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PERK Activation at Low Glucose Concentration Is
Mediated by SERCA Pump Inhibition and Confers
Preemptive Cytoprotection to Pancreatic ␤-Cells
Claire E. Moore, Omotola Omikorede, Edith Gomez, Gary B. Willars,
and Terence P. Herbert
Department of Cell Physiology and Pharmacology, The Henry Wellcome Building, University of Leicester,
University Road, Leicester LE1 9HN, United Kingdom

Protein kinase R-like ER kinase (PERK) is activated at physiologically low glucose concentrations in
pancreatic ␤-cells. However, the molecular mechanisms by which PERK is activated under these
conditions and its role in ␤-cell function are poorly understood. In this report, we investigated, in
dispersed rat islets of Langerhans and mouse insulinoma-6 (MIN6) cells, the relationship between
extracellular glucose concentration, the free endoplasmic reticulum (ER) calcium concentration
(关Ca2⫹兴ER) measured directly using an ER targeted fluorescence resonance energy transfer-based
calcium sensor, and the activation of PERK. We found that a decrease in glucose concentration
leads to a concentration-dependent reduction in 关Ca2⫹兴ER that parallels the activation of PERK and
the phosphorylation of its substrate eukaryotic initiation factor-2␣. We provide evidence that this
decrease in 关Ca2⫹兴ER is caused by a decrease in sarcoplasmic/ER Ca2⫹-ATPase pump activity mediated by a reduction in the energy status of the cell. Importantly, we also report that PERKdependent eukaryotic initiation factor-2␣ phosphorylation at low glucose concentration plays a
significant role in 1) the regulation of both proinsulin and global protein synthesis, 2) cell viability,
and 3) conferring preemptive cytoprotection against ER stress. Taken together, these results
provide evidence that a decrease in the ATP/energy status of the cell in response to a decrease in
glucose concentration results in sarcoplasmic/ER Ca2⫹-ATPase pump inhibition, the efflux of Ca2⫹
from the ER, and the activation of PERK, which plays an important role in both pancreatic ␤-cell
function and survival. (Molecular Endocrinology 25: 315–326, 2011)

T

o maintain normoglycemia, the pancreatic ␤-cell secretes insulin in response to a rise in blood glucose
concentration. Concomitantly, glucose stimulates a rapid
increase in proinsulin and secretory membrane protein
synthesis, thereby ensuring the maintenance of secretory
capacity (1– 6). Because the endoplasmic reticulum (ER)
is the site of synthesis of all secretory membrane proteins,
glucose-dependent rises in the rate of secretory membrane
protein synthesis places a huge demand on the pancreatic
␤-cell’s ER protein folding, modification, and processing
capacity. Conditions that disturb ER homeostasis can im-

pact on ER protein folding and processing, resulting in the
accumulation of malfolded protein within the lumen of
the ER and ER stress (7, 8). To alleviate ER stress and
promote cell survival, the cell activates a series of signal
transduction cascades termed the unfolded protein response (UPR) that act to decrease ER protein folding load,
increase ER protein folding capacity, and increase the
clearance of malfolded proteins from the ER (9). The
transducers of the UPR are three ER transmembrane proteins: the protein kinase R (PKR) like ER protein kinase
(PERK), the activating transcription factor-6 (ATF6) and
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the inositol-requiring enzyme 1 (IRE1). Once activated,
PERK phosphorylates the eukaryotic initiation factor-2
(eIF2) on serine 51 of its ␣-subunit, resulting in the repression of protein synthesis and the up-regulation of the expression of ATF4 (10, 11). PERK also phosphorylates and activates the transcription factor nuclear factor (erthyoid
derived 2) (12). The increased expression and activation of
ATF4 and nuclear factor (erythroid-derived 2), respectively,
results in an increase in the expression of antiapoptotic proteins involved in maintaining redox homeostasis and combating oxidative stress (13). IRE1 is a ribonuclease that,
when activated, splices the mRNA encoding X-box transcription factor 1 (XBP1), leading to a frame shift and the
production of XBP1s, a larger more active form of this protein. XBP1s increases the expression of a range of mRNA,
many of which are important in increasing ER folding capacity and efficiency, such as the chaperone Ig heavy chain
binding protein (glucose-regulated protein 78) (14). Upon
the induction of ER stress, ATF6 is transported from the ER
to the Golgi where it is cleaved by the serine proteases 1 and
2 (SP1/2), releasing its cytosolic domain, which translocates
to the nucleus where it has overlapping functions to that of
XBP1 (15).
There is great deal of evidence demonstrating that
PERK plays a critical role in ␤-cells (16, 17). Loss-offunction mutations within PERK result in a rare autosomal recessive disorder called Wolcott-Rallison syndrome
characterized by permanent neonatal or early-infancy
insulin-dependent diabetes caused by ␤-cell dysplasia
(17). PERK-knockout mice display a similar phenotype
and develop insulin-dependent diabetes as a result of
␤-cell dysplasia (16). ␤-Cell dysplasia is likely caused by
the inability of PERK to phosphorylate eIF2␣ because
homozygous eIF2␣ serine 51 to alanine (S51A) knock-in
mice (which creates a nonphosphorylatable eIF2␣) also
shows severe ␤-cell deficiency (11). Furthermore, ␤-cellspecific conditional eIF2␣ Ser51Ala knock-in mice display unrestricted protein synthesis which leads to oxidative stress and ultimately a decrease in ER function
resulting in ␤-cell death (18). Interestingly, we have previously shown that PERK is activated in response to a
decrease in glucose concentration in the pancreatic ␤-cell
line MIN6, independently of IRE1, and that this is mediated by a decrease in the energy status of the cell (19). The
resulting PERK-dependent phosphorylation of eIF2␣ (1,
19) was shown to play an important role in suppressing
proinsulin and global protein synthesis in MIN6 cells at low
glucose concentration (19). However, the molecular mechanisms by which PERK is activated at low glucose concentration and its role in ␤-cell function are poorly understood.
In the present study, we provide evidence that a decrease in the energy status of the cell in response to a
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decrease in glucose concentration results in sarcoplasmic/ER Ca2⫹-ATPase (SERCA) pump inhibition, which
leads to a decreased rate of ER Ca2⫹ influx, resulting in
ER Ca2⫹ depletion. This in turn leads to the activation of
PERK. We also demonstrate that PERK-dependent eIF2␣
phosphorylation at low glucose suppresses proinsulin and
global protein synthesis in rat islets of Langerhans, is essential for cell survival, and confers preemptive cytoprotection against ER stress in INS-1E cells.

