
Acc
ep

ted
 M

an
us

cri
pt

 

© The Author(s) 2021. Published by Oxford University Press on behalf of The Gerontological Society 
of America. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com. 

 

The effects of aging on male mouse pancreatic β-cell function involve multiple events in 

the regulation of secretion: influence of insulin sensitivity. 
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Abstract 

Aging is associated with a decline in peripheral insulin sensitivity and an increased 

risk of impaired glucose tolerance and type 2 diabetes. During conditions of reduced insulin 

sensitivity, pancreatic β-cells undergo adaptive responses to increase insulin secretion and 

maintain euglycemia. However, the existence and nature of β-cell adaptations and/or 

alterations during aging are still a matter of debate. In this study, we investigated the effects 

of aging on β-cell function from control (3-month-old) and aged (20-month-old) mice. Aged 

animals were further categorized in two groups: high insulin sensitive (aged-HIS) and low 

insulin sensitive (aged-LIS). Aged-LIS mice were hyperinsulinemic, glucose intolerant and 

displayed impaired glucose-stimulated insulin and C-peptide secretion, whereas aged-HIS 

animals showed characteristics in glucose homeostasis similar to controls. In isolated β-cells, 

we observed that glucose-induced inhibition of KATP channel activity was reduced with aging, 

particularly in the aged-LIS group. Glucose-induced islet NAD(P)H production was 

decreased in aged mice, suggesting impaired mitochondrial function. In contrast, voltage-

gated Ca
2+

 currents were higher in aged-LIS β-cells, and pancreatic islets of both aged groups 

displayed increased glucose-induced Ca
2+

 signaling and augmented insulin secretion 

compared with controls. Morphological analysis of pancreas sections also revealed 

augmented β-cell mass with aging, especially in the aged-LIS group, as well as ultrastructural 

β-cell changes. Altogether, these findings indicate that aged mouse β-cells compensate for the 

aging-induced alterations in the stimulus-secretion coupling, particularly by adjusting their 

Ca
2+

 influx to ensure insulin secretion. These results also suggest that decreased peripheral 

insulin sensitivity exacerbates the effects of aging on β-cells.  

Keywords: pancreatic β-cell, aging, insulin secretion, KATP channels, Ca
2+

 signalling 
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INTRODUCTION 

Due to the global rise in life expectancy, in recent years there has been a notable 

increase in diseases related to aging . At the metabolic level, aging is associated with a 

decline in the accurate management of glucose homeostasis, which may result in impaired 

glucose tolerance (IGT) and/or type 2 diabetes (T2D) . Indeed, according to the International 

Diabetes Federation, the highest prevalence of diabetes is observed in the older adults . 

Although the exact contribution of aging per se to impaired glucose homeostasis in older 

subjects is not yet fully elucidated, it probably involves both senescence-derived effects and 

age-related factors such as changes in body composition, physical activity and dietary habits, 

among others . In physiological and pathological conditions of decreased peripheral insulin 

sensitivity, the endocrine pancreas undergoes several morphofunctional adaptations to adjust 

plasma insulin levels to the requirements imposed by insulin resistance (IR) . The progression 

from normal glucose tolerance to T2D has been traditionally viewed as a failure of pancreatic 

β-cells to fully compensate for IR . An age-associated decrease in peripheral insulin 

sensitivity along with altered glucose homeostasis has been documented in both humans  and 

mice . Impaired insulin signaling with aging has been also reported in several human and 

rodent tissues involved in glucose metabolism such as the skeletal muscle, the liver, the 

adipose tissue, and the nervous system .  

Since the progression towards IGT and T2D in a context of IR conditions requires β-

cell dysfunction and insufficient compensatory adaptation, several studies have aimed to 

investigate β-cell responses during aging. Different reports performed in rodent models have 

shown increased β-cell mass at advanced ages , which has been inferred as an adaptive 

response to IR. However, the findings related to β-cell function in aged animals present a 
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high degree of heterogeneity. In mice, while some studies reported an age-dependent decline 

in glucose-stimulated insulin secretion (GSIS) , other articles described no changes  or even 

improved β-cell responses . In addition to differences in the experimental procedures or the 

animal strains, these heterogeneous results might be due to other different factors. A 

limitation in most studies is that aged mice have been analyzed without considering the 

potential effect of age-associated changes in peripheral insulin sensitivity on islet function, 

which should affect glucose homeostasis and β-cell secretion. Furthermore, in the current 

literature there are significant variations in the ages studied from juvenile to middle and 

advanced ages, which may lead to confounding conclusions . To consider these aspects, in 

the present study we have analyzed the in vivo and ex vivo function of pancreatic β-cells in 

control (3-month-old) and aged (20-month-old) mice, being the latter categorized into two 

groups according to their degree of insulin sensitivity. Our results indicate that, although aged 

mouse β-cells present several alterations in the stimulus-secretion coupling, they are able to 

compensate for these changes, adjusting Ca
2+

 signaling and insulin secretion. These 

adaptations, however, are not sufficient to avoid IGT in the aged animals with lower degree 

of peripheral insulin sensitivity. 

  

D
ow

nloaded from
 https://academ

ic.oup.com
/biom

edgerontology/advance-article/doi/10.1093/gerona/glab276/6375402 by U
niversidad de Alicante user on 30 Septem

ber 2021



Acc
ep

ted
 M

an
us

cri
pt

 

5 
 

MATERIAL AND METHODS 

Animals: Young adult (3-month-old ± 2 weeks, controls) and aged (20-month-old ± 2 weeks) 

C57BL/6 male mice were kept under controlled and standardized conditions with a light/dark 

cycle of 12 h, 22 °C and ad libitum access to food and water. All the procedures were 

evaluated and approved by the Animal Ethics Committee of our institution in accordance 

with current national and European legislation. Animals were supplied by the institution’s 

animal experimentation service generally in batches of 5-6 mice from both ages at a time. 

