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Figure 1. Ageing- or diabetes-induced inflammatory
mechanisms cause vascular dysfunction increasing
cardiovascular risk
Ageing or diabetes is associated with a disruption in the endothelial
environment due to the presence of high levels of both reactive
oxygen species (for example, superoxide (O2.−) and hydrogen
peroxide (H2O2)), and pro-inflammatory mediators produced locally
or systemically. A pro-oxidative stress scenario impacts negatively on
endothelial function by quenching nitric oxide (NO) and therefore
reducing its availability. Circulating pro-inflammatory cytokines (for
examples TNF-α) also contribute to endothelial malfunction through
direct induction of iNOS or through the activation of a
redox-sensitive pro-inflammatory nuclear factor κB (NF-κB), which in
turn activates different enzymes (iNOS, COX-2) leading to
peroxynitirite (ONOO−) formation and increased production of
contractile factors. A regulation of COX-1 is also observed in ageing.
A close interaction between oxidative stress and chronic low-grade
inflammation develops in the microenvironment of aged or diabetic
arteries, exacerbating one another and creating a vicious cycle. This
translates into an endothelial phenotype characterized by the
presence of endothelial dysfunction that consequently makes aged
or diabetic individuals prone to develop cardiovascular disease. COX,
cyclooxygenase; CRP, C reactive protein; IL-6, interleukin-6; IL-1β,
interleukin-1β; iNOS, inducible nitric oxide synthase; PGH2,
prostaglandin H2; TNF-α, tumor necrosis factor-α; TXA2,
thromboxane A2.

Table 1. Mediators of inflammation involved in vascular
dysfunction associated with ageing, with diabetes and with the
presence of both conditions

Ageing +
Ageing Diabetes diabetes

Systemic inflammation
Pro-inflammatory cytokines

IL-6 + + ++
IL-1β + + ++
vTNF- α + + ++

Anti-inflammatory cytokines
Adiponectin ± – ±

Local inflammation
iNOS + + ++
COX + + ++
NF-kB + + ++

microRNAs
miR-27a – ± ?
miR-34a + + ?
miR-155 – – ?
miR-146a + – ?

Modulatory systems
Sirtuins

SIRT1 – – ?
SIRT 6 – – ?
Nrf-2 – – ?

COX, cyclooxygenase; IL-6, interleukin-6; IL-1β, interleukin-1β;
iNOS, inducible nitric oxide synthase; NF-κB, nuclear factor-κB;
TNF-α, tumour necrosis factor-α; +: increased/up-regulated; –,
decreased/down-regulated; ±, not clear; ++, further increased
in ageing plus diabetes with respect to separate conditions; ?,
unknown.

inflammation (El Assar et al. 2013; Hamilton & Watts,
2013), which are bi-directionally associated (Seals et al.,
2014). Since inflammation is a determinant factor in
vascular dysfunction in ageing as well as in diabetes,
we are going to delineate the inflammatory mechanisms
contributing to vascular dysfunction in either ageing or
diabetes and to evaluate the functionality of modulatory
systems that play a significant role in the control of vascular
inflammation.

Mechanisms of vascular inflammation in ageing

Circulating cytokines in ageing. Low-grade chronic
inflammation is a well-known contributing factor for the
pathogenesis of arterial ageing, this concept having been
referred to as ‘Inflammageing’ (Cevenini et al. 2013). A
huge amount of data demonstrate that there is a profound
modification of the cytokine network as age increases that
occurs in the absence of any microorganism, characterized
by a general increase in plasma levels and cell capability of
producing pro-inflammatory cytokines and a reduction
of anti-inflammatory cytokines. In fact, increased levels
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of tumour necrosis factor-α (TNF-α), interleukin (IL)-1β

and members of the superfamily of interleukin-6 (IL-6),
as well as higher levels of C-reactive protein (CRP)
have been detected in plasma of older subjects when
compared to young adults (Ferrucci et al. 2005). It has been
shown that higher levels of these cytokines are correlated
with an increasing risk of morbidity and mortality,
not only in a frail population but also in non-frail
elderly (Michaud et al. 2013). This increase is positively
correlated with age, independently of the presence of other
cardiovascular risk factors and comorbid conditions
(Miles et al. 2008).

Evidence also shows a relationship between endothelial
dysfunction associated with ageing and elevated systemic
pro-inflammatory cytokines such as TNF-α, IL-6 or
hs-CRP both in animals and in humans (Donato et al.
2008; Lesniewski et al. 2011; LaRocca et al. 2012). In
contrast, high concentrations of the anti-inflammatory
cytokine, IL-10, are associated with less presence of
carotid atherosclerosis and coronary calcification in very
old individuals (> 80 years) (Freitas et al. 2011). IL-10
seems, in fact, to protect against ageing-induced end-
othelial dysfunction since this manifestation was only pre-
sent in carotid arteries from old mice lacking the IL-10
gene (Kinzenbaw et al. 2013). Furthermore, knockout
mice for the IL-10 gene develop vascular inflammation,
and cardiac and vascular dysfunction with increasing age
(Sikka et al. 2013). On the other hand, an inverse strong
association between the anti-inflammatory adipokine,
adiponectin, and incidence of coronary heart disease was
found in healthy middle-aged males (Pischon et al. 2004),
while others described a moderate association in other
populations studied (Sattar et al. 2006). Furthermore, high
adiponectin concentrations were significantly associated
with increased all-cause and cardiovascular mortality in an
elderly cohort (Choi et al. 2015), although others observed
no association (Kizer et al. 2012).

One possible mechanism explaining pro-inflammatory
activation and cytokine overproduction in arteries with
ageing is increased immune cell infiltration, including
macrophages and T lymphocytes. These immune cells
produce inflammatory cytokines that can in turn initiate
and sustain vascular inflammation (Weber et al. 2008).
In this sense, sporadic clustering of macrophages in
the aortic wall is more common in older compared
with young human donors (Wang et al. 2007). There
is also evidence of a marked increase in macrophages
and T lymphocytes in the adventitia and perivascular fat
tissue of old mice (Lesniewski et al. 2011), and of poly-
morphonuclear leukocytes accumulation in aorta of old
F344 rats (Zou et al. 2006).

