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The prevalence of type 2 diabetes (T2D) and impaired glucose tolerance (IGT) increases with ageing. T2D
generally results from progressive impairment of the pancreatic islets to adapt f-cell mass and function in the
setting of insulin resistance and increased insulin demand. Several studies have shown an age-related decline in
peripheral insulin sensitivity. However, a precise understanding of the pancreatic p-cell response in ageing is still
lacking. In this review, we summarize the age-related alterations, adaptations and/or failures of p-cells at the
molecular, morphological and functional levels in mouse and human. Age-associated alterations include pro-
cesses such as p-cell proliferation, apoptosis and cell identity that can influence p-cell mass. Age-related changes
also affect p-cell function at distinct steps including electrical activity, Ca2* signaling and insulin secretion,
among others. We will consider the potential impact of these alterations and those mediated by senescence
pathways on f-cells and their implications in age-related T2D. Finally, given the great diversity of results in the
field of p-cell ageing, we will discuss the sources of this heterogeneity. A better understanding of p-cell biology
during ageing, particularly at older ages, will improve our insight into the contribution of p-cells to age-
associated T2D and may boost new therapeutic strategies.

1. Introduction

The prevalence of diabetes is drastically increasing worldwide. Ac-
cording to the International Diabetes Federation, 536.6 million adult
people (20-79 years) suffered from diabetes in 2021, which represents a
global prevalence of 10.5%, and these numbers will rise to 783 million
by 2045 (IDF, 2021). A similar trend has been projected for impaired
glucose tolerance (IGT), with a global estimate of 10.6% in 2021 (IDF,
2021). The prevalence of diabetes increases with ageing, accounting for
more than 20% in individuals aged 65-79 years (IDF, 2021). It is well
established that ageing along with obesity are among the most impor-
tant risk factors associated with the development of type 2 diabetes
(T2D). Thus, the current ageing of population is expected to further
affect the future development of diabetes.

Ageing is a complex phenomenon characterized by a gradual

deterioration of tissues and organs. This functional decline has been
related to the alteration of several processes including DNA damage
repair, epigenetics homeostasis, mRNA processing and proteostasis,
mitochondrial function, inflammatory status, progenitor cell function
and cellular senescence, among others (Palmer et al., 2019). Many of
these processes are also involved in the etiology of T2D, and thus, both
ageing and T2D may share some molecular pathways and disorders
(Palmer et al., 2021; Bellary et al., 2021). At the metabolic level, several
studies have shown that a common consequence of ageing is a pro-
gressive decline in the accurate regulation of glucose homeostasis,
which may gradually result in IGT and T2D (Shimokata et al., 1991;
Chang et al., 2003, 2006; Bacos et al., 2016; De Jestis Garduno-Garcia
et al., 2018; Chia et al., 2018; Bellary et al., 2021). It has been pro-
posed that these metabolic alterations are related to inadequate adaptive
responses of pancreatic p-cells to compensate for peripheral insulin
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resistance (IR), which is frequently observed in aged individuals (Bar-
zilai et al., 2012; De Tata, 2014; Walker et al., 2021). In conditions of IR
(i.e., obesity, pregnancy or ageing), the endocrine pancreas undergoes
several compensatory adaptations that result in increased plasma insulin
levels to counterbalance the attenuated insulin action on peripheral
tissues, maintaining normal glycaemia (Fig. 1) (Kahn et al., 2006).
Inadequate f-cell compensation to IR may favor the progression to IGT
and T2D (Alejandro et al., 2015; Chen et al., 2017; Walker et al., 2021).

Abnormal glucose homeostasis and/or IR have been frequently re-
ported in elderly subjects (Rowe et al., 1983; Petersen et al., 2015; Bacos
et al., 2016; Ehrhardt et al., 2019). These alterations have been partly
attributed to age-related secondary causes such as changes in body
composition and overweight (Ferrannini et al., 1996; Chia et al., 2018;
Bellary et al., 2021). However, when most of these factors were
considered or compensated for, ageing per se was also found to affect
insulin sensitivity in the elderly (Rowe et al., 1983; Ehrhardt et al.,
2019). Therefore, the specific contribution of the different factors
involved in age-related IR remains to be fully elucidated. In mice,
age-associated IGT and/or IR have been frequently documented (Yosh-
ino et al., 2011; Gonzalez-Rodriguez et al., 2012; Li et al., 2014; Almaca
et al., 2014; Aguayo-Mazzucato et al., 2017; Bodogai et al., 2018; Xiong
et al., 2017; Ehrhardt et al., 2019; Chow et al., 2019), although some
studies have found no deleterious effects on glucose tolerance (Gregg
et al., 2016; De Leon et al., 2018; Denroche et al., 2021). Some of these
divergences may rely on differences in the genetic and metabolic
background of the animal models (Pann et al., 2020), and/or the
experimental approaches employed in the different studies, suggesting
that these factors should be considered when studying metabolism in
ageing, as discussed later.

T2D cannot be fully attributed to an IR condition without consid-
ering pancreatic p-cell dysfunction and failures in their adaptive po-
tential. T2D cannot be fully attributed to an IR condition without
dysfunction of pancreatic -cells and their adaptive potential Therefore,
understanding the physiology of the endocrine pancreas in ageing is
critical to clarify the age-related alterations in glucose homeostasis. In
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Fig. 1. Schematic representation of the changes in blood glucose, plasma in-
sulin and f-cell mass that occur in the progression to T2D. The normal state is
characterized by optimal and physiological levels of blood glucose and plasma
insulin. However, in conditions that lead to IR such as obesity and/or ageing,
B-cells undergo morphofunctional adaptations to enhance plasma insulin levels
in an attempt to compensate for the loss of peripheral insulin sensitivity. This
compensatory response allows the maintenance of a normoglycemic state. The
progression toward glucose intolerance and T2D occurs when p-cell adaptations
are not able to counterbalance the decline in peripheral insulin sensitivity.
Although p-cell adaptations can be further enhanced during glucose intoler-
ance, the p-cell secretory responses to glucose challenges are insufficient to
maintain normal glucose homeostasis. As glucose levels rise during T2D,
detrimental effects on p-cells are exacerbated, leading to cumulative impair-
ment of p-cell function and, finally, p-cell loss.
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this regard, several longitudinal studies point to an important contri-
bution of insufficient p-cell compensation to IR in the age-related
development of T2D (Morimoto et al., 2013; Ohn et al., 2016). In the
present review, we specifically address the current knowledge about the
morphofunctional alterations of pancreatic p-cells in ageing and their
potential involvement in age-related dysregulation of glucose homeo-
stasis and T2D. Although some important findings in middle-age in-
dividuals will be discussed, we have focused particularly on
observations in older ages.

