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Pancreatic islets secrete hormones that play a key role in regulat-
ing blood glucose levels (glycemia). Age-dependent impairment of
islet function and concomitant dysregulation of glycemia are
major health threats in aged populations. However, the major
causes of the age-dependent decline of islet function are still
disputed. Here we demonstrate that aging of pancreatic islets in
mice and humans is notably associated with inflammation and
fibrosis of islet blood vessels but does not affect glucose sensing
and the insulin secretory capacity of islet beta cells. Accordingly,
when transplanted into the anterior chamber of the eye of young
mice with diabetes, islets from old mice are revascularized with
healthy blood vessels, show strong islet cell proliferation, and fully
restore control of glycemia. Our results indicate that beta cell
function does not decline with age and suggest that islet function
is threatened by an age-dependent impairment of islet vascular
function. Strategies to mitigate age-dependent dysregulation in
glycemia should therefore target systemic and/or local inflamma-
tion and fibrosis of the aged islet vasculature.
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Aging leads to progressive decline of various homeostatic
processes in mammals, including a deteriorating regulation

of blood glucose levels. Pancreatic islets are small organs com-
posed of endocrine cells that secrete the major hormones insulin,
glucagon, and somatostatin, which play a key role in regulating
blood glucose levels. Age-dependent dysfunction of islets and the
concomitant dysregulation of blood glucose levels increase the
risk for type 2 diabetes (1), which in turn contributes to other
age-related chronic diseases. In general, it has been assumed that
aging causes an intrinsic dysfunction of the insulin-secreting beta
cells through reduced proliferative capacity and/or defective in-
sulin secretion (1–9). However, there have been numerous reports
that age-dependent impairment of glucose homeostasis is not just
a result of intrinsic, age-dependent dysfunction of islets but is also
caused by systemic factors. For example, islet function may be
compromised by age-related increases in adiposity (10, 11) and by
bloodborne factors (12), or it could be affected indirectly by age-
related deficiencies in vascular remodeling (13). Thus, the repli-
cative decline of old pancreatic beta cells can be attributed to
systemic factors (12). Recent studies identified factors present in
young blood that reverse age-related cognitive impairments and
induce vascular remodeling and regeneration in the brain and
skeletal muscle (14–16), but so far it has not been feasible to
discriminate systemic influences from aging factors intrinsic to
islet endocrine cells. Here we address the long-standing question
of whether the age-dependent impairment of glucose homeostasis
is caused by intrinsic, age-dependent dysfunction of islets or by
systemic aging factors.
Our strategy to discern age-related intrinsic changes in islet

function was to study islets from young mature (2 mo) and aged

(18 mo) mice and to follow these same groups of islets in three
different environments: in vivo in the body of young and aged
mice, in vitro after isolation, and again in vivo after trans-
plantation into the anterior chamber of the eye in young mice
(17). We also examined a large number of human islets from
young mature and old pancreatic donors (17–65 y of age). We
hypothesized that islets are affected by the systemic milieu, such
that the effects the aged organism exerts on the islet can be
rescued in a young organism. We characterized islet structure
and function at the molecular, anatomic, and physiologic levels
to distinguish intrinsic from systemic factors impinging on the
islet as the organism ages. Our results reveal that aging of islets
involves little intrinsic decline of beta cell function but is ac-
companied by malfunctioning blood vessels, suggesting that age-
impaired glucose homeostasis is not caused by the intrinsic aging
of beta cells but, rather, is a result of vascular aging that can be
reversed by placing aged islets in a young environment.

Results
Beta Cell Secretory Function Is Robust in Aged Mice and Humans.
How does aging affect beta cell secretory function? To answer
this question, we used both mouse and human islets, as these
differ in several aspects, such as cytoarchitecture, cellular plas-
ticity, and turnover (18–20). Mouse islets were isolated from
young mature (2 mo) and old (18 mo) virgin male C57BL/6 mice

Significance

The regulation of blood glucose is a homeostatic process that
declines with age, but it is unknown whether this disturbance
is a consequence of intrinsic dysfunction of the regulatory or-
gan, the pancreatic islet. In marked contrast to the widely held
notion that the insulin-producing pancreatic beta cell loses
function with wear and tear, and thus causes age-related dis-
turbances in glucose homeostasis, we show that mouse and
human beta cells are fully functional at advanced age. The
pancreatic islet as an organ, however, is threatened by vascular
senescence. Replacing the islet vasculature in aged islet grafts
rejuvenates the islet and fully restores glucose homeostasis,
indicating that islet blood vessels should be targeted to miti-
gate frail glucose homeostasis associated with aging.

Author contributions: J.A., P.-O.B., A.C., and H.G.N. designed research; J.A. and J.M. per-
formed research; M.H.A. contributed new reagents/analytic tools; J.A., R.A.e.D., W.B.J.,
and A.C. analyzed data; and J.A., A.C., and H.G.N. wrote the paper.

Conflict of interest statement: P.-O.B. is one of the founders of the biotech company
Biocrine, which is going to use the anterior chamber of the eye as a commercial servicing
platform. A.C. holds a patent on this servicing platform. M.H.A. is a consultant of Biocrine.

*This Direct Submission article had a prearranged editor.
1To whom correspondence may be addressed. Email: acaicedo@med.miami.edu, per-olof.
berggren@ki.se, or nam@dgist.ac.kr.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1414053111/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1414053111 PNAS Early Edition | 1 of 6

M
ED

IC
A
L
SC

IE
N
CE

S

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1414053111&domain=pdf&date_stamp=2014-11-13
mailto:acaicedo@med.miami.edu
mailto:per-olof.berggren@ki.se
mailto:per-olof.berggren@ki.se
mailto:nam@dgist.ac.kr
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1414053111/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1414053111/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1414053111


from the National Institute on Aging that do not develop di-
abetes as they age (21). Human islets were obtained from non-
diabetic donors (range 17–65 y). In perifusion experiments, islets
isolated from aged mice released significantly more insulin per
cell in response to high glucose levels (11 mM; Fig. 1 A and B).