Vascular hyperactivation of NF-κB in ageing. NF-кB is
a key factor in vascular inflammation. It activates a
series of target genes critically involved in inflammation

of vascular wall (Collins & Cybulsky, 2001). Moreover,
recently, Walker et al. have suggested that there
might be an association between endothelial nuclear
factor-κB (NF-κB) signalling and oxidative stress-related
impairment of endothelium-dependent vasodilatation in
healthy sedentary subjects (Walker et al. 2014).

The proinflammatory status associated with vascular
ageing (Csiszar et al. 2003; Ungvari et al. 2004; Csiszar
et al. 2008; Song et al. 2012) leads to the activation of
NF-κB, which in turn has the potential to establish a
complex self-amplifying feedback loop. NF-κB signalling
seems to be the culprit of inflammageing, as this
signalling system integrates the intracellular regulation
of immune responses in both ageing and age-related
diseases (Salminen et al. 2008). Furthermore, several
recent studies have shown that antagonizing NF-κB
signalling can delay the ageing phenotype, demonstrating
the key role that this signalling pathway plays in the
ageing process of various tissues (Tilstra et al. 2012).
Furthermore, the activation of NF-κB is mediated in
part by the close interplay with the age-related oxidative
stress driven by elevated levels of reactive oxygen species
(ROS), which can activate NF-κB signalling in the end-
othelium and promote chronic vascular inflammation
(Csiszar et al. 2008). Activated NF-κB regulates multiple
inflammatory molecules including TNF-α, interleukins
(IL-1β, and IL-6), chemokines (IL-8 and RANTES),
adhesion molecules (intercellular adhesion molecule
(ICAM) and vascular cell adhesion molecule (VCAM)),
and enzymes (inducible nitric oxide synthase (iNOS) and
cyclooxygenase-2 (COX-2)) (El Assar et al. 2013).

iNOS and COX in ageing. Studies in rodent vasculature
have shown that advancing age is associated with
an increase in iNOS protein expression (Kim et al.
2009; Gong et al. 2014). Furthermore, the expression
of this inducible isoform is enhanced in different
human cell types derived from the elderly, ranging
from mesothelial cells (Rodriguez-Mañas et al. 2006)
to microvessels (Rodriguez-Mañas et al. 2009). In this
sense, data obtained from aged human microvessels
and from aged animal arteries have shown improved
endothelium-dependent dilatation when iNOS was
selectively inhibited (Rodriguez-Mañas et al. 2009; Tian
et al. 2010). Furthermore, the pleiotropic inflammatory
cytokine TNF-α, involved in a variety of biological
processes including vascular dysfunction, regulates NOS
expression and/or activity and thereby exerts direct
effects on NO production (Zhang et al. 2009). Pre-
vious data have demonstrated an up-regulation of
iNOS mRNA expression when human aortic endothelial
cells were treated with TNF-α (MacNaul et al. 1993).
The iNOS-derived reactive nitrogen species leads to
nitrosative stress and impaired endothelial function
(Zhang et al. 2009). Another enzyme involved in the
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altered endothelium responses associated with vascular
ageing is COX and its derivatives. In fact, many
studies have demonstrated the positive effect exerted
by COX inhibitors on the blunted endothelium vaso-
dilatation caused by ageing, indicating the implication of
COX-derived vasoconstrictor factors in this process. In
this sense, indomethacin, a non-selective COX inhibitor,
augmented the relaxation in isolated arteries in older
patients (Vanhoutte & Tang, 2008) and aged animals
(Shi et al. 2008). The contribution of the contractile
factor thromboxane A2 (TXA2) in the malfunction of
the endothelial layer has been confirmed in human
mesenteric arteries and in rat aorta by acting on its
specific receptor (Matz et al. 2000; Rodriguez-Mañas
et al. 2009). Nevertheless, the lack of prostaglandin I2

(PGI2)-mediated vasodilatation has been documented
both in vivo (Schrage et al. 2007) and in mesenteric arteries
in vitro (Rodriguez-Mañas et al. 2009). Regarding which
COX isoform is implicated in the endothelial dysfunction
associated with the ageing process, no consensus has been
established. While some studies reported the capacity of a
COX-2 inhibitor to enhance acetylcholine-induced vaso-
dilatation in mesenteric arteries and aorta of aged rats
(Alvarez de Sotomayor et al. 2005, 2007), others found no
effect of this same compound in mesenteric arteries from
aged rats (Matz et al. 2000).

microRNAs in ageing. microRNAs (miRNAs) are a
family of highly conserved, small (�21–3 nucleotides)
non-coding RNAs that regulate gene expression at the
post-transcriptional level. In general, miRNAs bind to
complementary sites located on 3′ untranslated regions of
target mRNAs leading to a negative regulation of mRNA
stability and translation (Ameres & Zamore, 2013). The
ability of miRNA to regulate many targets at the same
time makes them good candidates to control many physio-
logical processes, especially multifactorial ones like ageing
and diabetes (Chen et al. 2010). Furthermore, several lines
of evidence have demonstrated that some miRNAs are
involved in regulating inflammation (Oliveri et al. 2013b).
In fact, some miRNAs contribute to the regulation of
NF-κB signalling and/or are regulated by this factor (Jiang
et al. 2012; Gantier et al. 2012; Song et al. 2013).

Growing evidence supports the idea of a crucial
role of miRNAs as mediators of vascular ageing both
in animal models and in humans (Boon et al, 2011;
Menghini et al. 2014). In this sense, the expression
of various miRNAs, such as miR-155, which displays
anti-inflammatory effects in endothelial cells (Cheng et al.
2014), was down-regulated in peripheral blood mono-
nuclear cells (PBMNCs) of elderly people when compared
with young individuals suggesting that miR-155 and
its predicted target have the potential to be diagnostic
indicators of age and age-related diseases (Noren Hooten
et al. 2010).

