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Background: Impaired metabolism and cytosolic Ca2� overload in pancreatic acinar cells can trigger pancreatitis.
Results: Insulin protected cells from oxidant-induced Ca2� overload, inhibition of the plasma membrane calcium pump
(PMCA), and ATP depletion.
Conclusion: Insulin switches metabolism toward glycolysis and fuels the PMCA even when mitochondria are impaired.
Significance: This mechanism may provide an important therapeutic strategy for pancreatitis.

Acute pancreatitis is a serious and sometimes fatal inflamma-
tory disease of the pancreas without any reliable treatment or
imminent cure. In recent years, impaired metabolism and cyto-
solicCa2� ([Ca2�]i) overload inpancreatic acinar cells havebeen
implicated as the cardinal pathological events common to most
forms of pancreatitis, regardless of the precise causative factor.
Therefore, restoration of metabolism and protection against
cytosolic Ca2� overload likely represent key therapeutic
untapped strategies for the treatment of this disease. The
plasmamembrane Ca2�-ATPase (PMCA) provides a final com-
mon path for cells to “defend” [Ca2�]i during cellular injury. In
this paper,weuse fluorescence imaging to show for the first time
that insulin treatment, which is protective in animalmodels and
clinical studies of human pancreatitis, directly protects pancre-
atic acinar cells from oxidant-induced cytosolic Ca2� overload
and inhibition of the PMCA. This protection was independent
of oxidative stress or mitochondrial membrane potential but
appeared to involve the activation ofAkt and an acutemetabolic
switch from mitochondrial to predominantly glycolytic metab-
olism. This switch to glycolysis appeared to be sufficient to
maintain cellular ATP and thus PMCA activity, thereby pre-
venting Ca2� overload, even in the face of impaired mitochon-
drial function.

Acute pancreatitis is an inflammatory disease of the pancreas
with an incidence of 1 in 10,000 and an overall disease-related
mortality of 5%, which is considerably higher (17%) in severe
necrotic disease (1). One-third of patients develop severe dis-

ease with in-patient stays of up to 100 days. There is no specific
intervention for acute pancreatitis, and it is clear that the cur-
rent paradigms of understanding of the disease are inadequate.
Although the underlying pathology is poorly understood, acute
pancreatitis is often characterized by the autodigestion of the
exocrine tissue, caused either by impaired Ca2�-dependent
exocytosis of digestive enzymes or by intracellular enzyme acti-
vation (1, 2). This leads to a spiral of self-perpetuating necrotic
tissue damage and a consequent local, and then systemic,
inflammatory response. In severe cases this can lead to distal
organ damage, multiple organ failure, and death (1).
There are several diverse causative factors for pancreatitis,

including bile acid reflux from gall stones or biliary disease,
ethanol metabolites from excessive alcohol intake, hypertrig-
lyceridaemia, and oxidative stress (1, 2). However, over the last
several years, these causative factors have each been shown to
impair the normal cytosolic Ca2� concentration ([Ca2�]i)
homeostasis and [Ca2�]i signaling in pancreatic acinar cells (2).
In particular, an irreversible increase in [Ca2�]i (Ca2�overload)
has been suggested to be a key feature of acute pancreatitis,
regardless of the causative agent or process. Oxidative stress
has also been implicated in pancreatitis, either as a cellular trig-
ger (3) or in facilitating the inflammatory response (4).
We have previously reported that oxidative stress, induced

by H2O2, profoundly altered hormone-evoked [Ca2�]i signal-
ing and resulted in an irreversible Ca2� overload and a marked
inhibition of the plasma membrane Ca2�-ATPase (PMCA)3 in
pancreatic acinar cells (5, 6). Although oxidative stress can
affect many Ca2� transport/signaling pathways, the PMCA has
an especially key role as the final “gatekeeper” for the control of
resting [Ca2�]i, especially in cells in which the Na�-Ca2�

exchange is not expressed (7). Even when all other Ca2� trans-
port pathways are impaired, [Ca2�]iwill recover close to resting
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levels as long as the PMCA remains active or “protected” (8).
This will allow cells to recover from potential insults that raise
[Ca2�]i by activating the necessary stress response pathways or
even triggering the “safe” dismantling of the cell constituents by
apoptosis or autophagy (9). However, if the PMCA becomes
inhibited, excess Ca2� in the cytosol cannot be exported, and
[Ca2�]i will remain high, leading to catastrophic necrotic cell
death. Therefore, understanding the mechanism for this inhi-
bition of the PMCA and/or mechanisms by which the PMCA
can be protected could be an important basis for therapeutic
strategies for acute pancreatitis, regardless of the precise caus-
ative factor or process.
Insulin, which is endogenously released from pancreatic

�-cells adjacent to pancreatic acinar cells within the pancreas,
has been reported to protect against pancreatitis, both in exper-
imental animal models (10–13) and in the treatment of the
human disease (14–16). For example, in L-arginine-induced
experimentalmodels of acute pancreatitis, most pancreatic aci-
nar cells undergo damage, but acinar cells surrounding the
islets of Langerhans remain relatively intact (10, 11). This peri-
insular (or peri-islet) acinar cell protection was abolished in
streptozotocin-induced diabetic rats, where insulin secretion is
impaired (10, 11). Moreover, regeneration of exocrine pancre-
atic tissue was abolished in diabetic rats and restored following
the administration of exogenous insulin (11–13). In addition,
several related growth factors/gastrointestinal peptides that
couple to similar signaling pathways to insulin (e.g. PI3K/Akt)
have also been shown to be protective in several models of pan-
creatitis (17–19). Finally, activation of PI3K/Akt signaling path-
ways has been extensively reported to protect a variety of cells
from oxidative injury, activate pro-survival pathways, and
inhibit cell death pathways (20–22). The aim of the current
study was therefore to test the protective effects of insulin on
oxidant-mediated impairment of Ca2� signaling and inhibition
of the PMCA. The results show that insulin protects against the
oxidant-induced Ca2� overload and inhibition of the PMCA in
a PI3K-dependent manner that correlated with Akt phosphor-
ylation. Insulin had no effect on H2O2-induced oxidative stress
or mitochondrial depolarization but appeared to reduce rela-
tive mitochondrial NADH production and enhance relative
glycolytic NADH production. Insulin also attenuated the oxi-
dant-induced ATP depletion, suggesting that this metabolic
switch toward glycolysis was sufficient tomaintain ATP.More-
over, insulin potentiated the inhibition of the PMCA by glyco-
lytic inhibitors and abolished inhibition of the PMCA by mito-
chondrial inhibitors. This suggests that insulin may protect
pancreatic acinar cells by switching frommitochondrial to pre-
dominantly glycolyticmetabolism as themajor ATP fuel for the
PMCA, thereby maintaining low resting [Ca2�] in the face of
impaired mitochondrial function.

