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SUMMARY
The phosphatidylinositol 3-kinase (PI3K)/Akt pathway is important for tissue proliferation.
Previously, we found that tissue regeneration after partial pancreatic resection was markedly
attenuated in aged mice as compared to young mice and that this attenuation was due to an age-
dependent reduction of PI3K/Akt signaling in the pancreatic acini; however, the mechanisms for
the age-associated decline of pancreatic PI3K/Akt signaling remained unknown. To better
delineate the mechanisms for the decreased PI3K/Akt activation with aging, age-associated
changes in cell proliferation and PI3K/Akt signaling were investigated in the present study using
in vitro primary pancreatic acinar cell cultures derived from young and aged mice. In response to
treatment with insulin-like growth factor 1 (IGF-1), acinar cells from young but not aged mice
showed increased activation of PI3K/Akt signaling and cell proliferation, indicating that intrinsic
cellular mechanisms cause the age-associated changes in pancreatic acinar cells. We also found
that the expression of PI3K p85α subunit, but not IGF-1 receptor or other PI3K subunits, was
significantly reduced in pancreatic acinar cells from aged mice; this age-associated reduction of
p85α was confirmed in both mouse and human pancreatic tissues. Finally, siRNA-mediated
knockdown of p85α expression in acinar cells from young mice resulted in markedly attenuated
activation of PI3K/Akt downstream signaling in response to IGF-1. From these results, we
conclude that exocrine pancreatic expression of PI3K p85α subunit is attenuated by aging, which
is likely responsible for the age-associated decrease in activation of pancreatic PI3K signaling and
acinar cell proliferation in response to growth promoting stimuli.
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INTRODUCTION
Phosphatidylinositol 3-kinase (PI3K) comprises a large and complex family that includes 3
classes with multiple subunits and isoforms (Fruman et al. 1998; Vanhaesebroeck &
Waterfield 1999). The Class I PI3Ks are composed of an 85-kDa regulatory subunit (p85)
and a 110-kDa catalytic subunit (p110) (Cantley 2002). PI3K catalyzes the production of
phosphatidylinositol-3, 4, 5-triphosphate (PIP3). PIP3 recruits a subset of signaling proteins,
such as the protein serine-threonine kinase Akt (also known as protein kinase B [PKB]), to
the membrane where they are activated by phosphorylation. Phosphorylated Akt (p-Akt) in
turn promotes phosphorylation of downstream proteins (such as glycogen synthase kinase
3β [GSK3β], mammalian target of rapamycin [mTOR], and p70S6 kinase [p70S6K]) that
affect cell growth, cell cycle distribution, apoptosis, and survival (Vanhaesebroeck et al.
2001; Cantley 2002). Previously, we showed that the PI3K/Akt pathway plays a critical role
in the regulation of intestinal cell proliferation and colon cancer cell differentiation (Wang et
al. 2001; Sheng et al. 2003; Shao et al. 2004).

Insulin-like growth factor 1 (IGF-1) is a potent stimulator of the PI3K/Akt pathway
(Sanchez-Margalet et al. 1995; Ludwig et al. 1999). IGF-1 binds to the type 1 IGF-1
receptor (IGF-1R) (Sanchez-Margalet et al. 1995; Baserga et al. 1997; Unger & Betz 1998)
and induces its intrinsic tyrosine kinase activity that, in turn, phosphorylates members of the
insulin receptor substrate (IRS) family and leads to PI3K-dependent downstream activation
(Pollak et al. 2004). Both protein and mRNA levels of IGF-1 increase in the proliferating
remnant pancreas shortly after partial pancreatectomy (Px), suggesting an important role for
IGF-1 in pancreatic regeneration (Smith et al. 1991; Hayakawa et al. 1996; Calvo et al.
1997). Indeed, we previously demonstrated that stimulation with IGF-1 induced cell
proliferation and Akt phosphorylation in cultured pancreatic acinar cells from young adult
mice (Watanabe et al. 2005). We also showed that Akt phosphorylation was significantly
increased in the remnant pancreas of young adult mice after partial Px. Treatment of mice
after partial Px with the PI3K inhibitor wortmannin or small interfering RNA (siRNA)
directed to the PI3K p85α subunit completely blocked both Akt phosphorylation and tissue
regeneration of the remnant pancreas, suggesting that Akt activation is essential for
pancreatic tissue growth (Watanabe et al. 2005).

