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Abstract

Background—-~Previous studies characterised the effects of calcium releasing secretagogues and
substances implicated in the development of acute pancreatitis on mitochondrial Ca2*,
transmembrane potential and NAD(P)H in pancreatic acinar cells. Here we aimed to characterise
the effects of these substances on the ATP levels in the cytosol and the mitochondria of acinar
cells.

Results—The ATP level was monitored using cytosolic or mitochondrial targeted luciferases.
Inhibition of oxidative phosphorylation produced substantial decrease in cytosolic ATP which was
comparable to that induced by the inhibition of glycolysis. Cholecystokinin (CCK) increased total
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cytosolic ATP level in spite of accelerating ATP consumption. The effects of acetylcholine (ACh)
and Bombesin were similar to that of CCK. Bile acid - taurolithocholic acid 3-sulfate (TLC-S),
fatty acid - palmitoleic acid (POA) and palmitoleic acid ethyl ester (POAEE) reduced cytosolic
ATP. The ATP decrease in response to these substances was observed in cells with either intact or
inhibited oxidative phosphorylation.

TLC-S, POA and POAEE reduced mitochondrial ATP, 20pM CCK increased mitochondrial ATP
and 10nM CCK produced a biphasic response composed of a small initial decline followed by a
stronger increase.

Conclusions—Both glycolysis and oxidative phosphorylation make substantial contributions to
ATP production in acinar cells. Calcium-releasing secretagogues increased the ATP level in the
cytosol and the mitochondria of intact isolated cells. TLC-S, POA and POAEE reduced cytosolic
and mitochondrial ATP in spite of their ability to trigger Ca2* signals. When cells rely on non-
oxidative ATP production Ca-releasing secretagogues as well as TLC-S, POA and POAEE all
diminish cytosolic ATP levels.

Introduction

The importance of bioenergetics in physiological and pathophysiological responses of the
pancreas was highlighted in a number of studies ((Barrow et al., 2008;Criddle et af.,
2006;Halangk et al., 1997;Halangk et al., 1998;Kosowski ef a/., 1998;Luthen ef al.,
1994;Schild et al., 1999;Voronina et al., 2004;0dinokova ef a/., 2009). Stimulation with
secretagogues strongly up- regulates energy demand of acinar cells, as revealed by a
considerable increase in glucose uptake (Korc et al., 1979). Under pathological conditions
the efficiency of the microcirculation declined (Plusczyk et al., 1997;Plusczyk et al., 2001),
pancreatic oxygen concentration in severe acute pancreatitis was reduced (Kinnala et af.,
2002) and total ATP concentration dropped significantly in some models of pancreatitis
(Halangk et al., 1998;Kinnala et al., 2002). Respiratory rate declined following damage of
mitochondria by episodes of hypoxia and re-oxygenation (Kosowski et al., 1998). In some
cellular models of pancreatic injury mitochondrial transmembrane potential was shown to
depolarise (Voronina et al., 2004;Criddle et al., 2006;Gukovskaya et al., 2002;Gerasimenko
et al., 2002); this is expected to compromise mitochondrial ATP production.

Important secretagogues (e.g. CCK, ACh) employ Ca2* signalling to trigger and regulate
secretion from the exocrine pancreas. Ca2* signals are expected to increase ATP use due to
activation of energy-consuming Ca?* -dependent processes like exocytotic secretion, fluid
secretion, protein synthesis...In some cell types restoration / maintenance of cytosolic Ca2*
levels could also have significant effects on ATP consumption (Brough et a/., 2005). This is
particularly relevant considering that almost all known inducers of acute pancreatitis trigger
prolonged Ca?* signals (reviewed in (Petersen & Tepikin, 2008;Halangk & Lerch, 2005)).