C57BL/6 mice were obtained from Envigo (C57BL/6JOlaHsd; Barcelona, Spain) for 

breeding protocols. Then, the animals were maintained in the animal experimentation service 

of our institution. 

HOMA-IR and QUICKI: HOMA-IR and QUICKI were calculated as previously described . 

Briefly, HOMA-IR was calculated as (G0 x I0)/adjusted mouse factor. The adjusted mouse 

factor was calculated for each batch of mice as averaged G0 x I0 of the control group to 

substitute the normalizing human factor of the original HOMA-IR equation. QUICKI was 

calculated as 1/[log (G0) + log (I0)], where G0 (mg/dL) and I0 (µU/mL) represent 6 h fasting 

blood glucose and plasma insulin, respectively. Aged mice were categorized into high insulin 

sensitive (HIS) or low insulin sensitive (LIS) based on whether their individual QUICKI 

index fell over (LIS) or below (HIS) the 25
th

 percentile of the corresponding averaged 

QUICKI value of the control group, respectively . 
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Intraperitoneal glucose and insulin tolerance tests, and in vivo glucose-stimulated 

insulin secretion (GSIS): Mice were fasted for 6 h (9:00 to 15:00) and then intraperitoneally 

injected with either glucose (2 g/kg body weight (b.w.) for glucose tolerance test (GTT) and 

GSIS) or insulin (0.7 UI/kg b.w. for the insulin tolerance test (ITT)). Blood was sampled 

from the tail vein for glucose measurements during GTT and ITT, and from the saphenous 

vein for glucose, insulin and C-peptide during GSIS. Glycaemia was monitored using an 

automatic glucometer (Accu-Chek Compact plus, Roche, Madrid, Spain). Plasma insulin and 

C-peptide levels were determined by ELISA (Crystal Chem, Downers Grove, IL).  

Islet isolation and cell culture: Mice were euthanized by cervical dislocation, and islets 

were isolated by collagenase digestion . In some assays, isolated islets were dispersed into 

single cells by trypsin enzymatic digestion and then cultured overnight at 37°C in RPMI 1640 

(Gibco, Thermo Fisher Scientific Inc., Carlsbad, CA) supplemented with 10% fetal calf 

serum, 100 IU/mL penicillin, 0.1 mg/mL streptomycin and 11 mM D-glucose . Islets and/or 

pancreatic beta-cells were individually examined in the experiments of electrical activity, 

NAD(P)H measurements, Ca
2+

 signaling and transmission electronic microscopy (TEM). 

Groups of islets from the same animal were employed for ex vivo insulin secretion, mRNA 

extraction, and TEM sample preparation. Islets from different mice were not pooled. 

Ex vivo GSIS and insulin content measurements: Freshly isolated islets were left to 

recover at 37ºC for 2 h. Afterwards, batches of 15 size-matched islets were transferred to a 

24-well plate with Millicell® Cell Culture Inserts (Merk, Darmstadt, Germany) immersed in 

500 μL of a solution containing (in mM): 140 NaCl, 4.5 KCl, 2.5 CaCl2, 1 MgCl2, 20 

HEPES, and D-glucose (0.5 or 11 mM), pH=7.35, and left at 37 ºC and 5% CO2 to secrete for 

1 h. Afterwards, the medium was collected and frozen for subsequent insulin measurements 

using ELISA (Mercodia, Uppsala, Sweden). Then, islets were handpicked and transferred to 
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20 μL of ethanol/HCl buffer and incubated overnight at 4ºC for further quantification of 

insulin content. Protein concentration was measured by the Bradford dye method . 

 

Ca
2+

 and NAD(P)H imaging: Isolated islets were allowed to recover for 2 h at 37 ºC, 

incubated for 1 h at room temperature (RT) with 5 µM Fura 2-AM (Invitrogen, Thermo 

Fisher Scientific Inc., Carlsbad, CA), and then transferred to an imaging chamber mounted on 

a Zeiss Axiovert 200 inverted microscope (Zeiss, Jana, Germany) equipped with a 40X 

objective. During the experiments, islets were continuously perifused with a solution 

containing (in mM): 120 NaCl, 5 KCl, 2.5 CaCl2, 1.1 MgCl2, 25 NaHCO3 (pH=7.35). Images 

were acquired every 2.5 s using a Hamamatsu C9100 digital camera and the Aquacosmos 2.6 

software (Hamamatsu Photonics, Hamamatsu, Japan). Fluorescence measurements were 

obtained at excitation wavelengths of 340 and 380 nm. Cytosolic Ca
2+

 changes were 

expressed as the ratio of the fluorescence at 340 and 380 nm . The increase in fluorescence 

(ΔF340/380) was obtained by subtracting the basal fluorescence from the fluorescence value 

recorded during the peak signal induced by the stimuli. The area under the curve (AUC) was 

calculated during the last 5 min of high glucose application . NAD(P)H levels were 

monitored as changes in autofluorescence using a 365 nm band-pass excitation filter and a 

445 ± 50 nm emission filter. Fluorescence changes were analyzed as previously reported . 