Furthermore, reduced expression of miR-27a was
observed in older mice and it was also found to be
decreased in older individuals, suggesting a role of this
miRNA in regulating longevity (Noren Hooten et al.
2010; Jansen et al. 2015). Meanwhile, an ageing-associated
increase of miR-34a expression levels was detected
in proliferative human aortic smooth muscle cells,
which promotes vascular smooth muscle senescence
and inflammation through down-regulation of the
longevity-associated protein, Sirtuin-1 (SIRT 1). The
latter, in conjunction with other factors, may lead to
arterial dysfunction associated with ageing (Badi et al.
2014).

Additionally, a marked overexpression of miR-146a has
been detected in senescent endothelial cells from human
umbilical vein, aorta and coronary artery, being associated
with an inflammatory phenotype and showing significant
negative correlation with telomere length and telomerase
activity (Olivieri et al. 2013a). However, studies in
senescent human fibroblasts and macrophages from aged
mice suggest that miR-146a is expressed in response to
rising inflammatory cytokine levels and NF-κB activation
as a negative feedback loop (Bhaumik et al. 2009J; iang
et al. 2012).

Modulatory systems counteracting vascular inflammation
in ageing. Vascular dysfunction associated with ageing
has been related to alterations in several critical
cellular homeostatic and stress resistance pathways that
suppress oxidative stress and inflammation (Seals et al.
2014). Sirtuins have been shown to counterbalance
the NF-κB transcription system. SIRT1 has emerged
as a key factor in the interplay between inflammation
and ageing by inhibiting NF-κB (Salminen et al.
2008). SIRT1 inhibits the transcriptional activity of
NF-κB by deacetylating RelA/p65 (Yeung et al. 2004).
Consistently, the decline in SIRT1 activity and expression
in skeletal muscle with ageing is accompanied by increased
inflammation and oxidative stress (Pardo & Boriek,
2011). The role of SIRT1 during ageing seems to
involve the orchestration of different stress response
pathways (Kourtis & Tavernarakis, 2011). In this sense,
SIRT1 plays an important role in the anti-oxidant and
anti-inflammatory effects driven by caloric restriction in
the vasculature of aged rats (Csiszar et al. 2009). Like
SIRT1, SIRT6 is able to repress NF-κB activity and has
also been proposed to be involved in the process of
ageing (Lombard et al. 2008). Deletion of SIRT6 in mice
results in an accelerated ageing phenotype (Mostoslavsky
et al. 2006). SIRT6 protects human endothelial cells from
senescence (Cardus et al. 2013), whereas down-regulation
of SIRT 6 mediates oxidative stress-induced senescence
in these cells (Liu et al. 2014). In fact, SIRT6 seems
to counteract inflammatory responses in human end-
othelial cells since its knockdown promotes transcriptional
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activity of NF-κB, pro-inflammatory cytokine production
and COX expression. In contrast, overexpression of
SIRT6 inhibits NF-κB activity (Lappas, 2012). Inter-
estingly, inflammatory stimuli decrease SIRT6 expression,
a fact that would allow for speculation on a possible
down-regulation of SIRT6 under pro-inflammatory
conditions such as ageing. The same could be applied
to SIRT1 since inflammatory stimuli in cells and
inflammatory conditions in rodents decrease SIRT1
activity through its S-nitrosylation resulting in increased
NF-κB activity (Shinozaki et al. 2014). Pharmacological
activation of SIRT1 reverses vascular inflammation and
endothelial dysfunction in aged mice (Gano et al. 2014).

On the other hand, an important role for nuclear
related factor-2 (Nrf2) in regulating the ageing process
by orchestrating the cellular response to oxidative stress
has been proposed (Lewis et al. 2010). Diverse Nrf2
activators, such as phenethyl isothiocyanate, attenuate
lipopolysaccharide (LPS)-induced NF-κB activation,
suggesting that Nrf2 and NF-κB behave as antagonistic
pathways (Jeong et al. 2004). In fact, Nrf2 promotes
suppression of NF-κB signalling by inhibiting IκB
kinase (IKK)/inhibitor of κB (IκB) phosphorylation and
p65 NF-κB subunit nuclear translocation (Xu et al.
2005). Conversely, NF-κB represses Nrf2 signalling at
the transcription level by competing for transcription
co-activator CREB binding protein (Wakabayashi et al.
2010). Despite an increase in superoxide production,
aged rat aortae display a decrease in Nrf2 activity that
inversely correlates with the expression of NF-кB target
genes (Marmol et al. 2007). Similar results were observed
in carotid arteries from aged non-human primates
(Ungvari et al. 2011). In this sense, the prevention by
caloric restriction of Nrf2 dysfunction associated with
ageing in cerebromicrovascular endothelial cells in rats
is accompanied by reversion of ageing-related NF-κB
activity up-regulation and pro-inflammatory phenotype
in these cells (Csiszar et al. 2014). Thus, the ageing-related
defective functionality of modulatory systems responsible
for counteracting vascular inflammation is reasonably
proven.

Mechanisms of vascular inflammation in diabetes

Inflammation is tightly linked to diabetic conditions.
This association exists in both directions since chronic
inflammation seems to promote the development of
diabetes. This is supported by the fact that elevated baseline
levels of markers of inflammation predict the incidence of
diabetes. High leukocyte count and, more specifically, high
neutrophil count are correlated with a worsening of insulin
sensitivity and incident diabetes (Vozarova et al. 2002). On
the other hand, overt diabetes promotes inflammatory
responses that mediate vascular dysfunction, CVD and

end organ damage. In this sense, it has been suggested that
targeting inflammation in diabetes improves glycaemic
control, and decreases vascular complications (Agrawal &
Kant, 2014). As shown in Fig. 1 and Table 1, inflammatory
mechanisms leading to vascular dysfunction and CVD in
diabetes are similar to those occurring in vascular ageing.