On the other hand cytosolic Ca2* can be sampled by mitochondria, which are located in the
vicinity of Ca2* releasing channels (Rizzuto et al., 1992;Rizzuto et al., 1993;Park et al.,
2001) or Ca2* entry channels (Hoth et al., 1997;Varadi et al., 2004;Park et al., 2001),
resulting in an increase in mitochondrial calcium followed by stimulation of CaZ*-sensitive
dehydrogenases involved in the Citric Acid cycle (Hajnoczky et al., 1995;Denton &
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McCormack, 1986). Substances that increase [Ca2* ]. in pancreatic acinar cells have been
shown to either increase (Voronina et al., 2002b) or decrease (Criddle et af., 2006;Voronina
et al., 2002b) the NAD(P)H (the important reducing equivalent for the respiratory chain)
content in the mitochondria of pancreatic acinar cells. Finally sustained Ca2* accumulation
in pancreatic acinar cells (particularly in conjunction with reactive oxygen species) can
trigger the opening of the mitochondrial permeability transition pore (MPTP) (Gerasimenko
et al., 2002;Gukovskaya et al., 2002;0dinokova et al., 2009;Schild et a/., 1999), followed by
a decline in mitochondrial electrochemical potential (AY), which is essential for ATP
synthesis; a recent study from Gukovskayas laboratory indicated that in mitochondria from
pancreatic acinar cells mPTP can be induced by relatively low concentrations of
extramitochondrial Ca?* (Odinokova et a/., 2009). The contradictory roles of Ca2* signals
which can accelerate ATP consumption, upregulate ATP production or suppress ATP
synthesis makes it rather difficult to predict the net effect of these signals on the ATP
concentration. On the other hand, ATP itself serves as an important regulator of Ca2* signals
- in pancreatic acinar cells a decrease in cytosolic ATP inhibits Ca2* release from internal
stores (Barrow et al., 2008;Betzenhauser et al., 2008;Park et al., 2008), Ca2+ leak (Hofer et
al,, 1996) and Ca2* influx via store-operated Ca?* channels (Barrow et al., 2008).
Consequently ATP should be considered as an important regulator of both physiological and
pathological downstream reactions of the Ca%* signalling cascade, which are essential for
the functioning of the exocrine pancreas. Direct ATP measurements are essential for our
understanding of the complex relationships between the Ca2* signalling cascade and the
bioenergetics of pancreatic acinar cells.

Luciferase-based bioluminescence assays allow dynamic measurements of ATP content in
isolated cells ((Barrow et al., 2008;Jouaville et al., 1999;Kennedy et al., 1999;Koop &
Cobbold, 1993)). We utilized viral constructs carrying modified luciferase, which was
optimised for ATP measurements (for details see (ref Bell) (Barrow et a/., 2008;Kennedy et
al.,, 1999))

In the present study we aimed to utilize this technical development and characterise ATP
changes induced in acinar cells due to stimulation with Ca2* releasing secretagogues and
known or putative inducers of acute pancreatitis.

Cell preparation and extracellular solutions

Pancreata were obtained from adult male mice (CD1) that had been killed by cervical
dislocation, in accordance with the Animals (Scientific Procedures) Act of 1986. Isolated
pancreatic acinar cells, were prepared using collagenase (Worthington Biochemical
Corporation, Lakewood, NJ) digestion as previously described (Voronina et al., 2004). The
standard extracellular solution used throughout cell isolation and during all experiments
contained (in mM): NaCl 140, KCI 4.7, CaCl, 1, MgCl, 1.13, glucose 10, pyruvate 2,
HEPES 10 (adjusted to pH 7.2 with NaOH). During ATP measurements the extracellular
solution was supplemented with 200uM luciferin. In some experiments, where indicated,
glucose was omitted from the extracellular solution. Specified inhibitors of ATP production,
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secretagoges, activators of pancreatitis and Ca?* releasers were dissolved in the luciferin-
containing extracellular solution to the indicated concentration.

ATP measurements

Results

Bioluminescence measurements of ATP were carried out using adenoviruses that expressed
either cytosolic luciferase (cLuc) or mitochondrial-targeted luciferase (mtLuc) (ref, Bell et
al., 2007). cLuc was from Vectors BioLabs (Eagleville, PA, USA). The procedure of
infection with adenovirus and measurements of bioluminescence was similar to that
described in (Barrow et al., 2008). Briefly approximately 100pl of cell suspension was
spotted onto glass bottom 35mm Microwell Dishes (MatTek Corporation, Ashland, MA,
USA), coated with poly-L lysine and left to spontaneously attach for 5 minutes. The cells
were then covered with 2mls of Dulbecco’s modified Eagle’s medium (DMEM; Sigma)
supplemented with 10mM glucose, 2mM sodium pyruvate, 10% (v/v) fetal calf serum (Life
Technologies), 10ug ml-1 penicillin and 10ug ml-1 streptomycin. Following a 16-24 hour
infection period, the media was changed to extracellular solution and the cells were placed
on the stage of a Nikon Diaphot microscope (objective Fluor x20, NA 0.75), following this
bioluminescent imaging of cytosolic ATP was carried out by time resolved photon counting
using a Photek HRPCS 325-18 High Resolution Photon Counting Camera (Photek, East
Sussex, UK). Single photon events were integrated for one second intervals.