EXPERIMENTAL PROCEDURES

Cell Isolation—Pancreatic acinar cells from Sprague-Dawley
rats were isolated by collagenase digestion as previously
described (5, 6). For all of the fluorescence imaging experi-
ments, the cells were perfused with a HEPES-buffered physio-
logical saline solution (HEPES-PSS; 137 mM Na�, 4.7 mM K�,
0.56 mM Mg2�, 1.28 mM Ca2�, 145.34 mM Cl�, 10 mM HEPES,

5.5mM glucose, pH 7.4). All of the drug solutions weremade up
from frozen stocks immediately prior to use.
Imaging of Fura-2 Fluorescence—Pancreatic acinar cells were

loaded with 4 �M fura-2-AM (Invitrogen) for 30 min at room
temperature inHEPES-PSS as previously described (5). Fura-2-
loaded cells were imaged using an identical microscope/imag-
ing system to previous studies (5), and fura-2 fluorescence was
calibrated into “estimated” [Ca2�]i as previously described (6).
All of the experiments were carried out at room temperature
(20–22 °C).
Imaging of Dichlorofluoroscein (DCF) Fluorescence—Cellular

oxidative stress was assessed using the fluorescent dye DCF,
similar to our previous study (6). Pancreatic acinar cells were
loaded with the nonfluorescent dichlorodihydrofluoroscein
diacetate (Invitrogen) at 10�M for 30min at room temperature.
The cells were excited with light at 488 nm (� 10 nm), and the
background-subtracted images were captured every 10 s
through a fluoroscein dichroic (510 nm; Chroma) with 5 � 5
binning. The relative increase in DCF fluorescence was
expressed as F/F0 (where F0 was the average initial fluores-
cence) and normalized to an extrapolated baseline following
treatment with H2O2, with or without insulin.
Measurement of Mitochondrial Membrane Potential (��m)—

Mitochondrial membrane potential (��m) was determined
using the fluorescent dye tetramethylrhodamine methylester
(TMRM), as previously described (5). Pancreatic acinar cells
were loaded with 100 nM TMRM for 15 min at 37 °C, and all of
the perfusion solutions thereafter also contained 100 nM
TMRM to minimize dye leakage. TMRM-loaded cells were
excited with 545 � 10-nm excitation light (50-ms exposure)
and emitted fluorescence was captured through a TRITC
dichroic (Chroma) every 5 s. Changes in relative TMRM fluo-
rescence within mitochondrial regions were expressed as F/F0.
The effect of H2O2 on mitochondrial membrane potential was
further normalized by expressing changes in F/F0 as a percent-
age of the maximum depolarization evoked by the uncoupler
CCCP.
Western Blotting—Viable pancreatic acinar cells were sepa-

rated from nonviable cells using OptiprepTM density gradient
medium (Axis Shield Dundee, UK). Acinar cell suspension was
layered onto OptiprepTM at a density of 1.018 g ml�1 and cen-
trifuged at 800 � g for 17 min at 4 °C. The pellet containing
nonviable cells was discarded, and the viable cells were washed
inHEPES-PSS and resuspended in 1% BSA. The cells were then
treatedwith or without (control) test reagents (e.g. 100 nM insu-
lin and/or 10 �M LY294002). Following treatment, the cells
were lysed in radioimmune precipitation assay buffer, soni-
cated, and left to solubilize for 30 min on ice. Radioimmune
precipitation assay buffer contained 12 mM HEPES, 300 mM

mannitol, 1 mM EDTA, 1 mM EGTA, 0.1 mM vanadate, 1 mM

NaF, 0.25 mM Na4P2O7, 1% Triton X-100, 0.1% SDS, and an
EDTA-free protease inhibitor tablet (Roche Applied Science).
The lysates were then centrifuged at 300� g for 15min, and the
supernatant was transferred into a fresh, ice-cold Eppendorf
tube. Sample buffer containing �-mercaptoethanol was added
at 1⁄3 supernatant volume, and the mixture was boiled at 95 °C
for 5 min. The proteins were separated using SDS-PAGE and
transferred onto a nitrocellulose membrane. The membranes
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were then blocked in 5% BSA for 1 h at room temperature.
Following this, the membranes were then washed and blotted
with primary antibody (rabbit monoclonal anti-phospho-
AktS473 or pan Akt antibody; Cell Signaling) at 4 °C in 5% BSA
either for 2 h or overnight. The membranes were again washed
and then probed with anti-rabbit secondary antibody for 1 h at
room temperature. Following a final wash, the membranes
were incubated in ECL for 3min and then exposed to x-ray film
and developed.
Imaging of NADH Autofluorescence—Pancreatic acinar cells

were excited with light at 350 nm (500-ms exposure), and
NADH autofluorescence was collected through a fura-2
400-nm dichroic filter without a band pass filter. Sequential
background-subtracted images were acquired every 5 s, and
changes in NADH autofluorescence were quantified as raw flu-
orescence gray levels. To determine the relative mitochondrial
and glycolytic contributions to NADH autofluorescence, the
cells were treated with 4 �M CCCP and then 2 mM iodoacetate
(IAA), respectively.
Measurement of Cellular ATP—ATP depletion in response

to H2O2 (with or without insulin) was determined using two
complimentarytechniques.TheseweretheMg2�-sensitivefluo-
rescent dye, magnesium green (MgGreen) used in intact living
cells and an in vitro chemiluminescence assay of firefly lucifer-
ase using cell extracts (ViaLight� Plus kit, Lonza, Rockland,
ME, UK). MgGreen senses free [Mg2�]i at concentrations
around the resting [Mg2�]i (�0.9 mM) and was thus used as an
indirectmeasure of cytosolic ATP depletion, similar to our pre-
vious study (5). This is because most cytosolic ATP exists as
MgATP, and ATP depletion therefore increases free [Mg2�]i
and thus MgGreen fluorescence. Pancreatic acinar cells were
incubated with 4 �MMgGreen for 30min at room temperature
and excitedwith 496� 10-nmexcitation light (50ms exposure)
every 10 s. Background-subtracted images were captured using
5 � 5 binning through a FITC dichroic (Chroma). Fluorescent
signals were expressed as relative fluorescence normalized to
fluorescence from the initial 10 frames (F/F0). The cells were
treated with or without 100 nM insulin for 20 min, followed by
500 �M H2O2 for a further 20 min before treatment with an
ATP depletion mixture (4 �M CCCP, 500 �M bromopyruvate,
10�Moligomycin, 2mM iodoacetate, and 100�Mcarbachol) for
a final 20 min to induce maximum ATP depletion. All of the
responses to H2O2 were normalized to the maximum ATP
depletion following treatment with the ATP depletionmixture,
similar to our previous experiments.
The in vitro ViaLight� Plus kit (Lonza, Rockland, ME, UK)

was also used to assess cellular ATP. This measures the lumi-
nescence emitted from the firefly luciferase-catalyzed ATP-de-
pendent oxidation of luciferin, using a luminescence multi-
plate reader (BioTEK Synergy HT). The kit was used according
to the manufacturer’s instructions, with minor modifications
because of the use of acutely isolated, rather than cultured, cells.
Pancreatic acinar cells were treated with HEPES-PSS with or
without 100 nM insulin for 20 min, followed by treatment with
or without various concentrations of H2O2 (0–1 mM) for a fur-
ther 20 min before treatment with or without the ATP deple-
tion mixture (for 20 min). The cells were aliquoted into Eppen-
dorf tubes and centrifuged between the above sequential

treatments, prior to the final resuspension in 100 �l of cell lysis
reagent for 10 min. Each cell lysate was added to 100 �l of ATP
Monitoring Reagent Plus in a 96-well plate and left for 2 min
prior to measuring the luminescence. All of the experimental
treatment regimes were performed in parallel within the same
experiment (i.e. on the same cell preparation), and all of the
tubeswere centrifuged at the same time to avoid the loss of cells
during centrifugation from influencing the results. Each exper-
iment also contained a time-matched control, in which cells
received no drug treatment, but were centrifuged at the equiv-
alent time points, and thus represent total ATP. Finally, for
ATP depletion, each experiment also contained a positive con-
trol in which an equal aliquot of cells was treated with the ATP
depletion mixture (during the final 20 min), which thus repre-
sented maximal/total ATP depletion. The total luminescence
count of theATPdepletionmixture (maximumATPdepletion)
was subtracted from the luminescence count from each corre-
sponding assay condition prior to normalization to the corre-
sponding time-matched control (%) in each experimental run.
Data Analysis and Experimental Design—Changes in resting

