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The dependence of uncoupled respiratory capacity of intact pancreatic acini on oxidative substrate
supply and functional cell state has not yet been studied in detail. In this study, the respiratory responses
of isolated pancreatic acini to FCCP were measured with Clark electrode and mitochondrial membrane
potential was assessed with rhodaminel23 fluorescence. The response of acini to FCCP was characterized
with maximal uncoupled respiration rate, optimal FCCP concentration, respiration acceleration and decele-
ration. Maximal uncoupled respiration rate substantially increased upon the oxidation of glucose + glutamine
(3.03 £ 0.54 r.u.), glucose + glutamine + pyruvate (2.82 £ 0.51 r.u.), glucose + isocitrate (2.71 £ 0.33 r.u.),
glucose + malate (2.75 + 0.38 r.u.), glucose + monomethyl-succinate (2.64 + 0.42 r.u.) or glucose + dimethyl-
a-ketoglutarate (2.36 + 0.33 r.u.) comparing to glucose alone (1.73-2.02 r.u.) or no substrate (1.76 + 0.33 r.u.).
The optimal FCCP concentration was the highest (1.75 uM) upon glucose + glutamine + pyruvate com-
bination and the lowest (0.5 uM) upon glutamate, combinations of glucose with isocitrate, malate, succi-
nate or o-ketoglutarate. Respiration acceleration after FCCP application was the highest with dimethyl-a-
ketoglutarate. Following the peak respiration, time-dependent deceleration was observed. It increased with
FCCP concentration and depended on oxidative substrate type. Deceleration was the highest upon malate or
isocitrate oxidation but was not observed in case of glutamine or dimethyl-a-ketoglutarate oxidation. Pyru-
vate alone or in combination with glutamine and glucose significantly decreased the depolarizing effect of
FCCP on mitochondrial membrane potential and increased respiration elasticity coefficient with respect to
the membrane potential change. Thus, in pancreatic acinar cells, the combination of pyruvate, glutamine and
glucose enables the optimal adaptive respiratory response to membrane depolarization.

Keywords: pancreatic acinus, oxygen consumption, mitochondria, depolarization, respiratory uncou-
plers, oxidative substrates.

itochondrial respiratory capacity and
M membrane potential are useful indica-

tors of cell state. The uncoupled respira-
tory capacity of pancreatic acinar cells is markedly
reduced by in vitro anoxia [1] and in experimental
pancreatitis models in vivo [2]. In addition, mito-
chondrial membrane depolarization in pancreatic
acinar cells may be caused by a range of pathologi-
cal factors, such as ethanol [3], fatty acid ethyl esters
[4], bile acids [5, 6], H,0, [7] and others. Further-
more, mitochondrial membrane potential dissipated
in cerulein-induced experimental pancreatitis model

[8]. However, the mitochondrial membrane depolari-
zation does not necessarily indicate a pathological
process. For example, physiological stimulation of
pancreatic acinar cells with secretagogues causes
mitochondrial depolarization [5] as well as increased
ATP synthesis [9] and uncoupled respiration rate
[10]. The capacity of the cells to adequately respond
to mitochondrial depolarization thus may determine
the course of physiological or pathological processes.

Protonophores, such as CCCP or FCCP, are
useful tools to assess the capacity of mitochondria
to respond to depolarization. In pancreatic acinar
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live cells studies, the use of these respiratory un-
couplers is not standardized to date. In respiration
studies, the protonophore is usually carefully titrated
over the range of concentrations to reach its maxi-
mal effect on respiration and thus assess the respira-
tory capacity of mitochondria [1, 10]. However, in
other types of experiments, often only a single dose
of protonophore is used to depolarize mitochondria,
without taking into the account the effect on respira-
tion [6, 11].