Results
A decrease in extracellular glucose results in ER
Ca2ⴙ depletion and the activation of PERK
In the pancreatic ␤-cell line MIN6, a decrease in extracellular glucose concentration leads to the activation of
PERK via an unknown mechanism (19). However, the ER
requires a high luminal free ER Ca2⫹ concentration
(关Ca2⫹兴ER) to function efficiently, and alterations in
关Ca2⫹兴ER can adversely affect the folding of newly synthesized proteins (20 –23). Additionally, a number of reports link PERK activation with the lowering of ER Ca2⫹
(24). Therefore, it is conceivable that a decrease in glucose
concentration may lead to the efflux of calcium from the
ER and the activation of PERK. To investigate this possibility, we measured 关Ca2⫹兴ER using the fluorescence resonance energy transfer (FRET)-based probe D1ER cameleon, which is targeted to the ER via a KDEL ER
retention sequence (25). This probe contains a Ca2⫹binding domain that, once Ca2⫹ is bound, allows high
efficiency of excitation transfer from the donor cyan fluorescent protein to the acceptor yellow fluorescent protein. The degree of FRET provides a ratiometric indicator
of Ca2⫹ levels within the ER. MIN6 cells expressing
D1ER cameleon were preincubated for 1 h in KrebsRinger bicarbonate buffer (KRB) at 20 mM glucose before
perfusion with KRB containing 11.1, 5.5, or 0 mM glucose. The perfusion of KRB at 11.1, 5.5, or 0 mM glucose
all led to a rapid glucose concentration-dependent decrease in 关Ca2⫹兴ER (Fig. 1A). These decreases in 关Ca2⫹兴ER
paralleled an increase in the activation of PERK, as assessed using a phospho-specific antibody to Thr980 and
by monitoring the phosphorylation of its substrate eIF2␣
on Ser51 (Fig. 1B). In addition, PERK is rapidly activated
upon glucose deprivation (Fig. 1C), and the overexpression of a dominant-negative form of PERK (PERK⌬C)
confirmed our previous findings (19) that eIF2␣ phosphorylation in response to a decrease in glucose concentration is dependent upon PERK activation (Fig. 1D).
To investigate whether a decrease in glucose concentration also leads to ER Ca2⫹ store depletion and PERKdependent eIF2␣ phosphorylation in primary ␤-cells, we
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FIG. 1. Physiologically relevant decreases in glucose concentration causes 关Ca2⫹兴ER depletion and PERK activation in MIN6 cells and islets of
Langerhans. Panel A, 关Ca2⫹兴ER was measured in intact MIN6 cells using the D1ER cameleon probe. Cells were incubated with KRB containing 20
mM glucose (Glu) before being incubated with KRB in the presence of 11.1, 5.5, or 0 mM glucose. Quantitative comparison of the 关Ca2⫹兴ER levels
compared with control (20 mM glucose). Results are from three separate experiments (five to 15 cells per experiment) shown as mean ⫾ SEM; n ⫽
3. *, P ⬍ 0.05. P value was obtained using a one-way ANOVA followed by Bonferroni posttests compared with control (20 mM glucose). Panel B,
MIN6 cells were preincubated in KRB containing 20 mM glucose for 1 h. Cells were then treated with KRB supplemented with the indicated
concentrations of glucose for 1 h. Proteins were resolved on SDS-PAGE and Western blotted using antisera against phospho-PERK (P-PERK)
(Thr980), phospho-eIF2␣ (P-eIF2␣) (Ser51), and total eIF2␣ as a loading control. Quantified Western blots of phospho-eIF2␣ are shown as mean ⫾
SEM; n ⫽ 3.*, P ⬍ 0.05; **, P ⬍ 0.01. P value was obtained using a one-way ANOVA followed by Bonferroni posttests compared with control (20
mM glucose). Panel C, Time course of PERK activation. MIN6 cells were preincubated in KRB containing 20 mM glucose for 1 h. Cells were then
treated with KRB in the absence of glucose for the times indicated in the figure. Proteins were resolved on SDS-PAGE and Western blotted using
antisera against phospho-PERK (Thr980), phospho-eIF2␣ (Ser51), and total eIF2␣ as a loading control. Panel D, MIN6 cells were infected with AdEmpty (AdE) or Ad-PERK⌬C for 48 h. After infection, the cells were preincubated in KRB in the presence of 20 mM glucose for 1 h. Cells were then
treated for an additional 1 h in KRB containing 20 mM glucose 关control (C)兴 or in the absence of glucose (0 mM). Proteins were resolved on SDSPAGE and Western blotted using antisera against phospho-PERK (Thr980), phospho-eIF2␣ (Ser51), and total eIF2␣ as a loading control. Panel E,
关Ca2⫹兴ER was measured in dispersed islets using the D1ER cameleon probe. Cells were treated with KRB containing 16.7 mM glucose before being
treated with KRB in the presence of 2.8 mM glucose. Quantitative comparison was made of the 关Ca2⫹兴ER levels induced by glucose deprivation
compared with control (16.7 mM glucose) and analyzed via Student’s t test, unpaired and two tailed; *, P ⬍ 0.05 results are from three separate
experiments (three to eight cells per experiment). Panel F, Islets were incubated at 2.8 or 16.7 mM glucose. Proteins were resolved on SDS-PAGE
and Western blotted using antisera against phospho-PERK (Thr980), phospho-eIF2␣ (Ser51), and total eIF2␣ as a loading control.