Circulating cytokines in diabetes. Elevation of inflamm-
atory cytokines IL-1β and IL-6 is associated with an
increased risk of type 2 diabetes mellitus (Spranger
et al. 2003). IL-6 levels were also found to be high in
type 1 diabetes mellitus patients, regardless of adiposity
and glycaemic control (Spranger et al. 2003). Higher
levels of the inflammatory adipokine, leptin, increase
the risk of developing type 2 diabetes (Julia et al. 2014)
while an elevated concentration of the anti-inflammatory
adipokine, adiponectin, reduce such risk (Lindberg et al.
2015). On the other hand, anti-inflammatory inter-
ventions targeted to inhibit IL-1β improved glycaemic
control in type 2 diabetic patients (Larsen et al. 2007;
Ridker et al. 2012; Hensen et al. 2013). Similar results
were observed when type 2 diabetic patients were treated
with salsalate, a precursor of salicylate that inhibits
the inflammatory transcription factor NF-κB (Goldfine
et al. 2010). Thus, it seems reasonable to suggest that
inflammation developed with the ageing process could
contribute to the higher incidence of diabetes in older
people.

Conversely, elevation of inflammatory markers in
diabetic patients is related to the incidence of CVD
in this population. Higher plasma levels of CRP were
associated with an increased risk of incident cardiovascular
events among patients with type 2 diabetes (Schulze et al.
2004; Friedman et al. 2005; Krzyzanowska et al. 2007).
Analogously, higher levels of soluble TNF-α receptor II
increased the probability of developing coronary heart
disease in 929 women with type 2 diabetes (Shai et al.
2005). Furthermore, higher levels of adiponectin not only
reduced the incidence of type 2 diabetes, but also protected
from subsequent cardiovascular events in diabetic patients
(Lindberg et al. 2015). The influence of inflammation on
the development of diabetic vascular complications was
supported by data obtained from the Diabetes Control
and Complications Trial (DCCT) (Lin et al. 2008).

The presence of systemic inflammation relates to
the development of endothelial dysfunction in diabetes.
In this sense, vascular dysfunction is associated with
increasing circulating concentrations of TNF-α and
IL-6 in type 2 diabetic patients (Natali et al. 2006).
Moreover, forearm skin blood flow is reduced in pre-
gnant women with gestational diabetes and negatively
correlates with TNF-α and IL-6, while it is positively
correlated with circulating levels of adiponectin (Mrizak
et al. 2013). Regarding the influence of inflammation
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on clinical outcomes, studies performed in patients with
diabetic neuropathy and nephropathy reveal that the
further reduction of endothelial vasodilatation observed in
diabetic patients with vascular complications is associated
with increased concentrations of inflammatory markers
(Doupis et al. 2009; Taslipinar et al. 2011). Consistent
with the involvement of inflammation on diabetic vascular
dysfunction, some therapeutic interventions, such as
rosiglitazone and atorvastatin, which lower systemic
inflammatory factors, also improve vascular function
in diabetic patients (Esposito et al. 2006; Konduracka
et al. 2008). However, vasodilatory responses in obese
type 2 diabetic patients did not improve after etanercept
(anti-TNF-α) administration despite causing significant
reduction of plasma CRP and IL-6 (Domı́nguez et al.
2005).

An important amount of experimental evidence in
animal models supports the causative role of inflammation
on diabetic vascular dysfunction. Vascular tissues from
type 2 diabetic rats display inflammatory activation
confirmed by increased NF-κB activity and up-regulation
of TNF-α and ICAM and augmented myeloperoxidase
activity (Bitar et al. 2010). The improvement in end-
othelial vasodilatation of coronary arteries accomplished
by exercise training is related to down-regulation of TNF-α
expression in cardiac tissue and reduction of circulating
IL-6 in diabetic mice (Lee et al. 2011b), while beneficial
effects in aortic vasodilatation are partly dependent on
adiponectin up-regulation in these animals (Lee et al.
2011a).

The anti-inflammatory cytokine IL-10 protects from
endothelial dysfunction in diabetes since the deletion
of its gene in mice results in exacerbated impairment
of endothelium-dependent vasodilatation caused by
the induction of diabetes (Gunnett et al. 2002).
Supporting this idea, increased serum levels of IL-10
were associated with lower risk of erectile dysfunction
in type 2 diabetic patients (Araña-Rosaı́nz et al.
2011). Inhibition of inflammatory cytokine production
with semapimod treatment restored endothelial vaso-
dilatation in obese Zucker rats in correlation with the
reduction of serum concentrations of TNF-α, IL-6 and
CRP while acute administration of TNF-α suppresses
endothelium-dependent relaxations in lean control rats
(Nishimatsu et al. 2008), confirming the previously
reported involvement of TNF-α in endothelial dysfunction
in this model of insulin resistance (Picchi et al. 2006) that
was also observed in type 2 diabetic mice (Yang et al.
2009a).

Vascular hyperactivation of NF-κB in diabetes. NF-кB
represents an important link between vascular oxidative
stress and inflammation in the vascular damage caused
by hyperglycaemia (Nishikawa et al. 2000). NF-кB is

one major intracellular target of hyperglycaemia (Barnes
& Karin, 1997; Mohamed et al. 1999). Hyperglycaemia
induces ROS formation in endothelial cells, which triggers
NF-кB transcriptional activity. This activation of NF-кB
seems to be an initial signalling event in the vascular
inflammatory response, while many products of the
genes targeted by NF-кB (vascular endothelial growth
factor (VEGF), TNF-α, IL-1β), in turn, activate this
factor, representing a positive feedback loop (Evans
et al. 2002). In different animal models of diabetes,
vascular NF-кB hyperactivation has been detected whereas
different pharmacological approaches resulting in NF-кB
inhibition led to reduced vascular inflammation and
improved vascular function (Pieper et al. 2002; Yang et al.
2009b; Murthy et al. 2010; Bruder-Nascimento et al. 2015).
In diabetic patients, mononuclear cell expression of NF-кB
in peripheral blood was related to glycaemic control and
diabetic complications (Hofmann et al. 1998; 1999). In this
sense, in patients with chronic kidney disease, the presence
of diabetes is associated with an increasing activation of
NF-кB in epigastric arteries that is associated with more
severe vascular injury and greater levels of IL-6, monocyte
chemoattractant protein-1 and VCAM-1 (Triñanes et al.
2012). Thus, pathological activation of the NF-кB system
is likely to contribute to vascular inflammation in diabetes.