The respiratory responses to protonophore de-
pend on oxidative substrate type (glucose, pyruvate,
amino acids) not only in isolated mitochondria, but
also when plasma membrane integrity is preserved
in, e.g. synaptosomes [12], cardiomyocytes [13] or
pancreatic islets [14]. The dependence of uncoupled
respiration on oxidative substrates supply was not
systematically studied in intact pancreatic acini. The
differences in oxidative substrates supply is an ap-
parent reason for the discrepancy in reported maxi-
mal rates of protonophore-stimulated respiration of
rat pancreatic acinar cells: FCCP had a much lower
effect on respiration when only glucose was present
[10] than in case of glutamine supplementation [1].
Pyruvate and glucose were used to study mitochon-
drial ATP synthesis in pancreatic acinar cells [9], but
not in respiration studies.

It is well known that in live cells protonophores
can cause both respiration stimulation and inhibi-
tion [15]. Strong and prolonged depolarization with
protonophore, leading to initial respiration burst and
gradual respiratory capacity loss, serve both as an
experimental model of mitochondrial dysfunction
and a diagnostic tool in assessing mitochondrial
adaptation capacity. Thus, the detailed study of the
capacity of mitochondria in live cells to respond to
protonophore with changes in respiration and mem-
brane potential is useful for better understanding
of mitochondrial metabolism, disease pathogenesis
and may aid the discovery of the new therapeutic
approaches.

The goal of this study was to systematically
study the respiratory responses of intact pancreatic
acini to mitochondrial membrane depolarization
with uncoupler FCCP.

Materials and Methods

Reagents used in all experiments were pur-
chased from Sigma-Aldrich (sodium chloride S7653,
glucose G8270, N-2-hydroxyethylpiperazine-N'-

2-ethanesulfonic acid (HEPES) H3375, soybean
trypsin inhibitor T9128, bovine serum albumin
(BSA) A6003, succinate S3674, L-malate 112577,
sodium pyruvate P2256, glutamic acid 49449, mono-
methyl-succinate M81101, D-methyl-2-oxoglutarate
349631, a-ketoglutaric acid K1875, carbonyl cya-
nide-4-(trifluoromethoxy) phenylhydrazone (FCCP)
C2920, oligomycin 04876, collagenase type IV
C5138, rhodamine 123 R8004 and Merck Chemicals
(Calcium chloride dihydrate, 1725701000). All other
reagents were of purest available grade.

All manipulations with animals have been per-
formed in accordance with the EU Directive 2010/63/
EU for animal experiments and relevant laws of
Ukraine. Experimental protocols were approved by
the Animal Care and Use Committee of lvan Franko
National University of Lviv. Experiments were car-
ried out on wild type white male rats (250-300 g).
Animals were kept under the standard conditions of
vivarium at room temperature (18-20 °C) and on a
basic diet.

A suspension of isolated pancreatic acini was
obtained following collagenase treatment (Sigma,
type 1V, 0.2 mg/ml) according to the previously re-
ported method [16]. Cell viability, evaluated with
the trypan blue (0.1%) test, was >93%. Cell counting
was performed using haemocytometer.

The rate of oxygen consumption was measu-
red with Clark oxygen electrode (Biological oxy-
gen monitor YSI 5300, Yellow Springs Instrument,
USA) in the closed 1.6-mL glass respiration chamber
at 37 °C. Before respiration measurement, suspen-
sion of pancreatic acini was pre-incubated (15 min,
37 °C) in medium with oxidative substrates of choice
(see Incubation media section). Protonophore FCCP
(0.5, 1, 1.5 and 2 uM) was used to stimulate the res-
piration. Oligomycin (5 pM) was added to inhibit
ATP-synthase.

