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The frequency of pancreatic b-cell replication declines dramati-
cally with age, potentially contributing to the increased risk of
type 2 diabetes in old age. Previous studies have shown the in-
volvement of cell-autonomous factors in this phenomenon, par-
ticularly the decline of polycomb genes and accumulation of p16/
INK4A. Here, we demonstrate that a systemic factor found in the
circulation of young mice is able to increase the proliferation rate
of old pancreatic b-cells. Old mice parabiosed to young mice
have increased b-cell replication compared with unjoined old
mice or old mice parabiosed to old mice. In addition, we demon-
strate that old b-cells transplanted into young recipients have
increased replication rate compared with cells transplanted into
old recipients; conversely, young b-cells transplanted into old
mice decrease their replication rate compared with young cells
transplanted into young recipients. The expression of p16/INK4A
mRNA did not change in heterochronic parabiosis, suggesting the
involvement of other pathways. We conclude that systemic fac-
tors contribute to the replicative decline of old pancreatic b-cells.
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A
ging lowers the replicative potential of most
cells and the capacity for tissue regeneration
(1,2). The mechanisms responsible for this
phenomenon are intensely investigated but are

still poorly understood. In some cases, the decline in
proliferation reaches an irreversible state called cellular
senescence, which is characterized by a total lack of cell
divisions and altered cellular morphology, gene expression
profile, and chromatin organization (3). The gradual de-
crease in the rate of cell division seen already in early
postnatal life, before any evidence of senescence, is even
less well-understood.

The prevalence of replicating pancreatic b-cells declines
dramatically with age in both rodents and humans (4,5).
The potential of b-cells to enter the cell division cycle in
response to injury also becomes restricted in old age (6,7);
however, we have recently found that a residual replica-
tive potential is retained even in b-cells of very old mice
(8). The molecular mechanisms that underlie these phe-
notypes are usually thought to converge on enhanced
expression of the p16/INK4A seen in old age. The p16

deficiency reduces and p16 overexpression enhances the
age-related decline in b-cell replication (9). The increase in
b-cell p16/INK4A expression was found to result from an
age-related decline in the expression of polycomb genes
Ezh2 and Bmi1 levels, which act to repress p16/INK4A in
young age, and a decrease in the platelet-derived growth
factor receptor (10,11). Beyond an increase in p16/INK4A
expression, multiple other cyclin kinase inhibitors are
upregulated with old age (7), but the functional signifi-
cance of these genes is less clear. The increase in the ex-
pression of cell-cycle inhibitors, including p16/INK4A and
others, was linked to upregulated p38MAPK signaling with
age (12).

Notably, these studies suggest that the age-related de-
cline in b-cell proliferation stems from a cell-autonomous
increase in b-cell cycle inhibitors. However, outside the
b-cell field, accumulating evidence suggests that systemic
circulating factors are important determinants of aging in
general and age-related decline of cell replication in par-
ticular. Some striking examples include muscle satellite
cells (13), liver, skin (14), and neuronal stem cells (15). In
all these cases, it was shown that factors present in the
circulation of young animals are able to rejuvenate old
cells and bring the rate of proliferation to the levels seen in
young animals. The nature of the factors mediating the
systemic effect of replication in old age remains largely
unknown. Roles for Notch and transforming growth factor-
b signaling were proposed in satellite muscle cells (13,16),
and circulating chemokines were implicated in the age-
related decline of neurogenesis (15). More generally, it is
proposed that blood-borne factors altered in age may
control cell replication via modulation of stem cell niches
(16). A particularly powerful methodology used in many of
these studies is heterochronic parabiosis, whereby the
circulation of young and old mice is joined, allowing for
the study of the effect of systemic factors on aging (13).