iNOS/COX in diabetes. Induction of diabetes in rats
results in increased expression of iNOS in vascular
tissue (Ahmad et al. 2005). Furthermore, deletion of the
iNOS gene prevents the impairment of endothelial vaso-
dilatation caused by diabetes in carotid arteries of mice
(Gunnett et al. 2003) and preserves cerebral arteriolar
vasomotor function in diabetic mice (Kitayama et al.
2006). Diabetes also interferes with the activity of vascular
COX leading to altered synthesis of prostanoids. In this
sense, the conversion of arachidonic acid (AA)-induced
relaxations mediated by PGI2 in mesenteric arteries from
non-diabetic dogs into contractions driven by AA and
mediated by TXA2 in diabetic animals (Sterin-Borda et al.
1984). More recent evidence has shown the up-regulation
of COX-2 and increased TXA2 production that results
in enhanced vascular smooth muscle tone in aorta and
skeletal muscle arterioles from diabetic (db/db) mice (Guo
et al. 2005; Bagi et al. 2005). Increased vascular expression
of COX-2 was also detected in coronary arterioles from
diabetic patients but, in this case, associated with elevated
production of PGE2 and PGI2 (Szerafin et al. 2006). In
plasma from type 1 diabetic patients, levels of PGE2 were
also found to be elevated (Chen et al. 2009). In addition,
human diabetes is associated to enhanced expression of
COX-2 in atherosclerotic plaques (Baldan et al. 2014).
High glucose concentrations increase COX-2 expression
in human endothelial and vascular smooth muscle cells
(Cosentino et al. 2003; Gordillo-Moscoso et al. 2013).
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These evidences point to a relevant role of iNOS and
COX in the inflammatory mechanisms leading to vascular
dysfunction in diabetes.

microRNAs in diabetes. Similarly to that observed in
ageing, down-regulation of miR-155 was also reported
in PBMNCs from patients with type 2 diabetes with
respect to healthy control subjects. In fact, lower levels
of miR-155 and its significant correlation with glycaemic
control suggest a role for this miRNA in the pathogenesis of
type 2 diabetes (Corral-Fernández et al. 2013). A similar
pattern of expression in PBMNCs from type 2 diabetic
patients was observed for miR-146a (Corral-Fernández
et al. 2013). In other study comparing type 2 diabetic
patients with non-diabetic control subjects with similar
overweight and dyslipidaemia, levels of miR-146a but not
those of miR-155 were significantly reduced in diabetes
without association to glycaemia, BMI or dyslipidaemia,
but correlating with levels of inflammatory cytokine, IL-8
(Baldeón et al. 2014). In fact, the reduced expression
of miR-146a in PBMNCs of diabetic patients was pre-
viously reported to be negatively correlated with both
glycaemic control and insulin resistance, and NF-κB
expression and plasmatic levels of TNF-α and IL-6,
linking subclinical inflammation in type 2 diabetes with
impaired expression of miR-146a (Balasubramanyam
et al. 2011). The functional role of miR-146a was
supported by the fact that hyperglycaemia reduced levels
of miR-146a in human aortic endothelial cells while over-
expression of miR-146 inhibited inflammatory phenotype
induced by high glucose in these cells (Wang et al.
2014a). Likewise, human retinal endothelial cells from
diabetic donors display reduced miR-146a expression
and increased inflammatory cytokines. Inhibition of
miR-146a augments the expression of ICAM-1, which
is reduced by treating with a miR-146a mimic (Wang
et al. 2014b). Moreover, streptozotocin-induced diabetes
results in downregulation of miR-146a in rat aorta
associated with increased mRNA levels of NF-κB (Emadi
et al. 2014). Although further research is required, it
could be speculated that the induction of miR-146a
to restrain inflammatory status is dysfunctional in
diabetes.

Dysregulation of miR-27a has also been detected
in diabetic patients in correlation with fasting glucose
(Karolina et al. 2012) and in tissues from type 2 diabetic
rats (Herrera et al. 2010). Increased levels of miR-34a
have been detected in serum of type 2 diabetic subjects
(Kong et al. 2011). Reduced SIRT-1 activity by miR-34a
upregulation is also observed in obesity (Choi et al.
2013). Furthermore, high glucose in vitro and diabetes
in animals result in increased expression of miR-34a, an
event that could be related to the development of diabetic
nephropathy (Zhang et al. 2014).

miRNAs have the potential to be clinically
relevant biomarkers for inflammatory responses and
inflammation-related conditions such as ageing and
diabetes (Olivieri et al. 2013b), but could also be promising
targets for intervention, especially miR-146a, since they
are involved in many steps of vascular inflammation.

Modulatory systems counteracting vascular inflammation
in diabetes. The potential anti-inflammatory effects of
SIRT1 in the diabetic vasculature have been proposed
(Winnik et al. 2012). In this sense, SIRT1 expression is
reduced in vascular smooth muscle cells after induction of
diabetes in rats (Toniolo et al. 2013). As well, SIRT6 has
also been suggested to be involved in metabolic disorders
(Lombard et al. 2008). In contrast, overexpression of
SIRT6 inhibits NF-κB activity (Lappas, 2012).

On the other hand, expression of Nrf2 also decreases
in diabetic vasculature while pharmacological induction
of Nrf2 prevents structural alterations and vascular
inflammation in the aorta of diabetic rats (Miao et al.
2013; Wang et al. 2014c). In addition, gestational diabetes
causes dysregulation of the Nrf2 system in fetal end-
othelial cells by preventing the Nrf2-mediated trans-
criptional activity in response to exposure to lipid
peroxides (Cheng et al. 2013). Accordingly, it has been
proposed that hyperglycaemia-induced inactivation of the
Nrf2 defence pathway in endothelial cells would result in
endothelial dysfunction and the development of diabetic
complications (Cheng et al. 2011). Although less strongly
supported by the existing literature than in ageing, the
systems in charge of counteracting vascular inflammation,
such as sirtuins and Nrf2, are also compromised in
diabetes.