Mitochondrial membrane potential level was
assessed by semi-quantitative method using rho-
daminel23 staining in dequench mode [5]. Fluo-
rescence was measured with fluorescent micro-
scope LUMAM-I-1 at excitation wavelength of
505 + 25 nm (green LED) and emission wavelength
600-700 nm. Signal was recorded with DSLR Nikon
D3000 camera (CCD Sensor, 10 million pixels). Pho-
tographs were stored in NEF format, mean cell fluo-
rescence intensity was calculated using ImageJ. The
macros used could distinguish cells from the back-
ground by the fluorescence intensity.
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Samples of acini (0.5 ml) were incubated for
15 min at 37 °C in the media with substrates of in-
terest and rhodaminel23 (10 pg/ml). After Rhoda-
mine 123 washout, a series of aliquots were taken
for incubation with FCCP (0.5-5 uM, 1 min, 37 °C).
The bulk of cells were stored at room temperature in
medium with substrate of interest. The fluorescence
was quickly measured (during 1.5 min) by taking
photographs of at least 10 different acini.

Acini were obtained and stored in extracellu-
lar solution containing (mM): 140.0 NaCl, 4.7 KClI,
1.3 CacCl,, 1.0 MgCl,, 10.0 HEPES, 10.0 glucose,
2.0 glutamine, 2.0 sodium pyruvate, 0.01% (wt/vol)
soybean trypsin inhibitor, 0.25% (wt/vol) BSA and
MEM amino acid supplement; pH 7.4.

Basic incubation solution contained (mM):
140.0 NaCl, 4.7 KCl, 1.3 CaCl,, 1.0 MgCl,, 10.0
HEPES, 0.01% (wt/vol) soybean trypsin inhibitor
and 0.25% (wt/vol) BSA; pH 7.4. Solution was sup-
plemented with one or several oxidative substrates:
10 mM glucose or 2 mM sodium pyruvate, isoci-
trate, glutamine, glutamate, a-ketoglutarate, succi-
nate, malate or membrane-permeant esters dimethyl-
a-ketoglutarate and monomethyl-succinate.

Each experiment was performed with at least
five separate preparations of isolated cells obtained
from different animals (‘n’ always represents the
number of animals). For mitochondrial membrane
potential calculation, at least 10 different acini from
each preparation were measured for each experimen-
tal group. The significance of difference between
two groups was determined with a paired t-test. In
the case of multiple comparisons, the Holm-Bonfer-
roni test was additionally used.

Results and Discussion

Pyruvate and glutamine enhance FCCP-
stimulated respiration rate of pancreatic acini. To
assess the effects of oxidative substrates on FCCP-
stimulated respiration, the extracellular solution was
supplemented with glucose, pyruvate, glutamine or
glutamate and isolated pancreatic acini were incu-
bated for 15 min at 37 °C. Acini were transferred
to the respiratory cell; basal and FCCP-stimulated
respiration was recorded. FCCP was added in a step-
wise manner (final concentrations — 0.5, 1.0, 1.5 and
2.0 uM) with ~2 min interval between each addition.

Basal respiration rate did not depend on the
oxidative substrate (Fig. 1, B—D). The lowest FCCP
concentration (0.5 uM) stimulated the respiration
to 1.76 £ 0.33 r.u. when no substrates were pre-
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sent in the medium (control), and to a greater ex-
tent (2.17 £ 0.33 r.u), when glutamate was oxidized
(Fig. 1, C). 1 uM of FCCP further stimulated respi-
ration upon pyruvate (Fig. 1, B) or glutamine (Fig. 1,
C) oxidation but suppressed respiration in control
or upon glutamate oxidation. FCCP at higher con-
centrations (1.5 and 2.0 uM) caused a decline of the
respiration rate in all cases. Glutamine availability
resulted in a significantly higher respiration rate af-
ter FCCP additions (1.0-2.0 pM).

Thus, FCCP-stimulated respiration rate de-
pends on oxidative substrate: pyruvate and glu-
tamine support the high respiratory activity of mi-
tochondria upon high protonophore loads, unlike of
glucose or glutamate. The next experiments were
carried out in the presence of glucose (control) to
support glycolytic ATP synthesis under the condi-
tion of oxidative phosphorylation deficit (high FCCP
loads) and assess the effects of substrate combina-
tions on mitochondrial functional activity.

