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Functional changes in beta cells during ageing and senescence
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Abstract
Insulin secretion from beta cells is crucial for maintaining euglycaemia and preventing type 2 diabetes, a disease correlated with
ageing. Therefore, understanding the functional changes that beta cell function undergoes with age can reveal new therapeutic
targets and strategies to delay or revert the disease. Herein, a systematic review of the literature agrees that, as humans age, their
beta cell function declines, independently of peripheral insulin resistance, BMI and waist circumference. Rodent studies reveal
that, with age, basal insulin secretion increases with either no change or an increase in stimulated insulin secretion, but the
biological significance of this is unclear. The accumulation of senescent beta cells could explain some of these functional
changes: transcriptional analysis of senescent and aged beta cells revealed parallel downregulation of several steps along the
pathway linking glucose stimulation and insulin secretion. Moreover, specific deletion of senescent cells (senolysis) improved
residual beta cell function, gene expression profile and blood glucose levels. In conclusion, cellular senescence could underlie the
functional decline of beta cells during ageing and could represent a novel and promising approach for recovering insulin
secretion.
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KATP ATP-dependent K+ (channel)
RHPA Reverse haemolytic plaque assay
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SASP Senescence associated secretory phenotype

Age is one of the main risk factors for type 2 diabetes, a
disease where peripheral insulin resistance and insufficient
beta cell insulin secretion converge and result in longstanding
hyperglycaemia and its complications. The majority of indi-

viduals with type 2 diabetes are over 50 years of age [1],
emphasising the importance of understanding the disease from
an ageing point of view.

Herein, the functional changes in beta cells during ageing
are reviewed, with an emphasis on senescence, one of the
mechanisms through which beta cells respond to age and
stress [2, 3]. In addition, molecular changes induced by
age are explored as potential new targets to preserve and
enhance beta cell function during ageing and senescence,
which represents a new way to understand and treat type 2
diabetes.

The literature was systematically reviewed on MEDLINE
through freely accessible PubMed as a search engine for the
terms ‘aging’, ‘insulin-secretion’, ‘senescence’ and ‘β-cell
function’; the most relevant and significant studies were
included. Only studies that specifically measured insulin
secretion/beta cell function in differently aged groups were
included. For mechanisms, studies that addressed different
steps in stimulus–secretion coupling mechanisms were
included as were those that looked at beta cell senescence or
ageing pathways. Although only findings on type 2 diabetes
have been included in this review it is likely that some of these
changes are also relevant in type 1 diabetes.
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Age and insulin secretion

Human studies Evaluation of beta cell function in humans,
in vivo and in vitro, indicate that insulin secretion decreases
with age (Table 1), an observation consistent with the
increased incidence of type 2 diabetes in the ageing popula-
tion. In the remainder of this section a number of representa-
tive studies supporting this statement are discussed.

A large study performed OGTTs on 32,245 Chinese indi-
viduals without diabetes and used the Matsuda index to esti-
mate insulin sensitivity and the insulinogenic index to evalu-
ate beta cell function. There was a higher proportion of post-
challenge hyperglycaemia with older age (≥60 years). In addi-
tion, a decrease in the insulinogenic index was observed in the
older group relative to the young participants (20–39 years)
and middle-aged group (40–59 years). Insulin sensitivity was
higher in the older group and results were independent of BMI
and waist circumference [4].

Along the same lines, a 2 year follow-up study with 1750
participants (35–84 years old) revealed a significant decrease
in beta cell function as determined by HOMA-B after
adjusting for BMI and waste circumference (p < 0.0001) [5].
A second study corroborated lower indices of insulin secretion
in elderly patients (mean 70 years), even after compensating
for changes in adiposity and insulin resistance [6]. This

progressive impairment of insulin secretion was corroborated
by results generated by more exhaustive measures, such as
acute insulin response to i.v. glucose, disposition index and
beta cell sensitivity to glucose in people older than 60 years
[7].