measured changes in 关Ca2⫹兴ER and PERK phosphorylation in dispersed rat islets. Incubation of dispersed islets at
low glucose concentration resulted in a decrease in
关Ca2⫹兴ER, which paralleled the phosphorylation of PERK
and its substrate eIF2␣ (Fig. 1, E and F).
In summary, physiologically relevant decreases in glucose concentration lead to a concentration-dependent decrease in 关Ca2⫹兴ER, which parallels increases in PERK
activation in both MIN6 cells and islets of Langerhans.
SERCA pump activity is inhibited by a decrease in
glucose concentration independently of changes in
intracellular Ca2ⴙ concentration (关Ca2ⴙ兴i)
关Ca2⫹兴ER is maintained through calcium influx
through SERCA (26). This is an energy-dependent process, and therefore, one possible mechanism for ER calcium depletion in response to glucose deprivation is via
SERCA pump inhibition. To investigate whether ER calcium depletion and PERK-dependent eIF2␣ phosphorylation in response to a decrease in glucose concentration
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was likely mediated by SERCA pump inhibition, we measured SERCA pump activity at defined glucose concentrations. MIN6 cells were preincubated with 20 mM glucose for 1 h. During the last 15 min, the reversible SERCA
pump inhibitor cyclopiazonic acid (CPA) (10 M) was
added to deplete ER calcium stores (Fig. 2A). The cells
were then perfused with KRB containing 20, 11.1, 5.5, or
0 mM glucose and the rate of refilling of ER calcium stores
determined (Fig. 2, A and B). In addition, the intracellular
ATP concentration was quantified (Fig. 2C). The perfusion of cells with KRB containing 20 mM glucose led to the
rapid refilling of the ER, indicating a high rate of SERCA
pump activity (Fig. 2, A and B). In contrast, when cells
were perfused with KRB minus glucose, no significant
increase in Ca2⫹ reuptake into the ER was observed, indicating that glucose deprivation inhibits the SERCA
pump (Fig. 2, A and B). Perfusion of cells with KRB plus
11.1 or 5.5 mM glucose led to a dose-dependent decrease
in the rate of refilling and the maximal 关Ca2⫹兴ER compared with cells incubated at 20 mM glucose (Fig. 2, A and
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FIG. 2. SERCA is inhibited by a decrease in glucose concentration, and SERCA pump inhibition
leads to PERK activation. Panel A, 关Ca2⫹兴ER was measured in intact MIN6 cells using the D1ER
cameleon probe. To monitor the rate of 关Ca2⫹兴ER refilling, the ER store was depleted of Ca2⫹ by
incubating cells in KRB containing 20 mM glucose and 10 M CPA for 15 min. Cells were then
perfused with KRB containing 0, 5.5, 11.1, and 20 mM glucose. Panel B, Quantitative comparison
of the 关Ca2⫹兴ER levels. Results are from three separate experiments (five to 15 cells per
experiment) shown as mean ⫾ SEM; n ⫽ 3.*, P ⬍ 0.05. P value was obtained using a one-way
ANOVA followed by Bonferroni posttests compared with control (20 mM glucose). Panel C, MIN6
cells were incubated with KRB containing 20 mM glucose before being incubated with KRB in the
presence of 11.1, 5.5, or 0 mM glucose for 15 min. ATP content is expressed as nanomoles of ATP
per milligram of total protein shown as mean ⫾ SEM; n ⫽ 3. P ⬍ 0.0001 as determined using oneway ANOVA. Panel D, 关Ca2⫹兴ER was measured in intact MIN6 cells treated with 20 mM glucose in
the presence or absence of 1 M thapsigargin. Quantitative comparison of the 关Ca2⫹兴ER levels
induced by thapsigargin compared with control (20 mM glucose) are plotted ⫾ SEM and analyzed
via Student’s t test, unpaired and two tailed; **, P ⬍ 0.01. Results are from three separate
experiments (five to 15 cells per experiment). Panel E, MIN6 cells were mock-infected or infected
with Ad-Empty (AdE) or Ad-PERK⌬C for 48 h. After infection, the cells were preincubated in KRB
in the presence of 20 mM glucose for 1 h. Cells were then treated for an additional 1 h in KRB in
the presence or absence of 1 M thapsigargin (Tg). Proteins were resolved on SDS-PAGE and
Western blotted using antisera against phospho-PERK (P-PERK) (Thr980), phospho-eIF2␣ (P-eIF2␣)
(Ser51), and total eIF2␣ as a loading control. Quantified Western blots of phospho-eIF2␣ are
shown as means ⫾ SEM; n ⫽3.***, P ⬍ 0.001. P value was obtained using a one-way ANOVA
compared with control (Mock). AU, Arbitrary units; C, control.
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B). Interestingly, a decrease in the rate
of SERCA pump activity paralleled a
decrease in the intracellular ATP concentration (Fig. 2, A–C). To confirm
that SERCA pump inhibition per se can
lead to ER calcium depletion and the
activation of PERK in MIN6 cells, cells
were incubated in KRB containing 20
mM glucose in the presence of the
SERCA pump inhibitor thapsigargin (1
M). As expected, thapsigargin induced
a significant decrease in 关Ca2⫹兴ER (Fig.
2D) and the phosphorylation of
PERK and its downstream target
eIF2␣, which were inhibited in cells
overexpressing a dominant-negative
mutant of PERK (PERK⌬C) (Fig. 2E).
A decrease in extracellular glucose
concentration leads to a reduction in
关Ca2⫹兴i (Fig. 3A). This could in turn
cause, or potentiate, ER calcium store
depletion through an increase in the ER
to cytosol calcium concentration gradient. To investigate this possibility, we
determined whether depolarizing concentration of KCl (K50), which evokes
a large and sustained rise in intracellular Ca2⫹ (Fig. 3B), would inhibit the
rate of ER calcium depletion in the absence of glucose. However, this had no
effect on the rate or extent of 关Ca2⫹兴ER
depletion (Fig. 3C) in response to glucose deprivation. Therefore, a decrease
in 关Ca2⫹兴ER in response to a decrease in
glucose concentration is independent
of changes in 关Ca2⫹兴i.
A decrease in the energy status of
the cell results in the depletion of
ER calcium stores via inhibition of
the SERCA pump
Our results provide evidence that
SERCA pump inhibition by a decrease
in glucose concentration leads to a decrease in 关Ca2⫹兴ER and a marked increase in the phosphorylation of eIF2␣
via a PERK-dependent mechanism
(Figs. 1 and 2).We had previously
shown that a decrease in extracellular
glucose concentration resulted in a fall
in the intracellular energy status that
paralleled increases in PERK-depen-
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in glucose-deprived cells, inhibits
SERCA pump activity and causes ER
Ca2⫹ depletion (Fig. 4) and PERK-dependent phosphorylation of eIF2␣ (19).
A decrease in extracellular glucose
concentration causes PERKdependent inhibition of proinsulin
and global protein synthesis in rat
islets of Langerhans
Having established the molecular
mechanism of eIF2␣ phosphorylation at low glucose concentration, we
wished to determine its physiological
role in islets. To investigate whether
eIF2␣ phosphorylation at low glucose
influences protein synthesis in islets, we
monitored changes in proinsulin and
FIG. 3. The ER to cytosolic calcium concentration gradient does not influence ER calcium
store depletion in glucose-deprived cells. A and B, 关Ca2⫹兴i was measured using fura-2-AM.
total protein synthesis in dispersed rat
MIN6 cells were exposed to 20 mM glucose and then 0 mM glucose (A) or 0 mM glucose plus
islets infected with an N-terminal trundepolarizing concentrations of potassium (K⫹50) (B). Representative traces are shown. Results
cation mutant of growth-arrest and
are from three separate experiments (20 –30 cells per experiment). C, 关Ca2⫹兴ER was measured
DNA-damage-inducible protein 34
using the D1ER cameleon probe in response to depolarizing concentrations of potassium
(K⫹50). Quantitative comparison was made of the 关Ca2⫹兴ER levels induced by 0 mM glucose
(GADD34), GADD34⌬N, which conwith or without K⫹50. Results are from three separate experiments (five to 15 cells per
stitutively
directs protein phosphaexperiment) shown as mean ⫾ SEM; n ⫽ 3. Statistical analysis was performed using a one-way