2. Ageing and pancreatic f-cell mass

To regulate glucose homeostasis, plasma insulin levels must be
adapted to meet the organism’s requirements (Fig. 1). Insulin levels and
needs may vary throughout life and, particularly, in certain situations
such as obesity, pregnancy or ageing, in which changes in peripheral
insulin sensitivity take place (Alejandro et al., 2015; Chen C et al., 2017;
Walker et al., 2021). The high plasticity of the functional f-cell mass
allows for the appropriate adaptation to different insulin requirements.
Pancreatic p-cell mass is precisely regulated through the dynamic con-
trol of processes such as proliferation, neogenesis, cell size, cell death,
dedifferentiation and transdifferentiation (Khadra and Schnell, 2015;
Chen et al., 2017) (Fig. 2). Some of these processes are altered in aged
individuals, since the regenerative capacity and plasticity of organs and
tissues are often compromised with advanced age (Chandel et al., 2016).
In the next section, we describe how B-cell mass may be altered in ageing
in both humans and mice. More details about the studies reporting
age-related effects on f-cell mass, which will be discussed in this section,
can be found in Supplemental Tables 1 and 2.

2.1. Human f-cell mass

Human p-cell mass may expand up to ~30-fold from birth to adult-
hood (Meier et al., 2008). Such expansion is mainly due to an increased
number of p-cells and augmented islet size. The rates of $-cell mass in-
crease were found to be higher within the first two years of postnatal
life, gradually declining over the following two decades (Meier et al.,
2008). Conversely, fewer morphological changes have been reported in
the pancreases from adult subjects. Human f-cell mass and/or volume
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Fig. 2. Dynamic processes that regulate p-cell mass. The upregulation of f-cell
mass includes different processes such as hypertrophy (increased cell size),
proliferation (increased number of cells resulting from cell division), neogenesis
(conversion of a pancreatic progenitor/stem cell into a f-cell) and trans-
differentiation (conversion of an islet non-f-cell into a p-cell). The down-
regulation of B-cell mass results from -cell apoptosis (programmed cell death)
and/or dedifferentiation (conversion of a f-cell into a progenitor-like cell,
which involves the loss of p-cell identity and function). Orange: p-cell; purple:
a-cell; blue: §-cell; red: p-cell precursor; pink: ductal cells.
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notably increases during adulthood under conditions of high insulin
demand such as pregnancy (Butler et al., 2010) or obesity (Butler et al.,
2003; Rahier et al., 2008; Saisho et al., 2013). The process of ageing,
however, does not substantially affect f-cell mass in adult humans, or in
any case, the effect appears to be marginal. According to a study of
human autopsies ranging from 20- to 102-year-old subjects, B-cell size
and mass remained unchanged over time (Saisho et al., 2013). On the
other hand, Rahier et al. (2008) documented a modest age-associated
decay in f-cell mass in non-diabetic subjects (39-91 years). This latter
finding is in agreement with a marginal decrease in p-cell mass reported
in older adults from a Japanese population (0-79 years) (Mizukami
et al., 2014). Thus, these observations indicate that p-cell mass is rela-
tively well-preserved during ageing.

2.1.1. Human p-cell proliferation

A marked decrease in p-cell proliferation occurs early in life. Double
staining of the pancreas for insulin and the proliferation marker Ki67
showed a maximum peak during fetal life (Beamish et al., 2017; Kassem
et al., 2000; Bouwens et al., 1997) and a significant decline in p-cell
turnover following the first 2 years of life (Meier et al., 2008; Gregg
et al., 2012; Beamish et al., 2017; Wang et al., 2016). Afterward, very
low B-cell replication rates remain unaltered during childhood, adoles-
cence, adulthood and old ages (Meier et al., 2008; Gregg et al., 2012;
Beamish et al., 2017; Saisho et al., 2013; Kassem et al., 2000; Reers et al.,
2009; Mizukami et al., 2014). In addition, B-cell nuclei co-stained for the
thymidine analogues BrdU/IdU were detected in samples from young
(<20 years) but not in adult (>30 years) subjects, and -cell DNA *C
content measurements further suggested that p-cell proliferation occurs
during the first three decades of life (Perl et al., 2010). Recent tran-
scriptomic and epigenetic studies of pancreatic f-cells from juvenile
(0.5-9 years) and adult (19-66 years) individuals also support a decline
in proliferation along with enhanced f-cell maturation patterns over
time (Arda et al., 2016).

Given that B-cell replication plays a key role in the adaptive response
of the endocrine pancreas to augmented insulin requirements, the
mechanisms involved in the age-related changes in proliferation are of
critical interest. The Forkhead Box M1 (FOXM1) transcription factor is
involved in the proper execution of mitosis, stimulates proliferation by
promoting both G1/S and G2/M transitions, and regulates genes
involved in cell cycle regulation (Wierstra and Alves, 2007). Concomi-
tant with the age-associated decline in human p-cell turnover,
down-regulated expression has been found for FOXMI1 as well as
important cell cycle regulators including cyclins (CCNA1 and CCNA2),
cyclin-dependent  kinases (CDKI, CDK4 and CDK6) and
proliferation-associated genes such as the platelet-derived growth factor
(PDGF) receptors PDGFR-a and PDGFR-f (Chen et al., 2011; Avrahami
etal., 2015; Dai et al., 2017). Additionally, the tumor suppressor protein
p16INK4A (hereafter referred to as p16), a cell cycle inhibitor and sig-
nificant effector of cellular senescence, is upregulated in aged human
B-cells (Mizukami et al., 2014; Arda et al., 2016; Helman et al., 2016;
Kong et al., 2018). Remarkably, genome-wide association studies have
related the CDKN2A/B locus, which encodes this protein, to T2D risk
(Saxena et al., 2007; Kong et al., 2016, 2018).

The response of human f-cells to mitogenic stimuli, such as the
glucagon-like peptide 1 (GLP-1) has also been analyzed in ageing. In two
different studies, mice with transplanted human islets from juvenile and
adult donors were treated with the GLP-1 receptor agonist Exendin-4
(Ex-4) (Tian et al., 2011; 14-22 vs 35-58 years) (Dai et al., 2017;
0.2-9 vs 20-60 years). In both cases, Ex-4 enhanced the p-cell prolifer-
ation rate in young but not in old human grafts, indicating a loss of
mitogenic potential in aged human p-cells (Tian et al., 2011; Dai et al.,
2017). Likewise, PDGF-mediated proliferation was observed in p-cells
from juvenile (8 months-6 years) but not from aged (39-56 years)
subjects (Chen et al., 2011). Studies with human islets from adult donors
(27-76 years) transplanted into streptozotocin (STZ)-induced diabetic
NOD-severe combined immunodeficiency (SCID) mice showed that
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adult p-cells maintained the capacity to replicate in response to the
mitogenic effects induced by high blood glucose levels (Levitt et al.,
2011). However, this effect was more potent in grafts from a 7-year-old
donor (Levitt et al., 2011), suggesting decreased proliferative capacity
with ageing.