A retrospective study looking at clamp data from a large
group of nondiabetic Europeans aged 18–85 years found that
the fasting post-hepatic insulin delivery rate (IDR) gradually
increased with age, indicating a progressive increase in basal
insulin secretion. In this case, it was positively related to BMI
and negatively related to insulin sensitivity. After controlling
for these factors, IDR showed an inverse correlation with age
(p < 0.0001) [8].

In vitro measurement of insulin secretion from isolated
islets is a complementary approach to the in vivo measure-
ment of insulin secretion, which, in spite of correction
methods, is inevitably influenced by peripheral insulin resis-
tance. A number of in vitro studies have measured insulin
secretion from islets of differently aged donors. One of these
studies analysed human islets from donors aged 16–70 years
of age and used glucose-stimulated insulin secretion (GSIS) to
evaluate beta cell function. It found that islets from younger
donors (<40 years of age) had significantly higher GSIS. In
transplantation experiments into a mouse model of diabetes,
diabetes was reversed in 96% of recipients of islets from

Table 1 Summary of effects of ageing on insulin secretion in humans and rodents

Age Evaluation method Effect of age on insulin secretion Reference

Humans

In vivo Young 20–39 years
Middle-aged 40–59 years
Older ≥60

OGTT and insulinogenic index Decreased beta cell function [4]

In vivo 35–84 years HOMA-B Decreased beta cell function [5]

In vivo 23 years vs 70 years i.v. glucose Decreased beta cell function [6]

In vivo <35 years vs >60 years i.v. glucose Decreased beta cell function [7]

In vivo 18–85 years Clamp Increased and decreased stimulated insulin secretion [8]

In vitro Islets; 16–70 years GSIS Lower GSIS and incomplete reversal of diabetes [9]

In vitro Islets; 19–64 years GSIS Decreased insulin secretion in response to high glucose [10]

In vitro Islets; donors 16–61 years Perifusion Decreased insulin secretion in response to high glucose [11]

Rodents

Mice Young: 1 month
Aged: 16–20 months

In vivo GSIS Higher basal and increased stimulated insulin secretion [13]

Mice Ages: 1 month, 6 months,
11 months, 27 months

In vitro GSIS Increased stimulated insulin secretion between 1 and
6 months. No change between 6 and 27 months

[14]

Mice Young: 6 months
Middle: 18 months
Aged: >24 months

In vivo and in vitro GSIS In vivo: Increased basal and stimulated insulin secretion
in middle and aged groups

In vitro: Increased basal and stimulated insulin secretion
in islets from aged groups

[10]

Rats Young: 3 months
Aged: 12 months

In vitro GSIS No changes in basal or stimulated insulin secretion [15]

Mice Young: 3 months
Aged: 18 months

In vitro GSIS; RHPA Increased basal insulin secretion [16]

Mice Aged: 14–20 months In vivo GSIS Increased basal insulin secretion [2]
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younger donors, compared with 68% of recipients of trans-
plants from older donors [9]; these results correlated with the
capacity of islets to generate ATP.

In addition, two separate studies reported an age-dependent
loss of insulin secretion. The first one used static GSIS and
found a decline of beta cell function with age characterised by
impaired insulin secretion in response to high glucose levels
(p < 0.0001) with no correlation to donor BMI [10]. The
second found an age-dependent decline in insulin secretion
dynamics when using a perifusion system and the decline of
insulin secretion at high glucose concentrations was corrobo-
rated by evaluation using static GSIS [11].

In summary, these and other studies (reviewed in [12])
consistently point to an age-dependent decline of beta cell
function in humans independent of peripheral insulin
resistance.

Rodent studies Attempts to reach a consensus about the
effects of age on insulin secretion from rodent islets have been
unsuccessful. Studies have reported conflicting data, with
some claiming improvement and others finding a decline or
no change in insulin secretion with age (Table 1).

