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During Aging Involves the Differential Regulation
of Endoplasmic Reticulum Stress by p21 and CHOP
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Abstract

Aims: Although endoplasmic reticulum (ER) stress is recognized as a major mechanism causing pancreatic
dysfunction in diabetes, little is known on how aging modulates the process. Here, we compared the response with
ER stress, viability, and insulin release from pancreatic islets of young (6 weeks) or aged (14 months) mice.
Results: Islets from aged mice were more sensitive to ER stress than their younger counterparts; they exhibited
more pronounced unfolded protein response (UPR) and caspase activation and displayed compromised insulin
release after high-glucose stimulation. Genetic ablation of p21 sensitized the islets to ER stress, especially in the
aged group, whereas CHOP ablation was protective for islets from both aged and younger animals. Ciclopirox
(CPX), an iron chelator that stimulates p21 expression, protected islets from glucotoxicity and mice from diet-
induced diabetes, especially in the aged group in a manner that was both p21 and CHOP dependent.
Innovation: For the first time, the study shows that age-dependent susceptibility to diet-induced diabetes is
associated with the activity of p21 and CHOP in pancreatic islets and that CPX protects islets from gluco-
toxicity and mice from diabetes in an age-dependent manner.
Conclusions: Our results identify ER stress as an age-dependent modifier of islet survival and function by
mechanisms implicating enhancement of CHOP activity and inhibition of the protective activity of p21. These
findings suggest that interventions restoring the homeostatic activity of ER stress, by agents such as CPX, may
be particularly beneficial for the management of diabetes in the elderly. Antioxid. Redox Signal. 27, 185–200.
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Introduction

Accumulation of unfolded or misfolded proteins due
to various extrinsic or intrinsic factors causes stress of

the endoplasmic reticulum (ER) that initially is prosurvival
whereas at subsequent stages becomes pro-apoptotic (10, 29,
33, 43). The prosurvival activity is attained by elevated
chaperone production and translation attenuation, whereas
the pro-apoptotic activity is produced by caspase activation
(10, 29, 33, 43). Indeed, assessment of the expression levels
of various chaperones such as BiP/GRP78 (binding immu-
noglobulin protein/glucose regulating protein 78) and GRP94
(Glucose Regulated Protein 94) represents a common strat-

egy to evaluate whether certain tissues or cells in culture are
under ER stress (34).

The pro-apoptotic function of the UPR is especially per-
tinent to diabetes pathogenesis at which the increased de-
mands for insulin production and secretion, beyond the
folding capacity of the pancreatic beta cells, potentiate ER
stress and trigger its pro-apoptotic function that ultimately
causes pancreatic dysfunction (1, 2, 11, 12, 36, 15, 25). This
is related to the progressive reduction of beta cell mass due to
ER stress–related apoptosis in the pancreatic islets that re-
sults in the reduced production of insulin and characterizes
both type I and type II diabetes. Instrumental for ER stress–
related beta cell destruction is the pro-apoptotic transcription
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factor CHOP (CCAAT-enhancer-binding protein homologous
protein) that is induced during the UPR and causes apoptosis
by mechanisms involving caspase activation (39, 45). The
significance of CHOP for ER stress–related apoptosis is il-
lustrated by the resistance of the CHOP-deficient mice to di-
abetes as well as to other ER stress–inducing stimuli, such as
the pharmacological inhibition of protein glycosylation, by the
antibiotic tunicamycin (47, 48). Tunicamycin is an inhibitor of
protein glycosylation that is used widely for ER stress induc-
tion, because it interferes with protein trafficking and, there-
fore, causes accumulation of misfolded and unfolded proteins.

Although the molecular queues that govern both the pro-
survival and the proapoptotic function of ER stress have been
adequately understood, how the transition from the former
toward the latter activity is being regulated remains elusive.
Elucidation of the shift toward the pro-apoptotic function of
the UPR promises application in the management of various
ER stress–associated conditions such as diabetes and neuro-
degeneration. Other and our labs recently demonstrated the
pivotal role of p21 in this process by mechanisms involving
inhibition of p21 expression during the advanced stages of
ER stress (23, 24, 26, 28). Consistent with these findings, p21
suppression is permissive for the induction of ER stress–
related apoptosis, as it decreases the apoptotic cut-off of cells
undergoing ER stress (27). In the context of diabetes, our
laboratory demonstrated that genetic ablation of p21 sensi-
tizes mice to diet-induced diabetes whereas its pharmaco-
logical stimulation is protective by improving the survival
and function of pancreatic islets (23). Mechanistically, the
suppression of p21 during ER stress is produced both directly,
by mechanisms involving the transcriptional regulation of
p21 by CHOP, and indirectly by engaging an alternative form
of the p53 tumor suppressor gene that can inhibit p21 ex-
pression (24, 28).

Aging is recognized as a major modifier of the outcome of
ER stress (30, 41). Accumulated evidence shows a shift of the
unfolded protein response (UPR) toward its pro-apoptotic
state during aging, associating ER stress with the onset of
aging-associated pathologies, including diabetes (6, 30–32).
Indeed, many of the components of the UPR exhibit de-
creased expression and/or activity at advanced ages, which
has been related to a compromise of the adaptive function of
the UPR (7, 32). Further, it has been shown that at least in
Caenorhabditis elegans, an age-dependent misfolding and
loss of function of diverse proteins occurs, which indicates a
widespread failure in proteostasis at early stages of adult-
hood, and coincides with a severely reduced activation of the
cytoprotective UPR (5). p21 has also been associated with

aging, and, indeed, it has been demonstrated that p21 levels
gradually decrease in mouse tissues with age, whereas p21
produces anti-aging activity in mice in vivo (3, 37).

