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Shakeri H, Lemmens K, Gevaert AB, De Meyer GR, Segers VF. Cellular
senescence links aging and diabetes in cardiovascular disease. Am J Physiol Heart
Circ Physiol 315: H448–H462, 2018. First published May 11, 2018; doi:10.1152/
ajpheart.00287.2018.—Aging is a powerful independent risk factor for cardiovas-
cular diseases such as atherosclerosis and heart failure. Concomitant diabetes
mellitus strongly reinforces this effect of aging on cardiovascular disease. Cellular
senescence is a fundamental mechanism of aging and appears to play a crucial role
in the onset and prognosis of cardiovascular disease in the context of both aging and
diabetes. Senescent cells are in a state of cell cycle arrest but remain metabolically
active by secreting inflammatory factors. This senescence-associated secretory
phenotype is a trigger of chronic inflammation, oxidative stress, and decreased
nitric oxide bioavailability. A complex interplay between these three mechanisms
results in age- and diabetes-associated cardiovascular damage. In this review, we
summarize current knowledge on cellular senescence and its secretory phenotype,
which might be the missing link between aging and diabetes contributing to
cardiovascular disease.
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INTRODUCTION

Aging is a major risk factor for the occurrence of several
diseases, including stroke, myocardial infarction, Alzheimer’s
disease, and several types of cancer. Therefore, the global rise
in life expectancy will lead to a dramatic increase in age-
related diseases in the coming decades. In this context, cardio-
vascular diseases including atherosclerosis and heart failure
(HF) increase exponentially with age. Moreover, type 2 diabe-
tes mellitus (T2DM) is closely linked to aging and is a major
risk factor for age-associated diseases such as atherosclerosis
and HF (12). This epidemiological connection between aging,
T2DM, and cardiovascular diseases indicates that there could
also be a pathophysiological link.

The aging process itself and how it interacts with diseases is
incompletely understood. Aging has been associated with a
change in metabolic pathways. For instance, insulin resistance
and changes in body composition are important age-related
mechanisms causing diabetes (130). In addition, aging has also
been associated with systemic inflammation (53), which can be
a cause as well as a consequence of diabetes.

Cellular senescence can be defined as a permanent arrest of
cellular growth. Although senescent cells do not proliferate,

they have the capacity to produce and secrete soluble factors
that can influence neighboring cells and tissues (197). Secr-
etion of these soluble factors by senescent cells has been called
the senescence-associated secretory phenotype (SASP) (29).
Since chronic inflammation is an important pathophysiological
factor of both aging and diabetes, the SASP could be a
pathophysiological link between aging and diabetes in cardio-
vascular diseases (Fig. 1).

Cellular senescence is conserved among species during evo-
lution, indicating its crucial role in embryological development
and in physiology of the adult organism (1). Senescence has
been studied in many different organisms, including Caeno-
rhabditis elegans, flies, fishes, rodents, nonhuman primates,
and humans (104). Cellular senescence can be considered part
of the cellular stress response, which is a complex set of
mechanisms that ensure survival of healthy cells and removal
of damaged cells during environmental stress (101). In the last
four decades, there has been a great deal of effort to extend
lifespan using gene manipulation in model systems such as C.
elegans, Drosophila, and mice (123). Collectively, these stud-
ies fall under the term “geroscience,” which describes scientific
endeavors to better understand the biology of aging (123). The
ultimate goal is to increase lifespan and improve the health of
the elderly (164). In recent years, pharmacological approaches
are being developed based on these genetic experiments to
extend lifespan (123).
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In this review, we summarize current knowledge on the role
of cellular senescence and the SASP in aging, diabetes, and
cardiovascular diseases such as atherosclerosis and HF. First,
we describe senescence and its associated secretory phenotype
as a fundamental mechanism of aging and of diabetes. Next,
we connect cellular senescence in both aging and diabetes and,
finally, the link between cellular senescence and the cardiovas-
cular complications of aging and diabetes are explored. On the
basis of emerging evidence, we aim to explain how cellular
senescence and the SASP may represent an important driver in
the interaction of aging and diabetes in the pathophysiology of
atherosclerosis and HF.

CELLULAR SENESCENCE AND AGING

Hayflick and colleagues (75, 76) initially described cellular
senescence in 1961 as a permanent state of cell cycle arrest in
response to DNA-damage. Cellular senescence is a fundamen-
tal feature of aging, but it was originally described as an
important mechanism that prevents tumorigenesis by limiting
proliferation of potential cancer cells (21, 158). To date, the
causes of cellular senescence are relatively well defined, but
the underlying molecular mechanisms and pathophysiological
relevance remain incompletely understood.

How Do Cells Become Senescent?

Cellular senescence is in part due to telomere erosion after
each cell cycle. DNA at the ends of chromosomes, telomeric
DNA, is gradually lost because DNA polymerase has a limited
capacity to initiate DNA synthesis at the ends of chromosomes
(99). In addition, many cells have reduced or absent expression
of telomerase, an enzyme that restores telomeric DNA (64, 73).
Cellular senescence caused by telomere erosion and telomerase
dysfunction or proliferative exhaustion (decreased proliferative
capacity due to telomere shortening) is known as replicative
senescence (119). When telomeres become critically short and
can no longer protect the DNA structure, a DNA damage
response will be initiated. The DNA damage response leads to
cell cycle arrest caused by posttranslational changes in several
cell cycle proteins such as p53, p16, and p21 (99).