Electrophysiological recordings: KATP channel activity was recorded using standard patch-

clamp recording procedures from isolated β-cells in cell-attached configuration, as previously 

described . Around 80-90% of the single cells were identified as β-cells by their electrical 

response to glucose. For the patch-clamp recordings of voltage-gated K
+
 and Ca

2+
 currents, 

the standard whole-cell patch-clamp configuration was used, as previously described . 

Pancreatic β-cells were identified by size (>5 pF) and the corresponding steady-state 

inactivation properties of the tetrodotoxin (TTX)-sensitive Na
+
 current (29). Data were 
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obtained using an Axopatch 200B patch-clamp amplifier (Axon Instruments Co. CA, USA). 

Patch pipettes were pulled from borosilicate capillaries (Sutter Instruments Co. CA, USA) 

using a flaming/brown micropipette puller P-97 (Sutter Instruments Co. CA, USA) and heat 

polished at the tip using a MF-830 microforge (Narishige, Japan). The bath solution 

contained (in mM): 135 NaCl, 5 KCl, 2.5 CaCl2, 1.1 MgCl2, 10 HEPES and 10 glucose (pH 

7.4 with NaOH). The pipette solution contained (in mM): 140 KCl, 2.7 CaCl2, 0.6 MgCl2, 10 

EGTA, 5 MgATP and 10 HEPES (pH 7.2 with KOH). After filling the pipette with the 

pipette solution, the pipette resistance was 3–5 MΩ. A tight seal (>1 GΩ) was established 

between the β-cell membrane and the tip of the pipette by gentle suction. The series 

resistance of the pipette usually increased to 6–15 MΩ after moving to whole-cell. Series 

resistance compensation was used (up to 70%) for keeping the voltage error below 5 mV 

during current flow. Data were filtered (2 kHz) and digitized (10 kHz) using a Digidata 1322 

A (Axon Instruments Co. CA, USA) and stored in a computer for subsequent analysis using 

commercial software (pClamp9, Axon Instruments Co. CA, USA). All experiments were 

carried out at 32–34 °C. 

Immunohistochemistry: Once removed, pancreata were weighted and fixed with ice-cold 

4% paraformaldehyde for 20 h at 4 ºC. Afterwards, pancreata were embedded in paraffin, and 

sections (5 μm) were cut 200 μm apart. To study β-cell mass, antigen retrieval was performed 

by heating the samples for 20 min in citrate buffer (10 mM, pH 6.0), and the blockade was 

done by incubation for 2 h in 3% BSA in PBS at RT. Samples were incubated overnight at 

4ºC with a rabbit anti-insulin antibody (1:200, C27C9, Cell Signalling, USA) and, then, with 

biotinylated goat anti-rabbit IgG (H+L) (Zymed, BA 9200, Vector laboratories, Burlingame, 

CA, USA). Samples were mounted with Vitro-Clud Mounting Medium (Deltalab, Barcelona, 

Spain), and were imaged at 4x and at 20x for quantification of the total pancreatic area and 

insulin immunostained area, respectively. β-cell area was calculated by measuring the total 
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insulin-stained area normalized by the total pancreatic area using the Metamorph Software 

(Molecular Devices, San Jose, CA, USA). β-cell mass was calculated by multiplying the β-

cell area (%) by the pancreas weight (30).  

Apoptosis and β-cell proliferation analysis by immunofluorescence: Apoptotic β-cells 

were analyzed by the TUNEL technique (In Situ Cell Death Detection Kit, Roche, 

Switzerland) as previously described  following manufacturer’s instructions for difficult 

tissue. Samples were blocked for 2 h before incubation with the primary antibody rabbit anti-

insulin antibody (1:200, C27C9, Cell Signalling, USA) at 4°C overnight, and with Alexa 

Fluor 546 (1:500, Life technologies, Carlsbad, CA, USA) for 2 h at RT. For the analysis of 

proliferation, a mouse anti-insulin antibody (1:200, Cat. I2018, Sigma, USA) and a rabbit 

anti-Ki67 antibody (1:400, Cat. 9129, Cell Signalling Technology, Danvers, MS, USA) were 

used. Pancreas sections were incubated overnight at 4ºC in the presence of both primary 

antibodies, and then with Alexa Fluor 546 and 488 (1:500, Life technologies, USA) for 2 h at 

RT. Nuclei were stained with Hoechst 33342 (1:1000; Invitrogen, Barcelona, Spain). Images 

were acquired with an IN Cell Analyzer 6000 system (GE Healthcare, Little Chalfont, UK), 

and analysis was performed with ImageJ software (National Institutes of Health, Bethesda, 

MD, USA).  

Transmission electronic microscopy (TEM): Freshly isolated pancreatic islets were 

processed using a standard Spurr protocol as previously described . Thin sections were cut in 

an ultramicrotome (Leica UC7; Leica Microsystems, Germany). TEM images were taken 

with an EMCCD camera (TRS 2k x 2k) in a Zeiss Libra 120 transmission electron 

microscope operating at 80 kV. A minimum of 10 TEM images obtained from control and 

aged islets (n=3 mice/group) were analyzed using ImageJ software (National Institutes of 

Health, Bethesda, MD, USA). 
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RNA isolation and gene expression analysis by RT-qPCR: Total RNA was extracted with 

RNeasy Micro Kit (Qiagen, Madrid, Spain) according to the manufacturer’s instructions and 

quantified with a Nanodrop 2000 (Thermo Fisher Scientific, Waltham, MA, USA), followed 

by cDNA synthesis with High capacity cDNA reverse transcription kit (Applied Biosystems, 

Foster City, CA, USA). Quantitative RT-PCR (qRT-PCR) assays were performed in a final 

volume of 10 µL, with 1 µL of cDNA, 200 nM of each primer and 1 x IQ™ SYBR® Green 

Supermix (Bio-Rad, Hercules, CA, USA), in a CFX96 Real Time System (Bio-Rad, 

Hercules, CA, USA). Relative values were calculated by the Pfaffl method . Primer 

sequences are described in Supplementary Table 1. 