When glucose was present in the medium,
FCCP (0.5 uM) stimulated respiration to
1.83 + 0.30 r.u., similarly to the combinations
with glutamine and/or pyruvate (Fig. 1, D). Af-
ter 1 pM of FCCP was added, the respiration
rate was higher upon glucose+glutamine and
glucose+glutamine+pyruvate oxidation (P = 0.04
and 0.03, respectively, significance not confirmed
with Holm-Bonferroni test). The highest respiratory
rates were achieved after 1.5-2.0 pM FCCP when
glutamine and glucose were oxidized irrespectively
of pyruvate supplementation.

Thus, the effects of glucose and glutamine on
FCCP-stimulated respiration are additive, unlike of
glucose and pyruvate. Combination of all three sub-
strates provides mitochondria the ability to respond
with the highest respiration rates to high protono-
phore loads.

Krebs cycle intermediated and their methyl es-
ters differently affect FCCP-stimulated respiration.
In the next experiment, we evaluated the effects of
Krebs cycle substrates (malate, isocitrate, succinate
and a-ketoglutarate) on FCCP-stimulated respira-
tion of pancreatic acini. Basal respiration rate did
not change significantly upon supplementation with
these substrates. However, when malate or isoci-
trate was added to the glucose-rich medium, FCCP
(0.5 uM) increased respiration to higher levels than
in control (glucose, Fig. 2, B). Higher FCCP concen-
trations inhibited respiration even stronger than in
control. Succinate or a-ketoglutarate did not increase
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Fig. 1. Protonophore-stimulated respiration of pancreatic acini depends on oxidative substrate: A — original
recordings of oxygen consumption by suspension of acini (top) and derived rate of respiration (bottom) upon
endogenous substrates or glutamine (2 mM) oxidation, FCCP was added to reach the final concentrations
0.5, 1, 1.5 and 2 uM, in the bottom the difference between respiration rate in two experiments was marked
grey (higher for endogenous substrates) or red (higher for glutamine); B—D — the dependence of respiration
on FCCP concentration and oxidative substrate (glucose — 10 mM, glutamine and pyruvate — 2 mM), data
normalized to basal respiration (no FCCP) upon exogenous substrates (B, C) or glucose (D) oxidation; *sig-
nificantly different to endogenous substrates (B and C) or glucose (D), P < 0.05; n =5 (B and C) or 6 (D);

mean = SEM; r.u. — relative units, hereafter, r.u.

FCCP-uncoupled respiration, on the contrary — oxy-
gen consumption was lower upon 1 pM FCCP than
in control (glucose, Fig. 2, C).

Whether the Krebs cycle substrates could be
transported across the plasma membrane of pan-
creatic acinar cells are still unknown. To facilitate
substrate permeation, we also used methyl esters —
monomethyl succinate and dimethyl-a-ketoglutarate.
Unlike natural substrates, ester forms significantly
increased the uncoupled respiration (Fig. 2, D).

Maximal respiration rate and optimal FCCP
concentration. To assess the functional capacity of
pancreatic acinar cell’s mitochondria upon maximal
loads, we used two parameters: the maximal rate of
uncoupled respiration and optimal FCCP concentra-
tion (concentration upon which the maximal respira-
tion was achieved, the mean of all experiments in
one condition). Often the optimal concentration was
not uniform for each experiment.

Under control conditions (no substrate in so-
lution) the maximal respiration rate and the opti-
mal protonophore concentration were the lowest
compared to other experiments (Table). Addition
of different oxidative substrates resulted either in a
sole increase of the maximal respiration rate (gluta-
mate, isocitrate, malate, succinate, o-ketoglutarate),
or both rate and optimal concentration (glucose,
pyruvate, glutamine, methyl-succinate, dimethyl-a-
ketoglutarate or their combinations). Both parame-
ters of mitochondrial functional capacity were the
highest when the combination of glucose, pyruvate
and glutamine was utilized.