Replicative senescence is not the only cause of cellular
senescence. Senescence can be induced by different stress
stimuli in the absence of telomere shortening. For instance,
chronic exposure to oxidative stress, toxins, hyperglycemia,
inflammation, and ultraviolet radiation can cause stress-in-
duced premature senescence (SIPS) (103, 110, 124). When

oxidative stress, toxins, or other stress stimuli cause DNA
damage, cells produce a DNA damage response, which also
results in arrest of cell-proliferation. If cells have been exposed
to long-term stress, they lose their ability to repair DNA and
enter a permanent cell cycle arrest before they reach the
critically shortened telomeres. DNA damage is involved in the
induction of cellular senescence either by telomere attrition
(replicative senescence) or DNA-damaging agents (SIPS) (34,
157).

Senescent cells also show alterations in subcellular signaling
pathways and expression levels of specific genes. Two major
pathways, the p53/p21 and p16INK4a/retinoblastoma (Rb) path-
ways, orchestrate the development of cellular senescence (96).
Inactivation of either p53 or p16 has been shown to increase the
lifespan of different cell types regardless of telomere shorten-
ing (72). Senescent cells are also resistant to apoptosis, and
inhibition of autophagy accelerates senescence (66). We (67)
recently proposed the concept in which autophagy equals a
fighting reaction, senescence equals an adaptation reaction, and
apoptosis equals a surrendering reaction. Activation of inter-
cellular signaling pathways in cellular senescence is complex
and involves more pathways than will be discussed in this
review; for a more in depth review of this subject, we refer the
reader to excellent papers (42, 195). An interesting pathway
regarding cellular senescence is the mammalian target of rapa-
mycin (mTOR) pathway, which has been shown to promote
aging in various models; e.g., in mice, inhibition of mTOR at
an older age can significantly extend lifespan and mitigate
age-related diseases (195). Inhibition of mTOR with rapamy-
cin has also been shown to attenuate cellular senescence in
many cultured cells (195).

The most important organelle for cellular senescence after
the nucleus is the mitochondrion, as a major source of reactive
oxygen species (ROS) in cells. Mitochondria produce more
ROS when cells become senescent, leading to the accumula-
tion of oxidant products such as carbonyls and lipofuscin (83).
Although mitochondrial function in cellular senescence is
largely associated with generation of oxidative stress and
stress-induced senescence, there is also evidence showing the
role of mitochondrial dysfunction and mitochondrial DNA
damage in telomere shortening, causing replicative senescence.
Furthermore, the telomerase enzyme, which is mainly respon-
sible for telomere elongation, has protective effects against
oxidative stress (128, 146).

Altered gene expression induces other changes in senescent
cells and their neighboring microenvironment, which can be
used to identify cellular senescence. The most important fea-
ture of senescent cells is their secretory phenotype. Indeed,
senescent cells are nondividing but secrete a myriad of factors
associated with inflammation, proliferation, and modulation of
the extracellular matrix (3). Importantly, this SASP is not
merely a marker of senescent cells but is also of pathophysi-
ological relevance.

Secretory Phenotype of Senescent Cells: a Double-Edged
Sword

As explained, senescent cells are nondividing with an active
secretory phenotype. The secretome of senescent cells is com-
plex, consisting of inflammatory and immune-modulatory cy-
tokines and chemokines, including IL-1�, IL-1�, IL-6, and

SASP

Ageing

Diabetes CVD

Fig. 1. Aging is a risk factor for both diabetes and cardiovascular disease, and
cellular senescence is also a link between diabetes and many cardiovascular
diseases including atherosclerosis and heart failure. CVD, cardiovascular
disease; SASP, senescence-associated secretory phenotype.
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IL-8 (100, 116, 118). Among these, IL-6 has been associated
with DNA damage and stress-induced senescence in different
cell types (100). IL-6 secretion by senescent cells directly
affects all neighboring cells expressing the IL-6 receptor,
including endothelial and epithelial cells (29). IL-1� and
IL-1� trigger activation of the NF-�B pathway, which plays
a key role in inflammation (25, 160). Both IL-1� and IL-1�
also modulate cell proliferation, differentiation, and apopto-
sis (116). In addition, IL-1� regulates activation of the two
other powerful inflammatory cytokines, IL-6 and IL-8, in
senescent cells (141). This amplifying effect of SASP fac-
tors means that senescent cells can cause more cellular

senescence. For instance, it has been shown that IL-6 (68),
IL-1 (2), ROS (65), VEGF (2), chemokine (C-C motif)
ligand 2 (CCL2) (2), and transforming growth factor-� (2)
can induce senescence.

Senescent cells use the SASP as an ancient smoke signal to
make themselves visible to the immune system to be elimi-
nated (132, 196). In this way, cellular senescence prevents
tumorigenesis. Cellular senescence is also considered to be
beneficial in a number of other processes, including wound
healing (40, 89), embryogenesis (131), cancer prevention (99),
tissue regeneration (97), and the promotion of insulin secretion
by pancreatic �-cells during aging (Table 1) (78).

Table 1. Important SASP factors and their pathophysiological relevance in aging and diabetes

SASP Factor Mechanisms in Cellular Senescence Pathology in Aging Pathology in Diabetes Beneficial Effects

Interleukin-6 ●Proinflammatory cytokine ●Atherosclerosis (111) ●Atherosclerosis (111) ●Embryogenesis (49)
●Development, maintenance,

and paracrine effect of cellular
senescence (29, 100)

●Associated with DNA damage
and stress-induced premature
senescence (29)

●Diabetes
●Cardiac dysfunction (153)
●Secreted by aged VSMCs in

atherosclerotic plaques (111)

●Diabetes
●Cardiac dysfunction (153)
● Insulin resistance (161)

●Cancer growth
inhibition (97, 99, 109)

Interleukin-1� and
interleukin-1�

●Upstream effectors of
inflammatory pathways (80)

●Cause senescence via
oxidative stress (2)

● Insulin resistance (71) ●Cancer growth
inhibition (109, 148)

●Paracrine effects of cellular
senescence

●Atherosclerosis (95)