Recent studies have provided indirect evidence for the
importance of systemic factors in the age-related decline
of b-cell replication. In one study, both young and old
islets were grafted into a hyperglycemic mouse. This work
showed that when exposed to high levels of glucose, both
young and old b-cells replicate at a similar rate (17). Ad-
ditionally, when human islets were exposed to high levels
of glucose in NOD-SCID mice, no connection was found
between donor age and the b-cell proliferation rate (18).
Most recently, an article by El Ouaamari et al. (19) used
parabiosis to demonstrate the presence of a systemic
factor emanating from the liver in the liver-specific insulin
receptor knockout model of b-cell hyperplasia. To directly
investigate the role of systemic factors in the age-related
decline of b-cell proliferation, we established two experi-
mental models in which old b-cells were exposed to
a young environment. Using both heterochronic parabiosis
and heterochronic islet transplantation, we showed the
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presence of a circulating factor that regulates the age-
related b-cell proliferation rate.

RESEARCH DESIGN AND METHODS

Mice. Animal experiments were approved by the Institutional Animal Care
Committee of The Hebrew University. Parabiosis was performed as previously
described (13) in C57/Bl6 male mice aged ;1 month and ;8 months. Mice
were killed after 3 weeks. Parabiosed animals that lost .25% of body weight
were not included. In transplantation experiments, ;125 islets were trans-
planted under the mouse kidney capsule for 2.5 weeks as described (20). In-
sulin and IGF-1 were measured using ELISA (Crystal Chem and R&D Systems,
respectively).
Immunostaining. Pancreas paraffin sections were prepared as previously
described (21). The following primary antibodies were used: guinea pig anti-
insulin (1:500; DAKO), rabbit anti-Ki67 (1:200; Neomarkers), and mouse anti-
Nkx6.1 (1:200; Beta Cell Biology Consortium). Propidum iodide (1:500) was
used for all DNA stains. Secondary antibodies were from Jackson Immuno-
Research. Approximately 30 islets or 3,000 b-cells were counted per 1-month-
old animal and 50 islets (8,000–10,000 cells) were counted in 3-month-old
animals using ImageJ.
RT-PCR. All experiments were performed on an Applied Biosystems 7300 Real
Time PCR system using SYBER Green and primers specific for each gene.

Statistics. Statistical analyses were performed using a two-tailed Student t test
and a single-factor ANOVA in which more than two groups were compared. A
post hoc Tukey test was performed when necessary. For both analyses, P ,
0.05 and P , 0.01 were considered significant.

RESULTS

Establishment of a heterochronic parabiosis model.
To analyze the effect of the systemic environment on
b-cell replication, we compared three groups of parabionts:
connected young mice aged 1.5 months (isochronic young),
connected old mice aged 7–8 months (isochronic old), and
connected young mice and old mice (heterochronic). Mice
were surgically joined by the muscles in the abdominal wall
and the skin for a period of 2–3 weeks and then killed. To
demonstrate a connected circulation between parabionts,
BrdU was injected into one mouse and the pair was killed
after 3 h. Intestinal crypts from the injected mice and the
attached mice in all three groups of parabionts showed
similar BrdU signals, indicating a joined circulatory system
(Fig. 1A).

FIG. 1. Heterochronic parabiosis model. A: One parabiosed partner was injected with BrdU and the joined pair was killed after 3 h. Both the
injected mouse and attached mouse were stained for DNA (green) and BrdU (red). B: Parabiosed mice demonstrated a significant decline in body
weight (*P < 0.05 for Student t test and ANOVA) in all three groups, after which their weight stabilized. C: Fed blood glucose levels of connected
mice (all three groups) decreased significantly after 1 week (*P < 0.05 ANOVA) and remained lower throughout the experiment (N = 5). Het,
heterochronic; Iso, isochronic.
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We next examined the physiological effects of the
parabiosis. After 1 week, all three groups of parabionts
demonstrated a mild decrease in body weight (;10–15%),
which stabilized for the remainder of the experiment (Fig.
1B). Interestingly, parabiosed mice also demonstrated a
decrease in their average blood glucose, stabilizing at 70–
90 mg/dL after 2 weeks.
Heterochronic parabiosis increases old b-cell
replication. After 2–3 weeks, parabiont groups and age-
matched nonconnected mice were killed. The b-cells then
were analyzed for proliferation by staining with insulin and
Ki67 (Fig. 2A and B). The frequency of b-cell replication in
young isochronic, young heterochronic, and nonjoined mice
was similar, at ;3%. In contrast, old heterochronic mice
demonstrated a significant increase in b-cell proliferation
when compared with old nonattached and old isochronic
mice (Fig. 2A). Although old nonjoined and old isochronic
mice had ;0.5% b-cell replication, ;1.25% of b-cells in old
heterochronic mice were replicating. These results dem-
onstrate that exposure of old mice to a young systemic
environment significantly increases b-cell replication.
b-Cell replication affected by recipient age in
heterochronic islet transplants. To further investigate
the role of systemic factors in the age-related decline of