Three phases of uncoupled respiration. The
optimal FCCP concentration markedly depended on
the oxidative substrate and was largely influenced by
respiration suppression at high FCCP doses. After
more careful analysis it becomes evident that respi-
ration decline is not an immediate consequence of
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Fig. 2. Esters of TCA cycle substrates steadily enhance FCCP-stimulated respiration of pancreatic acini, in
contrast to the natural substrates: A — original recordings of oxygen consumption by suspension of acini (top)
and derived rate of respiration (bottom) upon glucose (10 mM) or glucose + malate (2 mM) oxidation, in the
bottom the difference between respiration rate in two experiments was marked grey (higher for glucose) or
red (higher for glucose + malate); B, C — the dependence of respiration on FCCP concentration and oxidative
substrates (glucose — 10 mM, isocitrate, malate, succinate and a-ketoglutarate — 2 mM); D — FCCP-stimulated
respiration in the presence of substrate esters monomethyl-succinate (M-succinate, 2 mM) or dimethyl-a-
ketoglutarate (DM-a-ketoglutarate, 2 mM); data normalized to basal respiration (no FCCP) upon glucose
oxidation; * significantly different to glucose, P < 0.05; n = 8 (B and C) or 6 (D); mean + SEM

higher than optimal FCCP concentration applica-
tion, rather it develops with time. The respiration
rate steadily decreased after initial stimulation with
0.5 uM FCCP (glucose + malate oxidation, Fig. 2,
A). In this case, the following additions of higher
FCCP concentrations did not reduce respiration.

Thus, we assumed that at least two factors de-
termine the uncoupler-induced respiration change:
uncoupler concentration and time. To discern these
factors, in the following series of experiments FCCP
was added only once at 0.5 or 1.5 uM.

After FCCP addition, three phases of respira-
tion could be observed (Fig. 3, A):

1) increase in respiration rate (acceleration
phase);

2) peak of respiration rate (maximal respiration
phase);

3) decrease in respiration rate (deceleration
phase).

38

The changes in respiration rate in phases 1
and 3 are adequately described by a linear func-
tion. Thus, coefficients of acceleration (a) or
deceleration (d) of the equations: v(t) = v, + at or
v(t) = v, + dt, were calculated with linear regression.
For convenience, we used absolute values of a and d.

It was found that acceleration of respiration
depends both on FCCP concentration and oxidative
substrate type. In most cases (except for glutamine
oxidation) the acceleration was much higher after
1.5 UM FCCP than after 0.5 uM. The acceleration
caused by 1.5 uM FCCP at glutamine oxidation was
slower when compared to glucose (Fig. 3). Con-
versely, it was significantly higher upon malate or
dimethyl-a-ketoglutarate oxidation.

For most substrates (except for glutamine), the
lowest FCCP concentration tested (0.5 uM) already
caused close to maximal peak respiration. In case of
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Optimal FCCP concentration and maximal respiration rate

Maximal respiration

Experimental conditions Optimal [FCCP], uM rate, r.. n
No substrate (control) <0.5 176 £0.33 5
Glucose 08+0.1 191 +0.33
Pyruvate 09+0.1 212 +£0.21*
Glutamate <0.5 217 £0.33*
Glutamine 1.0+£00 212 + 0.26*
Glucose (control) 08+0.1 2.02£0.35 6
+ Pyruvate 11+01 2.03+0.29
+ Glutamine 14+£01 3.03 + 0.54*
+ Pyruvate + Glutamine 1.8+01 2.82 + 0.51*
Glucose (control) 08+01 1.91+0.20 8
+ Isocitrate <0.5 2.71 +0.33*
+ Malate <0.5 2.75 £ 0.38*
+ a-ketoglutarate <0.5 214 +£0.22
+ Succinate <0.5 2.35+0.25
Glucose (control) 09+01 173+£0.29 6
+ Dimethyl-a-ketoglutarate 1.0+0.0 2.36 +0.33*
+ Monomethyl-succinate 0801 2.64 £ 0.42*