We and others have shown that aging alters physiological function, secretion and motility of
the gastrointestinal tract and the pancreas (Evers et al. 1994; Majumdar et al. 1997). Both
endocrine and exocrine pancreatic secretions decrease with aging (Khalil et al. 1985; Elahi
et al. 2002). Pancreatic growth is also attenuated by aging; the trophic response to the
cholecystokinin (CCK) analogue caerulein in aged rats is decreased compared to young rats
(Greenberg et al. 1988). We previously demonstrated that aging is associated with
significantly decreased pancreatic regeneration after partial Px (Watanabe et al. 2005). In the
same study, phosphorylation of Akt, which was increased in acinar cells of the remnant
pancreas of young mice after partial Px, was not observed in aged mice, suggesting that this
age-dependent absence of Akt phosphorylation may explain, in part, the loss of tissue
regeneration with age (Watanabe et al. 2005). However, the mechanisms for this age-
dependent suppression of Akt phosphorylation in the remnant pancreas remain unclear.

In the present study, we sought to determine whether the suppression of Akt
phosphorylation in the pancreas of aged mice is caused by an age-dependent loss of
responsiveness to growth factor(s). We demonstrate that, unlike pancreatic acinar cells from
young mice, acinar cells from aged mice do not exhibit Akt activation or increased cell
proliferation in response to IGF-1 treatment in vitro. We further demonstrate significant age-
associated reduction of the PI3K regulatory subunit, p85α, in pancreatic acinar cells of both
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mouse and humans, which appears to be causally linked to suppression of PI3K/Akt
signaling associated with old age.

RESULTS
IGF-1-Induced Pancreatic Acinar Cell Proliferation Is Lost with Aging

To determine the effect of aging on pancreatic acinar cell proliferation, acinar cells were
isolated from young and aged mice, cultured in vitro, and cell proliferation was assessed
after stimulation with various concentrations of IGF-1 (1–100 nM). BrdU incorporation in
acinar cells from young mice was increased an average of 22% by 10 nM (p=0.023) and
25% by 100 nM IGF-1 (p=0.012) (Fig. 1A). In marked contrast, BrdU incorporation in cells
from aged mice was not increased by IGF-1 treatment. Upon stimulation with IGF-1 (10
nM), total DNA content was increased 32% in cells from young mice as compared to PBS-
treated controls (p=0.013); however, IGF-1 treatment did not increase DNA content of
acinar cells from aged mice (Fig. 1B). To confirm the age-associated decrease in cell
proliferation, acinar cells from young and aged mice were stimulated with EGF (10 and 100
ng/mL), another PI3K/Akt stimulator, and BrdU incorporation was compared. BrdU
incorporation in acinar cells from young mice was significantly increased 31% with 10 ng/
ml (p=0.05) and 36% with 100 ng/ml (p=0.001) of EGF as compared with untreated
controls; BrdU incorporation in cells from aged mice was not increased after EGF treatment
(Fig. 1C). These results demonstrate that pancreatic acinar cell proliferation in response to
growth factors is lost with aging.

IGF-1-Induced PI3K/Akt Signaling Pathway in Pancreatic Acinar Cells Is Suppressed by
Aging

We next examined the effects of aging on activation of the IGF-1/PI3K/Akt pathway in
acinar cells. For this study, we assessed IGF-1-induced phosphorylation of IGF-1Rβ, Akt,
and downstream signaling factors mTOR, p70S6K, and GSK3β, in acinar cells from young
and aged mice. Since IGF-1Rβ and insulin receptor β (IRβ) have significant homology
around their tyrosine residues, antibodies used for our Western blot analysis recognized
phosphorylation of both receptors (p-IGF-1Rβ and p- IRβ). Phosphorylation of IGF-1Rβ/
IRβ appeared to be modestly increased in acinar cells from both young and aged mice 30–
120 min after IGF-1 treatment although statistical significance was not obtained; there was
no significant age-associated difference in the levels of phosphorylated IGF-1Rβ/IRβ in the
acinar cells. Total protein levels of IGF-1Rβ did not show changes by aging or IGF-1
treatment (Fig. 2A). In addition, total protein levels of IRβ also showed no changes by aging
or IGF-1 treatment (Fig. S1). By 2 h after IGF-1 treatment, phosphorylated Akt (p-Akt) was
increased 5.4-fold in acinar cells derived from young mice (p<0.001); however, p-Akt was
not induced in acinar cells from aged mice. The age-associated difference was statistically
significant at 60, 120 and 180 min after IGF-1 treatment (p<0.05, Fig. 2B). In addition,
phosphorylation of mTOR, p70S6K and GSK3β was significantly increased by 120 min
after IGF-1 treatment in acinar cells from young mice. In contrast, the IGF-1 mediated
phosphorylation of these proteins was not observed on cells from aged mice; there was a
significant age-associated difference in phosphorylation of these proteins at 120 to 180 min
after IGF-1 treatment (Fig. 2C–E). These findings demonstrate that aging suppresses IGF-1-
induced activation of Akt and its downstream factors in pancreatic acinar cells without
affecting receptor activation.