The vascular system plays a key role in both producing and spreading
mitogenic signals and other proliferative factors within the islet (Walker
et al., 2021). In this context, the age-related decline in human p-cell
proliferation has been associated with a reduction in the islet blood
vessel network (Chen et al., 2021). Other age-related factors such as
telomere shortening have also a significant impact on cell proliferation
(Liew et al., 2009). In the case of p-cells, an inverse association between
telomere length and ageing has been described in human samples
ranging from 0 to 100 years (Tamura et al., 2016). Additionally, electron
microscopy analysis of islet cells from 1 to 81-year-old individuals
revealed a positive correlation between the presence of lipofuscin bodies
in B-cells and ageing (Cnop et al., 2010). Given that lipofuscin accu-
mulation is a feature of ageing in post-mitotic cells, these observations
reinforce the concept that human f-cells are long-lived and present a low
turnover rate during adulthood. In general, the findings described above
suggest that human p-cells show a limited proliferative capacity in both
basal and mitogen-stimulated conditions in aged adults.

2.1.2. Human p-cell apoptosis

Human p-cell apoptosis is relatively high during the fetal period
(~1.5%) (Meier et al., 2010). However, it is quite infrequent afterward
and, eventually, not detected in most pancreas samples (Meier et al.,
2008). A frequency rate of 1.3% was reported in the perinatal period,
dropping to 0.13% by 3 months of age (Kassem et al., 2000), and mul-
tiple studies have not observed variations in the low rate of apoptosis
with advanced age (Meier et al., 2008; Reers et al., 2009; Saisho et al.,
2013).

2.1.3. Human p-cell neogenesis

Neogenesis of human f-cells is a process that commonly occurs in the
developing pancreas (Bouwens et al., 1997), although it may also occur
at a very low rate after birth as well as in adulthood (Reers et al., 2009;
Gregg et al., 2012). Increased p-cell neogenesis from pancreatic ducts
has been described during pregnancy (Butler et al., 2010; Dirice et al.,
2019), obesity (Butler et al., 2003; Hanley et al., 2010), T2D (Yoneda
et al., 2013). However, no association has been reported with ageing
(Reers et al., 2009).

2.1.4. Human f-cell identity

A single-cell transcriptomic analysis of human pancreases (1 month-
54 years) showed an age-associated pattern of fate drift in a- and p-cells
with a subset of cells expressing both insulin and glucagon, suggesting
compromised islet cell identity in older subjects. This ageing pattern in
islet cells was also characterized by high transcriptional variability as
well as mutational signatures likely associated with oxidative stress
(Enge et al., 2017). Similarly, in non-human primates, transcriptional
noise has been associated with ageing in pancreatic o and p-cells along
with an increased unfolding protein response and impaired proteostasis
(Li et al., 2021). When comparing p-cells from juvenile (6 months-14
years) and adult (28-64 years) donors, Avrahami et al. (2015) re-
ported a decrease in p-cell maturity and identity genes such as PDX1,
NKX6.1, FOXA2 and MAFA. The expression of the f-cell transcription
factor PDX1 was also found to be downregulated with ageing in the
pancreatic tissue of two different groups of donors: 7-66 years (Reers
etal., 2009) and 0-79 years (Mizukami et al., 2014). In contrast, another
study showed higher expression levels of MAFA in p-cells from adult
individuals (28-66 years) compared to juvenile subjects (0.5-6 years)
(Arda et al., 2016). The interpretation of these findings comparing ju-
venile and old individuals is complex since juvenile subjects may present
metabolic and developmental characteristics of childhood and adoles-
cence that differ from more mature stages in adulthood. Overall,
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however, all these results suggest that p-cell identity might be altered in
older individuals. The functional implications of these findings and the
exploration of older ages remain to be further addressed.

2.2. Mouse S-cell mass

Unlike humans, where p-cell mass does not face substantial changes
in elderly subjects, studies conducted in mice generally observe
increased f-cell mass with ageing (Rankin and Kushner, 2009; Fan et al.,
2011; Talchai et al., 2012; Xin et al., 2016; Xiong et al., 2017; Tuduri
et al., 2022). Such progressive expansion in $-cell mass frequently cor-
relates with body weight (Xin et al., 2016). Similar results have been
also reported in rats and increased f-cell size seems to be important in
this process (Montanya et al., 2000).

2.2.1. Mouse p-cell proliferation

B-cell proliferation dramatically declines with ageing in mouse
models (Wong et al., 2009; Rankin and Kushner, 2009; Fan et al., 2011;
Stolovich-Rain et al., 2012; Beamish et al., 2017; Kehm et al., 2018; Lam
et al., 2019). While proliferation of insulin-positive cells accounted for
approximately 1% of p-cells at 3 months of age, it dropped to 0.2% in
25-month-old mice (Stolovich-Rain et al., 2012). Consistent with the
idea that pancreatic p-cell proliferation occurs at low rates during
adulthood, mapping of the pancreas with high-resolution isotope im-
aging revealed that aged animals chased for 18 months with the >N
isotope were mainly composed of long-lived B-cells with a quiescent
phenotype (Arrojo e Drigo et al., 2019). This age-related decline in f-cell
proliferation has been frequently associated with increased expression
of the cell cycle inhibitor protein p16 in mouse islets (Krishnamurthy
et al., 2006; Avrahami et al., 2015; Aguayo-Mazzucato et al., 2017;
Kehm et al., 2018). Krishnamurthy et al. (2006) elegantly evaluated the
role of pl6 in f-cell proliferation using transgenic mice either over-
expressing or lacking this protein. An ageing-comparable expression
level of p16 significantly reduced islet cell proliferation in transgenic
young mice (26-32 weeks). Conversely, pl6-deficient islets from
middle-aged mice (60-70 weeks) displayed higher cell proliferation
than age-matched wild type islets and similar replication rates than
10-week-old wild type mice. Furthermore, following STZ ablation of
p-cells, adult pl6-deficient mice exhibited higher survival and prolifer-
ation rates than their wild-type littermates (Krishnamurthy et al., 2006).
All these findings indicate that p16 plays a key role in the diminished
replicative capacity of p-cells with ageing. In addition to the action of
p16, different changes in expression levels have also been demonstrated
for other genes involved in cell cycle regulation such as Pdgfra, Pdgfrb,
Cdk6 and Cdkn2b (Wong et al., 2009; Avrahami et al., 2015).