The amount of insulin released by human islets did not show
a statistically significant correlation with donor age [r2 = 0.041
(P = 0.08) and r2 = 0.01 (P = 0.39), respectively; Fig. 1 C and D
and SI Appendix, Fig. S1]. Even when pooling insulin secretion
data from young human islets (donor age, 17–27 y; n = 10) and
comparing these data with those from islets of aged humans (donor
age, 50–60 y; n = 25), no significant differences were observed. We
also found that islets from old mice are capable of healthy buff-
ering of [Ca2+]i in response to high glucose (SI Appendix, Fig. S1).
These results indicate that as they age, mouse and human beta cells
remain glucose-sensitive, produce adequate responses to glucose,
and have robust insulin secretion.
Cytoarchitecture was similar in young and old mouse islets,

with alpha cells in the periphery and beta cells in the core (SI
Appendix, Fig. S2), and islets retained similar proportions of each
cell type (SI Appendix, Fig. S2). We consistently observed that
islets in aged mice were larger, which was a result of a simulta-
neous increase in beta cell number and size (SI Appendix, Fig.
S2). Islet area, beta cell number, and size were not significantly
different between islets of young (age 15–25 y) and old (age 50–
60 y) humans, showing that beta cell mass is preserved in humans
with advanced aging [SI Appendix, Fig. S2 (22)].

Glucose Homeostasis Is Impaired in Old Mice. The intrinsic ability of
beta cells to produce and secrete insulin and the structural
properties of islets did not deteriorate in old mice, but do aged
mice have a normal glucose metabolism? We compared glucose
metabolism in young and aged mice and found that old mice were
insulin-resistant (Fig. 1E). Plasma insulin levels were twice as high
in old mice (Fig. 1F), and blood glucose levels in nonfasting
conditions were lower in old mice (SI Appendix, Fig. S1). These
results suggest that old mice compensate for the increased de-
mand for insulin, as indicated by insulin resistance, by increasing
beta cell mass and beta cell secretory function (Fig. 1 A and B and
SI Appendix, Fig. S2). We further compared glucose tolerance in
young and aged mice and found that blood glucose levels during
glucose tolerance tests did not differ when challenged with a con-
ventional glucose load (2 g/kg; Fig. 1G). However, when mice
were challenged with a larger glucose load (4 g/kg; Fig. 1G) or
with a conventional glucose load under stress conditions (Fig. 1H)
(23), the recovery was delayed in old mice. These results indicate
an age-dependent decline in glucose homeostasis in mice.

Aged Pancreatic Islets Have Inflamed and Fibrotic Blood Vessels.
Given the lack of functional decline in beta cells of old mice,
what, then, is leading to impaired glucose homeostasis? Islets are
strongly vascularized, as their ability to sense blood glucose and
release insulin depends on close contact with blood vessels.
Because advanced age is associated with vascular alterations and
chronic inflammation (24), we tested whether the age-associated
impairment in glucose homeostasis is caused by islet blood vessel
dysfunction. Blood vessel density did not differ between young
and old mouse islets (14.5 ± 2.1% versus 14.8 ± 1.5%, re-
spectively; n = 3 islets/pancreas, n = 3 pancreata/age). To ex-
amine the inflammatory status of the islet, we immunostained
macrophages in pancreatic sections of young and old mice and
humans (Fig. 2 A and B and SI Appendix, Fig. S3) and found that
islets in aged mice and humans contained twice as many mac-
rophages (Fig. 2B). Macrophages were often associated with
blood vessels expressing intercellular adhesion molecule 1
(ICAM-1) (Fig. 2A), an adhesion molecule and inflammatory
marker (25) whose expression was increased in islets of aged
mice (Fig. 2C). These findings indicate that blood vessels in aged
islets are inflamed. This was further supported by increased
expression of macrophage colony-stimulating factor receptor
(CSFR1) and genes involved in immune cell recruitment such as
ICAM1 and vascular cell adhesion molecule 1 (VCAM1) in old
islets (Fig. 2D).

Fig. 1. Beta cells in aged mice and humans are functionally robust, but glu-
cose tolerance is fragile. (A) Insulin secretion from islets isolated from young (2
mo, green) and aged (18 mo, brown) C57BL/6 mice, stimulated with 11 mM
glucose and KCl (25 mM; n = 4; insulin levels normalized to DNA concentra-
tion). (B) Total amount of insulin released during high glucose (area under the
curve). (C and D) Insulin secretion in response to high glucose (11 mM) from
human islets from 82 cadaveric donors (ages, 17–65 y). Peak insulin secretion
(C) denotes the peak of first-phase insulin secretion, and total insulin secretion
(D) denotes the total amount of insulin released during 20 min glucose
(expressed relative to responses to KCl). (E) Insulin tolerance tests performed
with young and old mice (0.75 units insulin/kg body weight, i.p.; n = 10 mice;
glycemia normalized to value at t0). (F) Fed plasma insulin concentration (n =
10 mice). (G and H) Glucose tolerance tests with young and aged mice with
different glucose loads (G: 2 g/kg, n =10 mice, open symbols; 4 g/kg, n = 5
mice, filled symbols; one-way ANOVA, * P < 0.05) or in restrained mice (H:
2 g/kg, n = 7–8 mice, area under the curve, 28,010 ± 581 for young mice versus
36,350 ± 3399; *P = 0.02). Mean ± SEM are shown.
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Fibrosis is a hallmark of aging in many organs (26, 27). We
found that blood vessels in islets of aged mice contained more
laminin, a biomarker of fibrosis (28) (Fig. 2 F–H). In addition,
expression of the matrix metalloproteinase genes MMP2 and
MMP9, which are also involved in fibrosis and remodeling of the
extracellular matrix, increased in islets of aged mice (Fig. 2E). This
result is in line with the increased macrophage density in old mouse
islets, as macrophages are key sources of matrix metalloproteinases
(29). Extensive accumulation of fibrotic material was also observed
in the extracellular matrix of islet blood vessels in pancreata from
old human donors, as assessed by laminin immunostaining (SI
Appendix, Fig. S3). Fibrosis and macrophage infiltration was even
more evident in islets from an old donor with diabetes (SI Ap-
pendix, Fig. S3). Together, our data show that blood vessels in islets
of aged mice and humans are inflamed and exhibit fibrosis.