Expression of the PI3K p85α Subunit in Pancreatic Acinar Cells Is Significantly Reduced
with Aging

To further investigate the age-associated difference in IGF-1/PI3K/Akt activation, we
examined IGF-1-induced phosphorylation of the PI3K p85α subunit in acinar cells. After
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IGF-1 stimulation, phosphorylation of p85α was significantly increased in acinar cells from
young mice (2.0- and 2.3-fold at 60 and 120 min, respectively). In contrast, acinar cells from
aged mice did not show IGF-1-induced phosphorylation of p85α; p-p85α levels remained
significantly lower as compared to acinar cells from young mice (p<0.001, Fig. 3A).
Furthermore, total protein levels of p85α in untreated acinar cells from aged mice were
significantly lower (approximately 35%, p=0.019) than that from young mice (Fig. 3B).
There was no age-associated difference in the expression of IGF-1Rβ, IRS-1, p110α
subunit, and PTEN in acinar cells. Immunofluorescence staining further confirmed age-
associated reduction of the p85α subunit in pancreatic acinar cells (Fig. 3C).

Inhibition of p85α Reduced IGF-1-Induced Activation of PI3K/Akt Downstream Signaling in
Pancreatic Acinar Cells

Results from the above analyses indicate that the most upstream age-associated change in
IGF-1/PI3K/Akt signaling pathway in pancreatic acinar cells is a reduction of PI3K p85α.
To examine the effects of the p85α0 reduction on downstream signaling, pancreatic acinar
cells from young mice were transfected with p85α siRNA before stimulation with IGF-1,
and activation of PI3K/Akt downstream signaling proteins was examined. Transfection with
p85α siRNA reduced the cellular protein levels of p85α to approximately 30% of the
original level (Fig. 4A), which was equivalent to the age-associated reduction (~35%)
observed in Figure 3B. Treatment with IGF-1 increased phosphorylation of Akt, mTOR,
p70S6K, and GSK3β in pancreatic acinar cells transfected with non-targeting control (NTC)
siRNA (3.5-, 1.4-, 1.7- and 1.6-fold, respectively). The IGF-1-induced phosphorylation of
Akt, mTOR, p70S6K, and GSK3β was significantly reduced by transfection with p85α
siRNA (p<0.001, p=0.041, p=0.044, p=0.046, respectively; Fig. 4B and 4C). Similar results
were obtained in experiments using the pharmacological PI3K/Akt inhibitor wortmannin;
IGF-1-mediated phosphorylation of Akt, mTOR, p70S6K and GSK3β in acinar cells from
young mice was reduced by wortmannin treatment (Fig. 4D and 4E). We have previously
reported that IGF-1-mediated pancreatic acinar cell proliferation in vitro was reduced by
p85a siRNA and wortmannin (Watanabe et al. 2005). Taken together, our results clearly
indicate that reduction of p85a level causes suppression of Akt and downstream signal
activation and reduction of acinar cell proliferation in young mice, suggesting that age-
associated reduction of p85α is causally related to suppression of PI3K/Akt activation and
acinar cell proliferation in aged mice.

Age-Dependent Decrease in p85α Subunit Expression in Mouse and Human Pancreas
We further examined the expression of various PI3K subunits (p85α, p85β, p110α, p110β
and p110γ) and PI3K-related factors (IGF-1Rβ, IRS-1 and PTEN) in whole pancreas tissues
from young and aged mice (Fig. 5A and 5B). Expression of the p85α subunit was decreased
approximately 5-fold by aging (p=0.011); however, expression of other PI3K subunits
(p85β, p110α, p110β and p110γ) as well as IRS-1 and PTEN did not show age-associated
alterations. Expression of IGF-1Rβ in aged mice was approximately 2-fold higher than that
in young mice although statistical significance was not obtained (p = 0.059). Expression of
p85α and IGF-1Rβ was also assessed by immunohistochemistry (Fig. 5C). Both acinar cells
and islet cells in young mice expressed IGF-1Rβ and p85α, whereas p85α expression was
markedly reduced in aged mice.