Taken together, these findings suggest that the differential
regulation of the ER stress response in pancreatic islets, by
mechanisms that implicate the regulation of p21 by CHOP,
may be associated with the increased prevalence of diabetes
at advanced ages (31). Further, it is conceivable that modu-
lation of these activities and enhancement of the adaptive
mode of the UPR may be particularly beneficial for the
management of age-associated diabetes. To explore these
hypotheses, we compared the effects of high-glucose-
induced or tunicamycin-induced ER stress in cultured pan-
creatic islets from young and aged mice. In view of their
ability to regulate the outcome of UPR, in our study, we also
included islets from age-matched animals that were deficient
for either p21 or CHOP. We also tested the effects of ciclo-
pirox (CPX), a recently discovered activator of p21 (21), on
the susceptibility of aged and young mice to diet-induced
diabetes, in relation to p21 and CHOP status. This iron che-
lator was shown to alleviate ER stress and inhibit diabetes in
mice, whereas it also protected mammalian neurons from
glucotoxicity (20). Our results confirm and extend earlier
findings on the significance of p21 and CHOP in the regu-
lation of ER stress and identify aging as a major modifier of
UPR by mechanisms, which, at least in part, are related to
p21-CHOP deregulation.

Results

Age and genotype determine the viability of islets

during ER stress

Initially, we explored the effects of age on the viability of
pancreatic islets during ER stress. Thus, islets from young (6
weeks old) or aged (14 months old) mice were exposed to
high glucose (25mM) or tunicamycin (5lg/ll) for 24 h, and
their viability was assessed. The gross morphology of islets
isolated from mice of different genotypes at different ages is
shown in Figure 1 (upper panel), respectively. No significant
change in the islets’ appearance was noted, with the excep-
tion that in general islets from older animals were smaller and
were isolated with lower efficiency. As shown in Figure 1,
both treatments significantly reduced the viability of pancre-
atic islets isolated from both young and aged mice. However,
aged islets exhibited increased sensitivity as compared with
their younger counterparts, especially during tunicamycin
treatment. Repetition of this experiment with islets isolated
from p21-deficient (p21KO) mice indicated reduced viability
of the p21KO islets during both high glucose and tunicamycin
treatment, confirming our earlier findings on the protective role
of p21 during ER stress (23,26). Consistent with the pro-
apoptotic role of CHOP during ER stress, genetic ablation of
CHOP reduced the cytotoxic effects of ER stress and alleviated
the differences between the aged and the young group (Fig. 1).

Caspase activation after ER stress depends

on the age of the islets

In line with the effects on islet survival were the results of
caspase activity, under these conditions: As shown in Fig-
ure 2, tunicamycin efficiently stimulated caspases 3, 6, 8,
and 9 activation in wt islets from both young and older

Innovation

Our study identified the protective activity of the cell
cycle regulator p21 and the pro-apoptotic function of the
transcription factor CHOP as age-dependent modifiers of
the response of pancreatic islets to glucotoxicity and
glucose-induced insulin release, and of the susceptibility of
mice to diet-induced diabetes. Further, we show that both in
cultured islets in vitro and in mice in vivo, the reactive
oxygen species scavenger and iron chelator Ciclopirox
effectively protect islets from glucotoxicity and mice from
diabetes in a manner that is highly dependent on age.
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animals. However, culture at high glucose stimulated more
than three-fold caspases 3, 6, and 9 activity whereas in islets
from younger animals, caspase activity, although significant
for caspases 2 and 9, was less than two-fold. Consistent with
its pro-apoptotic activity, CHOP ablation reduced caspase
activation in both the aged and the young islets. p21 ablation
did not compromise caspase activation. For caspase 3 in
particular that was unresponsive in the younger islets after
25mM glucose treatment, p21 deletion restored its expres-
sion. Caspase 3 is recognized as a caspase that is specifically
activated during ER stress (14).

CPX protects islets from glucotoxicity and tunicamycin-

associated toxicity in a p21- and

CHOP-dependent manner

CPX is an iron chelator that stimulates p21 expression (21).
In view of the sensitizing role of p21 in glucotoxicity, the
antidiabetic activity of CPX in mice, and its protective effects
against glucotoxicity (20), we tested the effects of CPX on
islets’ survival in relation to the age of themice fromwhich the
islets had been obtained. As shown in Figure 3, CPX strongly
protected islets from death induced by either high glucose or
tunicamycin. This effect was recorded in the islets from both
young and aged mice, but it was most striking in the latter,
increasing islets’ survival in the aged group by about 50%.
Interestingly, CPX-mediated islets’ protection required not
only p21 but also intact CHOP activity: Genetic ablation of
either p21 or CHOP alleviated the beneficial effects of CPX.

In line with the protective effects of CPX in islets’ survival
were also the effects of CPX in caspase activity. As shown in
Figure 4, CPX significantly reduced the levels of several cas-
pases in the aged group whereas its effects in the younger islets
were modest, limited only to caspases 6 and 9 for the islets that
were exposed to tunicamycin (Fig. 4). p21 deletion completely
abrogated the inhibitory effects of CPX in caspase activity,
whereas CHOP deletion minimized it, restricting to the aged
islets and for caspases 3 and 9 in the tunicamycin-treated and in
the high-glucose-exposed group, respectively.

Insulin release in pancreatic islets in relation to the age

and presence of functional p21 and CHOP

Subsequently, we explored whether the effects of p21 and
CHOP as well as of CPX were limited to islets’ survival or
also affected their function. To that end, islets were stimu-
lated with 25mM glucose for 60min and the amount of in-
sulin released in the media was assessed by enzyme-linked
immunosorbent assay (ELISA). The effects of CPX (20 lM
for 60min) in insulin release were also assessed. As shown in
Figure 5, baseline levels did not differ considerably be-
tween strains. Islets from aged mice released lower baseline
levels of insulin as compared with their younger counterparts,
which can be due to the progressive, age-dependent com-
promise of their function as well as due to the reduced beta
cell number in the aged islets. This finding, though, was in-
significant due to the variation in the insulin levels recorded.
Glucose stimulation caused a potent elevation in insulin