For calibration experiments cells were permeabilized in intracellular-like solution containing
(in mM): KCI 130, NaCl 10, HEPES 10, EGTA 10, MgCl;, 1.5, CoA, 0.01, 200uM luciferin
and 5000 units a-toxin, together with varying concentrations of MgATP. Data analysis was
performed using Photek Software. Following addition of a-toxin in the presence of 30mM
MgATP to cells transfected with cLuc bioluminescence increased by 90% (here and in other
parts of the manuscript 100% corresponds to bioluminescence of resting unstimulated cells).
Unlike calibration at room temperature (Barrow et al., 2008) at 35C° (temperature used in
this study) it was impossible to achieve stable levels of bioluminescence at intermediate
concentrations of ATP (0.3, 1 and 10mM), the reason for this was probably the rapid demise
of the cells following a-toxin treatment. The values of Km measured in previous studies
(ref, ref) allow us to make estimations of cytosolic ATP concentrations but the method
clearly remains only semi-quantitative. The main advantage of this method of ATP
measurement is its high time resolution and ability to observe and select cells for
experiments (and consequently avoid contamination with unwanted cell types or with cells
damaged during the preparatory steps of isolation and culturing). Data were expressed as
mean + standard error of mean.

Effects of inhibitors of oxidative phosphorylation and glycolysis on the cytosolic ATP level
of pancreatic acinar cells

In the presence of pyruvate in the extracellular solution inhibition of glycolysis by IA or 2-
DOG resulted in a significant decrease in cellular bioluminescence (Fig.1A,B). Application
of 1A resulted in a decrease in bioluminescence by 49+ 5% of its initial value (n=5) whilst 2-
DOG (in the absence of glucose) reduced the bioluminescence by 40+ 3% (n=6).
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Subsequent application of inhibitors of oxidative phosphorylation R and Olyg further
decreased the bioluminescence to near zero (Fig.1A, B).

We then reversed the sequence of the inhibitors of ATP synthesis. The inhibitors of oxidative
phosphorylation R and Olig also produced a substantial drop in bioluminescence (by 32

+ 2%, n= 17 see Fig.1C) and the subsequent application of 1A resulted in nearly complete
loss of bioluminescence. These results suggest an approximately equal contribution of
glycolysis and oxidative phosphorylation to ATP production in pancreatic acinar cells. When
mitochondrial inhibitors R and Olig were added in the absence of glucose in pyruvate-
containing extracellular solution the bioluminescence decreased drastically (by 75+ 4 % of
the initial value, n=5, see Fig. 1D), suggesting that under these conditions (as expected)
oxidative phosphorylation was the main mechanism of ATP production. A small but
resolvable decrease in the bioluminescence was observed upon subsequent addition of 2-
DOG. Residual glucose could still be present in the cytosol following the removal of glucose
from the extracellular solution. The observed small drop in bioluminescence could be
attributed to 2-DOG inhibition of metabolism of this residual glucose.

Cytosolic ATP changes induced by CCK

A supramaximal concentration of CCK (10nM) increased bioluminescence by 19 + 1%, n=6
see Fig.2A). The increase was smaller than the maximal rise in bioluminescence, observed
during calibration with high ATP levels (see Methods), suggesting that the cytosolic ATP
level following CCK stimulation does not saturate the assay and that the bioluminescence
continues to reflect the balance of ATP production and consumption. The response to CCK
was drastically different after inhibition of oxidative phosphorylation with R and Olig (Fig.
2B). Following treatment with R/Olig the application of CCK resulted in a substantial
decrease of bioluminescence (by 23+2%, n= 6 see Fig. 2B). The additional loss of
bioluminescence most probably reflects CCK — induced acceleration of ATP consumption.

A low near-physiological concentration of CCK (20pM) also produced an increase in ATP
levels (bioluminescence increased by 11+2%, n= 7, see Fig. 2C). Following the inhibition of
the mitochondrial component of ATP production an application of 20pM CCK did not
produce resolvable changes in ATP level (Fig. 2D, n=3).