Aged Islet Grafts Functionally Recover in Young Recipient Mice After a
Prolonged Period.Our results show that different tissue components
in islets take separate aging paths: in old islets, blood vessels

become inflamed and fibrotic, but beta cells remain functional.
Because the vasculature is a systemic organ, we tested whether
vascular defects observed in aged islets are caused by systemic or
local pancreatic influences, rather than intrinsic aging of islets.
To discriminate between these factors, we used a transplantation

Fig. 2. Aged pancreatic mouse and human islets have inflamed and fibrotic
blood vessels. (A) Maximal projection of confocal images showing macro-
phages (green) and endothelial cells expressing the adhesion molecule ICAM-1
(red) in an old islet. (Scale bar, 20 μm.) (B) Quantification of the number of
macrophages per islet area (mm2) in islets in pancreatic sections from young
and old mice and humans. (C) Quantification of the fractional area of ICAM-1
immunostaining inside islets in young and aged mice. (D) Transcript levels of
macrophage colony-stimulating factor receptor gene (CSFR1) and genes in-
volved in the recruitment of immune cells (ICAM1, VCAM1). (E) Expression
levels of the extracellular matrix remodeling genes MMP2 and MMP9 in old
islets, relative to values in young islets (*P < 0.05, unpaired t test). 18S RNA was
used as an internal reference (n = 200 young or old islets, three replicates). (F
and G) Maximal projections of confocal images of islets labeled for laminin
(green) and the endothelial cell marker PECAM (red) in pancreatic sections
from young (F) and aged (G) mice. (Scale bars, 50 μm.) (H) Quantification of
the fractional area of laminin immunostaining inside young and old islets.

Fig. 3. Aged islet grafts functionally recover after a prolonged period in
young recipient mice. (A) Illustration of islet transplantation into the ante-
rior chamber of the eye. (B) In the experimental strategy, young and old
islets were transplanted into the eye of young mice with diabetes and fol-
lowed for 11 mo (gray arrow). Green and brown arrows, respectively, in-
dicate the actual aging of young and old islet grafts. Dashed line represents
the survival curve of C57BL/6 mice and shows that aged islets were studied
beyond the 50% survival age [28 mo old (36)]. (C) Fed glycemia in strepto-
zotocin (STZ)-induced young mice with diabetes after transplantation of
young (green; n = 5 mice) and old (brown; n = 6 mice) islets (enucleation =
removal of the islet graft-bearing eye). (D) Percentage of young mice with
diabetes (fed glycemia > 200 mg/dL) transplanted with young (green) or old
(brown) islets and of old mice with diabetes transplanted with old islets
(black). (E and F) Average glycemia during glucose tolerance tests performed
at 3, 4.5, 7, and 10 mo after transplantation in young mice with young islets
(E; n = 5 mice) or old islets (F; n = 5 mice). (G) Glycemia at 120 min (t120) after
glucose injection in mice with young (green) and old islets [brown; one-way
ANOVA, *P < 0.05; dashed line, glycemia (t120) in young donor mice]. (H) Fed
plasma insulin concentration in young and old islet recipient mice.
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strategy in which islets are transplanted into the anterior cham-
ber of the mouse eye. Transplanted islets have been shown to
engraft on the iris, reverse diabetes, and regulate glucose ho-
meostasis in the recipient mice (17, 30, 31). We transplanted 200
islets from young (2 mo) and aged (18 mo) mice into the eye of
young mice with diabetes (2 mo; Fig. 3A). This experimental
setup allowed us to compare the function of transplanted young
and old islets in the same systemic environment and to follow in
real time and noninvasively the age-dependent changes in islet
grafts (Fig. 3B).
In this experimental setup, it was evident that islets from aged

mice (“aged” islets) can reverse diabetes and maintain glucose
homeostasis in young recipient mice for prolonged periods of
time. Within 3 mo after transplantation, most of the recipient
mice with diabetes transplanted with aged islets recovered nor-
mal blood glucose levels similar to mice transplanted with islets
from young mice (“young” islets; Fig. 3 C and D). In contrast,
aged islets transplanted into old hosts reversed diabetes only in
half of the recipients, and only after a prolonged time (6 mo; Fig.
3D). Within 7 mo after transplantation, glucose tolerance of
mice transplanted with aged islets was indistinguishable from
that of young islet recipients (Fig. 3 E–G). Furthermore, plasma
insulin levels were similar between the two groups within 9 mo
after transplantation (Fig. 3H). During this period, mice with
aged islet grafts were able to grow and to gain weight at a rate
similar to that of mice with young islets, albeit with some growth
delay at the initial stages after transplantation (SI Appendix, Fig.
S4). These results show that after a prolonged period in young
hosts, aged islet grafts become as functionally competent as
young islet grafts.
A reduced proliferation rate of old beta cells has been pro-

posed as one of the main causes of age-dependent loss of glucose
homeostasis (7). Because aged islets were able to rescue re-
cipient mice from diabetes, similar to young islets, we examined
the proliferative activity of aged and young islet grafts trans-
planted into the eye of young recipients. The young recipient
mouse continued to grow and gain weight in the period from 3 to
7 mo after transplantation (SI Appendix, Fig. S4). During this
period, both aged and young islet grafts grew similarly (Fig. 4 A
and SI Appendix, Fig. S4). Growth of the islets grafts was in part

a result of beta cell proliferation (Fig. 4 B–D and SI Appendix,
Fig. S4). Aged islet grafts mounted a stronger proliferative re-
sponse most likely caused by a higher glycemic pressure in the
initial months after transplantation (Fig. 3 C and D) (32, 33).
Our results show that given enough time to recover in a young

organism, aged islets can regulate glucose homeostasis, secrete
insulin, and mount a proliferative response that is as strong as in
young islet grafts. Thus, aged islets are not intrinsically old, but
their age-dependent impairment can be rescued by systemic
factors from a young host.