FIG. 1. Islet viability in culture in rela-
tion to the age of the animals. Islets from
young (6 weeks old) or aged (14 months old)
wt, p21KO, or CHOPKO mice are shown
in the upper panel (10·magnification), re-
spectively. Survival of pancreatic islets cul-
tured in the presence of 25mM glucose or
tunicamycin at 5 lg/ll for 24 h is shown in
the lower panel. The genotype and the age of
the mice from which islets have been iso-
lated are indicated. *p < 0.05; **p< 0.005;
#p < 0.005 versus controls (5.5mM glucose).
To see this illustration in color, the reader is
referred to the web version of this article at
www.liebertpub.com/ars
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levels released in the media that was partially compromised
in the aged wt and p21KO islets but was still evident and
highly significant. In the p21-deficient islets, insulin release
was lower than that recorded for the wt islets, suggesting
that p21 expression enhances insulin expression (Fig. 5). No-
teworthy, CHOP ablation, despite moderately compromised
insulin release after glucose stimulation (525% vs. 398% of
corresponding controls), strikingly alleviated the age-dependent
effects of islets in insulin release, as both islets from young and
older CHOPKO mice released similar levels of insulin in the
media after glucose stimulation. Then, insulin release was
evaluated in the presence of CPX. As shown in Figure 5, the
presence of CPX in wt islets, but not in p21KO or CHOPKO
islets, significantly reduced the levels of insulin that were
released in the media after glucose stimulation.

Sensitivity of mice to diet-induced diabetes is age

dependent and depends on p21 and CHOP

The strong role of age in the effects of glucotoxicity and
function of pancreatic islets in vitro implies that sensitivity to
diet-induced diabetes is age dependent and will also depend
highly on p21 and CHOP expression. To test this hypothesis,

we generated cohorts of young (6 weeks) and aged (14
months old) wt, p21KO, and CHOPKO mice, subjected them
to a sucrose-high-fat diet (HFDSUC) (15), and monitored
disease onset by biweekly measurements of glucose in the
mice plasma. This diet induces a prediabetic condition that is
characterized by progressively increasing levels of blood
glucose (23). We reasoned that the fact that full-blown dia-
betes is not induced would allow more accurate and clini-
cally relevant simulation of aging-associated diabetes. As
expected, aged wt animals were more sensitive to diabetes
development than their younger counterparts (Fig. 6). For the
animals in which p21 had been deleted, diabetes progressed
more rapidly than in wt animals, for both the young and the
aged group, exhibiting statistically significant elevated glucose
levels as early as 3 days after HFDSUC administration being
105.2– 5.7mg/dl versus 116.2– 5.2mg/dl for the youngwt and
the p21KO animals, respectively ( p< 0.05) (Fig. 6). For the
older animals on day 3 after HFDSUC administration, glucose
levels were 115– 3.5mg/dl versus 129– 3.3mg/dl ( p< 0.05).
CHOPKO mice were more resistant to diabetes development
than both wt and p21KO mice, and the effect of aging was
practically abolished as both young and aged mice exhibited an
overlapping profile for diabetes development.

FIG. 2. Caspase activity in cultured islets in culture in relation to the age of the animals. Caspase activity in pancreatic
islets from young (6 weeks old) or aged (14 months old) wt, p21KO, or CHOPKO mice, cultured at 5.5mM glucose, or 25mM
glucose or tunicamycin (5lg/ll) for 24 h. Results are expressed as (%) versus age-matched controls. *p< 0.05. To see this
illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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CPX protects mice from diet-induced diabetes

by a mechanism that is p21 and CHOP dependent

and is more potent during aging

In view of the protective effect of CPX on islet viability
and function, we investigated whether pretreatment of mice

with CPX protects from diabetes development. We also ex-
plored whether for these effects, intact p21 and CHOP activity
was required. Thus, cohorts of mice, as described earlier, be-
fore subjection in sucrose/HFD received tri-weekly CPX by
oral gavages for 1 month. As shown in Figure 6, left panel
pretreatment ofmicewith CPX protected both the younger and
the older animals from diabetes. This effect was more potent
for the aged mice, since both young and aged mice reached
similar levels of circulating glucose after CPX administration,
despite that in the saline-treated group the aged mice became
diabetic faster. In the p21KO-treated group, though, despite
that aging accelerated diabetes development, CPX was inef-
fective. Thus, CPX requires intact p21 activity to protect from
diet-induced diabetes. Similar were the results recorded for the
CHOPKO mice (Fig. 6 left panel).

Age-dependent induction of ER stress by tunicamycin

and high glucose

To better understand the age-dependent role of p21 and
CHOP in islets cultured at high glucose and tunicamycin,
we assessed the induction of UPR in relation to the age
of the mice from which the islets had been isolated. As
shown in Figure 7 (upper panel) and Supplementary Figure S1
(Supplementary Data are available online at www.liebertpub
.com/ars), as reflected in the protein levels of BiP, GRP94,
and CHOP, UPR was triggered in both the young and the
wild-type aged islets, with the latter exhibiting a more pro-
nounced response that is in line with their increased sensi-
tivity to the cytotoxic effects of ER stress described in
Figure 1. Interestingly, the baseline levels of these ER stress
markers were reduced in the aged group, suggesting that it is
the inducibility rather than the absolute levels at the relaxed
(unstressed) conditions that are associated with the outcome
of the ER stress response. Under these conditions, p21 ex-
pression was suppressed and this inhibitory effect was more
potent in the islets from the aged group. Similar effects on
p21 expression were obtained in cultured pancreatic islets
from rats that had been exposed to increasing concentrations
of glucose and then subjected to microarray analyses (Sup-
plementary Fig. S2) (4). Deletion of p21, and despite its
potent effects in islet survival and function, only minimally
affected the expression (and the induction) of BiP, GRP94,
and CHOP in both the young and the aged islets (Fig. 7,
medium panel and Supplementary Fig. S1). CHOP ablation,
however suppressed both their baseline expression and their
expression after ER stress in both the young and the aged
group (Fig. 7 lower panel and Supplementary Fig. S1). As
regards p21, despite that baseline levels were reduced in the
absence of ER stress, CHOP ablation during tunicamycin and
high-glucose treatment reverted the p21 suppression seen in
wt islets to a moderate induction (Fig. 7, lower panel and
Supplementary Fig. S1).