Inflammation and vascular dysfunction when both
ageing and diabetes co-exist

The presence of diabetes in adults 65 years or older confers
on this group special characteristics and needs. This
situation is rather usual as diabetes is present in 25% of the
older adults (at 65 years old or older) and 50% of the people
with diabetes are older than 65 (Sinclair et al. 2015). We
have already reviewed the role of inflammation as an agent
involved in the pathophysiology of the vascular damage
produced when ageing or diabetes occurs separately. But,
what happens when these two conditions co-exist in the
same individual? Is there further damage to the vascular
system? Are the same mechanisms involved in vascular
damage? We will now try to address these questions.

Many of the potential inflammatory mechanisms
implicated in vascular alteration associated with ageing
overlap with those present in diabetes. However, the
inflammatory mechanisms of vascular damage prevailing
when both conditions are present are relatively unknown
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(Table 1). Since vascular damage exists secondary to either
ageing or diabetes, two hypotheses arise from the inter-
action between these conditions when they are jointly
present: (1) as mentioned above, both entities share most
of mechanisms of inflammatory injury and, thus, their
co-existence could cause no further impact on vascular
function; and (2) the presence of both advanced age and
diabetes results in greater vascular damage than in the pre-
sence of just one condition. Epidemiological and clinical
data strongly suggest that ageing maximizes the effects of
diabetes on vascular tissue, but is this impact simply the
final outcome of the additive effects of both ageing and
diabetes or is it the effect of different new mechanisms
that are only present when both conditions are present?
Evidence supporting that the vascular system is more
damaged when ageing and diabetes are simultaneously
present is discussed below.

Greater impact on vascular function. Ample evidence
has shown that older people with diabetes are at higher
risk for both acute and chronic microvascular and cardio-
vascular complications that will negatively impact the
independence, self-care capacity and, therefore, quality of
life of older adults (Kirkman et al. 2012). In line with this,
some studies have reported higher risk of death in diabetic
people at all ages younger than 80 years when compared
with those without diabetes, this risk being higher in
woman than men (Sinclair et al. 2015). Moreover, higher
prevalence of vascular diseases (ischaemic heart disease,
cerebrovascular disease and peripheral vascular disease)
in the elderly with diabetes versus those without diabetes
(Nakano & Ito, 2007) has been reported. On the other
hand, although some studies described lower mortality
associated with diabetes at an older than younger age
(Barnett et al. 2006; Sinclair et al. 2015), an excess mortality
associated with diabetes has been detected in American
elderly, even in those aged 85 years or more (Bertoni
et al. 2002). This would be consistent with the higher pre-
valence of diabetic vascular complications described in the
elderly with diabetes with respect to middle-aged people
with diabetes (Nakano & Ito, 2007). Furthermore, for a
given duration of diabetes, cardiovascular complications
and mortality have been shown to steeply increase
with advanced age (Huang et al. 2014). This consistent
epidemiological evidence allows the discarding of
the hypothesis that the vascular damage caused by
co-existing ageing and diabetes is not greater than that
already generated by either of the two conditions on
its own.

Although limited in number, there are some studies that
aimed to analyse the influence of both diabetes and ageing
on human vascular function. Defective vasodilatation in
middle-aged (46–60 years old) type 1 diabetic patients
is still patent with respect to age matched controls

(Grzelak et al. 2011). Similarly, a greater impairment
of flow-mediated dilatation (FMD) was induced by
type 2 diabetes at all ages despite the existence of an
ageing-induced impairment (Petrofsky & Lee, 2005). This
would suggest that, despite sharing pathophysiological
mechanisms, ageing and diabetes additively impact
vascular function. In this sense, the skin blood flow
increase in response to heat stimulus was blunted in older
subjects with respect to younger, but diabetic older adults
displayed a further reduction of blood flow response
with respect to non-diabetic older adults, despite having
similar age and BMI (Petrofsky et al. 2013). Furthermore,
brachial artery FMD was impaired in middle-aged/older
adults (62 ± 1 years) with normal fasting glucose with
respect to young (24 ± 1 years), but the presence of
impaired fasting glucose was related to a further reduction
of FMD in middle-aged/older subjects (64 ± 1 years).
In fact, taking together these middle-aged/older subjects,
FMD was inversely correlated with fasting plasma glucose
concentrations. Interestingly, impairments caused by
ageing and high glucose level were both prevented by
regular aerobic exercise (Devan et al. 2013).

Evidence from animal models also suggests that the
severity of vascular dysfunction increases in aged diabetic
animals with respect to those only diabetic or only aged.
Old type 2 diabetic rats show an exacerbated reduction of
endothelium-dependent relaxations in aorta, mesenteric
artery and corpus cavernosum (Miyata et al. 1992;
Witte et al. 2002; Gür et al. 2005). While endothelial
vasodilatation is preserved in aorta of lean non-diabetic
(Long–Evans Tokushima Otsuka; LETO) rats up to
40 weeks of age (middle-age), this response is significantly
reduced in obese diabetic (Otsuka Long–Evans Tokushima
fatty; OLETF) rats at 20 weeks and further reduced at
40 weeks of age, an impairment that was prevented by
performing physical activity (Bunker et al. 2010). Thus,
epidemiological and functional evidence clearly shows
that the presence of ageing and diabetes promotes a
greater vascular impairment than that driven by any of the
separate conditions. Although the mechanism(s) leading
to this event have not been completely elucidated, we
propose inflammation as a key factor in the exaggerated
vascular damage produced when ageing and diabetes
co-exist.