⫹
tase-1 to eIF2␣, leading to eIF2␣ deANOVA followed by Bonferroni posttests between 0 mM and K 50. AU, Arbitrary units.
phosphorylation (28) and as control an
empty adenovirus (Ad-Empty). At 48 h
dent eIF2␣ phosphorylation (19), and in this report, we after infection, the cells were incubated at 2.8 or 16.7 mM
show that a decrease in SERCA pump activity correlates
glucose, and the phosphorylation status of eIF2␣ was aswith a decrease in intracellular ATP concentration (Fig.
sessed by Western blotting (Fig. 5). Incubating the Ad2). Therefore, we wished to determine whether inhibition
Empty control cells at low glucose (2.8 mM) resulted in an
of the SERCA pump in response to a decrease in glucose
increase in the phosphorylation of eIF2␣ that was inhibited
concentration could be evoked by a decrease in energy
in cells overexpressing GADD34⌬N (Fig. 5A). Imporstatus. To investigate this possibility, MIN6 cells were
tantly, the overexpression of GADD34⌬N also resulted in
treated with a dose of oligomycin (12 nM), which leads to
a significant increase in proinsulin and global protein syna reduction in intracellular 关ATP兴 to a level similar to that
thesis at low glucose (Fig. 5B). In addition, we investifound in MIN6 cells deprived of glucose for 1 h (19) (Fig.
gated changes in the levels of translational ternary com4B). This resulted in a decrease in 关Ca2⫹兴ER at a similar
rate and to a similar extent to that observed upon glucose plex formation in vivo (1, 29). Dispersed islets were
deprivation (Fig. 4A). Treatment of MIN6 cells with 12 infected with recombinant adenovirus encoding lucifnM oligomycin also led to a time-dependent increase in the erase downstream of the 5⬘-untranslated region of ATF4
activation of PERK and the phosphorylation of eIF2␣, and, as internal control, green fluorescent protein (GFP),
which paralleled decreases in the energy status of the cell, both under the control of a cytomegalovirus promoter
as assessed by the phosphorylation state of AMP-kinase (Ad-ATF4Luc) (1). ATF4 translation is regulated by short
(AMPK) 关a sensor of intracellular AMP and hence cellular open reading frames in its 5⬘-untranslated region by a
energy status (27)兴 (Fig. 4C). To determine whether 12 nM mechanism analogous to that which regulates GCN4 exoligomycin also inhibits SERCA pump activity, cells were pression in yeast (30, 31). Briefly, upon an increase in
depleted of ER calcium and the rate of ER store refilling at ternary complex availability, ATF4 expression is re20 mM glucose was determined in the presence or absence pressed. However, when the availability of ternary comof oligomycin. Oligomycin (12 nM), like glucose depriva- plex is low, ATF4 expression is up-regulated (30, 31).
tion, also inhibited ER Ca2⫹ store refilling (Fig. 4D). In Incubation of cells at low glucose led to an increase in
conclusion, oligomycin, at a concentration of 12 nM that luciferase/GFP ratio (Fig. 5C) that paralleled eIF2␣ phosdepletes intracellular 关ATP兴 to a similar level to that found phorylation (Fig. 5A), indicating a decrease in ternary
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viability and confer cytoprotection
(32). In conclusion, PERK activation at
low glucose concentration decreases
ternary complex formation and suppresses proinsulin and global protein
synthesis in islets.
eIF2␣ phosphorylation plays an
important role in maintaining
␤-cell viability and confers
preemptive cytoprotection
Because eIF2␣ phosphorylation has
been shown to play an important role
in pancreatic ␤-cell survival, we investigated whether changes in eIF2␣ phosphorylation in response to glucose impacted on pancreatic ␤-cell viability.
Extended incubation of the rat pancreatic ␤-cell line INS-1E with decreasing
glucose concentrations led to an increase in the phosphorylation of eIF2␣
(Fig. 6A) and a decrease in cell viability
at 2.8 mM glucose (as determined as the
percentage of cells within the sub-G1/0
population as assessed using flow cytometry) (Fig. 6B). However, the expression of GADD34⌬N, which effectively blocked eIF2␣ phosphorylation
(Fig. 6A), caused a further decrease in
FIG. 4. A decrease in the energy status of the cell results in the depletion of ER calcium
cell viability at low glucose, which is
stores via inhibition of the SERCA pump. A, 关Ca2⫹兴ER was measured in intact MIN6 cells using
significant at 5.5 mM, indicating that in
the D1ER cameleon probe. Cells were treated with KRB containing 20 mM glucose (glu)
these cells, eIF2␣ phosphorylation is
before being treated with KRB supplemented with 20 mM glucose in the presence of 12 nM
oligomycin (Oligo) or KRB minus glucose. Quantitative comparison of the 关Ca2⫹兴ER levels
important in maintaining ␤-cell viabilcompared with control (20 mM glucose). Results are from three separate experiments (five to
ity at physiologically low glucose con15 cells per experiment) shown as mean ⫾ SEM; n ⫽ 3. **, P ⬍ 0.01. P value was obtained
centration (Fig. 6, A and B).
using a one-way ANOVA followed by Bonferroni posttests compared with control (20 mM
glucose). B, MIN6 cells were incubated with KRB containing 20 mM glucose before being
The ISR is cytoprotective in other
treated with 12 nM oligomycin or incubated with KRB minus glucose for 15 min. ATP content
cell types, and therefore, PERK-depenis expressed as nanomoles of ATP per milligram of total protein shown as mean ⫾ SEM; n ⫽ 3.
dent activation of the ISR evoked at
***, P ⬍ 0.005. P value was obtained using a one-way ANOVA followed by Bonferroni
posttests compared with control (20 mM glucose). C, MIN6 cells were preincubated in KRB
physiologically relevant low glucose
containing 20 mM glucose for 1 h. Cells were then treated with KRB supplemented with 20
concentrations, such as during periods
mM glucose in the presence of 12 nM oligomycin for the times indicated. Proteins were
of fast, may protect ␤-cells from subseresolved on SDS-PAGE and Western blotted using antisera against phospho-PERK (P-PERK)
(Thr980), phospho-eIF2␣ (P-eIF2␣) (Ser51), phospho-AMPK (P-AMPK) (Thr172), and total
quent oxidative and/or ER stress that
eIF2␣ as a loading control. Results are representative of three separate experiments. D, To
occurs in response to a rise in blood
monitor the rate of 关Ca2⫹兴ER refilling, the ER store was depleted of Ca2⫹ by incubating cells
glucose concentration (33, 34). To inin KRB containing 20 mM glucose and 10 M CPA for 15 min. Cells were then perfused with
vestigate whether eIF2␣ phosphorylaKRB containing 12 nM oligomycin in the presence of 20 mM glucose or as controls KRB or
KRB 20 mM glucose. Quantitative comparison was made of the 关Ca2⫹兴ER levels. Results are
tion confers resistance to ER stress,
from three separate experiments (five to 15 cells per experiment) shown as mean ⫾ SEM; n ⫽
INS-1E cells were pretreated with CPA
3. *, P ⬍ 0.05. P value was obtained using a one-way ANOVA followed by Bonferroni
or incubated in the absence of glucose
posttests compared with control (20 mM glucose plus CPA).
to cause PERK-dependent eIF2␣ phosphorylation (Fig. 6, C–E). The absence
complex formation, a prerequisite for the up-regulation
of ATF4 and induction of the integrated stress response of glucose led to an ISR as determined by an increase in
(ISR), a response that in other cell types can influence cell eIF2␣ phosphorylation and an increase in ATF4 and
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upon thapsigargin treatment (Fig. 6F). Importantly, the
overexpression of GADD34⌬N blocked the protective effect induced by low glucose pretreatment (Fig. 6G).
Taken together, these results provide evidence that incubation of INS-1E cells at low glucose confers cytoprotection against subsequent ER stress and that this is dependent upon the phosphorylation of eIF2␣.