Plasma insulin in p21 and CHOP-deficient animals

in relation to age, diet, and CPX administration

Subsequently, we assessed insulin levels in the plasma of
wt, p21KO, and CHOPKOmice subjected to a regular diet or
SUCHFD (1 month), in the presence or absence of CPX.
In this experiment, CPX was administered before SUCHFD
for about 1 month. As shown in Figure 6a (right panel), the
profile of insulin in the plasma followed, in general, the

FIG. 3. CPX alleviates the cytotoxicity of high glucose
and tunicamycin in islets from young and aged animals.
Islets’ survival cultured in conditions of normal glucose
(5.5mM) or high glucose (25mM) or tunicamycin (5lg/ll) for
24h, respectively, or in combination with CPX at 20lM for
24h. Islets’ genotype is indicated in the top left of each graph.
Results are expressed as % of CPX-untreated control cultured
at the same glucose concentrations or tunicamycin (as opposed
to regular 5.5mM glucose), but without CPX and thus, in the
presence of CPX survival may exceed 100% to underscore the
CPX-contributed protection. *p<0.05; **p<0.005. CPX, Ci-
clopirox. To see this illustration in color, the reader is referred
to the web version of this article at www.liebertpub.com/ars
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profile of insulin release in cultured islets (Fig. 5a) and that
of plasma glucose in vivo (Fig. 6a, left panel). As expected,
HFDSUC caused an elevation in fasting insulin levels, which
was compromised in the aged wt, but not the CHOPKO and
p21KO animals, which exhibited similar insulin levels in the

two age cohorts examined. In wt animals that had received
CPX, insulin levels were lower. In CHOPKO animals, this
CPX-associated reduction was also detectable but more
modest; whereas in the p21KO animals, it was seen only in
the aged but not in the younger animals. Assessment of

FIG. 4. CPX reduces the levels of caspase activity. Caspase activity in pancreatic islets from young (6 weeks old) or aged
(14 months old) wt, p21KO, or CHOPKO mice, cultured at 25mM glucose or tunicamycin (5lg/ll) for 24 h in the presence or
absence of CPX. Results are expressed as% versus age-matched controls that had not been treated with CPX. *p< 0.05. To see
this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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glucose 30min after administration of 0.75U insulin/kg body
in wt animals showed that insulin sensitivity was increased
in the CPX-receiving animals (Fig. 6b).

CPX suppresses UPR in a p21-dependent manner

As shown in Figure 7 in wt islets, CPX for 24 h stimulated
p21 expression in the aged group and prevented high glucose
or tunicamycin-induced p21 suppression in the islets of
both younger and particularly aged animals. These effects
were even more prominent after 6 h treatment, implying the
operation of compensatory mechanisms (Supplementary
Fig. S3). All three ER stress–associated markers tested
showed some reduction after CPX treatment, but inducibility
after either tunicamycin or high-glucose culture was retained,
notwithstanding the fact that stimulation was reduced. Dur-
ing both p21 and CHOP deletion though, their induction
was compromised after application of the ER stress–inducing
stimuli, suggesting that both p21 and CHOP are required
for the development of the UPR (Fig. 7 and Supplementary
Fig. S1).

The effects of CPX in p21 and CHOP expression

are dose dependent

The ER stress–inhibiting activity of CPX contradicts the
recently reported stimulation of CHOP expression by defer-
oxamine (DFO), another commonly used iron chelator (16).
To explore this in more detail, islets from 6-week-old mice
were exposed to increasing concentrations of CPX and
DFO and p21 and CHOP levels were assessed. As shown in
Figure 8, CPX caused a dose-dependent induction in p21
expression whereas CHOP expression was inhibited at higher
doses after stimulation after exposure at lower doses of CPX.
However, DFO, at higher doses, stimulated CHOP expres-
sion and suppressed the expression of p21 (Fig. 8 and Sup-
plementary Fig. S4).

Age-dependent binding of CHOP at the p21 promoter

We have recently shown that at least partly, p21 is regu-
lated by CHOP at the level of transcription by a mechanism
involving the binding of CHOP to the promoter of p21 (23,
24). To test whether differential binding occurs in the pro-
moter of p21 by CHOP, we performed chromatin immuno-
precipitation (ChIP) studies in islets from young and aged
mice after induction of ER stress by tunicamycin and
high glucose. As shown in Figure 9a, both tunicamycin and
high glucose increased the occupancy of p21 by CHOP.
Importantly, this effect was slightly more prominent in the
islets from the older mice, which is in line with the increased
sensitivity of the aged mice and islets to ER stress–inducing
stimuli. In the presence of CPX, binding was moderately
reduced. In line with these findings were also the results of
a semiquantitative qPCR analysis that showed that during
stress by high glucose or tunicamycin, p21 RNA levels de-
creased in wt, but not in CHOPKO islets and that this effect
was potentiated in islets from older mice (Fig. 9b).

Regulation of reactive oxygen species production

by p21 and CHOP in the presence of CPX

In view of the ability of CPX to scavenge reactive oxygen
species (ROS) (41) and the ability of antioxidants to reduce

FIG. 5. Glucose-stimulated insulin secretion decreased
withage. Insulin levels released in themedia of islets fromyoung
(6 weeks old) or aged (14 months old) wt, p21KO, or CHOPKO
mice, stimulated with 25mM glucose for 60min. The effects of
CPX at 20lM for 60min in insulin release are shown. *p<0.05;
***p<0.001.Tosee this illustration incolor, the reader is referred
to the web version of this article at www.liebertpub.com/ars
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ER stress (22), we evaluate in animals from 6 week- and 11
month-old mice ROS production cultured at elevated glucose
concentrations. Measurements were performed by both
DCFDA (Fig. 10a)- and 8-OHdG (Fig. 10b)-based assays,
which gave similar results. As shown in Figure 10, increasing
glucose concentrations stimulated the production of ROS in
wt islets, an effect that was more profound in the islets from
the older animals. CPX significantly ( p < 0.05) suppressed
ROS production in the younger but not in the older islets.
Genetic ablation of p21 did not affect ROS production, but

it alleviated this protective effect of CPX. CHOP deletion
strongly suppressed ROS production triggered by high glu-
cose in both young and older islets and minimized the pro-
tective effect of CPX, which was significant, although
minimal, only in the younger islets.