Statistical analysis: After testing for normality, we performed one-way ANOVA, or two-

way ANOVA when required, followed by post hoc Tukey test when variables were normally 

distributed, and Kruskal–Wallis test, followed by Dunn’s multiple comparisons test, when 

variables were not normally distributed. Tests were performed with Prism (GraphPad 

Software v7). Data are presented as mean ± SEM, and statistical significance was set at 

p<0.05 for all analyses. 

RESULTS 

Aged-LIS mice display hyperinsulinemia, glucose intolerance and impaired in vivo 

glucose-stimulated insulin secretion (GSIS).  

Since aging has been associated with changes in peripheral insulin sensitivity and 

glucose tolerance , we aimed to firstly categorize aged animals according to their degree of 

insulin sensitivity using the QUICKI index. As shown in Figure 1A, while aged-LIS animals 

presented lower QUICKI values, this surrogate measure of insulin sensitivity was similar 

between aged-HIS mice and young controls. The HOMA-IR index also led to similar 

conclusions (Fig. 1B). In agreement with both indexes, lower insulin sensitivity was also 
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observed in aged-LIS animals during an insulin tolerance test (Fig. 1C). Both groups of aged 

mice showed increased body weight compared to the control group (Supplementary Fig. 1).  

Blood glucose levels in all groups were within a physiological range after 6 h fasting , 

despite a modest but lower glycemic value registered in aged-HIS mice (Fig. 1D). Fasting 

insulinemia, however, was remarkably higher in the aged-LIS group compared to both 

control and aged-HIS animals (Fig. 1E). In response to an intraperitoneal glucose load, only 

aged-LIS mice displayed impaired glucose tolerance (Fig. 1F). This was probably associated 

with altered insulin release in this group: while control and aged HIS-mice displayed 

augmented plasma insulin levels within 10 minutes following an intraperitoneal glucose load 

(Fig. 1G), aged LIS-mice were not able to increase insulin levels during this period. Because 

plasma insulin does not only depend on insulin secretion but also on insulin clearance, we 

also quantified plasma C-peptide levels to better characterize in vivo β-cell function. In 

addition to higher basal insulinemia (Fig. 1G), aged-LIS mice presented higher basal C-

peptide values (Fig. 1H). Moreover, whereas control and aged-HIS mice augmented C-

peptide levels immediately following the glucose load (Fig. 1H), this effect was delayed in 

aged-LIS animals, confirming the impaired insulin secretion in this latter group. All these 

findings indicate that aged-HIS mice presented a phenotype similar to controls in terms of 

glucose homeostasis, while aged-LIS animals exhibited glucose intolerance, basal 

hyperinsulinemia, lower insulin sensitivity and impaired in vivo insulin release. 

Aged-LIS β-cells display reduced glucose-induced inhibition of KATP channel activity. 

After the metabolic characterization of the three experimental groups, we aimed to 

analyze β-cell function, examining the different signaling events involved in GSIS. Increased 

cytosolic ATP levels derived from glucose metabolism close KATP channels, which control 

the resting membrane potential, producing β-cell membrane depolarization. This 
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depolarization triggers action potentials by opening of voltage-gated Ca
2+

 channels, 

increasing intracellular Ca
2+

 levels, which induce the exocytosis of insulin granules . 

Using the patch-clamp technique, we studied KATP channel activity in isolated β-cells. 

Figure 2A shows basal KATP channel activity at low glucose concentration (0.5 mM) in 

control, aged-HIS and aged-LIS β-cells. Increasing glucose concentration from 0.5 to 11 mM 

reduced KATP channel activity, while application of diazoxide reactivated KATP channels in 

the three groups (Fig. 2A-B and Supplementary Fig. 2A). Remarkably, while 11 mM glucose 

decreased KATP channel activity by ~94% relative to 0.5 mM glucose in controls, it was only 

reduced by ~80% and ~43% in aged-HIS and aged-LIS β-cells, respectively (Fig. 2B). 

Despite this lower inhibitory effect in the aged groups, the application of 11 mM glucose was 

sufficient to depolarize the plasma membrane and trigger action potentials in both aged β-

cells and controls, as manifested by the generation of action currents (Fig. 2A, inset: 6 min 

after application of 11 mM glucose). Basal KATP channel open probability (0.5 mM glucose) 

tended to be higher in aged groups compared to controls (Supplementary Fig. 2A). Gene 

expression analysis of the two subunits that form the KATP channel, Sur1 (Abcc8) and Kir6.2 

(Kcnj11), revealed no differences among groups (Supplementary Fig. 2B), indicating that 

altered KATP channel function in aged β-cells might be independent of transcriptional 

regulation.  

Glucose-induced KATP channel blockade depends on increasing cytosolic ATP 

concentrations. Glucose metabolism increases NAD(P)H levels, which are required for 

mitochondrial ATP synthesis. In this regard, the reduced effect of glucose on KATP channel 

closure in aged β-cells could be associated with alterations in glucose metabolism. To analyze 

β-cell glucose metabolism, NAD(P)H-derived fluorescence responses were measured in 

isolated islets exposed to low (0.5 mM) and high (11 mM) glucose, as well as sodium azide 

(NaN3) to induce a maximal NAD(P)
+
 reduction (Fig. 2C). These experiments showed that 
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the glucose-induced increase in islet NAD(P)H levels was similarly impaired in both aged 

groups (Fig. 2D), indicating that aging per se affects β-cell glucose metabolism. Altogether, 

these results suggest that the alterations observed in KATP channel activity from aged β-cells 

could be derived from impaired glucose metabolism. 