Functional Recovery of Aged Islet Grafts in a Young Host Is Associated
with Appearance of New Blood Vessels. Although mice trans-
planted with aged islets recovered from diabetes, they took
longer than recipients of young islets to return to normoglycemia
(3 versus 2 mo; Fig. 3 C and D). In addition, mice transplanted
with aged islets were less glucose-tolerant at 3 and 4.5 mo after
transplantation, as shown by a delayed return to basal glycemic
levels 120 min after glucose load (Fig. 3 E–G). Up to 7 mo after
transplantation, aged islet recipients also had diminished plasma
insulin levels (Fig. 3H).
Islets from aged mice secreted more insulin (Fig. 1 A and B). It

was thus puzzling that islets from aged donors took longer to
reverse diabetes and produced lower plasma insulin levels after
transplantation. Because aged islets had defective blood vessels
(Fig. 2), we monitored the engraftment of individual islets non-
invasively and longitudinally (Fig. 5 A and B and SI Appendix,
Fig. S5). We found that revascularization of aged islet grafts was
delayed by 1 mo (SI Appendix, Fig. S5), which coincided with the
delay in diabetes reversal (Fig. 3 C and D). Aged islets had lower
vessel densities than young islets in the first month after trans-
plantation, but they showed noticeable revascularization within
the following month (SI Appendix, Fig. S5).
In addition to a slower initial revascularization, blood vessels

in aged islet grafts were larger and did not branch out as much as
blood vessels in young islet grafts (Fig. 5B). The diameter of the
capillaries at the end of the revascularization period in young
islet grafts (7.5 ± 0.1 μm) was close to that measured in corrosion
casts of islets in rat pancreata [6 μm (34)], indicating that blood
vessels reached appropriate vascular sizes. Blood flow in larger
vessels was faster and more turbulent than that in smaller
capillaries (SI Appendix, Fig. S5 and Movies S1 and S2), thus

Fig. 4. Old islet grafts in young recipient mice show strong proliferative
activity. (A) Photograph of a mouse eye (*, pupil) showing two old islet
grafts 3 and 9 mo after transplantation. A marked increase in islet graft size
can be seen. (Scale bar, 200 μm.) (B) Quantification of the fraction of pro-
liferating beta cells (*P < 0.05; n = 6 young or old islet grafts). BrdU (1 mg/mL)
was added for 21 d to the drinking water at 11 mo after transplantation.
(C and D) Confocal images of a young (C ) and an aged (D) islet graft
showing BrdU-labeled, proliferating cells (green, BrdU; red, insulin; blue,
DNA). Arrows point at beta cells, arrowhead indicates a nonbeta cell.
(Scale bars, 50 μm.)

Fig. 5. Revascularization of old islet grafts. (A) Longitudinal in vivo images
of blood vessels in an old islet graft. Capillaries with smaller diameters ap-
pear in newly formed regions. (Scale bars, 100 μm.) (B) Distribution curves of
the diameters of blood vessels in young and old islets grafts at 2 wk and 2
and 10 mo after transplantation. (C and D) Quantification of the fractional
area of laminin immunostaining (C) and of the number of macrophages per
islet area (mm2, D) in young and old islet grafts 11 mo after transplantation
(n = 3 islet grafts/eye; n = 2 recipient mice/age).
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diminishing the efficiency of transcapillary exchange (35). Dur-
ing the last 4 mo, however, capillaries with small diameters
appeared in newly formed regions of aged islet grafts (Fig. 5 A
and B and SI Appendix, Fig. S5). We conclude that the dys-
functional vascular phenotype of aged islet grafts, characterized
by larger diameters and turbulent blood flow, contributed to
lower plasma insulin levels and glucose intolerance during the
first 7 mo after transplantation (Fig. 3 E–H), and appearance of
small capillaries in the following months likely favored the
functional recovery of aged islets.
Because aged islets in the pancreas displayed an inflamed and

fibrotic vascular phenotype (Fig. 2), we compared these pheno-
types in blood vessels formed in young and aged islet grafts.
Expression levels of laminin were similar in young and old islet
grafts 11 mo after transplantation (Fig. 5C), in contrast to the
age-related differences we observed in the pancreas (Fig. 2H).
Laminin expression in old islet grafts was heterogeneous, with
smaller vessels containing less laminin (SI Appendix, Fig. S6).
The number of macrophages in young and aged islet grafts was
not significantly different at this stage (Fig. 5D). These results
show that the young environment reverses the inflamed and fi-
brotic nature of blood vessels, even though the actual age of old
islet grafts at the end was 29 mo.

Discussion
Our study demonstrates that the ability of beta cells to secrete
insulin does not decline with age in mice and humans (Fig. 1 A–D).
The most notable feature of islets in aged mice and humans was
a deranged vasculature, characterized by increased inflammation
and fibrosis of islet blood vessels (Fig. 2 and Fig. S3), which likely
led to dysfunction of aged islets (Fig. 1 E–H). After prolonged
residence in a young host, islets from aged mice display new
blood vessels without inflammatory and fibrotic phenotypes
and function similar to islets from young mice. This observa-
tion is striking, given that the aged islets under examination
were 29 mo old, which is near the end of the mouse’s life span
[equivalent to an 80-y-old human (36); Fig. 3B]. Our results
clearly indicate that beta cells in mice and humans show little
functional decline, but islets undergo an age-dependent de-
cline in their vascular function.
All organisms experience a slow physiological decline and in-

creased risk for disease with aging. Our results show that pan-
creatic islets in mice are affected by systemic aging, and aged
mice exhibit age-dependent deterioration of glucose homeo-
stasis, despite beta cells being fully competent in advanced age.
In particular, aged mice were insulin-resistant and glucose-
intolerant, although intolerance was only observed when aged mice
were forced to release more insulin; for example, after a higher
glucose load (37, 38). Our results concur with those of several
previous studies (3, 5, 6, 39) but contrast with studies reporting
insulin secretory defects with age (1, 2, 4, 8). The discrepancies in
the literature may be explained by the confounding influence of
the systemic environment (10). For example, aging is associated
with an increase in visceral fat, with higher levels of circulating
proinflammatory cytokines secreted by adipocytes, and with in-
creased inflammation of tissues such as the local pancreatic
environment that contribute to insulin resistance and disturb
beta cell proliferation and function (40, 41). However, when
systemic effects are compensated for, as we did here, aged islets
function similar to young islets, indicating there is little intrinsic
age-related decline in beta cell function.
Diabetic predisposition and added risk factors and epigenetic