To test whether the results of ROS measurements in cul-
tured islets were in line with the in vivo results, we evaluated
the levels of 8-hydroxy-2’ -deoxyguanosine (8-OHdG) in the
liver and pancreas of wt, CHOPKO, and p21KO mice that
have been subjected to HFDSUC alone or in combination

FIG. 6. Aging correlates with
enhanced sensitivity to diabetes de-
velopment, whereas CPX promotes
the recovery fromHFDSUC injury.
(a) (Left panel) Circulating glucose
levels in wt, p21KO, or CHOPKO
from young (6 weeks old) or aged (14
months old) mice that have been pre-
treated with CPX or vehicle control
and, subsequently, received sucrose/
high-fat diet (HFDSUC). The number
(n) ofmicewith the indicated ages and
genotypes used is shown within each
graph. Fasting insulin levels (lIU/ml)
in 6 week-old or 9 month-old mice
that have received CPX after
HFDSUC as described (right panel)
(n=2). (b) Glucose after administra-
tion of 0.75U insulin/kg body in wt
animals that have received CPX and
HFDSUC (n=6). *p<0.05; **p<
0.005; ***p<0.001. To see this illus-
tration in color, the reader is referred
to the web version of this article at
www.liebertpub.com/ars
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FIG. 8. Effects of CPX and DFO in p21 and CHOP expression. The expression of increasing amounts of CPX or DFO
for 24 h in p21 and CHOP expression in cultured islets is shown in the left panel (n = 3 per experimental group). Actin levels
were assessed as a loading control. Quantification of each blot is shown in the right panel and reflects average values – SEM
of two biological replica experiments. DFO, deferoxamine. To see this illustration in color, the reader is referred to the web
version of this article at www.liebertpub.com/ars

FIG. 7. Age elevates ER stress markers, whereas CPX re-establishes ER-stress homeostasis. Expression of chaperones
GRP94 and BiP/GRP78, of transcription factor CHOP and of cell cycle regulator p21 in cultured pancreatic islets isolated from
wild-type, p21KO, or CHOPKO, young (6 weeks old) or aged (14 months old) mice, after exposure to normal glucose (CTRL,
5.5mM) or high glucose (25mM) or tunicamycin (5lg/ll) (Left panel) (n= 3 per experimental group). The effects of con-
comitant exposure of islets to CPX (20lM for 24h) were also assessed. Actin levels were assessed as a loading control.
Quantification of each blot is shown in the right panel and reflects average values–SEM of two biological replica experiments.
ER, endoplasmic reticulum. To see this illustration in color, the reader is referred to the web version of this article at www
.liebertpub.com/ars
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with CPX. 8-OHdG is considered an accurate marker of oxi-
dative stress in vivo (44). As shown in Figure 11, HFDSUC
diet induced 8-OHdG levels in the liver and pancreas of both
older and younger wt mice, with the induction in the former
surpassing that of the latter, which also showed increased
baseline levels even in the controls. CPX treatment reduced
the induction by a p21-dependent mechanism, since in p21KO
mice CPX was ineffective. In CHOPKO mice, HFDSUC
caused a moderate stimulation in the pancreas of the older
mice only; whereas in the liver, both younger and older mice
exhibited elevated levels of 8-OHdG in the HFDSUC group
and increased baseline levels in the older mice (Fig. 11).

Discussion

In the present study, we explored the role of aging in the
sensitivity of mice to diet-induced diabetes and in the func-
tion and survival of pancreatic islets to the ER stress–
inducing stimuli tunicamycin and high glucose. The role of p21
and CHOP, which regulates the outcome of UPR, was also
evaluated by utilizing p21- and CHOP-deficient pancreatic

islets and animals. Finally, we assessed whether CPX, an iron
chelator that stimulates the expression of p21, protects from
diabetes. Our results show that at an advanced age, islets be-
comemore sensitive to ER stress–inducing stimuli and that this
effect is CHOP dependent: Genetic ablation of CHOP was
sufficient, not only to confer resistance to the cytotoxic effects
ofUPRand to diabetes inmice,which is consistentwith its pro-
apoptotic role (35), but also to abrogate the effects of aging in
the sensitivity to ER stress. To that end, modulation of CHOP
activity emerges as a major regulator of the age-dependent
effects of UPR and an important determinant of the increased
sensitivity of the elderly to diabetes.

In line with our previous observations (23), p21 ablation
sensitized islets to ER stress and mice to diet-induced dia-
betes, confirming its protective role in the cytotoxic effects of
the UPR. This observation confirms and extends earlier
findings (8) showing that PANDER, an islet-specific cytokine
promoting apoptosis, inhibited p21 expression. Noteworthy,
in this study (8), an inverse correlation between p21 and
caspase 3 was identified that is in agreement with our present
findings showing that in the absence of p21 caspase 3

FIG. 9. Age correlates with en-
hanced binding of CHOP at the
p21 promoter. (a) ChIP for CHOP
in p21 promoter in pancreatic islets
from young (6 weeks old) or aged
(14 months old) mice, after expo-
sure to high glucose (25mM) or
tunicamycin (5 lg/ll). The experi-
ment was repeated in the presence
of CPX at 20lM for 24 h. The red
arrows point to the binding of CHOP
to the p21 promoter in islets from
young and aged mice at 25mM glu-
cose. (b). RT-PCR analysis for p21
expression under the conditions de-
scribed in (a). GAPDH expression
wasused as a control forRNAquality.
ChIP, chromatin immunoprecipita-
tion. To see this illustration in color,
the reader is referred to the web ver-
sion of this article at www.liebert
pub.com/ars
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activation is induced. The fact that p21 ablation was insuf-
ficient to abrogate the increased sensitivity of the aged islets
to high glucose and tunicamycin (aged p21KO islets re-
mained more sensitive than younger islets), despite that it is
regulated by CHOP (23, 24), suggests that CHOP attains
these aging-associated effects by p21-independent mecha-
nisms. To that end, although CHOP’s activity is instructive for
ER stress–associated apoptosis, for p21 such activity is rather
permissive. Therefore, ablation of p21 activity is insufficient to
eliminate the role of aging in diabetes sensitivity. Consistent
with this notion, the deletion of CHOP blunted the induction of
ER stress markers in the islets from both younger and older
animals whereas the deletion of p21 only minimized these
responses. Noteworthy, in the absence of p21, CHOP levels
increased during ER stress instead of decreasing as in the wt
islets, also supporting the notion that p21 protects from ER
stress–associated apoptosis.With regards to the baseline levels
of ER stress markers, no considerable change was detected,
suggesting that these genes, p21 and CHOP, operate as modi-
fiers of the UPR.