Aged-LIS β-cells exhibit enhanced voltage-gated Ca
2+

 currents. 

Given the voltage-dependence of the pancreatic β-cell electrical activity, we analyzed 

voltage-gated K
+
 and Ca

2+
 currents in isolated β-cells to seek for potential alterations during 

aging. Using the patch-clamp technique, currents were elicited by pulses ranging from -60 to 

+80 mV from a holding potential of -70 mV (Fig. 3A). As shown in Figure 3B, voltage-gated 

K
+
 currents were similar in the three groups. In line with this, no significant differences were 

observed in the gene expression levels of the voltage-gated delayed-rectifier KV2.1 channel 

(Kcnb1) (Supplementary Fig. 2B). This channel accounts for most of the delayed outward 

current in mouse β-cells and plays a key role in action potential repolarization . In the case of 

voltage-gated Ca
2+

 currents, these were slightly augmented in aged-HIS β-cells and 

significantly larger in aged-LIS β-cells compared with controls (Fig. 3C). Similar mRNA 

levels were found in the three groups for the voltage-gated L-type Ca
2+

 channel (Cacna1c; 

Cav1.2 alpha 1C subunit), which is a major conduit for extracellular Ca
2+

 entry and plays a 

major role in both action potential generation and GSIS  (Supplementary Fig. 2B). Likewise, 

no differences were detected in the expression of the voltage-gated N-type Ca
2+

 channel 

(Cacna1b; Cav2.2 alpha 1B subunit). These findings suggest that increased voltage-gated 

Ca
2+

 currents during aging are probably regulated by mechanisms other than gene 

transcription. 
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Glucose-induced intracellular Ca
2+

 signaling is enhanced in aged β-cells. 

To further explore the key events in the β-cell stimulus-secretion coupling during 

aging, we next analyzed intracellular Ca
2+

 signals in isolated pancreatic islets. Islets were 

exposed to low (0.5 mM) and high (11 mM) extracellular glucose concentrations, as well as 

depolarizing conditions (30 mM KCl) (Fig. 3D). As shown in Figure 3E, basal fluorescence 

was similar in the three groups. Both the amplitude and the AUC of the glucose-induced Ca
2+

 

signals were increased in both groups of aged islets compared to controls (Fig. 3F,G). 

Furthermore, both aged groups displayed higher Ca
2+

 responses than controls when 

stimulated with KCl, although only aged-HIS islets showed statistical significance (Fig. 3H). 

The analysis of different regions within each individual islet showed the characteristic β-cell 

Ca
2+

 synchrony in the three groups (Supplementary Fig. 3), indicating that cell-to-cell 

communication was not compromised during aging. Overall, these findings are in line with 

those of the voltage-gated Ca
2+

 currents and indicate that Ca
2+

 signaling improved in aged β-

cells.  

GSIS is enhanced in aged β-cells.  

GSIS from β-cells is a Ca
2+

-dependent process . Ex vivo analysis of GSIS showed that 

isolated islets exposed to stimulatory (11 mM) glucose concentrations presented enhanced 

insulin secretion in aged mice compared to controls (Fig. 5A). These findings are in 

agreement with the results observed in Ca
2+

 signaling and voltage-gated Ca
2+

 currents. A 

trend towards an increase in basal insulin secretion (0.5 mM G) as well as insulin content 

(Fig. 5B) was observed in islets from both groups of aged mice, although it was not 

statistically significant. Analysis of Ins1 and Ins2 gene expression by real-time PCR revealed 

no changes at this level (Fig. 5C).  
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Ultrastructural features in β-cells from aged and control mice. 

To examine potential alterations related with the secretory pathway, we also analyzed 

electron micrographs from control, aged-HIS and aged-LIS β-cells within pancreatic islets 

(Fig. 5A). While both the total number of secretory granules per cell (Fig. 5B) and the 

secretory vesicle density (Fig. 5C) were similar in all groups, the insulin granule diameter 

was slightly smaller in aged β-cells (Fig. 5E). Moreover, aged-HIS β-cells displayed a modest 

decrease in the percentage of the characteristic mature dense granules , along with a slightly 

higher proportion of immature grey secretory vesicles (Fig. 5D). In addition to explore the 

population of secretory granules, we also noticed increased endoplasmic reticulum (ER) area 

in aged β-cells of both groups (Fig. 5F). Since increased ER size has been associated with an 

early adaptive response to ER stress , we analyzed the expression of several markers of the 

unfolded protein response (UPR) and ER stress. These markers included the ER chaperone 

BIP (encoded by Hspa5), the activating transcription factor 4 (encoded by Atf4) and the 

C/EBP homologous protein (CHOP, encoded by Ddit3) (Fig. 5G). We found that, while BIP 

expression was significantly higher in aged-LIS islets, CHOP and ATF4 expression did not 

differ among groups. Unlike the ER, we did not find changes either in mitochondrial area or 

density among groups (Supplementary Fig. 4). These findings suggest that aged β-cells 

exhibited a mild ER stress. 

β-cell mass is enhanced in aged mice. 

In agreement with previous studies , the morphological analysis of the pancreas 

revealed increased β-cell mass as well as expanded islet size with aging (Supplementary Fig. 