The replicative response of f-cells to mitogenic signals has also been
analyzed in mice. Following chronic administration of Ex-4, a prolifer-
ation rate of 0.76% per day of B-cells was detected in 2-month-old ani-
mals, while minimal effects were observed in 14-month-old mice (0.08%
per day) (Rankin and Kushner, 2009). Adaptive p-cell regeneration in
response to injury has also been explored in ageing models. Indeed,
while 2-month-old mice displayed a notable increase in the percentage
of BrdU*/insulin™ cells following either 50% partial pancreatectomy or
STZ treatment, mice older than 14 months failed to do so (Rankin and
Kushner, 2009). The mode of p-cell injury or the severity of B-cell loss
seems to affect the recruitment or activation of proliferative cells, since
ablation of ~80% of p-cells by diphteria toxin was able to induce p-cell
replication in 25-month-old mice (Stolovich-Rain et al., 2012), although
at lower rates than in young animals. In contrast to these findings, the
B-cell regenerative capacity of xenografts from young and old mice (3 vs
20-24 months) transplanted into STZ-treated recipients did not differ
under normoglycemic and hyperglycemic conditions (Chen et al., 2009).
However, the presence of residual p-cells in the pancreas of the
STZ-treated mice, the presence of systemic factors in the young re-
cipients (Salpeter et al., 2013) and/or the potent mitogenic action of
hyperglycemia could interfere with the age-related effects on p-cell
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replication found in this study.

Interestingly, parabiosis experiments conducted in 1- and 8-month-
old mice indicated that a circulating systemic factor regulates p-cell
proliferation: when older mice were surgically connected to young an-
imals, they displayed enhanced p-cell replication compared to old mice
not parabiosed or parabiosed to old animals (Salpeter et al., 2013).
Consistent with this, proliferation was found to be increased in p-cells
from 8-month-old mice, when transplanted into young recipients
compared to transplanted into aged animals (Salpeter et al., 2013).
These findings suggest that age-related decline in p-cell proliferation
could be improved by systemic factors from a young host. Along the
same lines, transplantation of aged islets into the anterior chamber of
the eye of young mice (2 vs 18 months) showed a notable increase in
BrdU™"/insulin™ cells in the grafts (Almaca et al., 2014). Moreover, islets
from aged donors transplanted to young recipients presented new blood
vessels with reduced levels of inflammation or fibrosis after a prolonged
period (Almaca et al., 2014). It was concluded that the age-dependent
decline in islet proliferation was related to impaired vasculature func-
tions rather than direct p-cell alterations. Similarly, decreased blood
vessel density within pancreatic islets was found in old mice (2-8 vs
55-70 weeks). Molecular and pharmacological manipulation of a spe-
cific subset of endothelial cells augmented islet capillary density,
resulting in higher f-cell proliferation rates in aged mice (Chen et al.,
2021). The implication of the vascular system in islet ageing seems to
involve several processes. For instance, it was reported that
age-dependent accumulation of advanced glycation end products
occurred in blood vessels within the islets of old mice (from 2.5 to 21
months), an effect that was accompanied by higher levels of inducible
nitric oxide synthase and inflammatory markers (Kehm et al., 2018).
These changes correlated with decreased Ki67™ cells within the islets
(Kehm et al., 2018). This link between inflammatory events and ageing
has also been reported in zebrafish, where age-dependent decrease in
beta-cell proliferation was associated with increased chronic inflam-
mation and NF-kB signaling (Janjuha et al., 2018).

In summary, the majority of studies in mice indicate that, as in
humans, the proliferative potential of p-cells decreases with ageing both
at basal conditions and in response to mitogenic treatment or injury
conditions. However, it would be of key interest to analyze these re-
sponses in ageing under other conditions such as metabolic stress and IR,
since obesity is an important risk factor for T2D and is highly prevalent
among elderly people (Malenfant and Batsis, 2019; Hales et al., 2020). It
has been reported that middle-aged mice exposed to high fat diet failed
to increase proliferation and further expand f-cell mass, in contrast to
young controls (Sone and Kagawa, 2005). However, similar experiments
with old mice are scarce. In this regard, old mice (22 months) fed a
Western diet for 4 weeks showed expansion of p-cell mass (De Leon
et al., 2018). Although proliferation was not specifically analyzed, these
findings suggest that aged animals could undergo compensatory p-cell
changes in certain conditions. Therefore, further research is required to
address the precise role of f-cell proliferation in the context of
IR-induced compensatory responses in aged mice.

2.2.2. Mouse p-cell neogenesis

The formation of new p-cells from ductal cell progenitors is the main
mechanism to increase -cell mass in embryonic life (Bonner-Weir et al.,
2010). In the postnatal life, rodent models have given conflicting results
regarding the presence of neogenesis with positive (Xu et al., 2008) and
negative findings (Solar et al., 2009). There is no information supporting
an active process of B-cell neogenesis during ageing.

2.2.3. Mouse f-cell identity

Specific pancreatic p-cell genes such as Pdx-1, Nkx6-1, NeuroD1,
Foxa2, Isl1, MafA and Mnx1 have been found to be upregulated in B-cells
from aged mice compared with young controls (4-6 weeks vs 16-20
months) (Avrahami et al., 2015). Although these findings suggest a more
mature status with ageing, comparison of old adult mice with juvenile
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animals could lead to confounding interpretations, as discussed later.
Additionally, it has been shown by microarray analysis that the char-
acteristic p-cell gene expression profile changes from juvenile to adult
1-year-old mice but exhibits additional changes in 2-year-old mice
(Aguayo-Mazzucato et al., 2017). A specific analysis of senescent p-cells
positive for p-galactosidase activity revealed that this group of p-cells
exhibit an impaired maturity pattern including decreased expression of
Pdx-1, Nkx6-1, NeuroD1, Foxa2 and MafA, among others, along with
increased expression of disallowed f-cell genes (Aguayo-Mazzucato
et al., 2019). Considering that senescent fB-cells are recruited during
ageing (Aguayo-Mazzucato et al., 2017, 2019), these findings are
consistent with other studies showing decreased Pdx-1 expression in
B-cells from aged mice (IThm et al., 2007; Kehm et al., 2018). Moreover,
while several $-cell transcription factors and functional key genes (Ins1,
Ins2, Slc2a2) were down-regulated, the p-cell dedifferentiation markers
Sox9 and Aldhla3 were found to be up-regulated in mouse models of
ageing and senescence (Murao et al., 2022). Thus, it seems that p-cell
identity might be compromised at advanced ages, particularly with the
progression of senescence.