Inflammation as a contributor to the exaggerated
vascular dysfunction. The role of inflammation in the
profound impairment of vascular function driven by
concomitant diabetes and ageing is also supported by
evidence derived from animal models. In aorta of
aged OLETF rats (60–65 weeks old), the reduction of
endothelium-dependent relaxation and the enhancement
of endothelium-dependent contraction in comparison
with aged LETO rats were associated with an increase
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in COX-1/2 expression and prostanoid production
(Matsumoto et al. 2007). Using the same model, it
was demonstrated that increased transcriptional activity
of NF-кB was related to increased production of
COX-derived prostanoids, TXA2 and PGE2, and to
enhanced endothelium-dependent contractions that are
reversed by NF-кB inhibition (Matsumoto et al. 2009).
In this sense, blunted endothelium-dependent relaxation
of mesenteric arteries in Zucker diabetic fatty (ZDF)
rats was improved after COX-2 inhibition but only
in aged animals (12 months old). Although diabetes
was associated with increased ROS generation and
COX-2 expression in mesenteric arteries from young
rats, these effects of diabetes were exacerbated in aged
animals (Vessières et al. 2013). It is interesting to
remark that, even in elderly populations, the presence
of diabetes is associated with elevated systemic levels
of COX-derived prostanoids (Helmersson et al. 2004).
Exaggerated inflammation in aortic tissue from 22- to
24-month-old diabetic Goto Kakizaki rats with respect to

age-matched Wistar rats has also been reported. Increased
production of TNF-α and ICAM, myeloperoxidase activity
(leukocyte infiltration) and NF-кB activity were detected
(Bitar et al. 2010). Moreover, the mild impairment of
endothelium-dependent relaxation observed in aortae
from young mice fed with a high fat diet that renders
the animals obese and hyperglycaemic turns into a
strong reduction of vasodilatation when the high fat
diet was administered to aged (24 months) mice. This
is associated with exaggerated aortic inflammation and
ROS production. Furthermore, exacerbated inflammation
is also detected in periaortic adipose tissue from aged
obese/hyperglycaemic mice that is able to induce a strong
inflammatory phenotype in control aortae (Bailey-Downs
et al. 2013). All this evidence would suggest that the
vascular inflammation induced by diabetes is exacerbated
when an inflammatory background is already present in
the aged vasculature, resulting in a further impairment of
vascular function. This idea is graphically represented in
Fig. 2.
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Figure 2. Exaggerated vascular dysfunction when ageing and diabetes co-exist: role of basal low-grade
inflammation
In young arteries (upper left), the development of diabetes induces oxidative stress and inflammation that is
counteracted by an anti-inflammatory/stressor response by modulatory systems (Nrf2, sirtuins, etc.) that mitigates
in some degree the impact of diabetes on NO availability and vascular function (upper right). In aged arteries, there
exists a low-grade inflammation that moderately impacts vascular function and NO availability (lower left). In this
situation, the development of diabetes induces further oxidative stress and inflammation, but the basal oxidant and
inflammatory conditions prevent a balanced response by defective modulatory systems resulting in exacerbated
NO deficit and vascular dysfunction (lower right). A similar situation could result when a diabetic condition persists
and the ageing process further impairs vascular function. COX, cyclooxygenase; IL-6, interleukin-6; iNOS, inducible
nitric oxide synthase; NF-κB, nuclear factor-κB; ROS, reactive oxygen species; TNF-α, tumour necrosis factor-α.
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Chronic low-grade inflammation associated with
vascular ageing, in addition to directly interfering with
the adequate function of the vasculature, could prevent
the required actions in response to a stressor condition
like oxidative stress or acute inflammation. In this sense,
constitutive expression of redox-sensitive transcription
factors such as NF-κB in old skeletal muscles impedes the
additional transcription of cytoprotective genes following
contraction, making these muscles vulnerable to oxidative
stress (Jackson & McArdle, 2011). Similarly, elevated basal
expression of NF-κB-related pro-inflammatory molecules
prevents the response triggered by high concentrations of
early glycosylated proteins (Amadori adducts) in human
mesothelial cells from old subjects (Rodrı́guez-Mañas
et al. 2006). This evidence allows for the proposal that
basal low-grade inflammation and constitutive elevation
of related transcription factors present in aged vasculature

would prevent an adequate response when stressor
situations occur, as could be the case for diabetes or
other metabolic disturbances. The inadequate response to
pro-inflammatory and oxidant stress could be aggravated
by a down-regulation of anti-inflammatory/anti-oxidant
pathways by ageing and/or diabetes. As depicted in Fig. 2,
a metabolic stressor such as diabetes would increase
inflammatory pathways but also would trigger pathways
counteracting inflammatory insult such as Nrf2 or sirtuins
in a young vessel. In contrast, these modulatory systems are
defective in aged vasculature that lacks adequate control
of inflammatory pathways stimulated by diabetes which
results in exacerbated vascular impairment.

Figure 3 illustrates how the inflammatory mechanisms
induced by diabetes might interact with low-grade
inflammation in aged vasculature to give different
outcomes from in young vessels. Potentially, either a
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Figure 3. Ageing-induced modification of the vascular inflammatory insult driven by diabetes
Exemplification of two possible interactions between vascular ageing and diabetes. A, the vascular damage
resulting from glycated haemoglobin (HbG) increase is associated with diabetic conditions (diabetes mellitus
(DM)/hyperglycaemia) in young and aged vessels. In young vessels (left), superoxide anion (SO−) generated by
HbG induces NF-κB expression and its downstream inflammatory mediators such as cyclooxygenase (COX) and
inducible nitric oxide synthase (iNOS). This inflammatory response is translated into vascular damage through
mechanisms involving, for example, peroxinitrite (ONOO−) formation. In contrast, aged vessels (right) manifest
chronic low-grade inflammation with up-regulation of NF-кB and inflammatory mediators as well as increased SO−
generation that results in ageing-induced vascular damage. Under these conditions, diabetic insult leading to SO−
generation by HbG does not further induce vascular inflammatory response and no appreciable additional vascular
damage. B, by contrast, there is a lack of vascular damage due to diabetes-induced high glucose concentrations in
the absence of inflammatory conditions in young vessels (left), while the chronic low-grade inflammation caused
by ageing in the vasculature (right) amplifies the deleterious effects driven by hyperglycaemia, which results in an
exacerbated vascular damage, greater than that caused by normoglycaemic ageing. Alterations driven by ageing
are highlighted in blue. Epidemiological and functional evidence in older diabetic animals and humans suggest
that the interaction exemplified in B predominates over that in A.
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lack of further effect over the ageing-induced vascular
damage (Fig. 3A) or an exaggerated inflammatory insult
could be produced (Fig. 3B). The first hypothesis is based
on the loss of further oxidative stress or inflammatory
response with age in human mesothelial cells exposed to
glycated haemoglobin (Rodrı́guez-Mañas et al. 2006). As
mentioned above, the absence of additional inflammatory
injury in this case would be accompanied by the lack of an
adequate anti-inflammatory response that would explain
the greater vascular impairment induced by diabetes
in aged vessels. On the other hand, the presence of
basal inflammatory stimuli in aged vascular cells would
trigger the deleterious effects of diabetes on vasculature as
indicated by the injury exerted by hyperglycaemia in end-
othelial and smooth muscle cells only when inflammatory
stimuli are present. In this sense, vascular smooth muscle
cells are relatively resistant to hyperglycaemic conditions,
but when an inflammatory stimulus is added to a high
glucose environment vascular cells suffer from marked
alterations. Elevated concentrations of glucose (22 mM)
do not induce NF-κB or iNOS expression but exacerbate
the pro-inflammatory effects of IL-1β on these cells
(Lafuente et al. 2008). Similarly, ICAM-1 and VCAM-1
expression and leukocyte adhesion are not modified
by high glucose in endothelial cells (human umbilical
vascular endothelial cells; Azcutia et al. 2010), but the
induction of NF-κB, ICAM-1 and VCAM-1 expression
and the increase in leukocyte adhesion driven by IL-1β