regulation, however, may trump the resiliency of the beta cell (9,
42). Our study now shows that the islet as an organ seems to be
threatened by factors that affect vascular function. The increased
functional demand aged islets face may lead to increased islet
blood flow (43, 44), which in turn may trigger increased capillary
pressure and compromise islet microcirculation (45). In addition,

with aging, the vascular phenotype makes a proinflammatory
shift that contributes to endothelial dysfunction (46). As demand
for insulin increases with age, beta cells also cosecrete more ATP
and other molecules that are potentially proinflammatory and
that stimulate cytokine secretion and innate immune responses
(47–49). The fibrosis associated with blood vessels in the aged
islet likely diminishes hormone diffusion through the interstitial
space and disrupts hormone release into the circulation (35),
delaying insulin delivery to target tissues and causing the fragile
glucose tolerance we observed in aged mice (Fig. 1 E–H). Of
note, local islet inflammation and fibrosis are further increased
in type 2 diabetes [SI Appendix, Fig. S3 (50)]. A dysfunctional
vasculature also helps explain why there is a discrepancy between
in vitro data showing no deterioration of insulin secretion with
age (5) and in vivo studies reporting lower plasma insulin levels
in response to hyperglycemia in aged mice (6, 10).
The damaging effects of inflamed and fibrotic blood vessels

were exacerbated in the context of transplantation. Indeed, the
aged islet showed delayed islet graft revascularization, likely
because the inflamed and fibrotic vascular cells are transferred
together with the donor islet and participate in early processes of
blood vessel formation (30, 51). With time, the young systemic
environment reversed these effects by replacing the vasculature
with healthy blood vessels with diameters close to those of pan-
creatic capillaries (5–7 μm) and with regular blood flow [Fig. 5
and Fig. S5 (34)], coinciding with restored glucose tolerance
(Fig. 3).
In mice, aged islets are able to adapt to increased demand for

insulin caused by insulin resistance, possibly through increased
islet size and increased insulin secretory capacity (Fig. 1 A and B
and SI Appendix, Fig. S2), in agreement with previous reports
(5). This was accompanied by increased beta cell numbers, in-
dicating some beta cell proliferation during aging (SI Appendix,
Fig. S2). In the transplantation experiment, we observed that
aged islet grafts mounted an even stronger proliferative re-
sponse to accommodate for the organismal growth and in-
creased insulin demand of the young recipient mouse. These
results are remarkable because a diminished proliferative re-
sponse is considered a hallmark of islet aging (7). However, our
study concurs with recent studies (32, 33) showing that beta
cells in old mice can increase their proliferative rate under
particular circumstances.
Most studies on islet aging have focused on the age-related loss of

regenerative capacity of beta cells, presumably because of its ther-
apeutic implications. Our results indicate that the functional prop-
erties of beta cells in humans, as well as in mice, change little as the
adult organism ages. Instead, bloodborne factors, low-grade chronic
inflammation, and other factors affecting vascular function may
represent larger threats to islet health and glucose homeostasis.
Potential strategies for mitigating age-related impairment in islet
function should therefore target systemic or local inflammation
and fibrosis within the islet. Although expanding beta cell mass
may be desirable for future therapies, improving the local envi-
ronment of the otherwise healthy aged beta cell could prevent
age-associated deterioration in glucose tolerance and promote
healthy aging.

Methods
We used young mature (2 mo old) and old (18 mo old) virgin C57BL/6 mice
from the National Institute on Aging. Human islets (n = 82 preparations;
age range: 17–65 y) were obtained from the Integrated Islet Distribution
Program of the National Institute of Diabetes and Digestive and Kidney
Diseases. Human pancreatic tissue used was from young (15–25 y) and old
(50–60 y) donors.

Islet isolation, transplantation into the anterior chamber of themouse eye,
and in vivo islet imaging were performed as previously described (17, 31).
Blood vessels were labeled by tail vein injection of 150,000 Da Dextran-FITC.
Diabetes was induced in young mice with streptozotocin (200 mg/kg, i.v.)
before 200 mouse islet equivalents from young and old donors were
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transplanted. BrdU (1 mg/mL) was added to the drinking water for 21
d at the end of the study.

Assessment of Islet Function in Vivo. Islet function was monitored by mea-
suring glycemia and plasma insulin under fed conditions, as well as during
glucose and insulin tolerance tests (17).

Assessment of Islet Function in Vitro. Perifusion and [Ca2+]I were performed as
previously described (49). Insulin secretion from isolated mouse and human
islets (100 islets per column) was stimulated with 11 mM glucose or 25 mM
KCl. Insulin content was normalized for DNA.

Statistical Analyses. Statistical tests were performed with Prism 5.0 software
(GraphPad Software). Significance was considered when P < 0.05 (unpaired
Student t test or one-way ANOVA). Data presented as mean ± SEM.

A complete description of materials and methods is available in the
SI Appendix.
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Movie S1. Blood flow in small blood vessels in an islet graft in the eye. Blood vessels were labeled by tail-vein injection of 150,000 Da dextran-FITC, and flow
through small capillaries (diameter = 7 μm) was recorded. Movie speed, 15 fps. (Scale bar, 50 μm in the first movie frame.)
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Movie S2. Blood flow in large blood vessels in an islet graft in the eye. Blood vessels were labeled by tail-vein injection of 150,000 Da dextran-FITC, and flow
through large vessels (diameter ∼20 μm) was recorded. Movie speed, 15 fps. (Scale bar, 50 μm in the first movie frame.)

Movie S2
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SI Appendix (PDF)
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MATERIALS AND METHODS 

We used C57BL/6 mice from the National Institute on Aging (NIA) that do not bear a mutation 

in the Nicotinamide Nucleotide Transhydrogenase (Nnt) gene that affects glucose homeostasis 

and insulin secretion (1), and do not develop diabetes as they age. Young mature mice were 

received at 2 months old and the experiments performed while they were 2-3 months (for 

simplification, we called these animals “young” and refer to their age as 2 months old). Aged 

mice were received at 18 months old and studied for an additional month before sacrifice (these 

are named “old” mice and their age referred to as 18 months). 