In line with the islets’ findings are also the results from the
in vivo experiments showing that aging increases the sensi-

tivity of mice to diet-induced diabetes. Not only increased
sensitivity to ER stress, but also compromised insulin release
may account for the predisposition of the elderly to diabetes,
as indicated by the reduced insulin secretion of islets from
aged mice. The fact that p21-deficient islets exhibit reduced
insulin production implies a regulatory role for p21 in insulin
production, which may contribute to their compromised
function at advanced ages. In the in vivo experiment, additional
mechanisms involving an acquisition of insulin resistance may
also contribute to the onset of age-dependent diabetes.

At the mechanistic level, it appears that although baseline
levels of p21 in islets do not show a considerable difference
between the aged and the young group, inhibition of p21
expression by ER stress was more striking in the former,
which explains the increased sensitivity of the aged islets to
ER stress–associated death. Recently, Kulkarni and col-
leagues (13) explored p21 expression in islets from 3 month
and 11 month mice; however, no considerable differences
were found. However, this study was performed by im-
munostaining and neither in isolated islets nor in response to
increased glucose and ER stress, as done here. Surprisingly,
the baseline levels of CHOP were lower in the older islets,

FIG. 10. Oxidative stress by p21 and CHOP in the presence of CPX. Effect of CPX at 20 lM in ROS production
(arbitrary units, AU) triggered by high (25mM) or moderate (17mM) glucose (Glu) or iron citrate (Fe) (in 5.5mM glucose).
TBHP was used as positive control for ROS production. (a) shows results obtained by DCFDA, whereas (b) by 8-OHdG
measurements. *p < 0.05 versus no CPX treatment. #p< 0.05 versus same treatment at different age (Student’s t-test). All
values are expressed as average – SD. ROS, reactive oxygen species. To see this illustration in color, the reader is referred to
the web version of this article at www.liebertpub.com/ars
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which, considering the inhibitory role of CHOP in p21 ex-
pression (23, 24) and the previously reported stimulation of
ER stress–associated components during aging (30, 41), was
unexpected. However, relative CHOP induction and occu-
pancy of p21 promoter were more pronounced in the aged
islets, which underlines the significance of the inducibility
rather than the absolute expression levels during the UPR.
In addition, this experiment was performed in cultured islets
in which activation of UPR may have been modulated as
compared with the in vivo conditions.

In view of the protective role of p21 in islets’ function and
survival, we explored whether CPX, an activator of p21 ex-
pression, protects mice from diabetes. Indeed, mice that were
pretreated with CPX were less sensitive to diet-induced di-
abetes than the animals receiving saline. This effect of CPX
required intact p21 activity, because in p21KO mice and is-
lets the protective effects of CPX were compromised.

In vivo and especially in cultured islets, the protective ef-
fects of CPXwere more prominent in the aged group in which
CPX treatment protected better the islets from the older than
the younger animals. Caspase activation was also inhibited
by CPX more potently in the islets from the older mice, with
the exception of caspase 2 that remained practically unaf-
fected (or only modestly affected) by the tunicamycin or the
high-glucose treatment in vitro. It is possible that CPX in-

hibits caspase activation in a manner that does not involve or
that operates downstream of caspase 2. The complexity of the
CPX mechanism of action, which likely is not limited to its
iron-chelation activity, is also revealed by the observation
that it exhibits opposite activity in CHOP and p21 regulation
from DFO, another iron chelator (16). The latter dose de-
pendently induces CHOP and suppresses p21, as opposed to
CPX that stimulates p21 but inhibits CHOP at higher doses.
This observation argues against the notion that the beneficial
effects of CPX are due to its iron-chelation activity.

Why CHOP ablation also reduced the beneficial action
of CPX remains unclear (Fig. 3). It could be due to the fact
that CHOP ablation, by protecting from glucotoxicity and
tunicamycin-associated toxicity, generates conditions at
which the protective effects of CPX had been masked. The
latter is supported by the fact that the prosurvival effects of
CPX in wild-type islets are not detected under the culture of
islets at normal conditions. Thus, CPX is effective, especially
under conditions associated with stress, which are prevented
by CHOP ablation. It has to be noted that formally it could be
argued that both p21 and CHOP ablation surpass the bene-
ficial effects of CPX, preventing the latter from producing
antidiabetic activity in the absence of p21 or CHOP. How-
ever, the beneficial effects of CPX in vitro in islets’ survival
and the modest effects of p21 and CHOP ablation in the

FIG. 11. Assessment of 8-OHdG in vivo. The levels of 8-OHdG (arbitrary units, AU) were determined in the liver and
the pancreas of wt, p21KO, and CHOPKO 6 week-old and 14 month-old mice, respectively, treated with CPX, and received
HFDSUC diet as described earlier, in Figure 6 (n= 3 per experimental group). *p < 0.05 (Student’s t-test). All values
are expressed as average – SD. To see this illustration in color, the reader is referred to the web version of this article at
www.liebertpub.com/ars
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susceptibility of mice to diabetes argue against this notion.
Formal proof, though, to this argument should be offered by
utilizing additional mutant mouse models.