●Regulation of SASP
Interleukin-8 ●Paracrine effect of cellular

senescence (30, 100)
●Atherosclerosis (173) ●Overexpression in diabetic

conditions (127)
●Cancer growth

inhibition (191)
●Wound healing (107)

NF-�B ●Direct cause of senescence
(90)

●Chronic inflammation ●Diabetic cardiomyopathy (115,
202)

●Cancer growth
inhibition (148, 191)

●SASP regulation (160) ●Atherosclerosis (33) ●Chronic inflammation ●Wound healing (156)
●Reinforces senescence (25, 87) ●Tissue regeneration

(156)
Interferon-� ● Important pathway of cellular

senescence (56)
●Associated with

inflammation during aging
(31)

●Cytotoxic for pancreatic �-cells
by inducing reactive oxygen
species (151)

●Cancer growth
inhibition (81, 109)

●Atherosclerosis (95) ●Causes disease progression (163)
Intracellular adhesion

molecule 1
● Inflammatory factor ●Development of

atherosclerosis (174)
●Biomarker of diabetes (69) ●Embryogenesis (35)
●Associated with higher

cardiovascular mortality in
patients with diabetes (188)

Vasclular endothelial
growth factor

●Paracrine effect of cellular
senescence (2)

●Atherosclerosis (174) ●Embryogenesis (169)
●Wound healing (172)
●Tissue regeneration

(112)
Reactive oxygen

species
●Causes of cellular senescence
●SASP factors

●Plaque formation in
atherosclerosis (46)

●Endothelial dysfunction (98)

● Insulin resistance (43)
●Endothelial dysfunction (171)
●Atherosclerotic plaque instability

(182)

●Embryogenesis (15)
●Cancer growth

inhibition (191)
●Wound healing (89)
●Tissue regeneration

(184)
Tumor necrosis

factor-�
● Inflammatory mediator
●Regulation of SASP (150)

●Atherosclerosis (16)
●Related to telomere

shortening (152)

●Diabetic cardiomyopathy (181)
●Atherosclerosis (139)
●Endothelial dysfunction (59)
● Insulitis (151)

●Cancer growth
inhibition (109)

●Wound healing (62)
●Tissue regeneration

(133)
Chemokine (C-C

motif) ligand 2
● Inflammatory mediator ● Increases in aged vascular

smooth muscle cells without
another aging stimulus (174)

●Endothelial dysfunction ●Wound healing (62)
●Higher mortality caused by

cardiovascular disease in patients
with diabetes (188)

●Tissue regeneration
(178)

● Insulin resistance (44)
Transforming growth

factor-�
●Regulation of SASP via p21

cell cycle arrest (2)
●Paracrine effect of cellular

senescence

●Related to some cancers ● Insulitis (151) ●Embryogenesis (131)
●Cancer growth

inhibition (99)
●Wound healing (82)

SASP, senescence-associated secretory phenotype.
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On the down side, however, the same SASP factors can
locally cause tissue damage (Fig. 2). It has been shown that
coculture of senescent cells with young cells causes premature
cellular senescence in young cells via secreted SASP factors
and via gap junction-mediated cell-cell contact (136). This
paracrine effect of senescent cells is also present in vivo, as
senescent cells induce p16 expression in their neighboring
cells, and senescent fibroblasts alter differentiation of neigh-
boring epithelial cells (19, 144). There is also a growth-
inhibiting effect of the SASP on progenitor cells that compro-
mises tissue renewal and repair (9).

Another important issue is that senescent cells accumulate
in tissues because of their resistance to apoptosis, providing
a continuous source of secreted SASP factors (26). There is
evidence in the literature that cellular senescence and apo-
ptosis are alternative cell fates, indicating that cells that
become senescent could be more resistant to apoptosis. One
example is the resistance of senescent fibroblasts to apopto-
sis by maintaining high levels of Bcl-2 (26). However,
senescent endothelial cells seem to be more sensitive to
apoptosis, demonstrating the heterogeneity of cellular se-
nescence responses in different cell types (26, 200). For an
in depth review of apoptosis resistance, we refer the reader
to Ref. 26.

Thus, the SASP causes a persistent, self-reinforcing in-
flammatory microenvironment. Therefore, the SASP pro-
vides a potential explanation of how cellular senescence
prevents tumorigenesis but causes aging and age-associated
pathology. Recent evidence supports the idea that senescent
cells drive age-related pathology (135). Accumulation of
senescent cells coincides with the onset of age-associated
diseases such as diabetes, hypertension, and atherosclerosis
(125, 193). This has been demonstrated in an elegant study
by Baker and colleagues (8, 10), in which they showed that
removal of senescent cells attenuated the aging phenotype in
human and mouse cells.

Markers of Cellular Senescence

Currently, there are no direct markers of cellular senescence,
but a number of biological markers are used to detect senescent
cells indirectly, among which senescence-associated �-galac-
tosidase (SA-�-gal) activity is the most common. Lysosomal
�-galactosidase activity is detectable only at a low pH (around
pH 4) in normal cells but becomes detectable at a higher pH
(pH 6) in senescent cells due to expansion of the lysosomal
compartment (91). Other markers that are often used to detect
cellular senescence are expressions of p16, p21, p38 MAPK,
p53, and �H2AX, all associated with activation of the DNA
damage response (24, 91). Also, high-mobility group A pro-
teins or heterochromatin markers, including HP1 and trimethy-
lated lysine 9 histone H3 (H3K9me3), are used as molecular
markers of senescence-associated heterochromatin foci (91).