Under conditions of genetic manipulation, such as f-cell ablation of
FoxO1, p-cells from aged mice (16-20 months) exhibited features of
dedifferentiation, which included an increased expression of
neurogenin-3 and down-regulation of p-cell markers, suggesting a drift
towards a progenitor-like state (Talchai et al., 2012). By employing a
mouse model of severe p-cell ablation following diphtheria toxin
administration, Herrera’s group found that a-to-B-cell conversion can
occur following massive p-cell loss in 1.5-year-old mice (Chera et al.,
2014). Thus, while genetic models suggest that remodeling of islet cell
identity could be induced in some conditions, it remains to be proven
whether these processes are active during physiological ageing.

2.2.4. Mouse p-cell apoptosis

Increased levels of B-cell apoptosis were observed when comparing
young and old animals (3-4 vs 18-24 months), which may result from
the release of the proinflammatory cytokine tumor necrosis factor-o
from acinar cells (Xiong et al., 2017). Additionally, p-cells from aged
mice exhibited higher sensitivity to endoplasmic reticulum stress and
decreased cell viability (6 weeks vs 14 months) (Mihailidou et al., 2017).
These effects were associated with augmented unfolded protein
response as well as caspase activation (Mihailidou et al., 2017).
Consistent with these findings, a higher rate of apoptotic f-cells was also
observed in the pancreas from old mice (3 vs 20 months) (Tuduri et al.,
2022). Although the link with apoptosis was not analyzed, aged p-cells
also exhibited signs of endoplasmic reticulum stress (Tuduri et al.,
2022). Overall, it seems that f-cells are more vulnerable to apoptosis in
old mice than in young animals.

3. Ageing and pancreatic f-cell function

In addition to the pancreatic B-cell mass, the adequate control of
insulin release from pancreatic islets is critical to maintain glucose ho-
meostasis. Pancreatic p-cell secretion is mainly regulated by the coor-
dination and fine coupling of several signal transduction events such as
glucose metabolism, electrical activity, Ca®>" signaling and exocytosis
(Fig. 3) (Rorsman and Ashcroft, 2018). Similar to pancreatic p-cell mass,
insulin secretion can be modulated according to the insulin re-
quirements imposed by peripheral insulin sensitivity (Gonzalez et al.,
2013) (Fig. 1). In the next section, we describe current evidence about
the impact of ageing on p-cell function in both humans and mice. More
details about the studies reporting age-related effects on f-cell function
can be found at Supplemental Tables 1 and 2.

3.1. Insulin secretion in human islets

In vivo analysis of the effect of ageing on -cell function, particularly
when using glucose clamp studies, has shown either no major changes
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Fig. 3. Glucose-induced signal transduction in pancreatic f-cell insulin secre-
tion. In mouse p-cells, glucose transport from the extracellular space into the
cytosol is mediated by facilitated diffusion due to the activity of the glucose
transporter GLUT-2. GLUT-1 is the main glucose transporter protein in human
B-cells. Mitochondrial metabolism of glucose results in increased intracellular
ATP levels, which allow for the closure of ATP-dependent K™ (Karp) channels.
The blockade of these channels leads to plasma membrane depolarization
(AVm), triggering action potential firing because of the activation of voltage-
dependent Ca®* channels. The opening of these channels increases intracel-
lular Ca®* concentration, inducing exocytosis of secretory granules and insulin
release. A comparable model of stimulus-secretion coupling has been proposed
for the human p-cell (Rorsman and Ashcroft, 2018).

(Elahi et al., 1993) or decreased insulin secretion (lozzo et al., 1999;
Fritsche et al., 2002; Basu et al., 2003; Chang and Halter, 2003; Szoke
et al., 2008). It has also been reported that in vivo p-cell function is
impaired in older subjects with IGT but not in those with normal glucose
tolerance, who exhibited p-cell responses similar to those of the young
controls with normal glucose tolerance (De Jestis Garduno-Garcia et al.,
2018). These findings indicate that the glycemic status in older subjects
is an important factor to consider in ageing studies. These in vivo al-
terations in the elderly could be associated, at least in part, with
age-related impairment of both release and sensitivity to insulinotropic
incretins such as GLP-1 and GIP (Ranganath et al., 1998; De Jests
Garduno-Garcia et al., 2018) or changes in proinsulin conversion to
insulin (Fritsche et al., 2002), among other factors. In summary, it is
generally accepted that human f-cell function in vivo may decline with
ageing, particularly when the degree of peripheral insulin sensitivity is
taken into account (Rgder et al., 2000; Fritsche et al., 2002; Basu et al.,
2003; Chang and Halter, 2003; Scheen, 2005; Chang et al., 2006;
Geloneze et al., 2014; Bacos et al., 2016).

Since in vivo insulin release depends on numerous systemic regula-
tory factors, direct measurement of insulin secretion in pancreatic islets
is important to understand pancreatic p-cell function during ageing.
Despite the existence of several studies analyzing insulin release from
isolated human islets, heterogeneous results have been reported. It has
been shown that either glucose-stimulated insulin secretion (GSIS) or
the insulin secretory index (ISI; secretion ratio between stimulatory and
basal glucose levels) were not affected by donor age in studies using
perifusion (Almaca et al., 2014; 17-65 years) or static incubation ex-
periments (Kong et al., 2018; 15-68 years). In contrast, other studies
using similar approaches have described an age-related decline in both
GSIS and ISI (Lyon et al., 2016; 18-80 years), as well as attenuated
secretory responses to the antidiabetic agent tolbutamide, a Karp
channel antagonist that triggers insulin secretion (Henquin, 2018;
20-68 years). Several studies providing mechanistic insights have also
shown a detrimental effect of ageing on human insulin secretion. For
instance, in vitro studies with isolated islets from donors between the
ages of 16 and 70 years demonstrated a negative correlation between
age and the insulin secretory index, while insulin release at basal glucose
concentrations was positively correlated with age (Ihm et al., 2006).
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This reduced secretory index was associated with lower intracellular
ATP production, suggesting deteriorated f-cell metabolism.
Age-associated decreases in GSIS and ISI along with altered mitochon-
drial function were also described in islets from human donors ranging
from 19 to 64 years (Gregg et al., 2016). Similarly, this link between
impaired mitochondrial metabolism and insulin secretion capacity has
been suggested in a study showing an age-related decrease in mito-
chondrial DNA copy number in human f-cells (Cree et al., 2008; 17-75
years). In addition, Westacott et al. (2017) found reduced GSIS with
ageing, but without changes in ISI, during static incubations with iso-
lated islets from 11 to 62 year-old donors. The authors also reported
impaired secretion kinetics with ageing that was related to a decline in
both gap-junctional communication and Ca?* signaling coordination
among f-cells. Finally, ageing was also associated with islet DNA
methylation of several genes, some of which were linked to $-cell and
mitochondrial function as well as T2D (Bacos et al., 2016; 26-74 years).
These epigenetic changes were correlated with expression of these genes
in the pancreatic islets. Moreover, although ageing was not associated
with alterations in IS, silencing of these genes in a pancreatic f-cell line
led to different effects on GSIS, indicating that age-related epigenetic
changes could affect insulin release from human islets and, also, the
susceptibility to T2D in elderly individuals (Bacos et al., 2016). These
different alterations in GSIS found in the islets from aged donors would
not be related to changes in insulin content, since most studies have not
found a correlation with age (Gregg et al., 2016; Henquin et al., 2017;
Westacott et al., 2017).