[Ca2�]i were quantified using both the maximum increase in
[Ca2�]i (magnitude) and area under the curve (AUC) and
responses compared using an unpaired Student’s t test. For
[Ca2�]i clearance experiments, a paired experimental design
was adopted, in which two repeated Ca2� clearance phases
were elicited, and the normalized linear [Ca2�]i clearance rate
was compared with time-matched control experiments using a
Mann-Whitney test (5). For TMRM experiments, the
responses were normalized to the CCCP response and com-
pared using a Mann-Whitney test. For each experimental
maneuver there was a minimum of four separate experiments
performed, each containing 5–20 cells. For any given parameter
analyzed, an “experimental average response” was determined
from all of the cells (5–20) in a particular experiment. These
valueswere in turn averaged to give the true overallmean� S.E.

RESULTS

Insulin Protects Against H2O2-induced Ca2� Overload—In
the present study, we have tested the putative protective effect
of insulin on theH2O2-inducedCa2� overload response in pan-
creatic acinar cells. The nature of the experimental design and
analytical methods are described in more detail in our previous
work (5). Pancreatic acinar cells were pretreated with or with-
out 100 nM insulin for 30 min, because this concentration is
known to cause maximum activation of glucose uptake in insu-
lin-responsive tissues such as skeletal muscle and adipocytes
(23–25). The cells were then treated with 100 �MH2O2 (which
approximates the EC50 value for H2O2 (6)) for 10 min followed
by a further recovery period of 10min. These experiments were
repeated with or without 30 min of pretreatment with 100 nM
insulin (Fig. 1). Responses were quantified by measuring both
the maximumH2O2-induced change in resting [Ca2�]i (max �
Ca2�; Fig. 1D) and the AUC (Fig. 1E) for the [Ca2�]i response.
The AUC reflects both the magnitude and any recovery of the
response andwas thereforemeasured over a 20-min period that
consisted of 10 min of H2O2 treatment and 10 min of recovery
(Fig. 1).
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On average, 100 �M H2O2 increased [Ca2�]i by 235 � 57
nM (n � 15), which was reduced to 54 � 6 nM (n � 9, p 	 0.05
versus control cells) in the presence of insulin. Likewise, the
H2O2-induced increase in the AUC (2.05 � 0.4 �M�s, n � 15)
was also markedly attenuated in insulin-treated cells (0.55 �
0.1 �M�s, n � 7, p 	 0.05). When applied to pancreatic acinar
cells alone, insulin (100 nM to 10 �M) had no direct effect on
resting [Ca2�]i (Fig. 1, inset Bi), suggesting that even at
higher concentrations, insulin does not cause cytotoxicity
over this time scale.
Insulin Protection against H2O2-induced Ca2� Overload Is

Prevented by LY294002—To test whether the protective effects
of insulinwere due to activation of PI3K/Akt pathways, the cells
were treated with the PI3K inhibitor LY294002 (10 �M). When
applied alone, LY294002 had no effect on resting [Ca2�]i (Fig. 1,
inset Ci), suggesting that inhibition of any constitutively active
PI3K has no effect on resting [Ca2�]i. However, the combined
treatment of cells with LY294002 (10 �M) and insulin (100 nM)
abolished the protective effect of insulin (Fig. 1, C–E).
Insulin Has No Effect on H2O2-induced Oxidative Stress—

Cells exhibited minimal fluorescence until treated with H2O2,
which oxidized the nonfluorescent dichlorodihydrofluoroscein
to the fluorescentDCF. In some cells there was a slight upwards
drift in DCF fluorescence, probably because of endogenous cel-
lular oxidant production. The change in relative fluorescence

(F/F0) induced by H2O2 was therefore calculated from an
extrapolated linear baseline. H2O2 (0.1–1 mM) caused a con-
centration-dependent increase in relative DCF fluorescence
(0.1 mM H2O2: �F/F0 � 19 � 4% (n � 4), p 	 0.05; 0.5 mM:
�F/F0 � 32 � 10% (n � 6), p 	 0.05; 1 mM: �F/F0 � 31 � 6%
(n� 8), p	 0.05; Fig. 2,A andC). Pretreatment of cells with 100
nM insulin for 30 min had no significant effect on the H2O2-
induced increase in oxidative stress (0.1 mM: 10 � 2% (n � 3);
0.5mM: 35� 5% (n� 6); 1mM: 24� 6% (n� 8); Fig. 2,B andC).
When applied alone, 100 nM insulin had no effect on DCF fluo-
rescence (data not shown). These data suggest that insulin did
not protect pancreatic acinar cells by reducing the H2O2-in-
duced cellular oxidative stress, for instance by increasing cellu-
lar antioxidant capacity.
H2O2 Causes a Concentration-dependent Inhibition of the

PMCA—To test whether the protective effect of insulin on
H2O2-induced Ca2� overload was due to protection of PMCA
activity, we utilized an in situ [Ca2�]i clearance assay similar to
our previous study (5). In essence, this approach controls for
both cell-to-cell and time-dependent differences in [Ca2�]i
clearance rate by making repeated measurements of [Ca2�]i
clearance, in parallel, on cells from the same experimental ani-
mal. This then allows changes in clearance/PMCA activity
caused by experimental treatments (H2O2, insulin, LY294002)
to be clearly identified. The cells were treated with cyclopi-

FIGURE 1. Insulin protects the H2O2-induced Ca2� overload in a PI3K-dependent manner. Fura-2-loaded pancreatic acinar cells were treated with 100 �M