Cellular Senescence in the Cardiovascular System in
Response to Aging

In a recent study using the senescence-accelerated mouse
(SAM) model, cellular senescence in the heart and aorta was
observed almost exclusively in endothelial cells but not in
vascular smooth muscle cells (VSMCs) (61). These SAM mice
develop cardiac fibrosis, diastolic dysfunction, and HF with
preserved ejection fraction (HFpEF) when fed a Western-type
diet (61, 154). HFpEF is the most common form of HF
observed in the elderly (108). Interestingly, occurrence of
cellular senescence in endothelial cells of SAM mice was
independent of their diet (61). These data indicate that endo-
thelial senescence is an obligatory factor in the development of
HFpEF during aging but that it might be insufficient for
induction of overt cardiac dysfunction in the absence of met-
abolic abnormalities. These data also highlight the importance
of the endothelial system in normal cardiac physiology and
during development of HFpEF (147, 168).

Markers of cellular senescence are activated not only in
response to accelerated aging but also in response to hemody-

Fig. 2. A: cells enter a state of cell cycle arrest
when oxidative stress, toxins, or proliferative
exhaustion cause DNA damage. B: these cells
then produce inflammatory factors to signal the
immune system to remove them from tissue.
These inflammatory factors include IL-1, IL-6,
TNF-�, interferon-�, reactive oxygen species
(ROS), and chemokine (C-C motif) ligand 2
(CCL2). C: the inflammatory environment causes
damage to neighboring cells, causing cellular se-
nescence. D: senescent cells accumulate and
cause further tissue damage.
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namic stress. For instance, it has been shown that p53 signaling
is activated in cardiac microvascular endothelial cells in re-
sponse to left ventricular (LV) pressure overload (198). In-
creased expression of p53 in cardiac microvascular endothelial
cells is accompanied by increased expression of ICAM-1,
promoting infiltration of macrophages and cardiac inflamma-
tion. Consistently, depletion of p53 from cardiac microvascular
endothelial cells results in suppression of ICAM-1 expression
and inflammation in the myocardium (198). Inhibition of p53
in endothelial cells might be the basis for novel treatments of
HFpEF.

CELLULAR SENESCENCE AND DIABETES

Diabetes mellitus is commonly divided into two types based
on pathophysiology and clinical presentation (199). Type 1
diabetes mellitus (T1DM) is characterized by a loss of pancre-
atic �-cells and insulin production and commonly has its onset
in the early decades of life. T2DM is characterized by normal
plasma insulin levels and by resistance to insulin in peripheral
organs. The incidence of T2DM increases with age, whereas
T1DM is not necessarily an age-related disease but is rather an
autoimmune disorder (199). However, because of hyperglyce-
mia, long-standing T1DM commonly leads to an early onset of
age-related diseases such as atherosclerosis and HF (199).

The interaction between cellular senescence and diabetes is
complex (Fig. 3). Cellular senescence plays a role in T2DM
pathophysiology through a direct impact on pancreatic �-cell

function, SASP-mediated tissue damage, and involvement in
adipose tissue dysfunction. On the other hand, pathological
changes seen in both T1DM and T2DM, including high circu-
lating glucose and altered lipid metabolism, can promote se-
nescent cell formation (143).

The diabetic microenvironment promotes cellular senes-
cence by high glucose levels, alterations in the growth hor-
mone/insulin-like growth factor I signaling pathway, and up-
regulated ceramide synthesis, which, in turn, cause lipotoxicity
(143). Both T1DM and T2DM have been shown to be associ-
ated with telomere shortening in different cell types (94, 113).
In addition, aging and increased levels of oxidative stress cause
telomere shortening in both types of diabetes (113). Further-
more, diabetic nephropathy appears to be associated with
telomere length in both types of diabetes (58, 187). Currently,
it remains hard to predict differences in cellular senescence
between both types of diabetes. Because T2DM generally
occurs in older patients compared with T1DM, the frequency
of cellular senescence might be higher. On the other hand, in
two patients of the same age, the one with longstanding T1DM
probably has more senescent cells than the one with recent-
onset T2DM.

CELLULAR SENESCENCE IS THE COMMON CELLULAR
EVENT TO BOTH AGING AND DIABETES

Inflammation, oxidative stress, and subsequent impaired NO
production are three commonly observed features of cellular

ROS

AGEs NF-ΚB Inflammation

Tissue 
dysfunction

Progenitor
cell

regeneration
decline

Insulin 
resistance

Low insulin

High glucose

Telomere erosionExtrinsic stress

Cellular senescence

SASP

Less pancreatic 
β-cells

p21

p53

p53

CVD

Diabetes

Fig. 3. Cellular senescence can take part in the
onset and progression of diabetes with an
important role for the inflammatory environ-
ment caused by the senescence-associated se-
cretory phenotype (SASP). AGEs, advanced
glycation end products; CVD, cardiovascular
disease; ROS, reactive oxygen species.
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senescence present in both aging and diabetes. Therefore, we
give an overview of these three factors to explore the link
between cellular senescence in aging and diabetes in the onset
and prognosis of atherosclerosis and HF.

Senescent Cells Are Inflammatory Secretory Cells

As discussed above, cellular senescence is a process of cell
cycle arrest in response to cellular and extracellular stimuli.
However, when a cell becomes senescent and develops the
SASP, it will also become an inflammatory secretory cell and
influence the extracellular environment by secreting proinflam-
matory factors (Table 1). Proinflammatory SASP factors such
as IL-1, IL-8, and IL-6 are considered to be premature markers
of diabetes and its chronic complications (52, 189). Increasing
evidence shows that the SASP contributes to impaired insulin
signaling and glucose homeostasis. For example, IL-6 plays a
crucial role in the development of insulin resistance, and its
expression is elevated significantly in patients with T2DM
(161). Therefore, increased levels of IL-6 are used as a robust
predictor of the progression to T2DM. Other SASP factors,
including IL-1� and monocyte chemoattractant protein-1, also
correlate to insulin resistance (71). TNF-�, an important in-
flammatory marker and a strong SASP regulatory factor, has
recently been associated with a higher incidence and mortality
of cardiovascular diseases in diabetic patients (188). Although
inflammatory factors constitute a large fraction of the SASP,
not all inflammatory factors present in the circulation or even
in local tissues will be derived from senescent cells. It is
currently not clear to what extent the inflammatory factors that
play a role in development of insulin resistance are derived
from the SASP and thus senescent cells.