CCK increases the rate of ATP consumption

The combined application of inhibitors of oxidative phosphorylation and glycolysis results
in a rapid decline in bioluminescence, which reflects the ATP consumption ((Barrow et a/.,
2008) and Fig.3). It is important to note that the rate of consumption, evaluated as the t of
the exponential fit, was substantially (approximately 2.3 times) increased under conditions
of CCK stimulation (Fig.3). Similar increase (approximately 2.6 times) was found by
comparing the rates of changes in normalised bioluminescence (L/Lg) between values 0.9
and 0.6 (Fig 3A and B). Paradoxically the high concentration of CCK (10nM) increased
both the rate of ATP consumption and the ATP content of pancreatic acinar cells.
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ATP changes induced by non-agonist dependent elevation of [Ca2*]

The rise in [Ca2*]. is an important consequence of CCK stimulation. Indeed we observed
that CCK — induced [Ca2*], responses were retained in pancreatic acinar cells following
transfection and overnight incubation with the luciferase - encoding replication deficient
adenovirus (n=9 for 20pM CCK, which produced oscillatory responses and n=8 for 10nM
CCK, which produced a large transient followed by a plateau, not shown). Increases in
[Ca?*]. has previously been shown to increase the cytosolic ATP content (Jouaville er al.,
1999;Dumollard et al., 2008). This effect is at least partially mediated by the increase of
mitochondrial [Ca2*] ([Ca%*]y) and stimulation of Ca?* - sensitive dehydrogenases involved
in the Citric acid cycle (Denton & McCormack, 1986;Hajnoczky et al., 1995;Jouaville et al.,
1999;Voronina et al., 2002b). We therefore hypothesised that CCK stimulates ATP
production due to its activation of the CaZ*-signalling cascade. To verify this hypothesis we
used alternative mechanisms of [Ca2*]. elevation and studied the effects of a [Ca?*], rise on
the ATP level. Tg (Fig.4A) or lonomycin (Fig.4B) were used to elevate the [CaZ*]; effects
of these two substances on [Ca2*]. in pancreatic acinar cells have been documented in
previous studies (Craske ef al., 1999;Gerasimenko et al., 2006) and were not further
investigated here. Similar results to CCK were observed upon Tg application. A sizable
increase of bioluminescence of 26+ 6% (n= 5, Fig.4A) was observed in experiments with
Tg, indicating a rise in cytosolic ATP. lonomycin also induced an increase in
bioluminescence of 11+1% (Fig. 4B, n=5). Note that we used a submaximal concentration
of lonomycin which in this cell type releases Ca2* from the ER but is insufficient to
calibrate Ca2* indicators (Craske et a/., 1999). Experiments with Tg and lonomycin suggest
that CCK-induced increase inATP level occurs as a result of Ca2*-dependent stimulation of
mitochondrial ATP production.

Effect of other Ca?* - releasing secretagogues on cytosolic ATP

Bombesin (100pM) had a very similar effect to a high concentration of CCK. The increase
in bioluminescene was 15+4% (n= 3, Fig.5A) and similar to that observed in experiments
with high concentrations of CCK. Following treatment with mitochondrial inhibitors
bombesin induced a clear decrease in bioluminescence (further decrease of 16 + 2%, n= 3,
Fig.5B).

The effect of ACh (10uM) on the bioluminescence of cells with intact oxidative
phosphorylation was similar to that of other calcium-releasing agonists — the
bioluminescence increased by 18+1% (n=4, Fig. 5C). ACh in a similar manner to CCK and
Bombesin decreased the bioluminescence in cells with inhibited oxidative phosphorylation
(decrease of a further 15+1%, n= 8, Fig.5Bii).

Effects of a bile acid, ethanol, fatty acid and fatty acid ethyl ester on cytosolic ATP levels
of pancreatic acinar cells

The bile acid TLC-S has been shown to increase [Ca%*]. in pancreatic acinar cells (Fischer
et al., 2007;Voronina et al., 2002a). TLC-S — induced [Ca2*]. responses were retained in
pancreatic acinar cells following transfection and overnight incubation with a luciferase —
encoding, replication-deficient, adenovirus (n= 10, not shown).The effect of this bile acid on
the cytosolic ATP level in pancreatic acinar cells was however quite different from that of
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the calcium-releasing secretagogues CCK or ACh. TLC-S (0.5mM) strongly reduced
cellular bioluminescence (reduction by 26+2%, n=5), suggesting considerable decrease in
the ATP level (Fig.6 Ai).). In a previous study we reported a substantial mitochondrial
depolarisation induced by TLC-S (Moronina et al., 2004). It is therefore possible that the
depolarisation is so strong that this has a negative effect on ATP production which overrides
the stimulatory effect expected from the TLC-S - induced [Ca%*]. elevation. It is however
important to note that a substantial further decrease in fluorescence in TLC-S treated cells
was observed following inhibition of mitochondria with R and Olig (42+2%, n=5),
suggesting that at least some of the mitochondrial ATP production is maintained in presence
of TLC-S. TLC-S also reduced fluorescence in cells with inhibited mitochondria (Fig. 6Aii).