H2O2 for 10 min where indicated. The cells were either untreated (Control, n � 15; A) or pretreated with 100 nM insulin (Insulin, n � 9; B) or a combination of
insulin and the PI3K inhibitor LY294002 (10 �M) (Insulin LY294002, n � 15; C) for 30 min prior to the addition of H2O2. The mean data (� S.E.) are shown for the
maximum H2O2-induced change in resting [Ca2�]i (Max �[Ca2�]i; D) and AUC (E) over the treatment and recovery period. *, p 	 0.05 as determined by unpaired
Student’s t test.
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azonic acid in the absence of external Ca2�; this inhibits the
sarco/endoplasmic reticulum Ca2�-ATPase, facilitates the net
leak of Ca2� from the ER, and thus slowly depletes the ER of
Ca2�. This maneuver causes a slow increase in [Ca2�]i, which
slowly recovers to baseline because of Ca2� efflux via the
PMCA. Because of the ER Ca2� depletion and the consequent
switching on of store-operated Ca2� entry channels, the addi-
tion of high external Ca2� (20 mM) to cells under these condi-
tions causes a rapid increase in [Ca2�]i, which reaches a short-
lived steady state because of a balance of Ca2� entry and Ca2�

efflux. Subsequent removal of external Ca2� (0 Ca2�, 1 mM

EGTA) causes a rapid clearance of [Ca2�]i back to resting val-
ues, predominantly because of PMCA activity (Fig. 3). As pre-
viously described (5), this [Ca2�]i clearance can be quantified
by either fitting the falling phase to a single exponential decay or
by measuring the linear rate from a standardized value of
[Ca2�]i (see our previous study (5)). However, fitting to a single
exponential decay becomes unreliable when clearance is inhib-
ited to the extent that only a very slow clearance rate is meas-
urable. Under these circumstances, the rate of clearance is qua-
si-linear, and therefore the linear rate of clearance was chosen
for quantification.
Using this approach, the second clearance rate was found to

be on average 92 � 12% of the initial clearance rate in time-
matched control experiments (n � 8). Treatment with H2O2
caused a concentration-dependent inhibition of this relative
[Ca2�]i clearance rate (50 �M, 46 � 10%, n � 4, p 	 0.05; 100
�M, 32� 6%, n� 6, p	 0.05; 500 �M, 12� 5%, n� 6, p	 0.05;
Fig. 3), in accordance with our previous work (5).
Insulin Protects against H2O2-induced Inhibition of the

PMCA in a PI3K-dependent Manner—We next tested whether
insulin protected thisH2O2-induced inhibition of the PMCA.A
single concentration of 100 �M H2O2 was chosen, because this

was close to the IC50 value for PMCA inhibition (Fig. 3). In
insulin-treated cells, 100�MH2O2 reduced [Ca2�]i clearance to
57 � 3% (Fig. 4B; n � 6) of control, demonstrating less inhibi-
tion of [Ca2�]i clearance by H2O2 than in untreated control
cells (32 � 6%; Fig. 4A; n � 6, p 	 0.05). This suggests that
insulin partially protects the PMCA from inhibition by oxida-
tive stress. To test whether this protectionwas due to activation
of the PI3K/Akt pathway, we again incubated cells with the
PI3K/Akt inhibitor LY294002 (10�M) in combination with 100
nM insulin (Fig. 4, C–E). This restored the full inhibitory effect
of H2O2 on [Ca2�]i clearance (reduced to 30 � 5% of control,
n � 5; Fig. 4E). These data collectively suggest that insulin pro-
tects the PMCA from oxidative stress caused by activation of
PI3K pathways.
Insulin Causes a PI3K-dependent Akt Phosphorylation in

Pancreatic Acinar Cells—We next verified that treatment of
pancreatic acinar cells with insulin activates insulin-dependent
PI3K/Akt by Western blotting using the pAktS473 antibody
(Fig. 5). This detects the phosphorylated serine residue at
position 473 on Akt and is routinely used as a convenient
indirect measure of Akt activation (21). Pancreatic acinar
cells were treated with or without insulin in the absence or
presence of LY294002 for 15 min. The cells were then lysed,
and protein lysates were separated using SDS-PAGE and
Western blotted using the pAktS473 antibody (Fig. 5, top
panel). The pan-Akt antibody was used in parallel control
experiments to determine whether equal amounts of protein
(and specifically of Akt) were loaded into each lane (Fig. 5,
bottom panel). Treatment with 100 nM insulin increased Akt
phosphorylation, which was completely inhibited by co-in-
cubation with the PI3K inhibitor, LY294002 (Fig. 5, top
panel). In fact, LY294002 reduced Akt phosphorylation to
well below control levels, suggesting that there may be some

FIGURE 2. Insulin has no effect on H2O2-induced oxidative stress. A and B, representative traces showing the relative DCF fluorescence (F/F0) in
response to 500 �M H2O2 in untreated control pancreatic acinar cells (A) or following pretreatment with 100 nM insulin for 30 min (B). C, overall mean data
(� S.E.) showing the change in DCF fluorescence (%�F/F0) in response to 0.1 (n � 4), 0.5 (n � 6), and 1 mM H2O2 (n � 8) in the absence (light gray box)
or presence (dark gray box) of 100 nM insulin. * represents statistical significance, p 	 0.05 by comparing to time-matched control experiments (white
box) as determined by a nonparametric Mann-Whitney U test. NS represents not significant when compared between control and insulin-treated cells.
pre-inc, preincubation.
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constitutive Akt phosphorylation in resting cells. However,
the lack of effect of LY294002 on resting [Ca2�]i suggests
that reducing this constitutive Akt phosphorylation (with
LY294002) has no effect on [Ca2�]i homeostasis.

Insulin Has No Effect on H2O2-induced Mitochondrial
Depolarization—A variety of evidence suggests that some of
the major downstream targets of Akt reside at or within the
mitochondria (26–28). Several of these molecular targets are

FIGURE 3. H2O2 causes a concentration-dependent inhibition of PMCA activity in an in situ [Ca2�]i clearance assay. A–D, representative traces showing
the in situ [Ca2�]i clearance assay (see “Results”) in untreated fura-2-loaded pancreatic acinar cells (time-matched control, n � 8; A) and cells treated with 50 �M

H2O2 (n � 4, B), 100 �M H2O2 (n � 6, C), and 500 �M H2O2 (n � 6, D), during the second influx clearance challenge. The cells were treated with 30 �M cyclopiazonic
acid (CPA, arrow) in the absence of external Ca2� with 1 mM EGTA (white box) or 20 mM Ca2� (gray box) to induce the Ca2� influx phase. E shows expanded time
courses taken from the second clearance phase in A--D in the presence of increasing concentrations of H2O2. Linear clearance rate (in the presence of H2O2) was
normalized to the initial clearance rate in each cell (% relative clearance). F, mean percentage relative clearance (� S.E.). *, p 	 0.05; **, p 	 0.01; ***, p 	 0.001,
compared with time-matched control experiments (black box) as determined by a nonparametric Mann-Whitney U test.