Data always normalized to the basal respiration rate upon glucose oxidation; n —number of animals; * P < 0.05 comparing
to the control (first row of each experiment); mean + SEM

glutamine oxidation, 1.5 pM FCCP was required to
reach the maximum respiration rate (Fig. 3, D).
Deceleration of the uncoupled respiration
(phase 3) was strongly substrate-dependent and
usually increased with FCCP concentration (Fig. 3,
B—F). Basal respiration also did decline slightly with
time, for a similar extent in all experiments with
substrates. This apparent artefact might be caused
by oxygen diffusion into the respiration chamber or/
and a steady decline in cell viability. When 0.5 uM
FCCP was added, in most cases deceleration was
comparable to the basal values. Only when malate
or isocitrate was present, deceleration was signifi-
cantly higher — compared both to basal and to the
experiment with glucose oxidation (P < 0.05; Fig. 3,
B, C). When 1.5 uM FCCP was added, deceleration
was significantly higher compared to experiments
with 0.5 FCCP in cases of glucose, pyruvate, suc-
cinate or malate oxidation (P < 0.05), but remained
at the same level in cases of glutamine, dimethyl-
a-ketoglutarate or isocitrate oxidation. In this ex-
periment, deceleration was significantly lower upon
glutamine or dimethyl-a-ketoglutarate oxidation

and higher upon malate or isocitrate oxidation when
comparing to glucose (P < 0.05; Fig. 3, D, E). These
data explain very well the previously established
values of the optimal FCCP concentrations.

Glutamine and pyruvate reduce FCCP-induced
mitochondrial potential dissipation. The respiration
rate is limited by multiple factors, including mito-
chondrial membrane potential. Protonophores de-
polarize the mitochondrial membrane and abolish
feed-back control of respiration. We assumed that
the substrate-specific differences in respiration re-
sponses to protonophore are linked to the differences
in FCCP-induced mitochondrial membrane depolari-
zation decrease.

The fluorescence of thodamine 123 in resting
cells and was low and did not depend on the sub-
strate (data not shown). After 1 min of incubation
with FCCP, the fluorescence was relatively stable
over 1.5 min (data not shown). It increased pro-
portionally to FCCP concentration and at 2 uM
FCCP reached ~80-120% of values at 5 uM FCCP
(Fig. 4, A, B). This was interpreted as a complete
membrane potential dissipation. Matrix surface of
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the mitochondrial membrane has a negative charge.
FCCP causes the decrease of the absolute value of
this charge, i.e. the inner mitochondrial membrane
becomes depolarized. The maximal fluorescence
intensity (at 2 or 5 uM FCCP) was ~2-fold higher
than basal and did not depend on oxidative substrate.
Thus, we have normalized the data by taking basal
fluorescence level as maximal membrane potential
(1 r.u.) and maximal fluorescence — as zero mem-
brane potential (0 r.u.).

An FCCP-induced decrease of mitochondrial
membrane potential markedly depended on oxida-
tive substrate. The membrane potential after incu-
bation with 0.5 or 1 uM FCCP was significantly
higher when glutamine, pyruvate and glucose were
present comparing to glucose only (Fig. 4, C). When
pyruvate was present alone, 0.5 FCCP caused sig-
nificantly less membrane potential drop comparing
to glucose experiment (Fig. 4, D). Conversely, upon
monomethyl-succinate oxidation, FCCP caused sig-
nificantly stronger dissipation of membrane potential
(Fig. 4, F). Glutamine, when compared to glucose,
did not cause any significant changes in membrane
potential response to FCCP (Fig. 4, E). As expected,
the increase in the respiration rate was proportional
to the decrease in membrane potential, but the extent
of ¥ respiration stimulation depended on the sub-
strate (Fig. 4, C-F).