How CPX produces its protective activities remains elu-
sive. A recent study performed in the context of brain hem-
orrhage and neuronal death showed that the protective effects
of iron chelators were due to the inhibition of the proa-
poptotic ATF4-CHOP signaling (18), a notion that is also in
line with our current observations showing that in the absence
of CHOP, CPX is practically ineffective, both in vivo and
in vitro. The observation that DFO produced opposite results
from CPX in CHOP expression may be related to their dif-
ferent pharmacological properties and specificity to CHOP.
Although the pro-survival activity of CPX is in line with its
protective effects for islets, the fact that insulin release is
inhibited contradicts its anti-diabetic action. An intriguing
possibility is that CPX, by producing a moderate inhibition of
insulin release, reduces ER stress in pancreatic islets, which,
in turn, improves long-term survival and function. Indeed, the
ER stress–alleviating results of insulin gene deletion in
pancreatic islets has been demonstrated recently in mice
bearing genetic ablation of insulin genes (44). In the present
study, assessment of plasma insulin in animals receiving
HFDSUC alone or after CPX administration indicated that
fasting insulin levels were reduced in the animals that have
received CPX. The observation that insulin levels followed
the levels of plasma glucose implies that the pancreatic
function was still maintained, a notion that is not surprising
for this short-term and not-severe diabetes-inducing proto-
col. Thus, animals with higher levels of plasma glucose ex-
hibited increased insulin values. This notion is supported
by the observation that insulin sensitivity was elevated in
the CPX-receiving mice. To that end, it is conceivable that
increased insulin sensitivity compensates for the reduced

insulin production, ultimately contributing to pancreatic health
(Fig. 12). Furthermore, CPX was more effective in aged islets
and mice in which the consequences of chronic perturbations
of homeostasis in survival and functionality are more pro-
nounced. The only exception was the surprisingly low insulin
levels of insulin in the older CPX-receiving p21KO animals. In
view of the fact that p21 deficiency is pro-diabetic and confers
resistance to CPX treatment in vivo, a more severe pancreatic
dysfunction may be suggested. Mechanistically, in line with
this notion is the finding that iron stimulates insulin release in
islets (9). By being an iron chelator, CPX inhibits this iron-
dependent pathway for insulin secretion.

An additional mechanism that may also contribute to its
inhibitory activity of insulin is the ability of CPX to directly
scavenge oxygen radicals (40, 42). ROS are toxic and in
various cellular systems, including glucotoxicity (45), have
been shown to undergo a significant increase. In the present
study, islets from aged animals produced higher amounts of
ROS than islets from younger animals on culture at high
glucose, which is in line with the reduced survival of older
islets at glucotoxic conditions. The fact that CHOP ablation
minimized ROS production on glucotoxicity and alleviated
the effects of age strongly argues in favor of the pro-aging
effects of CHOP in islets’ physiology. Importantly, p21 ab-
lation alleviated the protective effects of CPX, supporting the
notion that CPX protection requires p21 activity. However,
this effect was more apparent in younger than older islets,
contrary to what we recorded in islets’ survival and diabetes
onset in vivo, which implies that alternative mechanisms may
also account for the protection of islets’ function and survival
by CPX. These effects in ROS production recorded in islets
cultured in vitro were in agreement with the levels of 8-
OHdG recorded in vivo, in animals receiving HFDSUC alone
or after CPX administration, which supports the biological
relevance of cultured islet studies.

In the context of insulin regulation, ROS have been shown
either directly or indirectly to stimulate insulin release in
pancreatic islets (38, 40). Such ROS are readily produced by
increased glucose concentrations (46), and, thus, their scav-
enging by CPX is anticipated to compromise insulin release.
Consistent with these notions, anti-oxidants can reduce ER
stress and improve protein secretion (22).

Collectively, in this study, we explored the role of aging in
the sensitivity against diet-induced diabetes, a disease with
increased prevalence in the elderly. By focusing on the sur-
vival and function of pancreatic islets, we showed that dif-
ferential regulation of ER stress by mechanisms involving
p21 and CHOP expression and activity contribute to age-
associated diabetes. Finally, we provided evidence that CPX,
by mechanisms involving p21 activation and likely inhibition
of CHOP activity, protects from diabetes in a manner that is
particularly effective at more advanced ages (Fig. 12). Age-
dependent modulation of UPR emerges as amajor modifier of
the outcome of conditions such as diabetes that characterize
the elderly.

Materials and Methods

Chemical reagents

CPX and DFO were purchased from Sigma-Aldrich. The
chemicals mentioned earlier were dissolved either in medium
or in dimethyl sulfoxide (DMSO) (Sigma-Aldrich).

FIG. 12. The interplay of p21, CHOP, and CPX in pan-
creatic islets during aging. During aging, a progressive shift
occurs in the UPR, via CHOP, from the pro-survival toward the
proapoptotic mode. p21 produces antiapoptotic activity that is
re-enforced by CPX that may act via not only p21 to bypass the
inhibitory effects of CHOP but also directly to CHOP according
to mechanisms reported recently (15). Activity of CPX in the
periphery, reducing insulin resistance, is also likely.
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Animals

C57BL/6, CHOPKO, and p21KO mice used in these
studies were originally purchased from the Jackson Labora-
tory. All mice were housed and aged at the university of
Athens in specific pathogen-free facilities in a temperature-
controlled room (20–22�C) with 12-h light–dark cycles and
maintained according to institutional guidelines of the Ani-
mal Facilities by the Athens University Medical School
Ethics Committee in agreement with the European Union.
The C57BL/6, CHOPKO, and p21KOmice were divided into
the following two groups of each genotype: group 1, 6 week-
old mice; group 2, 14-month-old mice. All experiments were
performed with female mice.

Islet isolation and viability assessment

Pancreatic islets were manually isolated from young (6
weeks) or aged (14 months) wild-type, p21-knockout (p21-
KO), and CHOPknockout (CHOP-KO) mice, which were
fed by regular diet, by the collagenase digestion tech-
nique (Sigma-Aldrich), as described in (19). Islet viability
was determined indirectly by evaluating metabolic activity
using the colorimetric (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)
MTS by using the CellTiter 96 Nonradioactive Cell Pro-
liferation Assay Kit (Promega), as described in (23). Each
experiment was done in triplicate.