We obtained tissue samples of human pancreata procured locally for islet transplantation from 

heart-beating organ donors (donation after cerebral death). Biopsies were collected from the neck 

(body) of the pancreas to avoid leakage during islet isolation. These samples had ischemic times 

of <12h and were fixed in 4% paraformaldehyde with no delay (see below). 

Mouse islet isolation. All animal procedures were performed under protocols approved by the 

University of Miami IACUC. Young (2 months old) and old (18 months old) virgin male 

C57BL/6 mice from the National Institute on Aging (NIA) served as islets donors. Mouse islet 

isolation was performed using collagenase digestion followed by purification on density 

gradients, as previously described (2). 
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Islet transplantation into the anterior chamber of the mouse eye. Two hundred islets isolated 

from young and old mice in sterile PBS were aspirated into a 27G eye cannula (27 gauge anterior 

chamber cannula; Katena Products, Inc., Denville, NJ) connected to a 1 ml Hamilton syringe 

(Hamilton, Reno, NV) via a 0.4 mm polyethylene tubing (Portex Limited, Kent, England). 

Young C57BL/6 mice (5 mice received islets from young donors and 6 mice received islets from 

old donors) were anesthetized with ~2% isoflurane. Eyes were kept humidified (ophthalmologic 

eye drops) to avoid drying of the cornea. Under a stereomicroscope, the cornea was punctured 

close to the sclera at the bottom part of the eye with a 31G insulin needle. Using the needle, we 

made a small radial incision of approximately the size of the eye cannula (~ 0.5 mm). For this 

incision, the needle was barely introduced into the anterior chamber, thus avoiding damage to the 

iris and bleeding. The blunt eye cannula was then gently inserted through this incision, first 

perpendicular to the surface of the cornea and then parallel to the cornea. Once the cannula was 

stably inserted into the anterior chamber, the islets were slowly injected in a 10-µl volume of 

sterile saline solution into the anterior chamber, where they settle on the iris. After injection, the 

cannula was carefully and slowly withdrawn (1 min) to avoid islets from flowing back through 

the incision. The mouse was left lying on the side before awakening. Mice were then put back in 

the cages and monitored until full recovery, and observed daily thereafter. Analgesia was 

obtained after surgical procedures with buprenorphine (0.05-0.1 mg/kg s.c.). 

Transplantation of islets for metabolic studies. Young and old mouse pancreatic islets were 

isolated as described above. Diabetes was induced in young recipient C57BL/6 that served as 

transplantation recipients with a single intravenous injection of streptozotocin [200 mg/kg; 

Sigma, MO, (3)]. There was no morbidity or mortality associated with streptozotocin toxicity. 

Only animals with non-fasting glycemic values >450 mg/dl were transplanted.  We transplanted 
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200 mouse islet equivalents from young and old donors into the anterior chamber of the right 

mouse eye. This provided an optimal beta cell mass that allowed reversal of diabetes for 10 out 

of 11 recipient mice within 3 months after transplantation. We defined normoglycemia as 3 

consecutive readings of non-fasting blood glucose below 200 mg/dl (2, 4, 5). One animal that did 

not revert to normoglycemia was not included in the study. 

When normoglycemia was achieved, mice increased their body weight, suggesting full 

recovery from streptozotocin treatment. Measurements of glucose tolerance and of plasma 

insulin levels started 3 months after transplantation, when the recipient mice were 

normoglycemic and the grafts fully revascularized, and were repeated at 4.5, 7 and 10 months 

after transplantation.   

Assessment of metabolic function. We monitored endogenous islet function in non-transplanted 

animals and graft function in transplanted animals by measuring non-fasting glycemia using a 

portable glucometer (OneTouch, LifeScan). Tail blood samples (20 µl) were taken for 

determination of plasma insulin secretion in the non-fasting state in young and old C57BL/6 

mice and then in young mice transplanted with young or with old islets 3, 4.5, 7 and 10 months 

after transplantation. Plasma insulin levels were determined with an ultra-sensitive mouse insulin 

Elisa Kit following manufacturer’s instructions (Mercodia). We performed glucose tolerance 

tests with young and old mice before and after transplantation after 16 h of fasting by measuring 

glycemic values in peripheral blood following intraperitoneal (i.p.) injection of 2 g/kg body 

weight glucose (stock used 20% dextrose solution) or 4 g/kg body weight glucose in saline 

(stock used 50% dextrose solution). IPGTT under stress conditions was performed by keeping 

the animals inside restraining boxes and injecting i.p. 2g/kg glucose in saline. Insulin tolerance 

tests were performed on random-fed mice after i.p. injection of 0.75U/Kg insulin in saline 
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(Humulin-R, Ely Lilly) and measuring glycemia from the cut tail vein. To exclude residual 

function of the native pancreas we removed the graft-bearing eye (enucleation) under general 

anesthesia (ketamine/xylazine). 

Assessment of islet function in vitro. Islets were isolated from young and aged mice as 

described above.  We obtained pancreatic human islets (n = 82 preparations; age range: 17 to 65 

years) from the Human Islet Cell Processing Facility at the Diabetes Research Institute, 

University of Miami Miller School of Medicine, or from the Integrated Islet Distribution 

Program (IIDP) of the National Institute of Diabetes and Digestive and Kidney Diseases 

(NIDDK), National Institutes of Health, and the Juvenile Diabetes Research Foundation (JDRF). 

Insulin secretion from isolated islets (100 islets per column) was measured with an automated 

perifusion system, where stimuli (11 mM glucose or 25 mM KCl) were applied to the perifusion 

solution and the perifusate collected every minute. Hormone concentration in the perifusate was 

then determined with insulin Elisa Kits (Mercodia). DNA extracted from islets was quantified 

using PicoGreen kit (Invitrogen) and used for normalization of islet size and number. To 

measure [Ca2+]i. islets were incubated with 2 µM fura-2 AM for 1h at 37°C, and changes in 

fluorescence ratio 340/380 when glucose increased from basal (3 mM) to high glucose (16 mM) 

were analyzed.  