FIGURE 4. Insulin protects the H2O2-induced inhibition of PMCA activity in a PI3K-dependent manner. A–C, representative traces showing the in situ
[Ca2�]i clearance assay. Pancreatic acinar cells were treated with 100 �M H2O2 during the second influx-clearance challenge in untreated control cells (n � 6,
A), cells pretreated with 100 nM insulin (n � 6, B), or a combination of insulin and LY294002 (10 �M) (n � 5, C) for 30 min. D, expanded time courses taken from
traces in A–C comparing the initial control clearance (black trace) with clearance during treatment with 100 �M H2O2 (gray traces), measured from the same
standardized value (dotted line). E, mean data (� S.E.) showing the effect of H2O2 on the percentage of relative clearance under the different treatment
conditions. Statistical significance was p 	 0.05 (*) as determined by a nonparametric Mann-Whitney U test. CPA, cyclopiazonic acid.
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either components of or can regulate the activity of the mito-
chondrial permeability transition pore (mPTP). Our previous
study showed that oxidant-induced inhibition of the PMCA
coincided with mitochondrial depolarization and that both
phenomenawere prevented by inhibitors of themPTP (5). This
therefore suggested that the mechanism for the protective
effect of insulin on Ca2� overload and inhibition of the PMCA
in pancreatic acinar cells might be due to protection of the
mPTP and prevention of H2O2-induced mitochondrial depo-
larization. We tested this using TMRM to measure H2O2-in-
duced mitochondrial depolarization. H2O2 induced a slow
mitochondrial depolarization, whereas the protonophore and
mitochondrial uncoupler, CCCP (4 �M), induced a rapid and
almost complete mitochondrial depolarization (Fig. 6A). Surpris-
ingly, H2O2 induced on average a 45 � 6% (Fig. 6, B andD; n � 6
cells) depolarization in insulin-treated cells, which was indistin-
guishable fromuntreated control cells (51� 6%;n� 6 cells; Fig. 6,
A andD).Moreover, insulin hadno effect onTMRMfluorescence
when applied to cells alone (Fig. 6, C and D). Collectively, these
data suggest that protection against mitochondrial depolarization
is unlikely to be the mechanism whereby insulin protects against
oxidant-induced inhibition of the PMCA.
Insulin Attenuates the H2O2-induced ATP Depletion—Be-

cause insulin had no effect onmitochondrial depolarization, we
next wanted to test whether insulin could protect against ATP
depletion. This was investigated using two complimentary
approaches; MgGreen fluorescence in intact living cells and in
vitro chemiluminescence of firefly luciferase assays. MgGreen
was used to assess ATP depletion indirectly by measuring free
[Mg2�], as in our previous study (5). Using the MgGreen tech-
nique, 500 �M H2O2 caused 50 � 3% ATP depletion (Fig. 7, A
and C), consistent with our previous study (5). However, fol-

lowing treatment with 100 nM insulin, the response to 500 �M

H2O2 was reduced to 15 � 3% ATP depletion (Fig. 7, B and C).
For experiments using the in vitro firefly luciferase chemilu-

minescence ATP assays kits, the experimental design was
essentially the same, except the cells were treated sequentially
in suspension in Eppendorf tubes and centrifuged between
treatments prior to cell lysis and assay of luminescence. A range
of H2O2 concentrations were used to give a full H2O2 concen-
tration-ATP depletion response curve in the absence or pres-
ence of insulin. These experiments revealed that H2O2 caused a
steep concentration-dependent ATP depletion between 30�M,
at which there was no significant ATP depletion, and 300 �M,
which reached close tomaximumATP depletion (Fig. 7D). The
data were fitted to log transformed sigmoidal concentration-
response curves, which generated an average IC50 of 86 � 8 �M

and Hill slope of 3.8 � 1.3 (n � 9 assays, 5 rats; Fig. 7D, filled
square). Pretreatment of cells with insulin (100 nM) caused a
rightward shift in the concentration-response curve and signifi-
cantly increased the average IC50 to 254� 42�M (p	 0.0001;Hill
slopeof 2.7�1.2;n�9 assays, 5 rats; Fig. 7D, open circle). Surpris-
ingly, insulin treatment alone (withoutH2O2) for the entire exper-
imentalperiod (3�20min)hadnosignificant effectonATP levels
compared with time-matched controls (105� 8%; n� 9 assays, 5
rats; Fig. 7D, open triangle). These data suggest that insulin pro-
tects acinar cells from substantial ATP depletion over a relatively
narrow concentration range of H2O2.
Effect of Insulin on NAD(P)H Autofluorescence in Pancreatic

Acinar Cells—To test whether insulin causes a metabolic
switch frommitochondrial to predominantly glycolytic metab-
olism in pancreatic acinar cells, we next used NAD(P)H auto-
fluorescence as an indirectmeasure of cellularmetabolism. The
major pool of cellular NAD(P)H is classically believed to be

FIGURE 5. Insulin induces AktS473 phosphorylation in a PI3K-dependent manner. Representative Western blots using the pAktS473 antibody and pan-Akt
antibody on cell lysates from pancreatic acinar treated with (�) or without (�) 100 nM insulin and/or 10 �M LY294002 for 15 min (n � 4). The pAktS473 antibody
detects phosphorylated serine at position 473 on Akt, and the pan-Akt antibody was used as a loading control.
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locatedwithinmitochondria, whereas aminor pool comes from
glycolytic enzymes in the cytosol. Therefore to determine the
relative contributions of mitochondrial versus cytosolic (glyco-

lytic) NAD(P)H production, the cells were treated with CCCP
(4 �M) to deplete mitochondrial NAD(P)H, followed by iodo-
acetate (IOA, 2 mM) to inhibit cytosolic (glycolytic) NAD(P)H

FIGURE 6. Insulin has no effect on H2O2-induced depolarization of the mitochondrial membrane potential (��m). Representative traces showing the
relative TMRM fluorescence (F/F0) of cells treated with 500 �M H2O2 alone (n � 6, A) or in combination with 100 nM insulin (n � 6, B) or the effect of 100 nM insulin
alone (n � 4, C). In all cases (A–C), 4 �M CCCP was added to the cells to induce a maximum depolarization as a positive control. D, the mean data were quantified
and normalized by expressing the change in F/F0 as a percentage of the CCCP response (*, p 	 0.05, as assessed using a Mann-Whitney test).

FIGURE 7. Insulin attenuates H2O2-induced ATP depletion. Cellular ATP was assessed using MgGreen fluorescence and the in vitro ViaLight� Plus luciferase-
based chemiluminescence ATP monitoring kit. A and B, representative traces showing the relative MgGreen fluorescence (F/F0) in response to 500 �M H2O2
followed by the “ATP depletion” mixture in untreated control cells (A) and cells pretreated with 100 nM insulin for 30 min (B). The ATP depletion mixture
consisted of 100 �M CCh, 10 �M oligomycin, 2 mM iodoacetate, 500 �M bromopyruvate, and 4 �M CCCP to induce maximum ATP depletion. C, responses to H2O2
were quantified and normalized by expressing the change in F/F0 as a percentage of the ATP depletion mixture response and compared between untreated
control cells and insulin-treated cells (*, p 	 0.05, as assessed using a Mann-Whitney U test). D, average H2O2 concentration-ATP depletion response curves for
untreated control cells (filled squares) and cells pretreated with 100 nM insulin (open circles), measured using the ATP kit. Pancreatic acinar cells were treated
with or without 100 nM insulin for 20 min, followed by treatment with or without various concentrations of H2O2 (0 –1 mM) for a further 20 min. Luminescence
of the “ATP-depletion mixture” (maximum ATP depletion) was subtracted prior to normalization to the corresponding time-matched control (total ATP).
Additional control experiments were performed in which cells were treated with 100 nM insulin alone, without H2O2 (open triangle).
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production. The protonophore, CCCP, uncouples mitochon-
drial electron transport from ATP production by dissipating
the electrochemical proton gradient, thereby allowing mito-
chondrial reducing equivalents (NAD(P)H) to be used up
unproductively (29). IOA is a potent and irreversible inhibitor
of glyceraldehyde phosphate dehydrogenase, which is the
major glycolytic source of NADH (30). Therefore, the CCCP-
induced decrease in NAD(P)H autofluorescence represents an
indirect measure of mitochondrial metabolism; whereas the
residual IOA-induced decrease in NAD(P)H autofluorescence
represents an indirect measure of glycolytic metabolism. Simi-
larmethods have been used to assess the relativemitochondrial
and glycolytic contribution to NADH production, and thus
metabolism, in transformed hematopoietic cells (31). The rela-
tive CCCP- and IOA-induced changes in NAD(P)H autofluo-
rescencewere quantified and normalized by expressing themas
a percentage of the total decrease in NAD(P)H autofluores-
cence (Fig. 8). In untreated control cells CCCP caused a 55 �
4% decrease and IOA caused a 45 � 4% decrease in NAD(P)H
autofluorescence (Fig. 8, A and C; n � 6). However, in cells
pretreated with 100 nM insulin for 30 min, the CCCP-induced
decrease in NAD(P)H autofluorescence was markedly reduced
to only 17 � 4% (Fig. 8, B and C; n � 7, p 	 0.05, assessed by
Mann-Whitney test), whereas the IOA-induced decrease in
NAD(P)H autofluorescence increased to 83 � 4% (Fig. 8, B and
C; n � 7, p 	 0.05). These data suggest that insulin treatment
switches pancreatic acinar cell metabolism frommitochondrial
to predominantly glycolytic metabolism.
Insulin Potentiates the Inhibition of the PMCA by Glycolytic