To evaluate the degree of respiration rate de-
pendence on the mitochondrial membrane potential,
the elasticity coefficients were calculated for the
initial changes upon 0.5 pM FCCP according to the
equation:

dv Ay,

fE=— —

v d(Ayy,)

where v — rate of oligomycin-insensitive respiration,
AY - maximal mitochondrial membrane potential
without FCCP; differentials calculated after adding
0.5 uM FCCP.

Elasticity coefficient was the highest when the
combination of glucose, glutamine and pyruvate was
present (-42.1) and the lowest when monomethyl-
succinate was oxidized (-2.6, Fig. 4).

In this study, we have described the adaptive
respiratory responses of isolated rat pancreatic acini
to mitochondrial depolarization with protonophore.
The typical response to single FCCP dose is charac-
terized with respiration acceleration, peak respi-
ration rate, and deceleration. After titration with
several FCCP concentrations, it is possible to de-

rive two other parameters — the maximal uncoupled
respiration and optimal protonophore concentration
(a concentration causing the maximal respiratory
response). In addition, when combined with semi-
quantitative mitochondrial membrane potential
measurement, it was possible to derive elasticity
coefficients for respiration rate. All these parameters
were highly sensitive to oxidative substrate type.
The usefulness of the new described parameters in
assessing mitochondrial function or dysfunction in
live cells has yet to be tested in various experimental
conditions and disease models.

The acceleration of respiration is potentially a
measure of how rapidly mitochondrial oxidative sys-
tems can accommodate to depolarization, and it de-
pends both on depolarization extent and substrate. In
pancreatic acini, the respiration acceleration was the
fastest upon dimethyl-a-ketoglutarate oxidation, and
the slowest upon glutamine. This is logical, as two
additional enzymes, glutaminase and glutamate de-
hydrogenase, are involved in glutamine catabolism.

At the end of the acceleration phase, the respira-
tory peak or plateau could be defined. The respira-
tory plateau is registered when no significant time-
dependent respiration deceleration is developed. In
pancreatic acinar cells, glutamine and dimethyl-
a-ketoglutarate are the only substrates capable of
supporting the stationary respiratory states upon
high FCCP concentration (1.5 uM). This, however,
does not necessarily mean that in various cases of
prolonged depolarization, caused by physiological
or pathological factors, mitochondria of pancreas
would preferentially utilize these substrates.

The mechanisms of time-dependent respira-
tion deceleration in live cells are not known, and
the possible causes are FCCP-induced changes in
cytoplasmic pH, Ca?* and ATP level [15]. Cytosolic
pH changes in response to protonophore could pre-
sumably occur due to equilibration with the extra-
cellular solution and acidic compartments, but this
should not depend on the oxidative substrate. In
our study, FCCP (at least 0.5 and 1.5 pM) did not
cause respiration deceleration when glutamine or
dimethyl-a-ketoglutarate was present. Thus, cyto-
solic pH seemingly does not play a major role in res-
piration deceleration. The deceleration was similar
in cases of pyruvate and glucose oxidation. Thus, in
time frames of the experiment, respiration decline
seems not to depend on cytosolic ATP, which was
shown to be maintained by glycolysis in case of oxi-
dative phosphorylation deficit [9]. The deceleration
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Fig. 4. Protonophore-induced mitochondrial membrane potential decrease and adaptive respiration stimula-
tion of pancreatic acinar cells depends on oxidative substrate: rhodaminel23-stained pancreatic acini before
(A) and after 1 min of incubation with 2 uM FCCP (B), oxidative substrate — glucose (10 mM), C—F — effects
of substrates on the dependence of respiration rate on mitochondrial membrane potential;, small markers —
values of each experiment, large markers —mean of 7 experiments, data normalized to basal values at 0 FCCP
and 5 uM oligomycin (black squares); FCCP concentration indicated on the plots in uM, [glucose] = 10 mM,
[pyruvate], [glutamine], [monomethyl-succinate] = 2 mM, significant changes of respiration rate (*) or mito-
chondrial membrane potential (#) comparing to glucose experiment (gray circles), P < 0.05;n=7