An improvement in function was detected using islets from
adolescent (1 month of age) and very old (16–20 months old)
mice where in vivo insulin secretion assays revealed that older
mice tended to have higher fasting blood insulin levels,
consistent with higher basal insulin secretion, and increased
insulin secretion after 3 min but not after 7 min of glucose
injection [13]. A second study compared insulin secretion by
GSIS between islets isolated from 1-, 6-, 11- and 27-month-
old mice. Stimulated insulin secretion was found to increase
between 1 and 6 months but not thereafter [14].

A study comparing beta cell function in young (6 months
old), middle-aged (18 months old) and aged (>24 months old)
mice found an increase in fasting insulin levels in vivo in
middle-aged and aged mice. This was also reflected in vitro,
where insulin secretion at 2 mmol/l glucose was significantly
higher in islets from aged mice. After glucose stimulation,
aged animals exhibited an augmented insulin secretory
response both in vivo and in vitro [10]. Yet, a separate study
found no changes in beta cell function between islets of 3- and
12-month-old rats by GSIS [15].

Our group has found a consistent age-dependent impair-
ment of insulin secretion from mouse islets using different
models and techniques. We compared islets from young
(3 months old) and aged (18 months old) mice with static
GSIS and found higher basal insulin secretion from aged
islets, with no changes in stimulated conditions. This was
confirmed using a mouse strain that develops insulin resis-
tance with age (C57BL/6J) and a model that remains insulin
sensitive with age (INK-ATTAC) [16]. In addition, we used
the reverse haemolytic plaque assay (RHPA) to measure insu-
lin secretion from individual beta cells [17] and found a

significant increase in basal and a decrease in stimulated insu-
lin secretion from beta cells of aged mice. Due to the potential
effects of changes in islet composition or in the function of
other islet cell types, the RHPA provides a unique model to
evaluate cell-autonomous functional changes. In a subsequent
publication, beta cell function was evaluated in vivo and we
confirmed an elevation of fasting insulin levels in 14–20-
month-old mice, and in 9-month-old animals treated with a
high-fat diet, an intervention that accelerates the beta cell
ageing process [2].

While there is no evident reason for the differences among
mouse studies, the explanation might lie in the animal strains
used, insulin resistance status of the animals, rate of mitochon-
drial damage and changes in the glucose stimulus–insulin
secretion coupling mechanism as suggested by some studies
[18]. Another source of variation is the wide age range consid-
ered ‘young’ and ‘aged’ in each study (Table 1).
Methodological differences in the measurement of insulin
secretion, such as culturing overnight vs immediately after
isolation, can also affect metabolism and gene expression in
beta cells. Key differences between mice and humans need to
be considered when comparing insulin secretion, such as [19]:
(1) circadian rhythmicity (humans are diurnal whereas mice
are nocturnal); (2) eating patterns (mice eat non-stop, while
humans feed in discrete episodes); (3) differences in diet
composition; and (4) molecular differences in insulin secreto-
ry machinery.

Finally, lack of a uniform definition as to what constitutes
impaired vs enhanced insulin secretion can be a major
confounder in the interpretation of results. For example, does
increased basal insulin secretion constitute impaired function?
Within the field, it is necessary to define what constitutes a
healthy vs an unhealthy insulin secretory profile, both in vivo
and in vitro. Additional methods and models can help us
understand this key issue further.

Mechanisms of insulin secretion change
with age

Beta cell functional changes can be attributed to variations at
three levels: (1) cell-autonomous changes in beta cells, such as
senescence and stimulus–secretion coupling; (2) changes in
beta cell mass and proliferation; and (3) changes in insulin
action, such as insulin resistance. In the following sections
the potential contribution of each of these will be evaluated
in the context of insulin secretion and ageing.