5). Although these effects were more evident in the aged-LIS group, aged-HIS mice showed a 

non-significant trend. Augmented β-cell mass was associated with increased pancreas weight 

in aged mice compared to controls, while β-cell area was not significantly different between 
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groups (Supplementary Fig. 5). Proliferation in mouse β-cells is characterized by a marked 

decline with age , while β-cell apoptosis is more feasible to occur during aging . We found 

~0.8% and ~0.2% of insulin
+
/Ki67

+
 β-cells in control and aged mice, respectively 

(Supplementary Fig. 6), which is consistent with prior findings . Aged-LIS animals also 

displayed higher proportion of apoptotic β-cells.  

 

DISCUSSION 

Studies on the effect of aging on the pancreatic β-cell have generated heterogeneous 

results in mice, ranging from improved β-cell function to a decline in GSIS or even no 

changes . This heterogeneity might be due in part to differences in the ages considered, which 

may lead to confusing interpretations . In several reports, the effects of aging on β-cells were 

examined in middle-aged animals, when senescence characters are not yet present , or aged 

mice were compared with juvenile non-mature controls . Another confounding factor is that, 

because aging is frequently associated with a decline in peripheral insulin sensitivity , the IR-

associated compensatory effects on glucose homeostasis and islet secretion may veil those 

alterations caused by aging. Due to the importance of these key aspects to understand the 

impact of aging on β-cell function, in the present study we analyzed 3-month-old (controls) 

and 20-month-old (aged) mice. The latter were classified into two groups according to their 

degree of insulin sensitivity, which was assessed by the surrogate markers QUICKI and 

HOMA-IR. Although the hyperinsulinemic-euglycemic clamp is the gold standard for 

determining peripheral insulin sensitivity , QUICKI and HOMA-IR provide a reasonable 

estimate of this parameter. A proper correlation between these surrogates and clamp-based 

measurements has been observed in rodents . Indeed, QUICKI and HOMA-IR have been 

employed in mouse and aging studies  and to classify groups with different insulin sensitivity 
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. Both indexes allowed us to categorize the aged mice into two groups with different 

metabolic patterns: aged-LIS mice presented glucose intolerance, lower insulin sensitivity, 

hyperinsulinemia and impaired in vivo GSIS, whereas glucose homeostasis in aged-HIS mice 

was comparable to that of controls. Thus, our findings suggest that the deteriorated glucose 

homeostasis frequently reported in aged mice  may be more associated with the reduced 

insulin sensitivity described in these animals rather than the process of aging itself.  

Ex vivo experiments showed that aging produces alterations at different steps of the β-

cell stimulus-secretion coupling. Consistent with previous reports , glucose-induced 

NAD(P)H responses were lower in islets from both aged groups, indicating impaired glucose 

metabolism. Actually, age-related disturbances in the mitochondrial function of human islets 

have been associated with decreased copy number of mitochondrial DNA, which affects the 

respiratory chain activity, and with reduced intracellular ATP levels . Thus, our results 

confirm that aging perturbs β-cell glucose metabolism. Given that KATP channels are 

regulated by intracellular ATP levels, it is very likely that the reduced effect of glucose to 

close these channels in aged β-cells described here was due to their impaired glucose 

metabolism. This diminished effect of glucose on KATP channels was greater in the aged-LIS 

group, indicating that IR could be exacerbating this alteration. Despite this altered KATP 

channel activity in aged β-cells, glucose (11 mM) produced a sufficient plasma membrane 

depolarization to generate action potentials, as revealed by the action currents. Remarkably, 

aged β-cells exhibited enhanced voltage-gated Ca
2+

 currents, particularly in the aged-LIS 

group, and augmented glucose-induced Ca
2+

 signals. This is probably a compensatory 

adaption to the defects in glucose metabolism and KATP channel activity, thus ensuring 

insulin secretion. These findings are in line with studies describing increased Ca
2+

 

oscillations in aged mouse islets . Additionally, our results showed that these adaptations 

resulted in enhanced GSIS in both groups of aged islets, in agreement with other studies . Our 
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experiments of Ca
2+

 synchrony did not support the existence of significant age-associated 

alterations in cell-to-cell communication. This is in contrast with studies in human islets 

showing a decline in Ca
2+

 signal coordination (45). Human β-cells form subgroups within the 

islets with homotypic contacts and, accordingly, Ca
2+

 signals are organized in subregions 

(45). However, the whole β-cell population behaves as an anatomical and functional 

syncytium in mouse islets. This particular feature is likely to lead to a more robust cell-to-cell 

signaling in mice, protecting them against age-associated alterations in intercellular 

coordination. 

Pancreatic β-cells were also examined by electron microscopy. Although we observed 

minor changes in the diameter and types of secretory granules in the aged β-cells, they were 

not comparable to those substantial alterations reported in β-cells from IR models . Indeed, 

these minor changes did not adversely affect insulin secretion or content in aged β-cells at all. 

Thus, increased GSIS in aged β-cells may be more likely derived from functional adaptive 

changes at the Ca
2+

 signaling level rather than alterations in the biogenesis of secretory 

granules. Remarkably, both groups of aged β-cells displayed expanded ER size, which might 

be related with a higher demand of insulin biosynthesis for secretion . Since augmented ER 

size has been described as an early step of a sequence of adaptive mechanisms against ER 

stress, the unfolded protein response (UPR) , we analyzed several ER stress markers. While 

BiP mRNA levels augmented in the aged-LIS group, no significant differences were found in 

the expression of either ATF4 or the proapoptotic transcription factor CHOP. Overall, these 

results indicate that aged β-cells undergo an adaptive UPR that would alleviate their mild ER 

stress , in agreement with similar findings in T2D patients and diabetic mice . Although this 

mild ER stress is unlikely to be related to the increased apoptotic rate observed in the aged β-

cells, we cannot rule out this possibility. Indeed, islet cell survival seems to be more 

compromised in aged mice than in young animals, when exposed to ER stressors . 
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Enhanced β-cell mass and islet expansion have been reported in aged rodents . 