Discussion

FIG. 5. Functional consequences of PERK activation on protein
synthesis in rat islets of Langerhans. A, Dispersed islets were infected
with control Ad-Empty virus (AdE) or AdGADD⌬N (⌬N) for 48 h. After
infection, the cells were incubated for 2 h in KRB at 2.8 or 16.7 mM
glucose in the presence of 35S-labeled methionine/cysteine. Proteins
were resolved on SDS-PAGE and Western blotted using antisera
against phospho-eIF2␣ (P-eIF2␣) (Ser51) or total eIF2␣ as a loading
control. Quantified Western blots of phospho-eIF2␣ are shown as
mean ⫾ SEM; n ⫽ 3. **, P ⬍ 0.01. P value was obtained using a oneway ANOVA followed by Bonferroni posttests. B, Densitometry values
from autoradiographs of 35S-labeled methionine/cysteine incorporation
into proinsulin and total protein are plotted ⫾ SEM and analyzed by
Student’s t test, unpaired and two tailed; *, P ⬍ 0.05; **, P ⬍ 0.01;
***, P ⬍ 0.005 (n ⫽ 3) expressed as a percentage of 2.8 mM (AdEmpty). C, Dispersed islets were infected with Ad-ATF4luc in the
presence or absence of Ad-GADD⌬N for 24 h. After infection, the cells
were incubated for 2 h in KRB at 2.8 or 16.7 mM glucose in the
presence of 35S-labeled methionine/cysteine. Cells were then lysed,
and luciferase and GFP were immunoprecipitated. Immunoprecipitants
were run out on SDS-PAGE gels, and the incorporation of
关35S兴methionine/cysteine into luciferase and GFP were detected by
autoradiography and expressed as luciferase/GFP ratio.