To examine whether aging attenuates expression of p85α in other organs, we compared
p85α levels in various tissues including pancreas, liver, kidney, and lung from young and
aged mice (Fig. 5D). The age-associated decrease in p85α expression was most clearly
observed in the pancreas compared to the other tissues examined; however, the protein
levels of p85α in liver, lung, and kidney were also notably decreased by aging
(approximately 64%, 59% and 51%, respectively). These results indicate that p85α
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expression is reduced by aging in several tissues and that the change was most dramatic in
the pancreas. Finally, we examined whether the age-associated decrease in p85α expression
also occurs in the human pancreas. For this study, human pancreas tissue sections from
young (2 and 4 days old) and aged (73 and 81 years old) subjects were
immunohistochemically stained with an antibody against p85α. To distinguish islet cells
from acinar cells in the pancreas, a serial section was stained using an insulin specific
antibody. As shown in Fig. 6A, strong expression of the p85α subunit was detected within
pancreatic acinar cells of young subjects. In contrast, expression of p85α was markedly
decreased in acinar cells from aged subjects (Fig. 6B) From these results, we conclude that,
similar to expression patterns in mouse pancreas, p85α expression in pancreatic acini is
decreased by aging in humans as well.

DISCUSSION
We previously reported an age-associated decrease in pancreatic regeneration and Akt
phosphorylation after partial Px in mice (Watanabe et al. 2005), however, the underlying
cellular mechanisms for these alterations were not defined. Major questions regarding
whether these age-associated decreases in physiological response are caused by a loss of
extracellular signals or an alteration of intracellular pathways with aging remain. To begin to
address these questions, we performed in vitro analyses of isolated pancreatic acini from
young and aged mice and demonstrated that IGF-1-induced activation of PI3K/Akt pathway
and cell proliferation were completely absent in acinar cells from aged mice. Importantly,
our results also showed that aging suppressed IGF-1-induced PI3K/Akt signaling without
affecting IGF-1 receptor activation. These results indicate that aging causes intracellular
changes in pancreatic acinar cells leading to the suppression of PI3K/Akt activation and the
loss of cell proliferation capability. The results further suggest that the age-associated loss of
pancreatic regeneration after partial Px in our previous study (Watanabe et al. 2005), is also
caused by intrinsic acinar cell aging rather than age-associated changes in signals from the
extra-pancreatic environment.

A second major finding of our current study is that age-associated loss of PI3K/Akt
activation in pancreatic acinar cells is due to a dramatic and unexpected decrease in the
protein levels of the PI3K regulatory subunit p85α. We demonstrated that total protein
levels of p85α in pancreatic acinar cells are reduced to approximately 35% with aging.
Importantly, this age-associated decrease in p85α was confirmed in both mouse and human
pancreas in vivo by immunohistochemical staining. Further, knockdown of p85α in cultured
acinar cells to 30% of its original level caused a significant decrease in IGF-1-induced
activation of the PI3K downstream signaling factors mTOR, p70S6K, and GSK3β, which
are important for regulating cell growth and cell cycling. Taken together, we conclude that
loss of pancreatic acinar cell proliferation in old age is caused by an intrinsic age-associated
dysfunction of the PI3K/Akt pathway characterized by the reduction of PI3K regulatory
subunit p85α.