Inhibitors and Abolishes the Inhibition of the PMCA by Mito-
chondrial Inhibitors—Because of this insulin-induced meta-
bolic switch, we reasoned that insulin may also affect the sensi-

tivity of the PMCA to the glycolytic inhibitor, 3-bromopyruvate
(BrPyr), versus themitochondrial uncoupler, CCCP. BrPyr is an
inhibitor of hexokinase, the first step in the glycolytic pathway.
Similar to experiments performed in Fig. 4, the cells were
treated with or without 100 nM insulin for 30 min prior to the
start of the [Ca2�]i clearance assay. Each metabolic inhibitor
was then applied during the second clearance phase, and its
effect was determined on the normalized clearance rate. In the
absence of insulin treatment, BrPyr (500 �M) reduced [Ca2�]i
clearance to 45 � 8% of the initial clearance rate (n � 7; Fig. 9,
A and E) compared with time-matched control experiments
(103 � 3%, n � 6). However, in insulin-treated cells, the BrPyr-
induced inhibition of [Ca2�]i clearance was markedly potenti-
ated to 12 � 8% of the initial clearance rate (n � 8; Fig. 9, B and
E; p	 0.05). LikewiseCCCP (4�M) decreased [Ca2�]i clearance
to 58 � 10% of the of the initial clearance rate in untreated
control cells (n � 8; Fig. 9, C and E), which was abolished to
115 � 19% following insulin treatment (n � 8; Fig. 9, D and E).
These data suggest that insulin treatment causes the PMCA to
become almost entirely dependent on glycolysis as an ATP
supply.

DISCUSSION

We have previously demonstrated that increased oxidative
stress (H2O2) alters the normal pattern of CCK-evoked [Ca2�]i
signaling and impaired normal resting [Ca2�]i homeostasis.
This resulted in an irreversible increase in [Ca2�]i (Ca2� over-
load response) in an increasing proportion of cells with increas-
ing concentration of H2O2 (6). The H2O2-induced Ca2� over-
load we observed also corresponded to a marked inhibition of
the PMCA (5). This inhibition is likely to be an important
mechanism responsible for the irreversible nature of the Ca2�

FIGURE 8. Effect of insulin on the relative contributions of mitochondrial versus glycolytic NAD(P)H autofluorescence in pancreatic acinar cells. The
relative contributions of mitochondrial versus glycolytic NAD(P)H autofluorescence was determined by treating with 4 �M CCCP to deplete mitochondrial
NAD(P)H and 2 mM IOA to inhibit glycolytic NAD(P)H production. A and B, representative traces of raw background-subtracted autofluorescence gray levels for
untreated control cells (n � 6, A) and cells pretreated with 100 nM insulin (n � 7, B). The relative CCCP and iodoacetate-induced decrease in NAD(P)H
autofluorescence was quantified and normalized by expressing as a percentage of the total decrease in NAD(P)H autofluorescence. C, mean data (� S.E.) for
control and insulin-treated cells (*, p 	 0.05, as assessed using a Mann-Whitney test).
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overload response because pancreatic acinar cells do not
express Na�-Ca2� exchange or show functional Na�-Ca2�

exchange activity (7) and the PMCA is thus the only Ca2� efflux
pathway. Even if other Ca2� clearance pathways and [Ca2�]i
signaling are impaired, provided the PMCAremains functional,
[Ca2�]i will slowly recover. This can be seen, for instance, after
cells are treatedwith inhibitors of sarco/endoplasmic reticulum
Ca2�-ATPase, such as cyclopiazonic acid. In the context of a
cellular insult, as in pancreatitis, this gives the cell time to acti-
vate and up-regulate appropriate stress response pathways (32)
or even allows the “safe dismantling” of the cell constituents by
activation of apoptosis or autophagy (33).
The current study showed that the H2O2-induced Ca2�

overload response and inhibition of the PMCA was partially
prevented by pretreatment with insulin. This functional pro-
tection by insulin was abolished by the PI3K inhibitor,
LY294002, suggesting that the protection was due to activation
of PI3K andwas accompanied byAkt phosphorylation and thus
activation. Protection by insulin was, however, independent of
reduced oxidative stress or any protective effect of insulin on
mitochondrial depolarization. Nevertheless, insulin attenuated
the H2O2-induced ATP depletion, suggesting that treatment
with insulin canmaintain ATP despite impairedmitochondrial
function. In addition, measurements of NAD(P)H autofluores-
cence revealed that insulin appeared to switch the mitochon-
drial metabolism toward a greater glycolytic contribution pre-
sumably sufficient to maintain ATP. Insulin also markedly

potentiated the inhibition of the PMCA by glycolytic inhibitors
yet abolished inhibition of the PMCA by mitochondrial inhib-
itors. This further suggests that this insulin-induced metabolic
switch toward glycolysis is not only sufficient to maintain ATP
but alsomakes the PMCA almost entirely dependent on glycol-
ysis as the major ATP fuel. Therefore, even in the face of
impaired mitochondrial function (e.g. following induction of
pancreatitis by bile acids and fatty acid ethyl esters), insulin
might be expected to enhance glycolytic ATP supply and thus
maintain PMCA activity. This would help to prevent the cyto-
toxic Ca2� overload and the consequent spiral of self-perpetu-
ating tissue damage that occurs during pancreatitis.
As outlined in the introduction, there is substantial evidence

from several unrelated experimental animal models of pancre-
atitis that insulin (10–13) and other growth factors/peptides
(17–19) are protective. There is also a body of indirect circum-
stantial clinical evidence in humans that insulin offers some
protection against pancreatitis, for example by reducing the
mortality rate and reducing symptomatic pain (14–16). How-
ever, the data from the current study provide the first direct
evidence that such protection occurs at the level of pancreatic
acinar cells, a mechanism that could be exploited for the treat-
ment of the disease.
Perhaps the simplest explanation for the protective effects of

insulin is that insulin reduces intracellular oxidative stress.
However, in the present study, insulin had no significant effect
onH2O2-induced oxidative stress, asmeasured byDCF fluores-