The underlying mechanism of several chronic diseases can,
at least partially, be explained by chronic inflammation. It is
already known that an inflammatory state of the arterial wall,
initiated by aging, is a leading cause of atherosclerosis (77). In
addition, inflammatory cytokines not only stimulate prolifera-
tion of VSMCs in the intima but also have multiple effects on
endothelial function and influence deposition of extracellular
matrix molecules like collagen and elastin (88, 175). Chronic
inflammation is a pathophysiological hallmark of both diabetes
and atherosclerosis.

Similarly, the SASP, with its inflammatory and oxidative
stress characteristics, can be an underlying driver of age-
associated HF. Senescent cardiac stem cells express high
amounts of the inflammatory factor IL-1� (7). Increased levels
of proinflammatory cytokines IL-6, IL-1�, TNF-�, and their
downstream signaling pathway NF-�B are strongly associated
with the onset and prognosis of HF (4). IL-6 expression has
been demonstrated to cause cardiomyocyte hypertrophy and
impaired LV function (153).

The link between the SASP, diabetes, and cardiovascular
disease can partially be explained by the NF-�B pathway.
Besides being a master modulator of inflammation, NF-�B is
also a shared pathway in both diabetes and cellular senescence
(33). Multiple SASP factors amplify the response of cellular
senescence and are regulated by the NF-�B signaling pathway
(36, 50, 160). Interestingly, an analysis of kinases regulating
pro-senescence pathways shows that these are the same path-
ways triggered in T2DM. These data also support the role of
p16 in T2DM susceptibility. Expression of p16 is increased

significantly in tissue derived from patients with T2DM (50).
Interestingly, although evidence points to cellular senescence
as a source of chronic inflammation, it can also be an outcome
of chronic inflammation. Chronic inflammation in genetically
modified mice lacking a subunit of NF-�B leads to cellular
senescence (90).

Accelerated Oxidative Stress: a Common Factor in Aging
and Diabetes

An association between oxidative stress, cellular senescence,
and age-related diseases has long been proposed. Plasma of
elderly people displays increased markers of oxidative stress
compared with young individuals (55). In addition to altered
gene expression mentioned above, the mitochondrion is an-
other focus point in the context of aging and cellular senes-
cence. Oxidative stress generated by mitochondrial dysfunc-
tion has been established as an important cause of cellular
senescence but also a consequence. Although the mechanisms
by which mitochondrial dysfunction leads to cellular senes-
cence are not fully explored, there is evidence that some
mitochondrial signaling pathways contribute to cell cycle arrest
and cellular senescence, including excessive ROS production,
electron transport chain dysfunction, bioenergetics imbalance,
and increased AMP-activated protein kinase activity, altered
mitochondrial metabolism, and mitochondrial Ca2� accumula-
tion. Mitochondria of older people have increased ROS pro-
duction, decreased ATP production, and decreased antioxida-
tive capacity (122).

Atherosclerosis as a multifactorial disease is also associ-
ated with a long-term exposure to oxidative stress. Increased
ROS generation is seen in vessel regions prone to athero-
sclerosis and in atherosclerotic plaques (46). Hyperglycemia
is associated with an overproduction of ROS and a decrease
in nitric oxide (NO) synthesis (17). This elevated ROS
generation in diabetic conditions leads to an increased
production of matrix metalloproteinases (MMPs) in endo-
thelial cells, which is considered to be an important factor in
development of vascular lesions and plaque instability
(182). ROS accumulation in a transgenic mouse model leads
to endothelial cell senescence and consequently to endothe-
lial dysfunction (98).

The development and progression of diabetic cardiomy-
opathy has also been strongly associated with accelerated
oxidative stress and mitochondrial dysfunction (92). The
heart has relatively low endogenous antioxidant capacity,
making it more susceptible to oxidative stress caused by any
mitochondrial dysfunction. Increased ROS production in the
heart has been associated with ventricular hypertrophy,
impaired systolic and diastolic function, and altered insulin
signaling (137, 194). Analysis of myocardial tissue in insu-
lin-resistant rodents by transmission electron microscopy
showed a great number of morphologically abnormal mito-
chondria (45, 137). Hyperglycemia-induced oxidative stress
alters cardiac progenitor cell function, resulting in impaired
cardiomyocyte formation and growth (159). This imbalance
between cardiomyocyte formation and death in diabetic
patients leads to premature myocardial aging and HF. Be-
yond this effect of high glucose levels, myocardial insulin
resistance in T2DM, which is associated with altered mito-
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chondrial dysfunction, is also an important underlying cause
of diabetic cardiomyopathy (93, 192).

Impaired NO Signaling Pathway: Links Cellular Senescence
to Diabetic Pathology

The endothelium is not only a mere mechanical barrier
between the blood and vascular wall but is recognized as the
most important active regulator of vascular homeostasis and
is regarded as a very complex endocrine and paracrine organ
(18, 168). NO synthase expressed in endothelial cells [en-
dothelial NO synthase (eNOS)] is a crucial factor in vascu-
lar function, and the role of NO in endothelial cell function
has been well established (18). Advanced age leads to
reduced NO bioavailability, which contributes to age-related
endothelial dysfunction. Endothelial senescence may be
involved in this phenomenon because senescent endothelial
cells have lower levels of eNOS activity and produce less
NO (Fig. 4) (79, 120).