Cellular senescence Ageing is defined as a time-dependent
decline in cellular function. However, different tissues and cell
types age through different mechanisms, described as the hall-
marks of ageing [20]. Out of the nine hallmarks described,
cellular senescence and the senescence-associated secretory
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phenotype (SASP) are one of the main mechanisms through
which beta cells age [2]. By understanding senescent beta
cells, we can further understand beta cell ageing. Cellular
senescence is a stress response to an array of effects, such as
DNA damage, ER stress and oncogene activation. The senes-
cence state is characterised by a lack of cellular proliferation,
increased β-galactosidase (βGal) activity and SASP secre-
tion. SASP proteins include soluble and insoluble factors,
such as chemokines, cytokines and extracellular matrix
remodelling factors. These factors can induce dysfunction in
surrounding cells and precipitate their entry into the senes-
cence process [21], and by recruiting immune cells can favour
a proinflammatory microenvironment. In addition, senescent
cells upregulate anti-apoptotic pathways, which make them
resistant to apoptosis. Since it is a stress response, senescence
can occur at any time. But with age, cellular stressors increase
and the immune response decreases, leading to an accumula-
tion of senescent cells in tissues of aged animals (Fig. 1). We
have shown that senescent beta cells accumulate in the islets
of aged mice and humans and their proportion is further
increased by insulin resistance, high BMI and type 2 diabetes
[2]. To further understand the biology of the senescent beta
cell subpopulation and its impact on insulin secretion, a beta
cell senescence signature was generated through RNA
sequencing (RNA-seq) comparing senescent (βGal+) and
non-senescent (βGal−) beta cells from the same pool of islets
[22]. It revealed a downregulation of beta cell identity genes
(Ins1, Pdx1, Mafa, Neurod1), upregulation of genes that are
usually suppressed (Cat, Ldha) and increased expression of
markers of ageing (Igf1r, Bambi), senescence (p16Ink4a [also
known as Cdkn2a] and p21Cip1 [also known as Cdkn1a]) and
SASP (Ccl2, Il1a, Il6, Tnf) along with increasedβGal activity.
Conditions with a higher percentage of senescent beta cells,
such as ageing and insulin resistance, were characterised by
impaired beta cell function with higher basal insulin secretion.

Changes in stimulus–secretion coupling The expression of
genes involved in glucose stimulus–insulin secretion coupling
was compared between senescent and non-senescent beta cells
using the sameRNA-seq data described above. Senescent beta
cells were characterised by a significant downregulation of
genes involved in glycolysis, cellular depolarisation (ATP-
dependent K+ [KATP] channel, chloride channels, cation chan-
nels, voltage-gated calcium channels, sodium channels),
incretin pathway receptors and components of insulin gran-
ules (Fig. 2a). These transcriptional changes mirror those
observed during beta cell ageing, as seen in a microarray anal-
ysis of purified beta cells from 1- and 2-year-old MIP-GFP
mice in which GFP expression is driven by the insulin gene
promoter [16] (Fig. 2b). In both cases, there is a decrease in the
transcription of genes involved in glucose metabolism, ionic
channels, incretin signalling and insulin synthesis (Fig. 3), all
of which predict a functional decline of beta cells with age and

senescence. Some of these changes could also explain the
functional characteristics of ageing beta cells such as
increased basal insulin secretion. For example, decreased
KATP channels would hypothetically lead to increased beta
cell depolarisation at low glucose concentrations which would
be reflected as higher insulin secretion in the basal state.
Although this has not been proved experimentally, it repre-
sents a novel and interesting mechanism to be explored.

Other studies have provided supporting evidence for age-
associated changes in important components of the stimulus–
secretion coupling mechanism, such as a decline in the coor-
dination of calcium dynamics, gap junction coupling and insu-
lin secretion with age in humans [11]. Another key player of
insulin secretion is mitochondrial activity, which is impaired
in aged human islets as measured by NADPH fluorescence
lifetime imaging [10, 23]. A study performed in single human
beta cells suggested that the mechanistic deficit underlying
changes in mitochondrial activity is located upstream of the
citric acid cycle (CAC), thus altering the control of mitochon-
drial membrane potential [24]. Some of these changes in mito-
chondrial activity could be secondary to a decrease in mito-
chondrial number since a negative correlation between
mtDNA copy number and islet donor age has been described