C/EBP homologous protein (CHOP) 10 expression (Fig.
6F). The cells were then allowed to recover for 24 h before
exposure to the ER stress agent thapsigargin. Recovery
did not result in an increase in 关Ca2⫹兴ER compared with
untreated cells (Fig. 6E). Crucially, pretreatment with either CPA or preincubation in glucose-free media offered a
significant protection against ER-stress-induced cell
death (Fig. 6, B and C). This protection also correlated
with a decrease in the phosphorylation status of eIF2␣
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In pancreatic ␤-cells, a rise in extracellular glucose concentration causes an initial reduction in ER-sequestered
Ca2⫹, which is rapidly followed by a large increase in ER
Ca2⫹ uptake into an inositol triphosphate-sensitive Ca2⫹
pool (35–38). In this report, we show in both MIN6 cells
and islets of Langerhans that a decrease in extracellular
glucose concentration promotes a decrease in 关Ca2⫹兴ER
(Figs. 1 and 2). We also show that the treatment of MIN6
cells with oligomycin, at a concentration that reduces
关ATP兴/energy status of the cell to that found in glucosedeprived cells, also promotes a decrease in 关Ca2⫹兴ER (Fig.
4). This is in agreement with a previous report demonstrating that carbonyl cyanide m-chloro-phenyl hydrazone, which dissipates the mitochondrial membrane potential and thereby inhibits ATP production, decrease
关Ca2⫹兴ER in INS-1E cells (35). We provide evidence that
the effects of a decrease in glucose concentration and/or a
decrease in 关ATP兴/energy status on ER calcium store depletion is mediated by a reduction in SERCA pump activity (Figs. 1 and 2). Indeed, agents such as thapsigargin and
CPA, which inhibit the SERCA pump and deplete ER
calcium, also lead to the activation of PERK in pancreatic
␤-cells (Fig. 2) (7, 24). Therefore, we conclude that a
decrease in glucose concentration results in a decrease in
the energy status of the cell, which in turn results in ER
Ca2⫹ store depletion through SERCA pump inhibition.
However, studies on permeabilized ␤-cells indicate halfmaximal Ca2⫹ uptake ranges from 3.5– 45 nM ATP depending on 关Ca2⫹兴i (36). Yet, we and others have provided evidence in intact ␤-cells that SERCA pump activity
is regulated by physiological changes in glucose concentration (this report and Ref. 36) despite cytoplasmic ATP
concentration varying within the millimolar range (36,
39). However, KATP channels in pancreatic ␤-cells are
half-maximally inhibited when excised membrane
patches are exposed to 10 –15 mM ATP yet respond to
physiological changes in glucose concentration (39). In
this case, the KATP channel’s sensitivity to ATP is reduced by phosphatidylinositol-4,5-bisphosphate and related phosphoinositides, long-chain acyl-coenzyme A esters, and MgADP. This allows the KATP channel to be
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FIG. 6. PERK-dependent eIF2␣ phosphorylation plays an important role in maintaining ␤-cell viability and confers preemptive cytoprotection against ER
stress. INS-1E cells were infected with control Ad-Empty (AdE) or AdGADD⌬N (⌬N) viruses and incubated in full DMEM minus glucose medium
supplemented with 2.8, 5.5, or 16.7 mM glucose for 48 h. Panels A and B, Cells were then lysed and proteins resolved on SDS-PAGE and Western blotted
using antisera against phospho-eIF2␣ (P-eIF2␣) (Ser51) or total eIF2␣ as a loading control (A) fixed and propidium iodide stained for analysis by flow
cytometry (B). The percentage of dead cells was determined by the percentage of cells within the sub G1/0 population. Results were analyzed by an
unpaired and two-tailed Student’s t test; *, P ⬍ 0.05 (n ⫽ 4). Panels C and D, Survival of INS-1E cells pretreated for 4 h with either 10 M CPA (C) or 0
mM glucose (D) followed by 24 h of recovery and subsequent challenge with 1 M thapsigargin (Tg) for 8 h. Panel E, INS-1E cells were treated for 4 h
with either 10 M CPA or incubated in RPMI minus glucose followed by 24 h of recovery (24 h Rec) or not (0 h Rec). Cells were loaded with 2 M Fluo4 in
KRB minus calcium before injection of 10 M ionomycin. Changes in fluorescence were read immediately in a Novostar (BMG Labtech) 96-well plate
reader. Peak increases in calcium upon ionomycin treatment were measured and plotted as percentage of control. Panel F, Cytoplasmic and nuclear
extracts were collected from untreated INS-1E cells or cells incubated with 0 mM glucose for 1 and 4 h, 24 h after recovery (R) and after 8 h exposure to
thapsigargin. Proteins were resolved on SDS-PAGE and Western blotted using antisera against phospho-eIF2␣ (Ser51), ATF-4, CHOP, and total eIF2␣ as a
loading control. Panel G, INS-1E cells were infected with a control Ad-Empty virus or infected with AdGADD⌬N for 36 h. After infection, the cells were
incubated in the absence of glucose for 4 h followed by 24 h recovery and subsequent challenge with 1 M thapsigargin for 8 h. In panels C, D, and G,
cells were subjected to a luminometric caspase 3/7 activation assay as described in Materials and Methods. Data are expressed as relative light units (RLU).
Results are expressed as mean ⫾ SEM. *, P ⬍ 0.05; **, P ⬍ 0.01; ***, P ⬍ 0.005 (n ⫽ 6). P value was obtained using a one-way ANOVA followed by
Bonferroni posttests compared with control (C).