Quantitative real time PCR. Pancreatic islets were isolated from young (n = 6) and old mice (n 

= 6 mice). RNA from approximately 200 (young or old) islets (pooled from 6 animals each 

group) was extracted using RNAeasy mini kit (Quiagen) one day after isolation, and stored at -

80°C (three islet preparations each group). RNA quality and purity was assessed using a 

Nanodrop (ND-1000 Spectrophotometer) and only RNA with a RNA integrity number (RIN) >7 

was used further for reverse transcription. For cDNA synthesis, we used a high-capacity cDNA 
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reverse transcription kit (Applied Biosystems) and 145 ng of RNA in each reaction (final volume 

20 mL), following the manufacturer's protocols. Quantitative real-time PCR was performed 

using TaqMan fast universal PCR master mix and 10 ng of cDNA were used per reaction. We 

used TaqMan primers (FAM dye labeled) to determine expression of the following genes - 

Vcam1, Icam1, Csfr1, Mmp2 and Mmp9 - and run on a StepOnePlus real-time PCR system 

(Applied Biosystems). Data were analyzed using the ΔΔCt method (6). Briefly, expression of 

each gene was normalized to that of 18S ribosomal RNA (Rn18s) as a reference gene. The 

relative quantification (RQ) of the levels of each gene was measured based on the equation RQ = 

2^(-ΔΔCt), where ΔCt is the difference between the cycle threshold (Ct) value of the target gene 

and the Ct value of the reference Rn18s, and ΔΔCt is the difference of ΔCt for each gene 

between young and old samples (young sample as a reference and run in parallel). This was 

performed for the different preparations of young and old islets (three for each age group) and 

RQ values were averaged. Quantitative real-time PCR experiments were performed according to 

the Minimum Information for Publication of Quantitative Real-Time PCR Experiments (MIQE) 

(7). 

Imaging of islets in the mouse eye. Imaging of islets in vivo in the anterior chamber of 

transplanted animals was performed as previously reported. Briefly, mice were anesthetized with 

~2% isoflurane air mixture, placed on a heating pad and the head restrained with a headholder. 

The eyelid was carefully pulled back and the eye gently supported. For fluorescence confocal 

imaging, an upright Leica DMLFSA microscope equipped with a TCS-SP2-AOBS confocal 

scanner (Leica Microsystems Heidelberg GmbH, Mannheim, Germany) was used for imaging 

together with long distance water-dipping lenses (Leica HXC APO 20x 0.5 W), using Viscotears 

(Novartis, Basel, Switzerland) as an immersion liquid. Blood vessels were labeled by tail vein 
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injection of 150,000 Da Dextran-FITC. FITC was excited at 488 nm (<43% AOTF) and 

emission light was collected between 500-550 nm. Reflected light was imaged by illumination at 

633 nm (<9% AOTF) and collection between 630-639 nm. 

Data analysis was performed with Volocity (PerkinElmer, MA, USA) and ImageJ (NIH, 

USA) software. Using Volocity, the density of FITC-labeled blood vessels in each islet graft was 

quantified by calculating the volume of stained blood vessels as a fraction of the islet volume 

(vessel density). Using ImageJ, we measured the diameter of blood vessels in the islet grafts on 

several confocal sections of each Z-stack and calculated blood flow by manually tracking 

individual cells in movies.  

Immunohistochemistry of pancreatic and transplanted eye sections. Mice [3 young animals 

(2 months old) and 3 old mice (18 months old)] were perfused with 4% PFA and the pancreases 

dissected, further fixed in 4% PFA, cryoprotected in a sucrose gradient (10, 20 and 30% w/w 

sucrose), and frozen in Tissue-Tek Optimal Cutting Temperature (OCT) compound before 

cryosectioning (-20°C). Human pancreatic tissue (young (15-25 years) and old (50-60 years) 

donors) and transplanted mouse eyes were processed in the same way as described for mouse 

pancreatic tissue. After a rinse with PBS-Triton X-100 (0.3%), sections (40 µm) were incubated 

in blocking solution (PBS-Triton X-100 and Universal Blocker Reagent; Biogenex, San Ramon, 

CA). Thereafter, sections were incubated 48 hr (20ºC) with primary antibodies diluted in 

blocking solution. We immunostained beta cells (insulin; Accurate Chemical & Scientific, 

Wesbury, NY), alpha cells (glucagon; Sigma, St. Louis, MO), macrophages (Iba1, Wako 

chemicals, USA), endothelial cells (PECAM; BD Biosciences, San Jose, CA), intercellular 

adhesion molecule 1 (ICAM-1, BD Pharmingen), laminin EHS (Sigma) and BrdU-positive cell 

nuclei (Accurate). Immunostaining was visualized by using Alexa Fluor conjugated secondary 
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antibodies (1:500 in PBS; 16 hr at 20ºC; Invitrogen, Carlsbad, CA). Cell nuclei were stained with 

DAPI. Slides were mounted with Vectashield mounting medium (Vector Laboratories). We 

immunostained at least 2 pancreatic sections of either humans or mice from 3 individuals for 

each age group (for mice: 3 young and 3 old animals; for humans: 3 individuals with ages 

between 15-25 years old, and 3 individual with ages between 50-60 years old). For 

measurements of the islet area, we imaged entire pancreatic sections (10x objective), while for 

all other morphological aspects we imaged 3 to 5 islets per section (63x objective).  ImageJ was 

used to quantify islet area (based on insulin staining) and beta- or alpha cell number (number of 

insulin- or glucagon- positive cells with DAPI-labeled nuclei in a confocal plane (pinhole = 1 

airy unit, at least 3 confocal planes per islet)). Beta cell area was determined by dividing the islet 

area by the corresponding number of beta cells. 