Age-associated attenuation of PI3K/Akt signaling occurs in various tissues other than the
pancreas. An earlier study demonstrated an age-associated reduction of p85α levels in
murine cardiac but not skeletal muscle, suggesting that these two tissues may have different
mechanisms for altered PI3K signaling with aging (Martineau et al. 1999); the age-
associated decrease in cardiac p85α protein level was later confirmed in rats (Centurione et
al. 2002). Another study of mouse skeletal muscle showed an age-associated reduction of
total IGF-1 receptor protein and its phosphorylation; the same study also reported that
phosphorylation of p70S6K, but not Akt-1, in response to IGF-1 was suppressed by aging
(Li et al. 2003). Shay and Hagen (Shay & Hagen 2009) recently reported that cultured
primary hepatocytes from aged rats had lower basal p-Akt (Ser473) levels than hepatocytes
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from young rats. Another study reported that aging decreased the basal and IGF-1-
stimulated BrdU incorporation in mouse osteoblasts; a 10-fold increase in IGF-1 receptor
expression was also identified with aging (Cao et al. 2007). In our present study, we also
demonstrated that basal p85α protein levels were reduced approximately 40% in the liver;
lung and kidney also showed a similar trend though not statistically significant. In contrast
to these observations, Majumdar and Du (Majumdar & Du 2006) have demonstrated an
increased phosphorylation of p85α and Akt in the colonic mucosa of aged rats compared to
expression levels in the colon of young rats. Collectively, although the mechanisms for the
age-associated alterations in PI3K/Akt signaling are not exactly the same among various
tissues, reduction of p85α protein levels appears to be an important underlying mechanism
associated with aging in various organs including the pancreas and liver.

Because IGF-1Rβ and IRβ have significant homology at regions surrounding their tyrosine
residues, all available anti-p-IGF-1β antibodies also recognize p-IRβ (Fig. 2). The total
protein levels of IRβ in pancreatic acinar cells appeared to be low and showed no age-
associated differences. Taking into consideration that IGF-1 binds with strong affinity to
IGF-1R and with lower affinity to insulin receptor (Gauguin et al. 2008), it is likely that the
phosphorylated receptor detected by our Western blot analysis (Fig. 2A) is IGF-1Rβ rather
than IRβ.

In addition to IGF-1, we showed that EGF-induced BrdU incorporation in pancreatic acinar
cells was decreased by aging. EGF activates the PI3K/Akt pathway through its own
receptor, EGFR (Henson & Gibson 2006), and EGF-mediated activation of p70S6K and
DNA synthesis in hepatocytes is decreased with aging (Ohtake et al. 2008). Williams et al.
(Williams et al. 2002; Williams 2006) reported that CCK activates the PI3K/Akt-mTOR
pathway to regulate protein synthesis at the translational level in pancreatic acinar cells.
Pancreatic growth in rats in response to the CCK analogue caerulein is decreased by aging
(Greenberg et al. 1988). Together, these reports and our current study suggest that the age-
dependent reduction of p85α, a fairly common phenomenon in multiple organs, results in
attenuated PI3K/Akt signaling in response to several hormones and growth factors, which
may be causally related to age-associated dysfunction.

Activation of the PI3K/Akt pathway is important in pancreatic endocrine functions such as
insulin signaling, insulin-stimulated glucose transport, and glycogen synthesis (White 1997;
Hugl et al. 1998; Burks & White 2001; Williams 2001; Zawalich et al. 2002). In addition,
we previously reported that the PI3K/Akt pathway is essential for pancreatic duct cell
differentiation into insulin-producing cells both in vitro and in vivo during pancreatic
regeneration (Watanabe et al. 2008a; Watanabe et al. 2008b). Both endocrine and exocrine
pancreatic secretion appears to decrease with aging (Khalil et al. 1985; Elahi et al. 2002).
Our immunohistochemical studies show that mouse pancreatic p85α expression is decreased
with aging not only in acini but also in islets. In human pancreas, p85α expression in
insulin-positive cells in aged subjects is decreased compared to those in young. Therefore, it
is likely that p85α levels in pancreatic islet cells are also decreased with aging which could
explain, in part, the age-associated decrease in pancreatic endocrine secretion. This is an
area of focus in our laboratory.

In summary, our present study identifies an age-dependent reduction of PI3K/Akt regulatory
subunit p85α in pancreatic acinar cells that is causally associated with a loss of proliferative
response of these cells with aging. We demonstrate that: (1) aging decreases the expression
of the p85α PI3K subunit in pancreatic acinar cells; (2) IGF-1-induced activation of PI3K/
Akt downstream signaling is reduced by aging; (3) IGF-1-induced pancreatic acinar cell
proliferation is suppressed by aging; and (4) p85α knockdown suppresses IGF-1-induced
PI3K/Akt downstream signaling. The reduction of p85α expression in old age is not limited
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to pancreatic acinar cells but also islet cells and several extra-pancreatic tissues. These
findings provide a potential mechanism for the age-related changes in the physiologic and
regenerative function of various GI tissues.

EXPERIMENTAL PROCEDURES
Materials

All reagents, materials and antibodies used in this study are described in Table S1 of the
Supporting Information.