In addition, several studies have demonstrated that hyper-
glycemia and diabetes lead to impaired NO production and
reduced vasodilatory capacity of the endothelium (114). The
impaired NO production in diabetes is caused by lack of
L-arginine availability, an important substrate for eNOS to
produce NO. This shortage causes uncoupling of eNOS, which
consequently leads to superoxide formation at the site of
diabetic complications (11, 162). Both ROS and reduced NO
production lead to endothelial dysfunction, an early feature of
diabetic vascular disease (17). Interestingly, decreased NO
production is related to the onset of chronic inflammation (74).
Also, a study in porcine pulmonary artery endothelial cells
showed that proinflammatory cytokines downregulate gene
expression and activity of eNOS (201).

Endothelial dysfunction is considered a precursor of ath-
erosclerotic disease. Again, NO is a central mediator, ex-
erting several beneficial effects beyond vasodilation. NO
inhibits oxidation of low-density lipoprotein, platelet aggre-
gation, and VSMC proliferation, which all contribute to the
atherosclerotic process (37). In patients with HF, endothelial
dysfunction is very common and independently predicts
mortality (38, 108). In HFpEF, reduced NO bioavailability
has even been hypothesized to play a central role in its
pathogenesis, inducing maladaptive changes in adjacent
cardiomyocytes (hypertrophy, passive stiffness) and fibro-

blasts (increased collagen secretion), leading to diastolic
dysfunction and HF (147).

ROLE OF DIABETES-ASSOCIATED SENESCENCE IN
ACCELERATED AGING

In the arterial system, streptozotocin-induced T1DM in mice
leads to cellular senescence in both endothelial cells and
VSMCs (170). Cellular senescence in both cell types could be
prevented by treatment with neuregulin-1, a member of the
epidermal growth factor family (170, 185, 186). These findings
indicate that neuregulin-1 might be a novel factor attenuating
cellular senescence. Exposure of human aortic endothelial cells
to high glucose levels leads to increased �-galactosidase ex-
pression and decreased telomerase activity, both markers of
cellular senescence (120).

In myocardial tissue of rodents with T1DM and diabetic
cardiomyopathy, abundant cellular senescence is observed
in cardiomyocytes and cardiac microvascular endothelial
cells (70, 91). Hyperglycemia leads to p53 activation in
cardiomyocytes, which upregulates the renin-angiotensin
system (51). Increased angiotensin II production leads to an
increase in ROS formation and an increase in intracellular
Ca2� current, which both initiate telomere shortening, cel-
lular senescence, and cell death (51). It has also been shown
in these models that cardiomyocyte senescence can be
prevented by inhibition of p53 (70). Moreover, data indicate
that ROS production in diabetes induces cellular senescence
in cardiac progenitor cells, raising the possibility that dia-
betic cardiomyopathy is in part a stem cell disease (159).
However, more research is needed to determine to what
extent cellular senescence contributes to the pathophysiol-
ogy of diabetic cardiomyopathy.

Cellular senescence in the cardiovascular system seems to
have different phenotypes depending on the causative factor
being aging or diabetes. For instance, as indicated above,
cellular senescence when induced by aging in both heart and
vessels is mostly limited to endothelial cells (61), whereas
when induced by diabetes it occurs in endothelial cells,
VSMCs, and cardiomyocytes (170). Furthermore, the SASP
has been shown to differ depending on the senescence-initiat-
ing stimulus being aging or disease (28).
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Fig. 4. Oxidative stress and inflammation
reduce nitric oxide (NO) bioavailability in
aged endothelial cells. Lack of tetrahydrobi-
opterin (BH4), a crucial cofactor of endothe-
lial NO synthase (eNOS), leads to impaired
NO bioavailability. In aged endothelial cells,
high reactive oxygen species (ROS) produc-
tion in mitochondria causes the conversion of
NO to ONOO� mediated by NADPH oxidase
(NOX), which leads to more ROS produc-
tion. ROS cause further activation of the
proinflammatory transcription factor NF-�B,
which, in turn, activates NOX. BH2, dihydro-
biopterin; O2

�, superoxide anion; ONOO�,
peroxynitrite.
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ROLE OF AGE-ASSOCIATED SENESCENCE IN THE
DEVELOPMENT OF DIABETES MELLITUS

Pancreatic Cellular Senescence

As discussed above, loss of pancreatic �-cells leading to loss
of insulin production is the hallmark of T1DM. However,
T1DM is not an age-related disorder, whereas T2DM clearly is.
The hallmark of T2DM is insulin resistance in peripheral
tissues such as skeletal muscles, but in advanced stages of the
disease insulin production can be impaired as well (86). As a
result of insulin resistance, pancreatic �-cell hyperplasia has
been observed, which can lead to proliferative exhaustion and
senescence of �-cells (140, 177). Furthermore, the number of
pancreatic �-cells decreases with age because of a decline in
turnover in elderly people (179). Besides a lower number of
�-cells, senescence of �-cells can also lead to a decrease in
insulin production in T2DM (180). However, the pathophysi-
ology of pancreatic �-cell senescence appears to be complex,
as it has been shown recently that induction of senescence in
�-cells could also lead to increased insulin production (78).

Cellular Senescence Leading to Insulin Resistance

Chronic low-grade inflammation is thought to be an impor-
tant factor for the development of insulin resistance (48, 143).
Several components of the SASP, such as IL-8, IL-6, and
monocyte chemoattractant protein-1, are increased in obese
individuals and could contribute to a proinflammatory state. It
has been shown in patients that that elevated IL-6 and the
combined elevations of IL-6 and IL-1� are independent pre-
dictors of diabetes (143, 149, 176). It has been speculated that
senescent cells, which accumulate in obesity and aging, may be
the source of some of the inflammatory factors inducing insulin
resistance and T2DM (143). However, more research is nec-
essary to demonstrate the extent to which senescent cells
contribute to this inflammatory state.