Overall, several pieces of evidence have accumulated indicating that
human f-cell function in vitro may decline in older individuals.
Although in vivo insulin release depends on different levels of control in
addition to intra-islet regulation, in vitro results also support the idea
that aged human p-cells might be more vulnerable to fail under stress
conditions such as IR, which require compensatory responses for long
periods. In this context, elderly subjects would be more susceptible to
the progression from normal glucose homeostasis to IGT and T2D.

3.2. Insulin secretion in mouse islets

In vivo experiments have shown either diminished (Santulli et al.,
2012; 6 vs 20 months) or enhanced (Gregg et al., 2016; 6 vs >24
months) (Aguayo-Mazzucato et al., 2017; 1.5 vs 24 months) (Murao
et al., 2022; 21-24 vs 101-118 weeks) (Tuduri et al., 2022; 3 vs 20
months) plasma insulin levels in response to glucose in aged mice
compared with young controls. In a recent study, glucose homeostasis
was analyzed in mice matched for body composition to circumvent
adiposity-associated effects. In this experimental paradigm, higher
plasma insulin levels were measured using glucose tolerance tests and
glucose clamp techniques in aged animals (4-5 vs 18-21 months and 8
vs 27 months, respectively) (Ehrhardt et al., 2019), indicating that in-
sulin responses were enhanced in old mice. Additionally, it was reported
that in vivo GSIS was augmented in both aged and young mice after
short-term exposure to a Western diet (4-6 vs 22 months) (De Leon et al.,
2018). Thus, despite some conflicting results, accumulated evidence
indicates that ageing per se does not result in a decline in mouse p-cell
function in vivo. In any case, additional work is required to fully un-
derstand whether old mouse p-cells can efficiently cope with IR and
metabolic stress conditions, given that additional factors such as obesity
could result in an overload of the p-cell compensatory potential. This
aspect will be further discussed later.

In vitro studies of insulin secretion from mouse pancreatic islets and
isolated B-cells have reported heterogeneous findings. An age-related
decrease in GSIS has been associated with f-cell mitochondrial defects
as well as alterations in Ca* signaling and the phospholipase C pathway
(4 vs 20-24 months) (Li et al., 2014). A reduced insulin secretory index
in islets from old mice has been reported along with down-regulated
expression of key p-cell genes such as the f-cell transcription factor
Pdx-1 as well as Slc2a2, which encodes the glucose transporter 2 (6 vs 20
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months) (Santulli et al., 2012). Similarly, the insulin secretory index as
well as the expression of f-cell specific genes such as Pdx-1, Slc2a2, Ins2
and Pcsk1 were found to be diminished in islets from old mice (2 vs 22
months) (Thm et al., 2007). Aguayo-Mazzucato et al. (2017) did not find
differences in islet GSIS between young and old animals (3 vs 18
months). However, insulin release at basal glucose concentrations was
significantly elevated in the islets from aged mice. Moreover, the
recruitment capacity of glucose to induce insulin secretion in isolated
islet cells was decreased in the aged group, indicating a lower individual
responsiveness to glucose (Aguayo-Mazzucato et al., 2017).

In contrast, several other studies support the notion that GSIS is
preserved or increased in islets from aged mice. For instance, static in-
cubations using islets from adult mice (6, 11 and 27 months) showed an
augmented GSIS compared with juvenile animals (1 month) (Helman
et al., 2016), but no differences were found among the islet secretory
response in the adult ages. This enhanced GSIS with respect to young
mice was associated with an age-related increase in the activity of the
cell cycle inhibitor p16, which would be playing a dual effect on pro-
liferation and secretion. Increased p-cell function with age has also been
suggested by experiments showing enhanced GSIS in isolated islets and
improved Ca?" responsiveness in individual p-cells from old mice (4-6
weeks vs 16-20 months) (Avrahami et al., 2015). Although these two
latter studies indicate that ageing is not necessarily linked to deterio-
rated B-cell function, their conclusions are difficult to interpret because
of the use of juvenile mice as controls instead of young mature adults. In
any case, augmented GSIS has also been described when comparing aged
mice to young adults. This is the case of the studies of Leiter et al. (1988)
and Almaca et al., who reported enhanced GSIS in the islets of aged
animals during perifusion experiments (4-5 vs 21-25 months) (Almaca
et al., 2014; 2 vs 18 months). Consistent with this, similar observations
were described using static incubations with isolated islets in the pres-
ence of stimulatory glucose concentrations or depolarizing concentra-
tions of K (3 vs 24 months) (Denroche et al., 2021). Moreover, Gregg
et al. (2016) described that both basal and stimulated islet secretion
were augmented in old mice (6 vs >24 months). These studies showed
that, although f-cells from old mice exhibited reduced mitochondrial
function, this response was compensated by increased plasma mem-
brane excitability due to lower Karp channel conductance, and subse-
quent improvement of Ca?" signaling. Similar to these findings, altered
mitochondrial function and glucose-regulated Kap channel activity
were compensated by enhanced voltage-dependent Ca®" currents and
Ca2* signals in aged B-cells, leading to improved GSIS (3 vs 20 months)
(Tuduri et al., 2022). This study also showed that the majority of these
changes occurred at post-transcriptional levels, with minimal changes in
the expression of genes involved in these processes. A recent article in
young, middle-aged and old mice (18, 59 and 110 weeks) also found
augmented secretory responsiveness to glucose in the islets from aged
animals, an effect that was linked to hyperactivity of glycolysis due to
the increased expression of the enzyme nicotinamide mononucleotide
adenylyl transferase 2 (Murao et al, 2022). Similar results in
senescence-accelerated prone and resistant mice, an animal model of
premature senescence, further supported these findings (Murao et al.,
2022). Changes in insulin protein synthesis are unlikely to be involved in
the age-related alterations in GSIS since the majority of reports did not
find significant differences (Gregg et al., 2016; Denroche et al., 2021;
Tuduri et al., 2022). Only one study identified an age-related decrease in
islet insulin content (Murao et al., 2022). Taken as a whole, and despite
some heterogeneous results, numerous studies indicate that ageing is not
necessarily associated with a decline in GSIS in mouse islets, and even,
that p-cell function might increase to compensate for potential changes
in glucose homeostasis in old mice.