Measurements of caspase activity

About 100 islets of a similar size from young (6 weeks old)
or aged (14 months old) wild-type, p21-deficiency, and
CHOP-deficiency mice were subjected to caspase measure-
ments by using the Caspase Colorimetric Protease Assay
(KHZ1001; Invitrogen Corp.) according to the manufactur-
er’s protocol, as described in (23). Each experiment was
replicated with triplicate repeated measures. To determine
the change in caspase activity, the absorbance of treated
samples was compared with that of the untreated control
group.

Insulin secretion studies

Islets were isolated from young and aged mice of each
genotype and were seeded onto a 96-well plate at 20 islets per
well in 100ll of RPMI 1640 medium (GIBCO, cat. no.
11879) containing 5.5mM glucose. Islets were suspended
in extracellular Krebs–Ringer (KR) solution (Sigma-Aldrich)
for 30min at 37�C. Then, islets were further incubated with
RPMI-1640 complete medium containing 25mM glucose
alone or combined with CPX (20lM). After a 24 h incuba-
tion, the supernatants were assayed for insulin, which was
measured by the Ultra Sensitive Mouse Insulin ELISA kit
(Crystal Chem, Inc.) in accordance with the manufacturer’s
guidelines. Results were expressed as absolute insulin con-
centrations, as described in (23).

In vivo experimental model

Young and aged mice of each genotype (C57BL/6,
CHOPKO, and p21KO mice) were randomly grouped and
received three weekly oral gavages with CPX (25mg/kg)
prepared in a solution (4% ethanol, 5.2% Tween 80, and 5.2%

PEG 400) or vehicle control for 1 month and fed with a
control chow diet consisting of 10% of kcal as fat (low-fat
diet) Open Source Diets D12450B and drinking water. After
1 month of CPX administration or vehicle control, young
and aged mice of each genotype were fed with a high-fat
diet, HFDSUC (HFD; Open Source Diets) D12451, with
free access to (10%) sweetened water (sucrose), as described
(23). Blood glucose concentrations were measured after over-
night fasting. Mice with a glucose concentration exceeding
180mg/dl were considered diabetic, after 2 consecutive glu-
cose measurements. Blood samples were taken from tail vein,
and blood glucose concentrations were measured with a
glucometer (Roche). In addition, blood samples (1ml) from
young and aged mice of each genotype and group as pre-
viously described were collected in an EDTA blood-
collection tube and centrifuged at 1200–1500 g for 10min
at 4�C. The supernatant (serum) was transferred into 1.5ml
Eppendorf tubes and stored at -80�C for insulin analysis.
Serum insulin levels were determined by using the Ultra
Sensitive Mouse Insulin ELISA Kit (CrystalChem, Inc.) in
accordance with the manufacturer’s guidelines.

Measurement of cellular ROS production

ROS measurements were measured by using the DCFDA
Cellular ROS Detection Assay Kit (Abcam Plc.) in a 96-
well dark microplate in accordance with the manufacturer’s
guidelines. Samples were analyzed by using a Varioskan
Flash micro-plate reader (Thermo-Scientific) with an exci-
tation wavelength at 485 nm and an emission wavelength
at 535 nm. Tert-Butyl hydroperoxide was used as positive
control.

Mesaurement of 8-OHdG levels in tissues

Mice were anesthetized by an intraperitoneal injection of
pentobarbital (80mg/kg) before the performance of surgical
procedures. Pancreata and livers were rapidly excised. Then,
the tissues were frozen in liquid nitrogen and kept at -80�C
until they were analyzed. 8-OHdG was measured with the
highly sensitive 8-OHdG check ELISA kit (Genox Corp.) in
accordance with the manufacturer’s guidelines, as described
in (17).

Western immunoblotting

Immunoblots were performed as described (22) by
using the following antibodies: GADD153 (F-168), sc-
575 from Santa Cruz Biotechnology (1:50); p21 (F-5),
sc-6246 from Santa Cruz Biotechnology (1:200); actin,
clone C4 MAB1501 from Millipore (1:5000); BiP antibody
(cat. no. 3183) from Cell Signaling (1:1000); GRP94 an-
tibody (H-212), sc-11402 from Santa Cruz Biotechnology
(1:500); horseradish peroxidase-conjugated anti-mouse
(1:10,000), goat anti-rabbit IgG (1:10,000; Santa Cruz
biotechnology, Inc.) for 1 h. Densitometry values were es-
timated by the Image J software (National Institutes of
Health). All blots were repeated at least three times, and
similar results were obtained.

RT-PCR analysis

After isolation, islets were placed in Trizol (Invitrogen) for
RNA isolation according to the manufacturer’s instructions.
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cDNAwas synthesized by using iScript (Biorad, Life Science
Research) by using the manufacturer’s protocol. cDNA
was then subjected to semi-quantitative PCR by standard
methods. The oligonucleotide primers used for PCR were as
follows:

For mouse Gapdh,
Forward: 5¢-CAACAGCCTCAACATCATCAG-3¢,
Reverse: 5¢-GGTCCACCACTGACACGTTG-3¢
For mouse p21,
Forward: 5¢-GCCTTAGCCCTCACTCTGTG-3¢
Reverse: 5¢-AGCTGGCCTTAGAGGTGA CA-3¢

ChIP analysis

ChIP studies were performed as described in (23,24).
The PCR primer set used for the ChIP assay was as fol-
lows:
chop forward 1 5¢- GTGACGAGGGTCAGGCTATG -3¢
chop reverse 1 3¢- ATAGACTCGCCGAAGCTTGT -
5¢ (256 bp)

Statistics

The results are expressed as the mean – SEM of at least
three independent experiments. Comparisons between
HFDSUC-treated animals and normal controls were per-
formed with Student’s t test. p values <0.05 were considered
significant and are indicated in the text.
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