Animals
Young adult (4–6 months old) and aged (22–26 months old) male C57BL/6 mice were
obtained from a colony of the National Institute on Aging. Before experiments, mice were
acclimated for at least 7 days in an environment with controlled temperature (21–23°C), and
lighting (14 h light/10 h dark) with free access to water and regular chow diet (Rodent Diet
No. 2500 from LabDiet, St. Louis, MO). All procedures were approved by the Institutional
Animal Care and Use Committee at the University of Kentucky.

Isolation of Pancreatic Acinar Cells and siRNA Transfection
Isolation of pancreatic acinar cells and siRNA transfections were performed as previously
described (Watanabe et al. 2005) with some modifications. Briefly, isolated pancreatic
acinar cells were cultured on laminin-coated plates in Dulbecco’s Modified Eagle Medium
(DMEM) containing 10% fetal bovine serum overnight at 37°C in 5% CO2. In order to
minimize the effect of growth factors in serum, cells were washed with phosphate buffered
saline (PBS) and further incubated in serum-free DMEM for 3h followed by stimulation
with IGF-1 (1–100 nM). For experiments utilizing siRNA, siSTABLE SMARTpool reagents
for p85α and non-targeting control (NTC) siRNA were synthesized by Dharmacon
(Lafayette, CO). Isolated pancreatic acinar cells were seeded on laminin-coated 6-well
plates. Cells were washed 24 h later with fresh DMEM and transfected with p85α or NTC
siRNA (final concentration 200 nmol/L) using Trans IT TKO Transfection Reagent. Cells
were washed 48 h after siRNA transfection with PBS and incubated with serum free DMEM
for 3 h and treated with IGF-1 for 2h. To confirm results from these siRNA studies, isolated
pancreatic acinar cells were independently treated with PI3K inhibitor wortmannin (100 nM)
30 min prior to IGF-1 (10 nM) stimulation as previously described (Watanabe et al. 2005),
and cell lysate was collected 120 min later. This dose of wortmannin was previously shown
to block acinar cell proliferation effectively (Watanabe et al. 2005).

Protein Extraction and Western Blot Analysis
Protein samples were extracted from whole pancreas or isolated acinar cells as previously
described (Watanabe et al. 2005). An equal amount of protein was resolved on NuPAGE 4–
12% Bis-Tris gels and electrophoretically transferred to polyvinylidene difluoride
membranes. After blocking with 5% dried skimmed milk dissolved in Tris-buffered saline
with 0.05% Tween 20 for 1 h at room temperature, the membranes were incubated with
primary antibodies overnight at 4°C. The membranes were then incubated with a secondary
antibody conjugated with horseradish peroxidase for 1 h. The immunoreaction was
visualized using electrochemiluminescence (ECL) or ECL Plus Western blotting detection
reagents.

Cell Proliferation Assay
Cell proliferation was assessed by measuring 5-bromo-2′-deoxyuridine (BrdU)
incorporation and DNA content as previously described (Watanabe et al. 2005) with a few
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modifications. Isolated acinar cells were cultured in laminin-coated 96-well plates overnight,
incubated with serum free DMEM for 3 h, and stimulated with IGF-1 or epidermal growth
factor (EGF). BrdU (10 μmol/L final concentration) was added 2 h later and the cells were
further incubated for 14 h. BrdU incorporation was measured using a BrdU enzyme-linked
immunosorbent assay (ELISA) kit. To measure total DNA content, cells were lysed at 42°C
overnight with a lysis buffer containing proteinase K (100 μg/mL), 0.5% SDS, 10 mmol/L
Tris-HCl (pH 8.0), and 10 mmol/L EDTA. DNA concentration in lysates was determined
with PicoGreen dsDNA kit. Briefly, diluted samples and standard DNA were incubated with
Quant-iT™ PicoGreen® for 5 min at room temperature. Sample fluorescence was measured
by fluorescence microplate reader at 480 nm. BrdU incorporation and DNA content in
IGF-1-treated cells were normalized by DNA content in non-treated control cells.