b-cell proliferation, we established a heterochronic trans-
plant assay. Four groups of mice were created: 150 young
islets transplanted to young (1.5 months old) mice, 150
young islets transplanted to old mice (7–8 months old),
150 old islets transplanted to young mice, and 150 old
islets transplanted to old mice. A small number of trans-
planted islets were used to preserve normal glucose
homeostasis, which may independently alter the b-cell
replication rate. There were no significant differences
between fed and fasting glucose levels in any of the
groups (Supplementary Fig. 1A and B). Two weeks after
operation, the frequency of replication in transplanted
b-cells was determined by staining for insulin, Nkx6.1,
and Ki67 (Fig. 3A and B). Both insulin and Nkx6.1 were
used as b-cell markers to provide accurate detection of
proliferating transplanted cells; 2.5% of young b-cells
grafted in young mice were dividing. However, when
young islets were transplanted to old mice, only 0.5% of
b-cells were dividing. Conversely, 0.5% of b-cells in old
islets transplanted into old mice were dividing, yet old
b-cells transplanted into young mice had a significantly
higher replication rate of 2%. These results further show
that the age of the systemic environment regulates the
proliferation rate of b-cells.

FIG. 2. Heterochronic parabiosis increased b-cell replication of old mice. A: Parabiosis was performed in young mice and old mice to create iso-
chronic and heterochronic groups. After 3 weeks, mice were killed and proliferation was measured using Ki67. Student t test demonstrated
a significant increase in replication between old isochronic mice and old heterochronic mice (**P < 0.01, whereas ANOVA analysis of the ex-
periment yielded P < 0.001). Post hoc Tukey honestly significant difference test also showed a significant difference between old isochronic mice
and heterochronic mice (*P < 0.005). B: Representative images of the islets from four different groups of parabiosed mice stained for insulin
(green), DNA (red), and Ki67 (blue) (N ‡ 4). Het, heterochronic; Iso, isochronic; NS, not significant; Yhet, young heterochronic; Yiso, young
isochronic.
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Analysis of serum and local factors in the heterochronic
parabiosis assay. We next investigated the heterochronic
parabiosis model to identify possible factors regulating the
upregulation of b-cell replication in the heterochronic para-
bionts. Fasting insulin levels did not differ significantly be-
tween young mice, old mice, old isochronic mice, and old
heterochronic mice (Fig. 4A). Interestingly, we found that
serum IGF-1 levels increased between young and old mice;
however, there was no difference between old isochronic
and old heterochronic mice (Fig. 4A). We further analyzed
mRNA levels of selected genes known to effect cell-cycle
progression and b-cell physiology. Although the expression
of previously identified cell-cycle genes (p16/INK4A and
Ezh2) was significantly different between young and old
mice, no difference was found in these or other factors

between old isochronic mice and old heterochronic
mice (Fig. 4B).

DISCUSSION

We investigated whether the age-related decline in b-cell
replication was controlled by local or systemic factors.
Using two surgical assays, we showed a blood-borne
contribution to this decline. In heterochronic parabiosis,
b-cell replication in old mice significantly increased when
joined to a young partner. These results are supported by
heterochronic islet transplantation experiments. Here, we
found that old islets transplanted into young mice have
increased b-cell replication, whereas young islets trans-
planted into old mice have decreased b-cell replication.