4. Ageing and non-B-cells in mice and humans

In addition to the central role of B-cells in the regulation of glucose
homeostasis, pancreatic a-cells also play a key function by secreting the
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hyperglycemic hormone glucagon (Gilon, 2020). Moreover, pancreatic
8-cells act as important paracrine modulators of a- and p-cells via so-
matostatin secretion (Briant et al., 2018; Rorsman and Huising, 2018).
Due to the very limited number of studies in non-f-cells, our knowledge
about pancreatic a- and &-cells during ageing is scarce. To date, the
analysis of human pancreas from non-diabetic subjects (39-91 years)
has shown a slight decrease in a-cell mass, while no age-associated
changes were observed in T2D individuals (50-86 years) (Henquin
and Rahier, 2011). Similarly, a recent analysis in non-diabetic in-
dividuals (30-102 years) indicated that the a-cell mass is well preserved
over time (Moin et al., 2020). In the case of &-cells, there is even less
information in humans. The replicative capacity of human non-p-cells is
also affected by ageing. Indeed, diminished a- and §-cell proliferation
and/or cell numbers have been documented in several studies in human
pancreas sections (Gregg et al., 2012; Wang et al., 2016; Arda et al.,
2016; Lam et al., 2018) or in human islets transplanted under the kidney
capsule of mice (Dai et al., 2017).

In mice, data on o- and §-cells in ageing are also scarce. Augmented
a-cell mass has been shown in old animals (3 vs 16-20 months) (Talchai
et al., 2012). It has also been described that basal a-cell proliferation is
very high (15%) in 3-day-old newborn pups, dropping to very low rates
(0.08%) by 15 months of age (Lam et al., 2019). Given the limited in-
formation available, further research on o- and §-cells is required to
elucidate the effects of ageing on these islet cell types.

5. Senescence and the endocrine pancreas

Cellular senescence is a process characterized by growth arrest
(Gasek et al., 2021). Given that reduced proliferation is a hallmark of
f-cell ageing, the study of senescence in islet cells and its involvement in
diabetes is a current focus of intense research. It has been shown that,
during ageing, mouse f-cells with senescence features form heteroge-
neous subpopulations and become more frequent (from ~1 month to 2
years) (Aguayo-Mazzucato et al., 2017). Several ageing and senescence
markers such as p16, IGF1R and p53BP1 among others were identified in
old B-cells, and their expression was increased during IR and metabolic
stress. Remarkably, p-cells expressing IGF1R presented abnormal GSIS
(Aguayo-Mazzucato et al., 2017). Additionally, analysis of senescent
B-cells from middle-aged mice (7-8 months) revealed a reduced
expression in p-cell identity genes along with increased expression of age
and senescence-associated genes (Aguayo-Mazzucato et al., 2019;
Midha et al., 2021). This B-cell senescence profile was upregulated under
conditions of IR. The application of senolytic strategies to remove se-
nescent f-cells in mouse models of IR and ageing alleviated the senes-
cence features and improved f-cell function and glucose homeostasis.
Moreover, analysis of human samples indicated that the percentage of
B-cells with senescence features augmented with age and in T2D, sug-
gesting that the observations in animal models could be clinically rele-
vant (Aguayo-Mazzucato et al., 2019). Consistent with these findings,
immunohistochemical analysis of human pancreases revealed higher
expression of both senescence markers pl6 and yH2AX in 60-79
year-old subjects (Mizukami et al., 2014). Furthermore, the accumula-
tion of senescent p16™ p-cells with ageing has also been identified in
mice and humans (Helman et al., 2016). Therefore, all these findings
indicate that the presence of senescent f-cells may play an important
role in the pathophysiology of age-related diabetes. In this regard, the
development of senolytic therapies could be beneficial for the treatment
of this pathology (Aguayo-Mazzucato et al., 2019; Palmer et al., 2019).
Nonetheless, more translational research is required to test whether
senolytic strategies used in mouse models can be efficiently imple-
mented in humans (Gasek et al., 2021).

The pancreatic islet, particularly in mice, works as a p-cell functional
unit due to cell-to-cell communication through gap junctions as well as
paracrine communication. These characteristics are crucial for optimal
insulin secretion (Cigliola et al., 2013; Hodson et al., 2013; Johnston
et al., 2016). It is noteworthy that senescent f-cells show a high degree
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of heterogeneity in the expression of age markers (Aguayo-Mazzucato
et al., 2017). Although this complexity could point to the existence of
diverse subpopulations of senescent B-cells within the islet (Benninger
and Hodson, 2018), it has been proposed that this heterogeneity relies
on the individual ageing state of each p-cell (Aguayo-Mazzucato et al.,
2017). Given that most of these senescence-related findings come from
studies with dissociated islet cells, it would be interesting to know how
this B-cell heterogeneity is functionally integrated within the whole islet
during ageing.

6. Limitations in the research of the pancreatic p-cell in ageing

Numerous studies in humans and mice have documented age-
associated alterations, adaptations and/or failures in pancreatic p-cell
mass and function both in vivo and in vitro. However, in certain areas of
this research, some studies have resulted in heterogeneous observations,
leading to conclusions that are difficult to interpret. It is important to
consider the potential sources of this variability to minimize its occur-
rence in future studies.

Among the key factors contributing to data variability, the age
ranges are an important aspect to consider. Analysis of maturation
patterns indicates that the range of 3-6 months is the most appropriate
to establish young adulthood in mice (Flurkey et al., 2007; Hagan, 2017;
Jackson et al., 2017), and thus, this period should be considered the
most adequate as the reference/control group in ageing studies. Analysis
of animals at younger periods, however, would include physiological
and developmental features of adolescence or childhood. On the other
hand, studies of aged mice should be performed in animals older than 18
months, when age-specific senescence markers and processes are
extensively observed (Flurkey et al., 2007; Hagan, 2017; Jackson et al.,
2017). Unfortunately, these age criteria have not been systematically
considered throughout the scientific literature. Likewise, several human
studies included individuals in juvenile and adolescent stages, or adults
that do not reach the age-associated period of senescence. Furthermore,
studies including individuals at older ages (> 65 years) are scarce, and
thus, less information is available at this period, particularly regarding
B-cell function.