regulated by changes in the ATP/ADP ratio in response to
physiological changes in glucose concentration. Therefore, one possibility is that SERCA channel sensitivity to
ATP is lowered by a yet undiscovered cytoplasmic factor.
Alternatively, local changes in 关ATP兴i at the ER are much
greater than global cytosolic changes in 关ATP兴. Interestingly, high concentrations of ADP have been reported to
cause calcium leak through SERCA in muscle (40 – 42).
Therefore, another intriguing possibility is that a decrease
in glucose concentration increases 关ADP兴, which in turn
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causes calcium leak through SERCA. It has been reported
that ER calcium depletion inhibits glycoprotein processing, ER-associated degradation, and chaperone function,
resulting in an accumulation of unfolded proteins within
the ER, which in turn activates PERK as part of the UPR
(for review see Ref. 43). Yet, we have previously provided
evidence that glucose deprivation may lead to the activation of PERK via a mechanism that is independent of the
accumulation of nascent unfolded proteins within the ER
(19). However, this is technically difficult to confirm. In
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addition, and in contrast to thapsigargin, glucose deprivation does not lead to IRE1 activation. However, the
extent of ER Ca2⫹ store depletion is likely an important
determinant as to which transducers of the UPR are activated. It is possible that the threshold for IRE1 activation in
response to a decrease in 关Ca2⫹兴ER is higher than that of
PERK and is therefore activated in response to thapsigargin
and not glucose deprivation.
PERK-dependent eIF2␣ phosphorylation clearly plays
an important physiological function in islets of Langerhans as we show that the levels of total and proinsulin
synthesis are significantly elevated at low glucose concentration in the absence of eIF2␣ phosphorylation (Fig. 5).
However, the rate of proinsulin synthesis does not reach
the levels observed at 16.7 mM glucose, indicating that
additional specific mechanisms are in operation. These results concur with previous findings in MIN6 cells (19) and
results obtained from ␤-cell-specific homozygous Ser51Ala
conditional knock-in mice (18) in which the rate of both
global and proinsulin biosynthesis were also significantly
increased at low glucose concentrations in islets from these
mice (18). eIF2␣ phosphorylation not only is important in
repressing protein synthesis but can also increase the rate of
translation of a small subset of mRNAs through a decrease
in the availability of the translational ternary complex.
These proteins whose expression is increased through both
translational and transcriptional mechanisms form part of a
well characterized response to eIF2␣ phosphorylation referred to as the ISR (29). The ISR is activated in both MIN6
cells and islets at low glucose concentrations (44, 45), and
this response has been shown to be cytoprotective in other
cell types (32). Interestingly, we show that eIF2␣ phosphorylation is important in maintaining ␤-cell viability (Fig. 6)
and importantly that incubation of INS-1E cells at low glucose activates the ISR and confers cytoprotection against
subsequent ER stress and that this is dependent upon the
phosphorylation of eIF2␣ (Fig. 6). Therefore, perhaps
PERK-dependent eIF2␣ phosphorylation, evoked during
periods of fasting, protects ␤-cells from subsequent oxidative and ER stress, which has been reported to occur in
␤-cells in response to high glucose concentration (46). In
support of this, increased oxidative stress has been observed
in islets from ␤-cell-specific homozygous Ser51Ala conditional knock-in mice, and this is thought to ultimately lead
to ␤-cell dysfunction and death (18).
In summary, we provide evidence that a decrease in the
ATP/energy status of the cell in response to a decrease in
glucose concentration results in SERCA pump inhibition,
the efflux of Ca2⫹ from the ER, and the activation of
PERK, which plays an important role in both pancreatic
␤-cell function and survival.
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Materials and Methods
Chemicals
Fetal calf serum (FCS) was purchased from Invitrogen
(Carlsbad, CA). All other chemicals were obtained from Sigma
Chemical Co. (St. Louis, MO), unless otherwise stated.

MIN6 and INS-1E cell culture and treatment
In this study, MIN6 cells (kindly provided by Prof. Jun-Ichi
Miyazaki) were used between passages 25 and 40 at approximately 80% confluence. MIN6 cells were grown in DMEM
containing 25 mM glucose supplemented with 15% heat-inactivated FCS, 100 g/ml streptomycin, 100 U/ml penicillin sulfate,
and 75 M ␤-mercaptoethanol (i.e. complete medium), equilibrated with 5% CO2, 95% air at 37 C. In this study, INS-1E
cells (47) were used between passages 60 and 75 at approximately 80% confluence. INS-1E cells were grown in RPMI 1640
containing 11.1 mM glucose, 1 mM sodium pyruvate, 10 mM
HEPES supplemented with 5% FCS, 100 g/ml streptomycin,
100 U/ml penicillin sulfate, and 55 M ␤-mercaptoethanol (i.e.
complete medium), equilibrated with 5% CO2, 95% air at 37 C.
Before treatment, the medium was removed and the cells
washed twice with HEPES-balanced KRB 关115 mM NaCl, 5 mM
KCl, 10 mM NaHCO3, 2.5 mM MgCl2, 2.5 mM CaCl2, 20 mM
HEPES (pH 7.4)兴 containing 0.5% BSA. Full details of treatments are provided in the figure legends. All treatments were
stopped by the addition of ice-cold lysis buffer containing 1%
Triton, 10 mM ␤-glycerophosphate, 50 mM Tris-HCl (pH 7.5), 1
mM EDTA, 1 mM EGTA, 1 mM sodium orthovanadate, 1 mM
benzamidine HCl, 0.2 mM phenylmethylsulfonyl fluoride, 1
g/ml each of leupeptin and pepstatin, 0.1% ␤-mercaptoethanol, and 50 mM sodium fluoride. The lysates were then centrifuged for 10 min at 16,000 ⫻ g at 4 C. The supernatants were
kept, and total protein concentrations were determined by the
Bradford assay (Bio-Rad, Hercules, CA) using BSA as standard.
The protein lysates were stored at ⫺80 C until further analysis.