Senescent cells

• Increased βGal activity
• Upregulated anti-apoptotic 

pathways

• SASP

Immune 

clearance

• DNA damage

• p16Ink4a/p21Cip1

• Oncogene activation

• Telomere dysfunction

• ROS

• Insulin resistance

Healthy cells

SASP

Immune cell

Age

Cellular stressors

Fig. 1 Cellular senescence is a stress response (to DNA damage, ER
stress, oncogene activation that induces expression of senescence markers
and effectors p16Ink4a and p21Cip1) that leads to a lack of proliferation in
response to growth stimuli, increased activity of senescence-associated
(SA-βGal) and to the secretion of an array of proteins specific to each cell
type known as SASP. SASP proteins include soluble and insoluble
factors, such as chemokines, cytokines and extracellular matrix remodel-
ling factors. SASP can induce dysfunction in surrounding cells and
promote their entry into senescence, i.e. they have a ‘contagious-like’
effect. Some SASP proteins can recruit immune cells for clearance of
senescent cells. Since senescence is a cellular stress response, it can occur
at any time, but with age, cellular stressors increase and the immune
response decreases, leading to an accumulation of senescent cells. This
figure is available as part of a downloadable slideset
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[25]; accordingly, when this degree of mitochondrial deple-
tion was simulated in beta cell-derived MIN6 cells, GSIS was
impaired [26].

Another important player in age-related changes of insulin
secretion could be insulinotropic hormones glucose-
dependent insulinotropic polypeptide (GIP) and glucagon-
like peptide 1 (GLP-1). Postprandial secretion of these
hormones was shown to be increased in postmenopausal vs
premenopausal women [27].

Age-associated changes in beta cell proliferation and mass
Although not a measure of function per se, changes in beta
cell mass, due to the balance between proliferation and
apoptosis, will have an impact on in vivo measurements of
beta cell function.

In humans, beta cell mass in human does not change in
response to ageing [28]. In addition, various studies indicate
there is a functional reserve of beta cell mass that maintains
overall insulin secretion and blood glucose levels unless a
threshold is reached. This functional reserve has been estimat-
ed as 20–25% in rats [29], while in humans it ranges between
50% and 70% based on data on recent-onset type 1 [30, 31]
and type 2 diabetes [32].

However, ageing does decrease the ability of beta cells to
proliferate in response to higher metabolic demands in rodents
[33] and humans [34], which is translated as a limited

regenerative capacity of beta cells. In mice, beta cell regener-
ation is diminished by 12 months of age [35–38] and could be
related to beta cell senescence [39–44]. This is suggested by
studies knocking-out p16Ink4a (a marker and effector of senes-
cence), which increased beta cell proliferation in older mice
[40]. However, beta cell mass in rodents increases with age
[45], which means the actual pool of replicating beta cells is
greater in adults than in young animals due a greater number
of cells [46, 47].

Taken together, we can conclude that age-related changes
in beta cell mass and proliferation do not impact beta cell
functional measures in nondiabetic settings.

Age-associated changes in insulin resistance Peripheral insu-
lin sensitivity plays a key role in determining beta cell func-
tion and development of type 2 diabetes. States of insulin
resistance brought about by obesity or a sedentary lifestyle
are initially accompanied by a compensatory increase in insu-
lin secretion, which, in susceptible individuals, declines and
develops into overt diabetes [48]. It is generally accepted that
insulin resistance occurs with ageing [49], partly due to the
accumulation of senescent cells in the adipose tissue and the
subsequent local secretion of SASP, which promote sterile
inflammation, a form of pathogen-free inflammation caused
by mechanical trauma, ischaemia, stress or environmental
conditions [50, 51]. However, some studies have found an