FIG. 3. Heterochronic islet transplants increase proliferation of old b-cells and decrease proliferation of young b-cells. A: Islet grafts were placed
under the kidney capsule of young and old mice to create isochronic and heterochronic transplant groups. After 2 weeks, mice were killed and
proliferation was measured using Ki67. Heterochronic transplant succeeded in increasing b-cell proliferation of old islets and in decreasing
proliferation of young islets using Student t test (*P < 0.05) and ANOVA (P < 0.01). Post hoc Tukey honestly significant difference test also
showed a significant difference in both heterochronic transplant groups (P< 0.007; N = 4). B: A representative image of b-cells transplanted under
the kidney capsule from four different groups of transplanted mice stained for insulin (green), Nkx6.1 (red), and Ki67 (blue). Ins, insulin; NS, not
significant; O, old; Y, young.
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These latter results suggest that a systemic factor involved
in the age-related decline of b-cell replication is also a
major regulator of b-cell replication in young mice.

Our results parallel those of similar studies of other
organs that have described a contribution of a systemic
factor to the age-related decline in muscle, liver, and skin
cell replication and the age-related decline in neurogenesis
(13,15,22). Moreover, our work is consistent with the re-
cent article by El Ouaamari et al. (19) showing the ability
of a systemic factor to act as a b-cell mitogen in a para-
biosis experiment. Recent studies have suggested that the
age-related decline in b-cell replication results from in-
creased expression of cell-cycle inhibitors, particularly

p16/INK4A (10). Our results suggest that the systemic factor
regulating the decline in b-cell proliferation with age is
unlikely acting through this pathway because the mRNA
levels of p16/INK4A, p18, p27, and p21 cyclin kinase inhib-
itors in old mice have not changed on exposure to young
circulation that led to increased replication (Fig. 4B).

We also examined the potential contribution of insulin
or IGF-1 to the increase in b-cell proliferation in hetero-
chronic parabiosis. However, serum levels of these factors
did not change in heterochronic parabiosis, providing no
support for this idea (Fig. 4A). Further studies are needed
to identify circulating factors that are mitogenic or cytostatic
to b-cells and are altered with aging, with platelet-derived

FIG. 4. Serum factors and gene expression in heterochronic parabiosis. A: Fasting insulin was analyzed in young, old, old isochronic, and old
heterochronic mice. There was no significant difference between the groups (using both t test and ANOVA). Although IGF-1 levels were signifi-
cantly higher in old mice (*P < 0.05; t test), no difference was detected between old isochronic mice and old heterochronic mice (no significant
difference was found in ANOVA; N = 4). B: Expression of selected cell-cycle genes in islets of young, old, and parabiosed mice. All genes were
normalized to the young mouse group except p21 and p16, which were normalized to the old mouse group. Parabiosis to a young partner did not
change the expression of any gene in old mice (N = 3). Het, heterochronic; Iso, isochronic; NS, not significant.
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growth factor, hepatocyte growth factor, and epidermal
growth factor being primary targets.

One provocative possibility is that glucose itself is a de-
terminant of the age-related decline in b-cell proliferation.
Glucose acting via glucose metabolism is a key physio-
logical b-cell mitogen (21,23,24). Furthermore, two recent
islet transplantation studies showed that young and old
b-cells replicate at a similar rate when grafted in a hyper-
glycemic host (17,18). Importantly, blood glucose levels
significantly decrease in mice between 4 and 9 months of
age (25), and we have observed this phenomenon (127 6
11.878 mg/dL [young] and 88.25 6 4.787 mg/dL [old]; P ,
0.0001; N = 8). Thus, it is possible that the mild reduction
in blood glucose levels seen as mice age is mediating at
least part of the decline in b-cell replication.

In summary, we show that the age-related decline in
b-cell replication is affected by circulating factors, and that
exposure of old b-cells to a young environment can rejuvenate
b-cell replication. Identifying the factors responsible for this
effect may suggest new directions for regenerative therapy
in diabetes.
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