Another putative activator of acute pancreatitis POAEE induced a decrease in ATP
concentration — the bioluminescence declined by 14+2 % (n=5 see Fig. 6Bi). POAEE also
diminished ATP levels when added following the application of R/Olig (bioluminescence
declined by a further 19+6% (n=3 see Fig.6Bii))

The fatty acid POA induced a small decrease in bioluminescence of 13+2% (n=11 see
Fig6Ci) when applied to cells untreated with R/Olig (Fig 6Ci). We have not been able to
resolve any clear effect of POA in cells which were treated beforehand with R/Olig (Fig Cii,
n=3).

Finally ethanol at a concentration of 200mM failed to produce measurable changes in
bioluminescence (n=6, not shown).

Mitochondrial ATP changes in response to CCK, TLC-S, POA and POAEE

Mitochondrial targeting of luciferase allowed us to observe changes in ATP in the matrix of
these organelles. A low near-physiological concentration CCK 20pM induced small increase
in mitochondrial ATP levels (of 4+1%, n=10) which was observed in all experiments (Fig.
7Ai). High supramaximal concentrations of CCK (10nM) produced a complex biphasic
response, composed of an initial small decline (by 8+1%, n=11), followed by a more
substantial increase in bioluminescence of 16+2 % (n=11, see Fig.7Aii,). The initial decline
in fluorescence was not observed in cytosolic ATP measurements upon stimulation with
10nM CCK. The initial decline in the mitochondrial ATP could reflect an increased rate of
ATP transfer from the mitochondria to the cytosol, which is later overcompensated by an
accelerated mitochondrial ATP production.

POA, POAEE and TLC-S all produced clearly resolvable decreases in bioluminescence (Fig.
7 B, C, D) The bioluminescence declined by 14+1%, n=3 ; 10£1%, n= 6 and 19+5% n=3
respectively. In all experiments subsequent inhibition of mitochondrial ATP production with
R / Olig resulted in a very substantial decline in the bioluminescence. This suggests that at
least within the time frame of our experiments inhibition of the mitochondrial ATP
production by these substances, although measurable, is certainly incomplete.
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Discussion

We were not able to calibrate ATP changes. However, assuming the 90% increase in
bioluminescence above resting level (observed in the presence of a-toxin and 30mM Mg-
ATP, see Methods) as the maximal attainable bioluminescence one can make an estimation
of ATP changes. Assuming the Km for the reaction to be 2mM (ref, ref) we can estimate that
the resting cytosolic ATP concentration corresponded to approximately 2.2mM, inhibition of
mitochondria with R/Olig reduced ATP to 1.1mM (approximately two fold), inhibition of
glycolysis with 1A reduced ATP to 0.7mM. Application of 10nM CCK increase the ATP
concentration from 2.2 to 3.5mM whilst 20pM CCK increased ATP to 2.8mM. A
combination of R/Olig and 10nM CCK resulted in a decrease in ATP concentration to
0.6mM. TLC-S on its own decreased ATP to 1.3mM and following R/Olig treatment to
0.3mM. Note that the reaction involving luciferase and luciferin reports Mg-ATP rather that
total ATP (ref). Other values of Km have been reported (ref, ref) and in absence of actual
calibration the above values should be treated as only estimations.

Both resting ATP level and sensitivity to R/Olig seems to be different in cells incubated at
35C° (this study) and cells maintained at room temperature (ref).