Fig. 2 Beta cell gene expression changes due to senescence and chrono-
logical ageing are similar and reveal downregulation of key players in the
stimulus–secretion coupling mechanism. (a) Islets isolated from 7–8-
month-old C56Bl/6 J mice were FACS sorted into non-senescent
(βGal−) and senescent (βGal+) for RNA-Seq; Mean expression is shown
for n = 7 sets of paired samples. Data reported in this panel have been

deposited in NCBI Gene Expression Omnibus (GEO accession number
GSE121539) [2]. (b) Microarray data of purified beta cells of MIP-GFP
mice 1 and 2 years of age. Mean expression is shown for n = 4 for 1 year
of age, n = 3 for 2 years of age. Data reported in this panel have been
deposited in the NCBI GEO database under accession number
GSE72753 [16].This figure is available as part of a downloadable slideset
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improvement in insulin sensitivity with age [4], even in the
context of a consistent worsening of insulin secretion. This
highlights the heterogeneity of ageing in different individuals,
a key concept of the pathophysiology of diabetes underscored
by a recent publication that describes five subgroups of adult-
onset diabetes, which vary according to the degree of beta cell
dysfunction vs insulin resistance [52]. The clinical identifica-
tion of the subgroup in which an individual lies should be used
for personalised treatment.

Other mechanisms of cellular ageing Changes in other cell
types, such as blood vessels and exocrine cells, might also
impact insulin secretion [53]. For example, it has been shown
that revascularising islets from old mice with blood vessels
from young ones restores their functional and proliferative
capacity [54]. In addition, circulating factors provide another
interesting and thought-provoking mechanism for regulation
of insulin secretion. A study using parabiosis showed that the
replicative capacity of islets in old mice was restored when
parabiosed with young ones [55], suggesting the existence of

a circulating factor(s) that confers rejuvenating properties to
beta cells.

Preservation and enhancement of insulin
secretion during ageing and senescence

Understanding changes in insulin secretion with ageing, and
the mechanisms behind these, can lead to new strategies that
preserve beta cell function. We have shown that senescent
beta cells accumulate in mouse and human islets with age,
and their appearance is accelerated in insulin resistance and
type 2 diabetes [2, 16]. Their genetic profile (Fig. 2) predicts
impaired function with downregulation of key genes in beta
cells and upregulation of genes of senescence and SASP.
When senescent cells were specifically deleted in a transgenic
model or using senolytic drugs (which target anti-apoptotic
pathways), insulin secretion improved, gene expression was
restored and blood glucose levels improved in different
models of insulin resistance and chronological ageing. The
subpopulation of senescent beta cells represented between
2% and 10% of the total beta cell population in rodents and
between 10% and 30% of the cell population in human donors
without type 2 diabetes. Decreasing the senescent population
by 30–50% was enough to see a positive effect [2] with no
impact on beta cell mass.

In spite of these encouraging results and their potential
translation into new therapies for diabetes, there remain ques-
tions that need addressing. One of them is the lack of tissue
specificity, since the anti-apoptotic pathways upregulated by
senescent cells are not tissue specific. In the setting of type 2
diabetes, this might not be entirely negative, since decreasing
senescent cells in adipose tissue improves peripheral insulin
sensitivity [56]. Other undesirable effects of senolytic thera-
pies include interference in wound healing and pro-oncogenic
effects, all of which will have to be fully understood before
senolysis can move into clinical use.

In conclusion, the increased risk of type 2 diabetes with age
could be related to an intrinsic age-related loss of beta cell
function. Although there might be multiple additional mech-
anisms, cellular senescence is emerging as a promising and
exciting target to counteract this phenomenon.
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Fig. 3 Glucose stimulus–insulin secretion coupling mechanism in beta
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GLUT2 increases glucose metabolism via glycolysis (glucokinase-
GCK), the citric acid cycle (CAC) and oxidative phosphorylation,
increasing ATP production. This, in turn, leads to closure of the KATP

channels, which, along with continued conductance through non-selec-
tive cationic channels (NS+), results in membrane depolarisation. When
the membrane potential reaches a certain threshold, voltage-gated sodium
(Na+) channels and T-type Ca2+ channels (Ca2+T) open increasing the
membrane potential further to activate the L-type Ca2+ channels
(Ca2+L). The associated Ca2+ influx triggers exocytosis of insulin-
containing secretory granules. Shown in the different shades of red are
components decreased in aged and senescent cells that could result in
decreased insulin secretion. G6P, glucose 6-phosphate. Created in
BioRender.com. This figure is available as part of a downloadable
slideset
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