Macrophages numbers were determined manually by counting Iba1-labeled cells (with 

visible DAPI-labeled nucleus) within the islet on maximal projections of confocal images 

(pinhole = airy 1) and the total number of macrophages was divided by the corresponding islet 

area (mm2). We determined the fractional area of ICAM-1 and laminin immunostaining inside 

pancreatic islets on maximal projections of confocal images using ImageJ. Briefly, we drew an 

ROI around the islet and cleared the outside of the image (acinar tissue), and created a binary 

image which we used to identify the objects (analyze particles command of ImageJ) and 

calculate their area. We added up the area of each ICAM-1- or laminin-positive object and this 

total area was divided by the islet area to give the fractional area of ICAM-1 and laminin 

immunostaining inside pancreatic islets. A similar procedure was used to quantify blood vessel 

density in young and old pancreatic islets, based on PECAM immunostained structures. 
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BrdU labeling and eye sectioning. BrdU (1 mg/mL) was added to the drinking water for 21 

days before sacrificing the animals (11 months after transplantation) and changed every 2-3 days 

(water bottle protected from light). The islet grafts-containing eyes were removed after the 

labeling period, placed in 4% paraformaldehyde for overnight fixation, cryoprotected in sucrose, 

and cut in a cryostat (20 µm sections).  

Statistical analyses. The differences between experimental groups were examined with 

statistical tests performed with Prism 5.0 software (GraphPad Software). Unpaired Student’s t-

tests and one-way analysis of variance (ANOVA) followed by Tukey's multiple comparisons 

tests were used, and statistical significance considered when p-value was lower than 0.05. Data 

are presented as average ± SEM in all figures and values presented in the text. 
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SUPPORTING FIGURES 

Fig. S1. Determining physiological properties of old islets and mice. (A) Example of an in 

vitro insulin release (perifusion) experiment showing insulin secretion from human islets isolated 

from a young donor (18 years old). Insulin release was stimulated by high glucose (Glucose, 11 

mM) for 20 min and 30 min later by KCl (25 mM) for 5 min. Insulin concentration in the 

collected fluid was normalized for DNA content to account for islet number and size. For Figures 

1C and D, we calculated either the maximum amplitude (peak secretion) during high glucose or 

KCl (arrows) or the total amount of insulin secreted during each stimuli (integrated insulin 

secretion, grey areas). (B) Change in cytoplasmic Ca2+ concentration ([Ca2+]i) in response to 

glucose. Islets in basal glucose concentration (3 mM) were stimulated with a high glucose 

concentration (16 mM) (n = 8 islets per each age group). (C) Non-fasting glycemia of young and 

aged mice (n = 10). Data are represented as Mean ± SEM, * p < 0.05 in all figures. 

 

Fig. S2. Morphology of young and aged mouse and human islets. (A) Confocal images of 

islets stained for insulin (red) and glucagon (green) in young and old pancreatic sections. Scale 

bars = 50 µm. (B) Quantification of the number of glucagon-positive (alpha) cells divided by the 

number of insulin-positive (beta) cells in islets. (C) Islet area, (D) number of beta cells per islet 

and (E) beta cell area in pancreatic sections from young and old mice. (F) Islet area, (G) number 

of beta cells per islet and (H) beta cell area in human pancreatic sections stained for insulin. 

Young human donors were between 15–25 years and old donors were 50-60 years. 
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Fig. S3. Macrophage infiltration and fibrosis in islets of young and old mice and humans. 

(A and B) Maximal projections of confocal images of islets labeled with the macrophage marker 

Iba1 (green) and with insulin (red) in pancreatic sections from young (A) and old mice (B). DAPI 

staining for nuclei is in blue. (C and D) Maximal projections of confocal images of islets labeled 

with the macrophage marker Iba1antibody (green) and with insulin (red) in human pancreatic 

sections from a 16 years old (C) or 52 years old (D) cadaveric donor. (E and F) Maximal 

projections of confocal images of human islets immunostained for laminin (green), insulin (red), 

and an endothelial cell marker, PECAM (blue) in pancreatic sections from young (15 years, E) 

and old donor (54 years, F). (G and H) Maximal projections of confocal images of type 2 

diabetic islets from a 64-years old person immunostained for insulin (red) and laminin (green, G) 

or macrophages (Iba1-antibody, green, H). Scale bars = 50 µm. 

Fig. S4. Body weight of mice transplanted with young or old islets. (A) Growth of young (n = 

5) and old (n =5) islets recipient mice. Shown is weight relative to its value 5 days after STZ 

treatment.  

Fig. S5. Revascularization of islet grafts. (A and B) Representative in vivo images of blood 

vessels 0.5, 1 and 2 months after transplantation of young and aged islet grafts. 

Revascularization of young (A) and old (B) islet grafts was followed by labeling islet graft blood 

vessels by tail-vein injection of 150,000 Da dextran-FITC. Scale bars = 50 µm. (C) Vessel 

density in young (green) and aged (brown) islet grafts at different time points after 

transplantation. Shown is the percentage of volume that vessels occupy in total islet graft 

volume. *p < 0.05 compared with the corresponding young islet grafts, n = 3 recipient mice. 
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Fig. S6. Laminin levels in islet grafts after prolonged engraftment in young mice. Confocal 

images showing a young (A) and an old islet graft (B) labeled for laminin 11 months after 

engraftment. Blood vessels in young and old islet grafts showed a similar coverage with laminin, 

but larger vessels in old islet grafts had higher laminin levels (arrows in B). Scale bar = 50 µm. 
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SUPPORTING MOVIES 

 

Movie S1. Blood flow in small blood vessels in an islet graft in the eye. 

Blood vessels were labeled by tail-vein injection of 150,000 Da dextran-FITC and flow through 

small capillaries (diameter = 7 µm) was recorded. Movie speed 15 fps. In the first movie frame, 

scale bar = 50 µm.  

 

Movie S2. Blood flow in large blood vessels in an islet graft in the eye. 

Blood vessels were labeled by tail-vein injection of 150,000 Da dextran-FITC and flow through 

large vessels (diameter ~20 µm) was recorded. Movie speed 15 fps. In the first movie frame, 

scale bar = 50 µm.  
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Figure S2 
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Figure S3 
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Figure S4 
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Figure S5 
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Figure S6 

 

 