Islet isolation and culture
Pancreatic islets were isolated from 200- to 250-g male
Wistar rats by collagenase digestion and Histopaque density
gradient centrifugation by a modification of the method of
Guest et al. (2). Briefly, the pancreas was inflated by injecting 6
ml medium (RPMI 1640 medium containing 11.1 mM glucose)
(Invitrogen) containing 1 mg/ml collagenase (Serva, Heidelberg,
Germany) through the common pancreatic duct. The excised
pancreata were then incubated at 37 C for 17 min. After incubation, the pancreata were then individually hand shaken for 1
min. The partially disaggregated tissue was then centrifuged for
3 min at 200 ⫻ g at 4 C. The pelleted material was then resuspended in RPMI 1640 and subjected to another cycle of resuspension and centrifugation. The pelleted material was then resuspended in RPMI containing 5% FCS and then filtered
through a sieve. Each filtrate was centrifuged for 3 min at 200 ⫻
g at 4 C, and the pellets were resuspended in 10 ml Histopaque
1077 (Sigma) and over-layered with 10 ml RPMI 1640. The
tubes were centrifuged for 20 min at 1600 ⫻ g at 4 C, and islets
were recovered from the RPMI/Histopaque-1077 interface and
washed once in RPMI containing 5% FCS. The islets were then
hand-picked under a stereomicroscope. The islets were then cultured at 37 C in 5% CO2, 95% air in RPMI 1640 medium
containing 11.1 mM glucose and 5% FCS. Where indicated,
islets were dispersed by incubation in Ca2⫹-free solution (138
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mM NaCl, 5.6 mM KCl, 1.2 mM MgCl2, 5 mM HEPES, and 1 mM
EGTA) for 10 min followed by gentle pipetting. Dispersed islets
were cultured for up to 1 wk at 37 C in the presence of 5% CO2
in serum-free RPMI 1640 containing 11.1 mM glucose, 5 g/liter
BSA, 100 U/ml penicillin sulfate, and 100 g/ml streptomycin
before treatments described in the figure legends. Cells were
lysed by the addition of sample loading buffer.

Adenoviral construction and infection
The generation of recombinant adenoviruses expressing
amino acids 1–583 of PERK 关i.e. dominant-negative PERK (AdPERK⌬C)兴, an N-terminal truncation mutant of GADD34 that
constitutively directs protein phosphatase-1 to eIF2␣, leading to
eIF2␣ dephosphorylation (Ad-GADD⌬N), Ad ATF4-Luc (1)
and GFP (Ad-Empty) have been previously described (1, 19).
For infection, MIN6 cells were incubated in the presence of the
virus for 48 h before treatments. Under these conditions, more
than 90% of cells were infected as determined by monitoring
enhanced GFP expression by fluorescence microscopy.

Protein synthesis measurements
Briefly, cells were incubated in the presence of 关35S兴methionine/
cysteine for 2 h. The cells were then lysed (as described in MIN6
and INS-1E cell culture and treatment and Islet isolation and culture), and equal amounts of protein were resolved on SDS-PAGE
and visualized by autoradiography. Changes in 关35S兴methionine/
cysteine incorporation into protein were determined by
densitometry.

Survival assays
INS-1E cells were plated on a 24-well plate and cultured in
RPMI 1640 for 48 h. After pretreatment with media containing
0 mM glucose for 4 h, INS-1E cells were maintained in normal
medium for the duration of recovery (24 h). After the recovery
period, the medium was replaced with fresh medium containing
1 M thapsigargin for 8 h. After 8 h of thapsigargin treatment,
cellular apoptosis was determined by measurement of caspases
3 and 7 activity using the luminometric Caspase-Glo 3/7 assay
(Promega, Madison, WI) according to the manufacturer’s protocol using a NOVOstar microplate reader (BMG LabTechnologies, Offenburg, Germany).

SDS-PAGE and immunoblotting
SDS-PAGE and Western blotting were performed as described previously (1). Anti-phospho-eIF2␣ (Ser51) antibody
was purchased from Biosource (Camarillo, CA). Anti-phosphoPERK (Thr980) and anti-phospho-AMPK (Thr172) antibodies
were purchased from Cell Signaling Technology (Beverly,
MA). Anti-eIF2␣ CHOP and ATF4 antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Detection was by horseradish peroxidase-linked antirabbit
secondary antibodies and enhanced chemiluminescence (GE
Healthcare, Piscataway, NJ).
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ing Lipofectamine 2000 (Invitrogen) as per the manufacturer’s
instructions. After 6 h, the medium was replaced with complete
medium and cultured for an additional 48 h before experiments.
Single-cell imaging was performed in HEPES-balanced KRB via
standard epifluorescence microscopy. Cells were perfused at a
constant rate of 3–5 ml/min with KRB at 37 C. Full details of
treatments are provided in the figure legends. Cells were imaged
on a Zeiss Axiovert 200 microscope (⫻40 magnification) (Carl
Zeiss Microimaging, Inc., Hertfordshire, UK) using a MicroMax digital camera (Roper-Princeton Instruments, Trenton,
NJ) controlled by MetaFluor software (Universal Imaging
Corp., Downington, PA). Emission ratio imaging of the cameleon was achieved by using a 436DF20 excitation filter, a
450-nm dichroic mirror, and two emission filters: 475/40nm for
enhanced GFP and 535/25nm for cyan fluorescent protein.

Quantification of cell death using flow cytometry
MIN6 or INS-1E cells were trypsinized off the plate and
resuspended in full medium. The cells were then gently spun
down, washed in PBS, and resuspended in 1 vol of PBS. To fix
the cells, 9 vol of ice-cold methanol was added to the cells drop
wise. The cells were then left for 18 h at ⫺20 C. The cells were
then spun down and resuspended in PBS containing 10 mg/ml
propidium iodide and RNase A and incubated at room temperature for 30 min before analysis by flow cytometry using a
FACSCalibur (Becton Dickinson, San Jose, CA).

Determination of cellular ATP content
ATP content was determined using a bioluminescent assay
(Sigma) following the manufacturer’s instructions. Briefly, after
treatments, as described above and in the figure legends, cells
were lysed by the addition of somatic-cell ATP-releasing reagent. Luminescence was then read immediately in a Novostar
(BMG Labtech) 96-well plate reader with injectors.

Quantification of ER calcium stores using Fluo4
Quantification of ER calcium stores using Fluo4 was determined as described by Purkiss and Willars (48) with modifications. Cells were loaded at room temperature for 30 min with 2
M Fluo4 in KRB minus calcium containing 0.02% pluronic
acid and 2.5 mM probenecid. The cells were then washed twice
in KRB minus calcium before injection of 10 M ionomycin.
Changes in fluorescence were read immediately in a Novostar
(BMG Labtech) 96-well plate reader with injectors. Peak increases in calcium upon ionomycin treatment were measured
and plotted as percentage of control.
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