FIGURE 9. Insulin potentiates BrPyr-induced inhibition of the PMCA and abolishes the CCCP-induced inhibition of the PMCA. A–D, representative traces
showing the in situ [Ca2�]i clearance assay following treatment with metabolic inhibitors. Pancreatic acinar cells were treated with 500 �M BrPyr (A and B; n �
7 and 8, respectively) or CCCP (C and D; n � 8 and 8, respectively) during the second influx clearance challenge in untreated control cells (A and C) or cells
pretreated with 100 nM insulin for 30 min (B and D). Expanded time courses taken from each trace in A--D are shown in the adjacent inset comparing the initial
control clearance (black trace) with clearance during metabolic inhibitor (gray trace) superimposed and measured from the same standardized value (dotted
line). E, mean data (� S.E.) showing the effect of each metabolic inhibitor on the percentage of relative clearance in the absence and presence of insulin. The
white box represents the time-matched controls, the black and gray boxes represent the effect of metabolic inhibitors on mean normalized Ca2� clearance in
untreated control cells and insulin-treated cells, respectively. Statistical significance was p 	 0.05 (*) as determined by a nonparametric Mann-Whitney U test,
compared with time-matched control and p 	 0.05 (**), comparing between groups.
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cence, suggesting that increased cellular anti-oxidant capacity
is unlikely to be responsible for the insulin protection.
Insulin activates a number of different signaling pathways,

but perhaps the most widely studied is the activation of PI3K,
the enzyme that converts phosphatidylinositol (4,5)-bisphos-
phate to phosphatidylinositol (3,4,5)-trisphosphate. Phosphati-
dylinositol (3,4,5)-trisphosphate recruits Akt to the plasma
membrane, where it becomes activated by phosphorylation by
phophoinositide-dependent kinase 1 (21). There is a body of
evidence in a wide variety of cells and tissues that activation of
Akt-dependent signaling pathways is largely cytoprotective
(21). Nevertheless, and at apparent variance with this cytopro-
tective action of insulin and/or PI3K/Akt, there is also strong
evidence that activation of the PI3K pathways can promote
pancreatic damage in several unrelated experimental models of
pancreatitis (34–37). Notably, pancreatic injury and clinical
markers of pancreatitis were markedly reduced in mice in
which the catalytic subunit (p110) of PI3K� was deleted
(p110��/� mice) (35, 36). Moreover, the PI3K inhibitor
LY294002 attenuated the bile-acid-induced Ca2� overload
responses and inhibition of sarco/endoplasmic reticulum
Ca2�-ATPase activity in isolated pancreatic acinar cells, sug-
gesting that activation of the PI3K pathway was responsible for
these bile acid effects (34, 38). However, the PI3K p110� iso-
form, implicated in the above studies, has been suggested to
facilitate inflammation (39) and is classically activated by
G-protein-coupled receptors (e.g. CCK in caerulein pancreati-
tis), rather than by tyrosine kinase receptors that are activated
by insulin (40). Furthermore, Akt is not thought to be themajor
downstream effector of PI3K p110� (40). Low “physiological”
concentrations of CCK (0.1 nM) have been shown to cause Akt
phosphorylation in isolated pancreatic acinar cells, consistent
with cytoprotection (41). This is supported by our previous
study where H2O2 induced an irreversible Ca2� overload in
fewer acinar cells when the cells were treated with 20 pM CCK
(6). However, high “cytotoxic” CCK concentrations (10–1000
nM) reduced Akt phosphorylation to below basal levels (41),
consistent with inhibition of Akt, which is more likely to exac-
erbate acinar cell injury. In contrast to stimuli acting through
GPCRs, insulin activates the class 1A PI3K p110� isoform (42).
This PI3K isoform classically couples to the activation of Akt
and caused marked Akt phosphorylation in pancreatic acinar
cells (41) consistent with our current study. Notably, one of the
earliest studies to implicate PI3K in pancreatitis suggested that
caerulein activates class III PI3K, leading to an increase in phos-
photidylinositol 3-phosphate, perturbation of Golgi stack-lyso-
some fusion, and the consequent intra-acinar trypsinogen acti-
vation (37). Therefore, we suggest that activation of different
PI3K isoforms is likely to regulate diverse pathophysiological
responses in pancreatic acinar cells, although activation of Akt
is most likely to be cytoprotective.
The molecular mechanism for the protective effects of insu-

lin and in particular the activation of PI3K/Akt pathways, on
Ca2� overload and inhibition of the PMCA in pancreatic acinar
cells is likely to be complex, because PI3K/Akt couples to many
downstream signaling pathways. These include increased cel-
lular metabolism, cell proliferation, anti-apoptotic, and pro-
survival pathways (21). However, because the protective

effects of insulin that we observed were relatively short term
(15–30 min), they are unlikely to be due to increased tran-
scription or expression but rather suggest a rapid effect of
post-translational signaling pathways, for example because
of Akt phosphorylation.
Our data clearly demonstrate that insulin protects against

oxidant-induced inhibition of PMCA activity. Interestingly,
insulin and IGF-1 have been reported to increase PMCA activ-
ity in kidney proximal tubule basolateral membranes (43). This
insulin-induced increase in PMCA activity was abolished in
streptozocin-induced diabetic rats (43) obese fa/fa rats (44) and
ob/ob mice (45), most likely because of insulin resistance and a
loss of insulin effectiveness. Similarly, brain synaptic PMCA
activity has also been reported to be reduced in streptozocin-
induced diabetic rats (46), an effect reversed by exogenously
applied insulin (47). These data suggest that insulin, either
endogenously released or exogenously applied, increases
PMCA activity. However, our data showed that insulin had no
direct effect on PMCA activity when applied alone (without
H2O2) during the in situ [Ca2�]i clearance assay or when
applied to resting cells. The protective effects of insulin on
PMCA activity in the present study thus appeared to be due to
a reduction in oxidant-induced inhibition rather than a direct
activation of the PMCA.
In our previous studyH2O2-induced inhibition of the PMCA

was independent of mitochondrial Ca2� handling but coin-
cidedwithmitochondrial depolarization andwas attenuated by
inhibitors of the mPTP, such as cyclosporine A and bonkgrekic
acid (5). This led us to hypothesize that inhibition of the PMCA
was due in part to H2O2-induced opening of mPTP and mito-
chondrial depolarization. Based on these observations, it might
be hypothesized that insulin protected the PMCA by reducing
the opening of the mPTP and preventing mitochondrial depo-
larization. Indeed, some of the major targets of Akt reside at or
within themitochondria, including the Bad-Bcl-2/Bcl-XL com-
plex and the voltage-dependent anion channel-hexokinase II
(HK-II) complex (26–28). Both of these pathways regulate the
mPTP and facilitate the complex reciprocal regulation of
metabolism and pro-survival pathways. However, to our sur-
prise, insulin had no effect on H2O2-induced mitochondrial
depolarization in the current study, suggesting that the mPTP
plays no role in the protective effects of insulin.
Also in our previous study (5), low concentrations of H2O2