Other features of cellular senescence besides the SASP can
contribute to the pathophysiology of diabetes. For instance,
changes in senescence-associated genes such as p16 and p21
are correlated with the onset and prognosis of T2DM (117).
Moreover, multiple lines of evidence support the hypothesis
that age-associated mitochondrial dysfunction is linked to the
pathophysiology of T2DM (93) and that accelerated oxidative
stress caused by mitochondrial dysfunction in diabetes is one
of the primary events leading to diabetic complications (32,
171). Several studies have also suggested the existence of an
impaired antioxidant system in diabetic organs (22, 41).
Also, the upregulated renin-angiotensin system in diabetes
leads to increased oxidative damage and subsequently to
cell death (57).

ROLE OF THE INTERACTION OF AGING AND DIABETES IN
THE INCIDENCE OF CARDIOVASCULAR DISEASES

In the cardiovascular system, the secretory phenotype of
senescent cardiovascular cells might promote structural and
functional changes through chronic inflammation and extracel-
lular matrix degradation. In this regard, atherosclerosis and HF
are two major examples showing the pathophysiological role of
cellular senescence in cardiovascular diseases.

Atherosclerosis is known to be an age-associated inflamma-
tory disease (190). Senescence of endothelial cells, VSMCs,

and their progenitor cells has been implicated to play a key role
in the development of atherosclerosis (47, 134). Human coro-
nary endothelial cells found on the surface of atherosclerotic
plaques display morphological features of premature senes-
cence (126). Likewise, VSMCs isolated from atherosclerotic
vessels show an earlier growth arrest in vitro compared with
cells derived from healthy vessels (47). Advanced atheroscle-
rotic lesions consist of a necrotic core covered by a fibrous cap.
VSMCs play multiple roles in atherosclerosis, including stabi-
lization of the fibrous cap (67). Loss of VSMCs leads to
thinning of the fibrous cap, promotes growth of the necrotic
core, and could eventually lead to plaque rupture (67). VSMCs
in atherosclerotic plaques show signs of cellular senescence,
such as increased SA-�-Gal activity, upregulation of cell cycle
regulators (p16 and p21), decreased telomerase activity, and
telomere shortening (63, 121, 129). Telomere shortening in
atherosclerotic plaques is strongly associated with severity of
atherosclerosis (121). A recent study by Childs et al. (27)
elegantly demonstrated that senescent cells increase atheroma
formation at different stages of disease in a transgenic mouse
model of atherosclerosis. More specifically, foamy macro-
phages showing cellular senescence are drivers of atheroma
formation and plaque instability (27). Deletion of senescence
cells in this mouse model of atherosclerosis increases plaque
thickness and VSMC multiplicity while reducing inflammation
(27). In general, VSMC proliferation in atherosclerotic plaques
seems to be beneficial and VSMC senescence seems to be
detrimental. However, VSMC biology in atherosclerosis is
complex, with many unanswered questions (13).

The SASP of senescent cells in atherosclerotic plaques also
plays important roles in disease progression (13). For instance,
microarray analysis of genes expressed by senescent VSMCs
showed that upregulated genes in these cells play a role in
either inflammation (IL-1�, IL-8, ICAM-1, and CCL2) or
tissue remodeling (VEGF and MMPs) (20). Furthermore, aged
VSMCs may represent a major source of inflammatory cyto-
kines during atherosclerosis (44). As shown in Table 1, many
of the inflammatory cytokines of the SASP accelerate the pro-
gression of atherosclerosis by attracting inflammatory cells (44).

Furthermore, increased oxidative stress and decreased NO
bioavailability are also hallmarks of atherosclerosis (74). Re-
duced NO bioavailability, which leads to endothelial dysfunc-
tion, has been shown to precede plaque formation in athero-
sclerosis (54). These two factors play a crucial role in the
pathogenesis of cellular senescence as well.

HF is a common health condition with an increasing prev-
alence in the older population. HF is characterized by func-
tional and structural alterations in the heart (38, 165). These
changes can be partially explained by cardiac aging at a
cellular level. Cardiomyocytes generally do not proliferate, and
this low renewal capacity leads to a continuous loss of myo-
cytes during aging (166). This reduction is usually compen-
sated for by reactive hypertrophy of the remaining cells and
expansion of the extracellular matrix. Thus, with age, the
heart typically displays cardiomyocyte hypertrophy and in-
creased interstitial collagen deposition, leading to diastolic
dysfunction (5).

Increasing evidence shows a paramount role of senescent
cardiomyocytes in the pathophysiology of age-related HF at a
cellular level (23). First, cardiac stem cells isolated from failing
hearts demonstrate features of cellular senescence in vitro (7).
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Also, telomere shortening and high p53 expression in cardio-
myocytes of telomerase knockout (Terc�/�) mice result in
severe LV failure and premature death (106). It has also been
shown that deletion of senescent p16(Ink4a)-positive cells in
mice increases their lifespan but also delays the onset of
age-related cardiac histopathological findings (8). Deletion
of p16(Ink4a)-positive cells does not change overall cardiac
mass but results in smaller and probably more numerous
cardiomyocytes, indicating that p16(Ink4a)-positive senes-
cent cells play a driving role in development of age-related
cardiac pathology (8).

As stated above, diabetes is associated with increased car-
diovascular risk and worse overall prognosis. As both T2DM
and cardiovascular diseases are age related, we propose cellu-
lar senescence and the SASP as the underlying mechanism
linking both diseases. Here, we summarize some evidence
supporting this view.