Another important issue is that ageing has been associated with
changes in peripheral insulin sensitivity (Chang and Halter, 2003; Bar-
zilai et al., 2012; Chia et al., 2018). Given that B-cell mass and function
adapts to the degree of insulin sensitivity to maintain normoglycemia,
the presence of IR in elderly individuals and aged mice should impact
their B-cell responses and, also, their glucose homeostasis (De Tata,
2014; Alejandro et al., 2015; Chen et al., 2017; Walker et al., 2021),
making it more difficult to analyze the specific effect of ageing. Thus, it
would be desirable to analyze fB-cell ageing considering the glycemic
status of the old individuals (Mezza et al., 2014, 2019), particularly in ex
vivo and in vitro studies with isolated islets or p-cells. Indeed, it has also
been reported that p-cells exhibit several ex vivo alterations with ageing,
with these changes being more pronounced in mice with lower insulin
sensitivity (Tuduri et al., 2022).

Other causes of potential variability include the use of different
experimental procedures, cell models (i.e. whole pancreas, isolated islets
or dispersed f-cells) and animal strains with diverse genetic back-
grounds. For instance, Pann et al. (2020) identified significant vari-
ability in the metabolome when different mouse strains were compared.
Data representation is also a valuable issue for the appropriate inter-
pretation of the results. Several studies, particularly in humans, have
described their results only in terms of the insulin secretory index. This
data description without further information about the secretory process
makes it difficult to fully assess the impact of ageing on basal and
stimulated insulin secretion, which are central elements when consid-
ering p-cell function. Gender variability could be another potential
source of data heterogeneity, since p-cell physiological responses and
glucose homeostasis may have a sex-related component. Age-associated
differences between males and females in GSIS, glucose homeostasis and
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metabolism have been reported (Yoshino et al., 2011; Xiong et al., 2017;
Pann et al., 2020; Moreno-Fernandez et al., 2021). Yoshino et al. (2011)
described significant interindividual and gender variability in their
studies: while a fraction (~15%) of males fed a normal chow naturally
developed age-related T2D (15-26 months), females required a high-fat
diet to acquire a diabetic phenotype at these ages. In future studies, it
would be important to consider and, when possible, to limit the afore-
mentioned sources of variability to minimize the heterogeneity of results
and the occurrence of possible discrepancies. This methodical approach
would probably contribute to a better understanding of pancreatic f-cell
dynamics in ageing and its role in the changes in glucose homeostasis in
elderly individuals.

7. Conclusions and future perspectives

It is widely documented that ageing is associated with numerous
alterations in the regulation of f-cell mass and function, which might
have an important effect on the regulation of glucose homeostasis. Based
on the overall body of evidence reported to date, pancreatic p-cell mass
seems to be relatively preserved in older human adults, and is increased
in aged mice. Among the processes involved in the regulation of p-cell
mass, apoptosis appears to have a minor role in human ageing. In mice,
although old p-cells seem to be more susceptible to apoptosis than p-cells
from young individuals, the contribution of this process to the regulation
of islet cell mass in ageing is unclear. Additionally, recent studies show
that ageing may involve changes in cell identity, dedifferentiation and
loss of maturation in B-cells, aspects that should be thoroughly explored
in the future. The most consistent observation found in both human and
mouse f-cell ageing is the decline of the proliferative capacity. Consid-
ering that the rates of proliferation and apoptosis are low during
adulthood, both processes should have a limited impact on the overall
regulation of adult p-cell mass, particularly in ageing. Therefore, the
age-associated increase in p-cell mass documented in mice should be
related with other processes. In this regard, a progressive rise in p-cell
size has been described in rodents during ageing (Montanya et al.,
2000). This is also consistent with the observation that ageing in the
endocrine pancreas involves the recruitment of p-cells into a senescent
state, which are characterized by increased cell size (Helman et al.,
2016; Aguayo-Mazzucato et al., 2017).

Furthermore, studies in humans and mice have also documented age-
associated alterations in GSIS and/or in key steps of its regulation such
as mitochondrial function, electrical activity, Ca>" signaling and cell-to-
cell communication, among others. These alterations have been gener-
ally related to a p-cell functional decline in humans. In mice, although
data are less consistent, ageing is not necessarily linked to p-cell
dysfunction. Indeed, several studies have described improved p-cell
function in old mice. In general, human pancreatic p-cells appear to be
more vulnerable to ageing than mice, particularly at the functional level.
This may be due to the longer lifespan of human p-cells (Cnop et al.,
2010), and thus, longer periods of exposure to metabolic challenges and
stress compared with mouse p-cells. Additionally, interspecies features
of metabolism could also result in different outcomes during ageing. For
instance, age-dependent lipid droplet accumulation was detected in
human p-cells and found to be increased in T2D patients, but not in mice
(Tong et al., 2020).

Although pancreatic p-cells may exhibit some resilience to ageing,
particularly in mice, numerous studies have reported from subtle to
marked alterations that may predispose f-cells to fail over the long term
or when they face an additional metabolic challenge. As described in the
previous sections, these age-related alterations may include limited
proliferation potential, compromised cellular identity, increased pro-
portion of senescent B-cells and several alterations in the cellular events
that regulate GSIS, among others. Additionally, aged individuals with
impaired glucose homeostasis exhibit more pronounced alterations in
insulin secretion and its regulation (Chang et al., 2006; Tuduri et al.,
2022). Thus, a limited adaptive potential of -cells could be detrimental
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in aged individuals to maintain adequate compensatory responses in
additional conditions of metabolic stress, such as IR and obesity. This is
of particular interest, given the link between IR and obesity (Kahn et al.,
2006), and the high prevalence of overweight and obesity in the elderly
population (Malenfant and Batsis, 2019; Hales et al., 2020). In this re-
gard, the impact of diet-induced obesity was analyzed in young and
middle-aged mice that were exposed to high-fat diet for 4 or 12 months
starting at 6 weeks of age (Sone and Kagawa, 2005). Although a lip-
otoxic effect derived from the long dietary treatment could also affect
glucose homeostasis in these animals, the findings indicated that
compensatory f-cell responses could be attenuated with age. However,
this is in contrast with some recent evidence showing that old mice (22
months) subjected to diet-induced obesity were protected against the
deleterious effects of these conditions, enhancing p-cell mass and func-
tion (De Leon et al., 2018). Therefore, future research should further
explore the ability of aged p-cells to maintain their performance over
time and also, to cope with conditions of metabolic stress such as IR and
obesity. As discussed earlier, the potential sources of data variability,
such as age analysis periods, should also be considered in future studies.
Finally, given the promising potential of senolytic strategies, more basic
and clinical research should be implemented to pave the way for the
translational development of these therapies in age-related T2D.

In summary, ageing has been associated with alterations, adapta-
tions and/or failures of the pancreatic f-cell mass and function. These
B-cell alterations might have an important role in the higher prevalence
of IGT and T2D reported in the elderly (Chia et al., 2018). A better
understanding of all the factors that alter the proper regulation of
glucose metabolism at advanced ages will facilitate the design of ther-
apies that allow for a better management of glycaemia in the elderly.
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