Immunohistochemical and Immunocytochemical Analyses
Formalin-fixed paraffinized pancreas tissues were used for immunohistochemical staining
according to our previously published methods (Chen et al. 2009) with several
modifications. Specimens from young and aged human subjects were obtained from the
Department of Pathology at the University of Texas Medical Branch. The clinical details of
these samples are described in Table S2. For these studies, only tissue sections from normal
(i.e., non-cancerous) parts of the pancreas were used. Immunohistochemical analysis was
performed by the dextran polymer method using Dako EnVision+ system. For
immunofluorescent cytochemistry, isolated acinar cells were cultured on laminin-coated
glass cover slips and fixed with 4% paraformaldehyde for 20 min at 37°C. Fixed cells were
permeabilized with 0.3% Triton-X100, incubated with primary antibodies for 1 h at room
temperature, washed, and incubated with secondary antibodies (Alexa-488 or Alexa-594
conjugated) for 30 min. The cover slips were mounted on glass slides with Vectashield
mounting medium containing 4′,6-diamidino-2-phenylindole (DAPI). The
immunofluorescence was detected by laserscanning confocal microscopy with Leica TSC
SP5 inverted microscope (Leica, Wetzlar, Germany).

Statistical Analysis
Data were analyzed by Student’s t-test or two-way ANOVA followed by the Bonferroni
adjustment for multiple comparison using SigmaStat Statistical Software version 2.0 (Systat
Software, San Jose, CA). A p value less than 0.05 was considered statistically significant.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

BrdU 5-bromo-2′-deoxyuridine

CCK cholecystokinin

EGF epidermal growth factor

GSK3β glycogen synthase kinase 3β
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IGF-1 insulin-like growth factor-1

IGF-1R insulin-like growth factor-1 receptor

IRβ insulin receptor β

IRS insulin receptor substrate

mTOR mammalian target of rapamycin

NTC non-targeting control

PI3K phosphatidylinositol 3-kinase

p-Akt phosphorylated Akt

p70S6K p70 S6 Kinase

Px pancreatectomy

PTEN phosphatase and tensin homolog

siRNA small interfering RNA
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Figure 1. Age-associated loss of pancreatic acinar cell proliferation in response to IGF-1 and
EGF
(A) BrdU incorporation in pancreatic acinar cells after IGF-1 treatment was compared.
Isolated pancreatic acinar cells were treated with various doses of IGF-1 for 16 h. and BrdU
incorporation was determined by ELISA. (B) Effects of IGF-1 treatment (10 nM, 16 h) on
DNA content in acinar cells from young and aged mice were compared. (C) EGF-induced
BrdU incorporations in pancreatic acinar cells from young and aged mice were compared.
BrdU incorporation values were normalized by total cellular DNA content of cells at 0 h (for
(A) and (C)). Values are mean ± standard deviation (SD); n=4. **p<0.01 and ***p<0.001
comparing aged with young mice. †p<0.05 and ††p<0.01 comparing IGF-1 with control
PBS treatment.
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Figure 2. Age-associated decreases in IGF-1-mediated PI3K/Akt pathway in pancreatic acinar
cells
IGF-1-mediated activation of IGF-1Rβ and PI3K/Akt pathway components in pancreatic
acinar cells from young and aged mice were compared. Phosphorylation of (A) IGF-1Rβ (B)
Akt, (C) mTOR, (D) p70S6K, and (E) GSK3β in pancreatic acinar cells from young and
aged mice after IGF-1(10 nM) stimulation were assessed by Western blot analysis and
densitometric analysis. Each membrane was re-probed for corresponding total protein for
normalization. Values are mean ± SD; n=3. *p<0.05, **p<0.01 and ***p<0.001 comparing
acinar cells from aged versus young mice. †p<0.05, ††p<0.01 and †††p<0.001 comparing
treated with non-treatment control (0 min) in the same age group.
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Figure 3. Age-associated decrease in PI3Kp85α subunit in pancreatic acinar cells in vitro.
(A) IGF-1-mediated phosphorylation of PI3Kp85α in pancreatic acinar cells from young
and aged mice was compared by Western blot analysis and densitometric analysis. Acinar
cells from young and aged mice were treated with IGF-1 (10 nM) and expression of
phosphorylated PI3Kp85α (p-p85α) was assessed. Levels of p-p85α were normalized by
p85α density. Values are mean ± SD; n=3. ***p<0.001 comparing acinar cells from aged
versus young mice. †p<0.05 and ††p<0.01 comparing IGF-1 versus non-treatment control (0
min). (B) The protein levels of IGF-1Rβ, IRS-1, p85α, p110α, and PTEN in untreated
isolated pancreatic acinar cells from young and aged mice were assessed by Western
blotting and densitometric analysis. Pancreatic acinar cells were isolated from young and
aged mice. Each lane represents acinar cells from an individual mouse. Levels of p85α were
normalized by β-actin density. Values are mean ± SD, n=5. *p<0.05 comparing aged versus
young mice. (C) Expression of p85α in pancreas from young and aged mice was determined
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by immunofluorescence staining. Cultured pancreatic acinar cells from young and aged mice
were immunostained using antibodies against p85α (green) and IGF-1Rβ (red). Each sample
was counter-stained with DAPI (blue) (magnification 400×).