We were somewhat surprised by the considerable contribution that glycolysis can make to
the overall ATP balance of the pancreatic acinar cell. We expected cells to be much more
reliant on oxidative phosphorylation. However an analysis of the previous publications
showed that the results of these studies can be reconciled with our findings. For example the
paper by Bauduing and colleagues indicated that 90% of the ATP in the pancreas is
produced by oxidative phosphorylation (Bauduin et a/., 1969). However in this paper
(Bauduin et al., 1969) inhibition of ATP synthase with a high concentration of oligomycin
resulted in only a 60% reduction in ATP concentration. Antimicin indeed produced a much
stronger reduction in ATP (Bauduin et a/., 1969) but the antimicin-induced collapse of AV is
expected to trigger the reversal of ATP synthase and consequently a fast additional
consumption of ATP by mitochondria (ref). In this study we selected R and Olig to ensure
inhibition of oxidative phosphorylation under conditions where ATP synthase is also
inhibited (and can not be converted into an additional powerful ATP consumer). We found
that mitochondrial oxidative phosphorylation is responsible for approximately half of the
ATP content in pancreatic acinar cells.

Upon stimulation with Ca2* releasing secretagogues (CCK, ACh and Bombesin) we
observed an increase in cytosolic ATP concentration. Importantly this increase occurred
under conditions when ATP consumption was also significantly increased. In addition to
Ca?* -dependent activation of dehydrogenases involved in the Citric Acid Cycle, mentioned
above, another phenomenon known as long-term metabolic priming (Jouaville et a/., 1999)
could contribute to this effect. The long-term metabolic priming is defined as an increase in
ATP production which is induced by [Ca?*] elevation but persists long after the agonist
washout and recovery of [Ca%*] to resting level. Considering the duration of the ATP
increase, observed in our study, CaZ*-dependent metabolic priming seems to be a likely
contributor.
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An increase in the rate of ATP production and of the net ATP content to compensate for the
potential energy loss induced by Ca2* signals is a useful protective mechanism. A similar
“proactive” response of bioenergetics to Ca2* signals was reported for a number of primary
isolated cell types (Dumollard et al., 2008;Ainscow & Rutter, 2001). The results of our study
indicate that this mechanism is operational in exocrine secretory cells — pancreatic acinar
cells.

A recent study suggested that the Ca2* - dependent acceleration of glycolysis could be
responsible for the net increase in cytosolic ATP content (Zamaraeva et a/., 2007). In our
investigation we have not observed an increase in cytosolic ATP levels when cells with
inhibited oxidative phosphorylation were stimulated by Ca?* releasing secretagogues, on the
contrary, the prevaling response was the decrease in ATP (Fig.2B, Fig. 5B)). Therefore Ca2*
-dependent stimulation of glycolysis in pancreatic acinar cells is either absent or is masked
by a more pronounced increase in ATP consumption.

The increase in the rate of ATP consumption due to CCK stimulation reported in our study
corresponds well to previous findings of changes in glucose uptake induced by Ca?*-
releasing secretagogues (Korc et al., 1979). The ability of these cells to completely
compensate (and even to overcompensate) for the rapid increase in energy demand is quite
remarkable and probably explains why changes in ATP level were not observed in perfused
pancreas stimulated with ACh (Matsumoto et a/., 1988) and in a few models of acute
pancreatitis (Nordback et a/., 1991). On the other hand Halangk and colleagues reported that
under conditions of cerulein-induced pancreatitis the rate of phosphorylating respiration and
ATP concentration are substantially reduced (Halangk et a/., 1998); this effect probably
develop slowly - on a very different time scale to our measurements. Considering the results
of our experiments it seems unlikely that ATP deprivation is responsible for the cell damage
at the early stages of cerulein-induced pancreatitis, on the contrary an other mechanism
probably damage mitochondria and consequently exacerbates the disease. The situation
could be different for other inducers of acute pancreatitis, which decrease ATP content in
acinar cells. POA, POAEE and TLC-S are all Ca2+ releasing agonists; the fact that we see a
net decrease in ATP content in both the mitochondria and the cytosol means that the ability
of these substances to up-regulate ATP production by a Ca2* dependent mechanism is
overwhelmed by the negative effects of these compounds on the cell’s bioenergetics. The
bile acid TLC-S was particularly efficient in reducing ATP concentration. One reason for
this could be an increase in the demand for ATP since in addition to activating Ca%* -
dependent currents TLC-S also activates a significant cationic current, conducted by non-
selective channels (Voronina et al., 2005). This should increase the turnover of both Na* / K*
and Ca?* pumps and accelerate ATP consumption. Another possibility could be the
depolarising effect of TLC-S on the mitochondria of pancreatic acinar cells (Moronina et al.,
2004). Considering the outcome of our experiments (cytosolic and mitochondrial ATP
measurements and ATP measurements in cells with inhibited mitochondria) it is likely that
both mechanisms are involved. In terms of calcium toxicity bile is a particularly dangerous
substance. Whilst Ca?* responses to “physiological” calcium-releasing secretagogues
(particularly ACh) are inhibited by ATP depletion, TLC-S is capable of both releasing Ca2*
from the ER and triggering Ca?* influx even when ATP is depleted (Barrow et af., 2008). A
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further decrease of ATP could incapacitate pumping mechanisms and exacerbate Ca2*
toxicity.