Consistent with these findings, we observed increased β-cell mass and islet size in aged-LIS 

mice. Upregulation of β-cell mass is thought to be a compensatory mechanism to IR . Thus, 

our findings suggest that the lower peripheral insulin sensitivity in aged-LIS animals 

presumably triggered these morphological adaptations, which would occur in parallel with β-

cell functional changes. In the case of the aged-HIS group, expansion of β-cell mass and islet 

size followed a non-significant tendency towards increase. This trend might represent some 

adaptation to the enhanced insulin demand due to increased body weight with aging. 

Actually, the age-associated dynamics of β-cell mass has been also correlated with changes in 

body weight . Therefore, our findings indicate that aging does not lead to a decline in β-cell 

mass, but rather allows for β-cell expansion in the setting of IR. 

In summary, in the present study we show that glucose-induced inhibition of KATP 

channels is attenuated in aged β-cells. This effect was probably associated with reduced 

glucose metabolism. To preserve their secretory function, both aged-HIS and aged-LIS β-

cells compensate for these alterations by enhancing Ca
2+

 influx and insulin release. Such an 

improvement in β-cell function was sufficient for adequate regulation of glucose homeostasis 

in aged-HIS mice. However, it was not enough to cope with the lower insulin sensitivity 

displayed by the hyperinsulinemic and glucose intolerant aged-LIS animals, as shown in 

several models of IR . Our findings indicate, thus, that β-cell function does not necessarily 

decline with aging. Rather, mouse aged β-cells can eventually adapt to age-derived 

disturbances. Therefore, the impaired glucose homeostasis observed in numerous studies in 

aged mice might not be due to aging but to insufficient adaptation to IR. In any case, further 

research would be required to assess whether all the age-associated alterations described in 

the present study, including minor ultrastructural changes, could be more harmful in 

conditions of chronic IR or metabolic stress such as obesity, thus favoring progression to 
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T2D. In this regard, it has been reported that aged mice fed a high-fat/high-sucrose western 

diet for a short term are able to expand β-cell mass and also, that the insulin content and 

secretion from their pancreatic islets exhibit resistance to the diet-induced functional decline 

observed in young controls (49). Thus, these findings indicate that aged mice could develop 

resilience when challenged with certain metabolic conditions. Finally, given that our study 

was performed in male mice of the C57BL/6 strain, it would be interesting to perform further 

studies in females and also, in other genetic backgrounds, to obtain a broader insight about 

the alterations and/or adaptations of pancreatic β-cells during aging. It would be also 

appealing to explore whether changes in β-cell function during aging could differentially 

affect peripheral insulin sensitivity in both groups of aged mice. 

In humans, glucose homeostasis seems to deteriorate with aging . Since β-cell mass 

remains well preserved in older adults , this deterioration is probably associated with 

insufficient compensatory secretion of β-cells with aging, particularly when facing IR  This 

divergence from mice could be due to the longer lifespan of human β-cells : human insulin-

secreting cells are expected to be exposed to metabolic stress conditions for longer periods 

with aging, making them more vulnerable to detrimental effects compared with mice. In any 

case, our present findings could be also used as a paradigm for the identification and study of 

the cellular events that may favor the transition to impaired secretory performance in human 

aged β-cells. This information may be important to understand the higher prevalence of T2D 

and IGT with aging in older adults. 
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FIGURE LEGENDS 

Figure 1. Aged-LIS mice display hyperinsulinemia, impaired GSIS and glucose 

intolerance. In vivo measurements of A) QUICKI and B) HOMA-IR in control (n=35), aged-

HIS (n=15) and aged-LIS (n=26) mice. (C) Insulin tolerance test after 6 h fasting (n= 13, 6 

and 7 for control, aged-HIS and aged-LIS mice, respectively). Area under the curve (AUC) is 

represented at the right. Fasting (6 h) blood glucose (D) and plasma insulin levels (E) in 

control (n=35), aged-HIS (n=15) and aged-LIS (n=26) mice. F) Intraperitoneal glucose 

tolerance test was performed in response to a glucose load of 2 g/kg body weight after a 6-h 

fast (control, n=33; aged-HIS, n=11; aged-LIS, n=21). AUC is represented at the right. 

Plasma insulin levels (G) and C-peptide levels (H) were measured at different time points 

after an intraperitoneal glucose injection of 2 g/kg body weight in 6 h fasted mice (for insulin 

measurements: control, n=6; aged-HIS, n=5; aged-LIS, n=6; for C-peptide measurements: 

control, n=7; aged-HIS, n=5; aged-LIS, n=7). Data are expressed as mean ± SEM and were 

analyzed using one-way ANOVA (A and AUC in C), Kruskal-Wallis (B, D, E and AUC in 

F), and two-way ANOVA (C, F, G, and H). * p<0.05, ** p<0.01 and *** p<0.001, when 

comparing aged-LIS and/or aged-HIS vs control; ## p<0.01 and ### p<0.001 when 

comparing aged-LIS vs aged-HIS. 