Atherosclerotic cardiovascular disease is the major cause of
mortality in patients with diabetes (138, 145). In patients, high
glucose levels and lipid concentrations remain independent risk
factors for the development of atherosclerosis (14, 138). How-
ever, studies in rodents have suggested that hyperglycemia
could be more important than lipid abnormalities in the patho-
physiology of atherosclerosis (Table 2) (155). On the other
hand, large clinical trials have clearly demonstrated that glu-
cose control in T1DM decreases the incidence of cardiovascu-
lar events, whereas the link between intensive glucose control
and a decrease in cardiovascular risk in patients with T2DM is
less pronounced (6). In general, the relative contributions of
hyperglycemia and lipid abnormalities in atherosclerotic
plaque formation are difficult to distinguish because of the lack
of precise animal models (6).

Patients with T2DM have a threefold increased risk of
myocardial infarction compared with healthy subjects (39). HF
is also a leading mortality cause in patients with diabetes (39).
High glucose levels in T2DM promote the formation of ad-
vanced glycation end products, which are particularly prone to
cross-link with extracellular proteins, such as collagen and
elastin, altering their structural properties and leading to im-
paired cardiac relaxation and ventricular stiffness (85, 142). In

addition, two important signaling pathways, NF-�B and
MAPK, are associated with cardiac dysfunction in diabetes, in
part because of their role in chronic inflammation and ROS
production (115).

CONCLUSIONS

Aging is considered to be the most important independent
risk factor for cardiovascular diseases such as atherosclerosis
and HF (164). In addition, the existence of concomitant age-
associated diseases such as diabetes increases the risk of
developing atherosclerosis and HF. Unraveling the incom-
pletely understood cellular and molecular mechanisms behind
aging is necessary to better prevent or cure these diseases.

In this review, we have linked aging and diabetes as impor-
tant risk factors of cardiovascular disease to senescence and the
SASP. Cellular senescence is a fundamental mechanism of
aging and appears to play a crucial role in the onset and
prognosis of cardiovascular disease. Senescence is both a cause
and a consequence of diabetes and plays an important role in its
cardiovascular complications. As such, senescence and the
SASP could provide the missing link between aging, diabetes,
and cardiovascular disease.

Ageing Diabetes

Inflammation
NO-depletion
Oxidative stress

Cellular Senescence

Cardiovascular disease
Atherosclerosis Heart failure

SASP

Accumulation of senescent cells
in tissues

Replicative Senescence
Environmental stress
- Oxidative stress
- Hyperglycemia
- Inflammation

p53/p21 pathway
p16INK4a pathway

- Endothelial dysfunction
- Infiltration of monocytes
- VSMC proliferation
- Extracellular matrix production
- Plaque instability

- Endothelial dysfunction
- Fibrosis
- Cardiomyocyte hypertrophy
- Stem cell senescence 

- Proliferative exhaustion of 
β-cells

- Lower insulin production
- Insulin resistance

Fig. 5. Senescence-associated secretory phenotype (SASP) is a central factor in
age- and diabetic-related cardiovascular disease (CVD). This paradigm may
reveal new therapeutic possibilities. First, targeting the most important conse-
quences of SASP [inflammation, oxidative stress, and reduced nitric oxide
(NO) bioavailability] could prevent or treat associated CVD. Second, blockade
of SASP production by senescent cells will attenuate the inflammatory envi-
ronment causing cellular senescence in neighboring cells. VSMC, vascular
smooth muscle cell.

Table 2. Experimental rodent models to study senescence in
cardiovascular disease

Model Description Reference

Transgenic models
INK-ATTAC Selective ablation of senescent cells 8
p16-3MR Ablation and tracking of senescent

cells
40

p16(INK4a)-luciferase In vivo tracking of senescent cells 19
Models of atherosclerosis

apoE�/�C1039G�/� Vulnerable plaque model 183
apoE�/� Atherosclerosis 60
LDLR�/� Atherosclerosis 60

Heart failure models
Left anterior descending

coronary artery ligation
Ischemic cardiomyopathy model 167

Aortic banding Hypertrophic cardiac remodeling 105
Doxorubicin Toxic cardiomyopathy model 84
Senescence-accelerated

mice
Heart failure with preserved

ejection fraction
61

ATTAC, apoptosis through targeted activation; apoE. apolipoportien E;
LDLR, low-density lipoprotein receptor.
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Indeed, the SASP is a trigger of chronic inflammation,
oxidative stress, and decreased NO bioavailability, which are
hallmarks of all three pathologies. Senescent cells secrete a
myriad of inflammatory mediators with NF-�B as their central
regulator. Oxidative stress, with an important role for mito-
chondria, is both a cause and consequence of cellular senes-
cence with an important role. Endothelial senescence reduces
NO production through eNOS uncoupling, influencing neigh-
boring cells such as cardiomyocytes and VSMCs. Eventually,
a complex interplay among these different mechanisms results
in age- and diabetes-associated cardiovascular damage.

The paradigm that the SASP is at the center of different
age-associated pathologies (102) may lead to the discovery of
new therapeutic avenues (Fig. 5). In a first approach, molecular
determinants of the most important consequences of the SASP
(inflammation, oxidative stress, and reduced NO bioavailabil-
ity) can be targeted. This strategy is already being tested in
both experimental and clinical studies, such as targeting in-
flammatory cytokines in atherosclerosis or increasing NO bio-
availability in HF (16, 38). A second target is inhibition of
SASP production by senescent cells. This novel approach
would prevent the paracrine effect of senescent cells on neigh-
boring cells, breaking the vicious circle of senescence induc-
tion and further SASP secretion and eventually reducing the
inflammatory environment in the affected tissue. This strategy
could be applied to prevent or treat cardiovascular disease,
particularly in the context of aging and diabetes.
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