Mitochondrial depolarisation in pancreatic acinar cells was reported for POA and POAEE
(Criddle et al., 2006). This could be responsible for observed (Fig. 6) decreases in cytosolic
ATP levels induced by these substances. The decrease in ATP content could be a
contributing factor to cell damage triggered by POA and POAEE.

POA, POAEE and TLC-S induce decreases in mitochondrial ATP concentration (Fig. 7).
This finding is in line with the cytosolic effects of these agonists and suggests that at least
part of the effect of these substances on cellular bioenergetics is due to the inhibition of
mitochondrial ATP production. The effect of near-physiological concentration of CCK
(20pM) on mitochondrial ATP was also similar to that on cytosolic ATP (Fig.2 and Fig.7)
supporting the notion that the effect is mediated by the acceleration the oxidative
phosphorylation. The effect of 10nM CCK on mitochondrial ATP was somewhat
unexpected. The initial decrease of ATP content (observed in mitochondria) was not seen in
cytosolic ATP measurements (Fig. 2 and Fig.7). A possible explanation of this phenomenon
is that mitochondria compensate for the initial increase in the demand of cytosolic ATP and
because of their small volume, display substantial decrease in ATP concentration. Later the
Ca?* - dependent acceleration of the Citric Acid Cycle and oxidative phosphorylation
overcompensates for this initial drop in ATP content and both mitochondrial and cytosolic
ATP levels become up-regulated. This phenomenon is potentially interesting and deserves
further investigation, which in our opinion would be better conducted as a separate study. It
is interesting to note that a remarkably similar biphasic changes in mitochondrial ATP were
recently reported in cardiomyocytes (Bell et al., 2006). These changes were also interpreted
as a manifestation of the initial increase in ATP demand (as an explanation of the decline in
mitochondrial ATP) followed by up-regulation of ATP production Ca?* signals which are
important for both physiological and pathophysiological responses in pancreatic acinar cells
strongly upregulate ATP production in this cell type. This should allow cells to better fulfil
their physiological functions of enzyme and electrolyte secretion and probably provides
some protection against damage by overstimulation with “physiological” secretagogues (e.g.
CCK and ACh). This is particularly relevant considering that the cells might need an
increase in ATP production and an increase in ATP level to successfully undergo apoptosis
(Zamaraeva et al., 2005) and remove damaged cells without inducing further damage to their
neighbours. Efficient apoptosis has been shown to reduce the severity of acute pancreatitis
(ref). Unfortunately the situation is different with bile acid, and non-oxidative ethanol
metabolites (POA, POAEE) which in spite of their ability to increase Ca2* are incapable of
increasing cytosolic or mitochondrial ATP levels, which makes these substances particularly
dangerous inducers of acute pancreatitis.
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Figure 1. Effects of inhibitors of glycolysis and oxidative phosphorylation on the cytosolic ATP
level of pancreatic acinar cells.

Bioluminescence was recorded from cells transfected with cLuc.

A. Images show bioluminescence of pancreatic acinar cells. The images were acquired at
time points indicated on the trace. Scale bar corresponds to 100um Application of 1A
resulted in a decrease in bioluminescence. R/Olig produced a further strong decrease in
bioluminescence. Experiments were conducted with pyruvate (2mM) and glucose (10mM)
present in the extracellular solution.
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B. The images were acquired at time points indicated on the trace. Application of 2-DOG
resulted in a decrease in bioluminescence. Scale bar corresponds to 100um. R/Olig produced
a further strong decrease in bioluminescence. Experiment was conducted with pyruvate
(2mM) present in the extracellular solution. Glucose was removed from the extracellular
solution just before the beginning of the recording.

C. The trace illustrates decreases of bioluminescence induced by sequential application of
R/O and IA. Experiment was conducted with pyruvate (2mM) and glucose (10mM) present
in the extracellular solution.

D. The trace illustrates decreases in bioluminescence induced by the sequential application
of R/Olig and IA. Experiment was conducted with pyruvate (2mM) present in the
extracellular solution. Glucose was removed from the extracellular solution just before the
beginning of the recording.