in these cells is potentiated by hyperglycaemic conditions.
Furthermore, in vivo intraperitoneal injection of glucose
causes leukocyte rolling, adhesion and migration in rat
mesenteric arteries only when IL-1β was co-administered
(Azcutia et al. 2010). Such evidence would be consistent
with the epidemiological data that show an increase
in the probability of developing coronary heart disease
in women with type 2 diabetes with both elevated
soluble tumour necrosis factor receptor II and glycosylated
haemoglobin (HbA1C) with respect to those who pre-
sented elevation of only one parameter (Shai et al. 2005).
Thus, a low-grade inflammation associated with vascular
ageing would not only represent additive deleterious
effects by mechanisms shared with diabetes, but also
trigger diabetes-induced vascular damage that would not
be manifested in young (non-inflamed) vessels, suggesting
that the simultaneous presence of diabetes and ageing
compromises vascular function by additional mechanisms
which are not present when these conditions appear
separately. Exemplification of two possible modifications
of the effects induced by the same condition (diabetes)
on aged with respect to young vessels (i.e. loss of
effect/response because of the alterations already induced
by aging vs. the generation of vascular damage only in
aged vessels favoured by the presence of ageing-induced
inflammation) is schematized in Fig. 3. This assumption
should condition new research directions, but could also

influence the clinical perspectives concerning the elderly
population with diabetes.

Future research directions and clinical perspectives

Although there is substantial knowledge on the
inflammatory mechanisms that contribute to vascular
dysfunction in either ageing or diabetes, there is a critical
lack of information regarding the interaction of these
mechanisms when both ageing and diabetes co-exist. As
mentioned above, the fact that co-existence of ageing
and diabetes results in greater inflammation and vascular
damage is reasonably established, but the chain of events
giving such a result is far from being elucidated. Dissection
of specific inflammatory pathways determinant of vascular
dysfunction in older diabetic subjects with respect to either
old or diabetic ones is required for designing targeted
interventions to prevent or reverse vascular damage.
Exploring the functional and molecular impact as well
as the mechanisms of inflammation in the vasculature of
aged animals when exposed to diabetic/metabolic stress
in comparison to young animals exposed to the same
stressor is also needed. This would help to determine if
new mechanisms of inflammation and vascular damage
arise when aged vasculature is exposed to diabetic stress.

Advances in the identification of inflammatory
pathways responsible for vascular damage in older diabetic
patients would certainly have therapeutic implications.
Therapeutic approaches (anti-inflammatory, hypo-
glycaemic and cardiovascular drugs, among others)
should consider the specific characteristics of this
population. For instance, antidiabetic drugs with known
anti-inflammatory activities such as metformin (Kim &
Choi 2012) could be beneficial in older people with
diabetes (Ng et al. 2014). On the other hand, specific
characteristics of inflammatory pathways altered by ageing
and diabetes could influence the therapeutic outcome of
anti-inflammatory drugs such as NSAIDs. For instance,
diabetes preferentially (if not exclusively) up-regulates
COX-2 (Bagi et al. 2005; Mokhtar et al. 2013), while
both COX-1 and COX-2 isoforms are up-regulated in aged
vascular tissue (Heymes et al. 2000; Matz et al. 2000). This
could result in enhanced cardiovascular adverse effects by
COX-2 inhibitors in the elderly since these compounds
would promote COX-1 up-regulation, which is already
up-regulated in aged vessels. Furthermore, identification
of novel therapeutic targets would specifically address
the requirements of the older diabetic subjects. In
addition, non-pharmacological interventions should be
considered for this population, including healthy lifestyle
changes such as exercise, adjusted diet and nutritional
supplements.

Finally, it should be considered that the vascular damage
in diabetic persons of advanced age probably results in
different clinical manifestations when compared to young
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adults. In this sense, cardiovascular disease is associated
with cognitive impairment in older people (Hayes et al.
2014; Jefferson et al. 2015) and the presence of diabetes
largely favours the presence and prognosis of cognitive
impairment and dementia in these individuals (Talley
et al. 2015). Moreover, endothelial dysfunction may also
be involved in the development of physical disability and
dependency in activities of daily living that has been
shown in older adults with diabetes (Wong et al. 2013).
In this regard, the levels of asymmetric dimethylarginine,
a marker of endothelial dysfunction, are associated with
frailty in elderly populations (Alonso-Bouzón et al. 2014).
Concerning the last statement, development of new animal
models calibrating phenotypic manifestations of vascular
dysfunction in ageing and diabetes is required in order
to determine the mechanisms responsible for increased
disability in older people with diabetes.

Conclusion

There is a huge amount of evidence regarding pathological
changes in the vascular wall, including inflammation,
which impair vascular function and prompt the
manifestation of CVD in diabetes and during the ageing
process. However, there is a noteworthy lack of data
(obtained mainly from animal models), if any, about the
role of these mechanisms in the major group of patients
with diabetes: the older adults. This raises the necessity
of filling the information gap in order to provide relevant
targets for the treatment of this population group.
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Triñanes J, Salido E, Fernández J, Rufino M, González-Posada
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