(50 �M) had no detectable effect on ATP depletion (measured
with MgGreen) yet caused mitochondrial depolarization and
substantial inhibition of the PMCA. These data led us to con-
clude that inhibition of the PMCA appeared to be independent
of ATP depletion—or more accurately, could occur prior to
substantial ATP depletion—but rather wasmore dependent on
mitochondrial membrane potential. We therefore speculated
that perhaps this apparent “ATP depletion-independent” inhi-
bition of the PMCAcould be due to the release of some putative
PMCA-inhibitory factor from the mitochondria, although to
date we have no direct evidence for such amechanism. It is also
important to note that part of the H2O2-induced inhibition of
the PMCA may be due to direct oxidation of either the PMCA
and/or calmodulin, which would occur independently of any
mitochondrial depolarization or ATP depletion.
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In the present study, using the luminescence-based kit, H2O2
caused substantial ATP depletion over a narrow range of con-
centrations (30–300 �M). This appears to be contradictory to
MgGreen experiments in which lower concentration had no
effect (5), and 500 �M caused only 50% ATP depletion. This
apparent discrepancy could be explained by the fact that the
MgGreen technique selects for the very best cells likely to be
the most resistant to ATP depletion within a cell population.
The ATP kit, on the other hand, measures total ATP depletion
across the entire population and therefore does not exclude
those cells that are already dying and thus likely highly sensitive
to ATP depletion.
Nevertheless, these new data reinstate ATP depletion as a

mechanismpotentially contributing to PMCA inhibition.More
importantly, because insulin had no effect on oxidative stress or
mitochondrial depolarization, protection of the PMCAby insu-
lin is likely to be due to prevention of ATP depletion. In addi-
tion, the residual, insulin-insensitive inhibition of the PMCA
was likely independent of ATP depletion and more likely
caused by direct oxidation (or even the release of some putative
mitochondrial PMCA inhibitory factor via the opening of the
mPTP).
In the current study, the changes in NADH autofluorescence

suggest that insulin “switches” cellular metabolism from pre-
dominantly mitochondrial to glycolytic metabolism, which
likely serves tomaintain ATP supply to the PMCA in the face of
oxidant-impairedmitochondrial function. In fact, insulin treat-
ment caused the PMCA to become exquisitely sensitive to gly-
colytic inhibitors, suggesting that insulin caused the PMCA to
become almost entirely dependent on glycolysis as anATP sup-
ply. Such ametabolic switch, referred to as the “Warburg effect”
after its discovery by OttoWarburg almost 90 years ago, is well
documented to occur during cancer (48). In particular, PI3K
and Akt are well documented to be constitutively up-regulated
in cancer and have been suggested to play a major role in con-
tributing to the metabolic phenotype of cancer cells (49). How-
ever, this Warburg effect is due to altered expression of meta-
bolic enzymes and/or the signaling pathways that control these
metabolic pathways (50) and thus is unlikely to explain the
acute insulin-induced “metabolic switch” observed over the
short time frame of our NAD(P)H experiments. Nonetheless,
PI3K/Akt is one of the major downstream signaling pathways
activated by insulin; therefore it is reasonable to suggest that the
acute effects of insulin treatment can lead to the post-transla-
tion regulation of metabolism and thus mimic a short term
metabolic phenotype of cancer cells.
There is substantial evidence that insulin and activation of

PI3K/Akt increase glycolytic flux by activation of several steps
of the glycolytic pathway. In particular, glycolytic flux is primar-
ily regulated by the activity of phosphofructokinase-1, which
catalyzes the conversion of fructose-6-phosphate to fructose-
1,6-bisphosphate and represents the first irreversible and com-
mitted step in glycolysis. Insulin has been shown to directly
activate phosphofructokinase-2 via Akt-mediated phosphory-
lation, which catalyzes the conversion of fructose-6-phosphate
to fructose-2,6-bisphosphate, the most potent allosteric activa-
tor of phosphofructokinase-1 (51). Despite this, evidence sug-
gests that insulin and activation of PI3K/Akt can increase both

mitochondrial oxidative phosphorylation and glycolytic
metabolism (27). This is difficult to reconcile the insulin-in-
duced decrease in “mitochondrial” NAD(P)H observed in the
current study. Nevertheless, studies have shown that Akt can
increase NAD(P)H, lactate, and glucose consumption without
affecting mitochondrial oxidative phosphorylation (52). More-
over, because of its anabolic nature, insulin not only increases
glucose uptake and glycolytic flux but can also divert metabolic
flux away from mitochondrial oxidative phosphorylation and
toward fatty acid synthesis, glycogenesis, and the pentose phos-
phate pathway. In particular, insulin is reported to activate
pyruvate dehydrogenase, ATP-citrate lyase and acetyl Co-A
carboxylase, important regulatory steps that drive citrate from
the Krebs cycle toward fatty acid synthesis (53–55). Collec-
tively, these studies are broadly in linewith our observation that
insulin reduces the relative “mitochondrial” NAD(P)H and
increases “glycolytic” NAD(P)H.
The notion that insulin switches metabolism from predom-

inantly mitochondrial to glycoclytic metabolism may be
extremely relevant in light of the published evidence that the
PMCA has its own glycolytic ATP supply that may render it
largely insensitive to inhibition of mitochondrial metabolism
(56–58). Specifically, in isolated inside-out plasma membrane
vesicles from pig stomach smooth muscle enriched with
PMCA, an endogenous membrane-bound glycolytic system
provided ATP to fuel the PMCA-dependent Ca2� uptake (56,
57).Moreover, providing glycolytic substrateswere present, the
Ca2� uptake (PMCA activity) persisted in the absence of an
exogenously applied ATP-regenerating system (56, 57). These
studies suggest that key glycolytic enzymes may provide the
PMCA with a “privileged” source of ATP to fuel the PMCA.
Under physiological conditions, when the bulk cytosolic ATP
concentration is saturating for the PMCA (i.e. 
1 mM), such
close functional coupling between glycolytic enzymes and the
PMCA is likely to be of minimal functional significance. In
other words, the PMCA does not care where the ATP comes
from: a mitochondrial source or glycolytic source. In fact it is
likely that the majority of cytosolic ATP will come from mito-
chondria rather than glycolysis. However, in the face of
impairedmitochondrial metabolism, for example under condi-
tions of cellular stress, perhaps a glycolytic source of ATP—or
more specifically an insulin-mediated “up-regulated” glycolytic
source of ATP—is likely to be critical in maintaining PMCA
activity and thus restoring low resting cytosolic [Ca2�]i. Under
these stressed conditions, such a “privileged” source of ATP
may be sufficient to “fuel” the PMCA, even if bulk (global) ATP
is close to zero.
Collectively these data suggest that insulin protects the

PMCA from oxidant-induced inhibition and the consequent
Ca2� overload by effectively redirecting ATP production from
mitochondrial metabolism to glycolytic metabolism, which
then fuels the PMCA in the face of impaired mitochondrial
function. Such a mechanism may be very important in pre-
venting pancreatic acinar cells from undergoing necrotic cell
death during severe metabolic stress, such as when exposed
to agents that induce pancreatitis. As such, we suggest that
this mechanism is potentially of considerable pathophysio-
logical importance.
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