Gastroenterology. Author manuscript; available in PMC 2018 August 20.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

\oronina et al.

A

0.8

Luminescence (F/F,)

0.6

0.4

1.4 4

Luminescence (F/F)

o
o

o
N
<y 4

Page 16

10nM CCK 14 R/Olig
R/Olig i 1.2 10nM CCK
(O]
[&]
c
g 1
[}
£ 1
% 0.8
0.6 - 2
3
T T T 1 0.4 L - T T 1
0 500 1000 1500 2000 0 500 1000 1500 2000
Time (seconds) Time (seconds)
D
R/Olig _
20pM CCK 1.4 R/Olig
u
L 12
3 20pM CCK
c
S 1
(0]
£
E os
-
0.6
: 0.4 v .
500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
Time (seconds) Time (seconds)

Figure 2. Effects of CCK on cytosolic ATP level.
Bioluminescence was recorded from cells transfected with cLuc. Extracellular solution

contained pyruvate (2mM) and glucose (10mM).

A. Increase of bioluminescence in cells stimulated with 10nM CCK. The left panel shows
transmitted light image of isolated pancreatic acinar cells and clusters of pancreatic acinar
cells. Central and right panels show images of bioluminescence recorded at time points
indicated on the trace. Scale bar corresponds to 100um
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B. Following inhibition of mitochondrial ATP production with R/Olig, a high concentration
of CCK triggers a further decrease in ATP level. Images of bioluminescence were recorded
at time points indicated on the trace. Scale bar corresponds to 100um

C. Increase of bioluminescence induced by a low (20pM) concentration of CCK.

D. Following inhibition of mitochondrial ATP production with R/Olig a low concentration of
CCK does not produce a further decrease in bioluminescence.
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Figure 3. CCK increasestherate of cytosolic ATP consumption.
Bioluminescence was recorded from cells transfected with cLuc.

A. Bioluminescence changes induced by CCK and subsequent inhibition of both oxidative
phosphorylation and glycolysis.

B. Bioluminescence changes induced by inhibition of oxidative phosphorylation and
glycolysis.

C. The decline of bioluminescence in experiments illustrated in A and B was approximated
by an exponential function. The averaged time constants for the decline in the presence and
absence of CCK are shown as bar graphs (£ standard errors, number of experiments
indicated on the bars).
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Figure 4. Thapsigargin and lonomycin induce an increasein cytosolic ATP.
Bioluminescence was recorded from cells transfected with cLuc.

A. Rise of bioluminescence induced by TG.
B. Rise of bioluminescence induced by lon.
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Figure 5. Effects of Bombesin and ACh on cytosolic ATP.
Bioluminescence was recorded from cells transfected with cLuc.

A and B show effects of Bombesin on cytosolic bioluminescence in cells with intact and
inhibited (by R/Olig) mitochondrial ATP production respectively.

C and D show effects of ACh on cytosolic bioluminescence in cells with intact and inhibited
(by R/QOlig) mitochondrial ATP production respectively.
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Figure 6. Effects of TLC-S, POAEE and POA on cytosolic ATP.
Bioluminescence was recorded from cells transfected with cLuc.

A and B show effects of TLC-S on cytosolic bioluminescence in cells with intact and
inhibited (by R/Olig) mitochondrial ATP production respectively.

C and D show effects of POAEE on cytosolic bioluminescence in cells with intact and
inhibited (by R/Olig) mitochondrial ATP production respectively.

E Illustrates a decrease of bioluminescence induced by POA.
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F Following inhibition of mitochondrial ATP production by R/Olig we have not observed
further changes in bioluminescence upon application of POA.
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Figure 7. Effect of CCK, POA, POAEE and TL C-S on mitochondrial ATP level in pancreatic
acinar cells.

Bioluminescence was recorded from cells transfected with mLuc.

A Effect of different concentrations of CCK on the bioluminescence. A (i) shows changes of
bioluminescence induced by 20pM CCK. A (ii) depicts changes of bioluminescence induced
by 10nM CCK. Note biphasic response of bioluminescence. At the end of each experiment
combination of mitochondrial inhibitors R/Olig was applied, note the abrupt and strong
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decrease in bioluminescence upon the application of R/Olig in all experiments shown on
Fig.7.

B Shows the effect of POA on bioluminescence.

C lllustrates effect of POAEE on bioluminescence.

D Effect of TLC-S on bioluminescence.
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