 

Figure 2. Reduced glucose-induced inhibition of KATP channel activity in aged-LIS β-

cells. A) Representative single-channel recordings of KATP channel activity in the presence of 

0.5 mM glucose (G), 11 mM G and 100 µM diazoxide. KATP channel activity was reduced 

with 11 mM G, while reactivated with diazoxide. Expanded traces at 6 min after application 

of high glucose (11mM) show the presence of action currents, indicating that glucose induced 

the depolarization of the membrane potential and the generation of action potentials. B) 

Percentage of KATP channel activity at 11 mM G respect to 0.5 mM G in control (n=15 β-cells 
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from 5 mice), aged-HIS (n=12 β-cells from 4 mice) and aged-LIS (n=8 β-cells from 3 mice). 

C) Average intracellular NAD(P)H recordings from control, aged-HIS and aged-LIS islets in 

response to 0.5 mM glucose (G) and 11 mM G. Sodium azide (NaN3) was applied to obtain a 

maximal level of NAD(P)
+
 reduction. D) Graph plotting the percentage of AUC per minute in 

response to 11 mM G and normalized to the maximal reduction level obtained with NaN3 

(control, n=20 islets from 3 mice; aged-HIS, n=18 islets from 3 mice; aged-LIS, n=17 islets 

from 3 mice). Data are expressed as mean ± SEM and analyzed by one way-ANOVA. 

**p<0.01 and **** p<0.0001 as indicated; # p<0.05 when comparing with control at 11 mM 

G. 

 

Figure 3. Voltage-gated Ca
2+

 currents and glucose-induced Ca
2+

 signals are enhanced in 

aged β-cells. A) Representative recordings of voltage-gated K
+
 and voltage-gated Ca

2+
 

currents in response to 500 ms depolarizing pulses (-60 mV to +80 mV from a holding 

potential of -70mV (inset)) in control, aged-HIS and aged-LIS β-cells. The expanded traces in 

aged-HIS β-cells show the outward K
+
 and inward Ca

2+
 currents induced by depolarization. 

B) Average relationship between peak voltage-gated K
+
 current density (currents in pA 

normalized to cell size in pF) and voltage of pulses in control (n=17 β-cells from 5 mice), 

aged-HIS (n=27 β-cells from 4 mice) and aged-LIS (n=18 β-cells from 3 mice) animals. C) 

Average relationship between voltage-gated Ca
2+

 current density (currents in pA normalized 

to cell size in pF) and voltage of pulses in control (n=10 β-cells from 5 mice), aged-HIS 

(n=25 β-cells from 4 mice) and aged-LIS (n=14 β-cells from 3 mice). Data are expressed as 

mean ± SEM and analyzed by two-way repeated-measures ANOVA (B and C). *p<0.05 and 

**p<0.01. D) Representative traces of intracellular Ca
2+

 in a control islet in the presence of 

0.5 mM glucose (G; basal non-stimulatory glucose concentration), 11 mM G (stimulatory 

glucose concentration), and 30 mM KCl (depolarizing concentration). E) Basal fluorescence 
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at 0.5 mM G. F, G) Fluorescence increase (ΔF340/380) (F) and area under the curve (AUC) (G) 

in response to glucose. H) Fluorescence increase (ΔF340/380) in response to KCl. Control: 

n=22 islets from 3 mice; aged-HIS: n=20 islets from 3 mice; aged-LIS: n=18 islets from 3 

mice. Data are expressed as mean ± SEM and analyzed by one-way ANOVA (F-H) and 

Kruskal-Wallis (E). **p<0.01 and ***p<0.001. 

 

Figure 4. Aged pancreatic islets display enhanced glucose-stimulated insulin secretion. 

A) Ex vivo GSIS was performed in batches of freshly isolated size-matched islets exposed to 

both low (0.5 mM) and high (11 mM) glucose (G). Insulin secretion was normalized by total 

islet protein levels (control: n=11 from 5 mice; aged-HIS: n=7 from 3 mice; aged-LIS: n=14 

from 5 mice). B) Islet insulin content normalized by total islet protein levels (control: n=11 

from 5 mice; aged-HIS: n=6 from 3 mice; aged-LIS: n=13 from 5 mice). C) Islet mRNA 

levels of Ins1 and Ins2 normalized by the housekeeping gene Hprt (n=5 mice/group). Data 

are expressed as mean ± SEM and analyzed by two-way ANOVA (A), one-way ANOVA (B 

and C) and paired Student’s t-test (in (A), to compare each independent group of mice at low 

and high glucose). *p<0.05, ***p<0.001, #p<0.05, ##p<0.01 and ###p<0.001. 
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Figure 5. Ultrastructure of control and aged β-cells in electron micrographs. A) 

Representative electron micrographs of control, aged-HIS and aged-LIS β-cells. Scale bar= 2 

µm (upper panel) and 1 µm (medium and lower panel). B) Insulin granules per cell. C) 

Granule density. D) Percentage of dense, grey, empty and rod-like granules. E) Insulin 

granule diameter. F) Percentage of endoplasmic reticulum area. Control: n=19 β-cells; aged-

HIS: n=14 β-cells; aged-LIS: n=12 β-cells, from 3 mice per group. G) Islet mRNA levels of 

BIP (Hspa5), CHOP (Ddit 3) and ATF4 normalized by the housekeeping gene Hprt (n=5 per 

group). Data are expressed as mean ± SEM and analyzed by one-way ANOVA (B, F, G), 

Kruskal-Wallis (C, E) and two-way ANOVA (D), *p<0.05, **p>0.01, ***p<0.001. M: 

mitochondria; N: nucleus; ER: endoplasmic reticulum; SG: secretory granules. Black arrows: 

immature granules; dashed line: plasma membrane. 
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