Takahashi et al. Page 15

Aging Cell. Author manuscript; available in PMC 2013 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Down-regulation of p85α suppresses IGF-1-mediated PI3K/Akt downstream signaling
in pancreatic acinar cells
(A–C) The effect of p85α siRNA on IGF-1-mediated PI3K/Akt downstream signaling in
isolated pancreatic acinar cells was assessed by Western blotting and densitometric analysis.
Acinar cells were transfected with either p85α or NTC siRNA 2 days before treatment with
IGF-1 (10 nM) for 2 h. (A) Cellular protein extracts were subjected to Western blot analyses
of p85α to confirm successful knockdown. Levels of p85α were normalized by the
corresponding density of β-actin. (B) Cellular protein extracts were subjected to Western
blot analyses of p-Akt, Akt, p-mTOR, mTOR, p-p70S6K, p70S6K, p-GSK3β, and GSK3β.
(C) Densitometric analysis of (B). Levels of p-Akt, p-mTOR, p-p70S6K, and p-GSK30β,
were normalized by the corresponding density of total Akt, mTOR, p70S6K and GSK3β
respectively. Similar results were obtained from 3 independent experiments. Values are
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mean ± SD; n=3. *p<0.05 and ***p<0.001 comparing p85α siRNA with NTC siRNA
treatment. †p<0.05 and ††p<0.01 comparing IGF-1 with control PBS treatment in pancreatic
acinar cells transfected with NTC siRNA. (D) The effect of wortmannin on IGF-1-mediated
PI3K/Akt downstream signaling in isolated pancreatic acinar cells was assessed by Western
blotting. Isolated pancreatic acinar cells were treated with wortmannin (100 nM) 30 min
prior to IGF-1 (10 nM) stimulation and harvested 120 min later. Cellular protein samples
were subjected to Western blot analyses of p-mTOR, mTOR, p-p70S6K, p70S6K, p-
GSK3β, and GSK3β. (E) Densitometric analysis of (D). Levels of p-Akt, p-mTOR, p-
p70S6K, and p-GSK3β were normalized by the corresponding density of total Akt, mTOR,
p70S6K, and GSK3β, respectively. Similar results were obtained from 2 additional
independent experiments. Wort:wortmannin.
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Figure 5. Age-associated decreases in PI3Kp85α subunit in mouse pancreas
(A) The protein levels of IGF-1Rβ, IRS-1, PI3K subunits (p85α, p85β, p110α, p110β,
p110γ), and PTEN in whole pancreas from young and aged mice were compared by
Western blot analysis. (B) Densitometric analysis of (A). Each lane represents a pancreas
protein sample from an individual mouse. All data were normalized by β-actin. Values are
mean ± SD; n=3. *p<0.05 comparing aged with young mice. (C) The expression of
IGF-1Rβ and p85α in pancreas serial sections from young and aged mice were analyzed by
immunohistochemical staining. For negative controls, sections were incubated with control
IgG instead of primary antibodies. Results are representative of at least 3 animals. A, acinar
cells; I, islet (original magnification 100×, scale bar indicates 200 μm; enlarged
magnification 400×, scale bar indicates 50 μm). (D) The levels of p85α in various tissues
from young and aged mice were assessed by Western blot analysis. Values are mean ± SD;
n=3. *p<0.05 comparing aged with young mice.
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Figure 6. Age-associated decreases in PI3Kp85α subunit in human pancreas
The expression of p85α in the pancreas from human was determined by
immunohistochemical staining. Pancreas tissue sections were obtained from 2 young (A; #1
and #2) and 2 aged (B; #3 and #4) individuals described in Table S2. To distinguish islet
cells from acinar cells, a slide sample from the same set of serial sections was stained by an
insulin specific antibody. A, acinar cells; I, islet (original magnification 100×, scale bar
indicates 200 μm; enlarged magnification 400×, scale bar indicates 50 μm).
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