was highest for substrates with apparently limited FCCP was shown to cause the opening of
plasma membrane permeability (malate, isocitrate). mitochondrial permeability transition pore in car-
Thus, insufficient substrate supply may be one of the diomyocytes [19]. In the present study, we did not
causes of fast respiration decline. investigate the potential role of the pore in a time-
The time-dependent decrease of uncoupled dependent decrease of uncoupled respiration.
respiration is not limited to intact cell model, it was Thus, we can conclude that time-dependent res-

also evident in isolated pancreatic mitochondria piration deceleration and exacerbation of membrane
upon succinate oxidation [6] and in isolated rat liver potential dissipation is associated with the limited
mitochondria, but only when a-ketoglutarate was substrate transport and/or insufficient oxidation to
present [17, 18], not in case of other substrates. The match the uncoupled proton leak, albeit the precise
involvement of substrate-level phosphorylation was mechanisms remain elusive.

assumed to be a mechanism of uncoupled respiration In pancreatic acini, the “maximal” FCCP-un-
decline in isolated liver mitochondria [17]. It is clear coupled respiration rate, derived from a series of
that the mechanism is different in live pancreatic experiments with different protonophore concentra-
acinar cells, as FCCP does not cause deceleration tions, was different for each substrate or combina-
of respiration upon both glutamine or dimethyl-a- tion. For example, a combination of glucose with
ketoglutarate oxidation. glutamine had a synergistic effect on the maximal
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uncoupled respiration, most likely because these
substrates enter the Krebs cycle via different path-
ways. Thus, the maximal uncoupled respiration re-
flects the ability of cells to metabolize given sub-
strates in response to protonophore loads rather than
absolute maximal capacity of mitochondrial electron
transport chain.

Optimal protonophore concentration seems to
be an interesting integrative parameter, which is de-
termined by the maximal uncoupled respiration and
deceleration onset. It varies greatly with substrate
composition. Thus, for each substrate composition,
the new titration experiment should be conducted. In
this study, the minimal tested FCCP concentration
(0.5 uM) ended up being the “optimal” for a num-
ber of substrates, but in reality, it is probably much
lower.

Interestingly, the optimal FCCP concentration
was different for three related substrates, glutamine,
glutamate and dimethyl-a-ketoglutarate. Glutamate
was less able to sustain uncoupled respiration of
pancreatic acinar cells then glutamine or dimethyl-
a-ketoglutarate. In rat and murine pancreatic acinar
cells, glutamate transporters expression is lower than
neutral amino acids transporters [20, 21]. Moreover,
glutamate is secreted into pancreatic juice by pan-
creata of rats [20], presumably due to predominantly
apical localization of EAAC1 glutamate transporter.
Thus we assume that unsustained respiratory re-
sponse to FCCP upon glutamate oxidation was due
to its limited transport across the basal plasma mem-
brane. This hypothesis is further supported by the
fact that the uncoupled respiration was stimulated by
membrane-permeant dimethyl-a-ketoglutarate, and
not by a-ketoglutarate, a metabolite of glutamate.

The dependence of respiration on mitochon-
drial membrane potential in most cases seems to be
consistent with the established kinetic models [22],
and the elasticity coefficients are similar to those ob-
tained on isolated mitochondria [23]. However, when
monomethyl-succinate was oxidized, the elasticity
coefficient was very low, i.e. respiratory response
was “delayed” and substantially increased only when
the membrane potential had completely dissipated.
We assume that mitochondrial complex I is much
more sensitive to membrane depolarization than
complex Il in pancreatic acinar cells.

Importantly, the optimal substrate combination
was able not only to elicit the maximal respiratory
response to FCCP, but also reduce the protonophore-
caused depolarization. It is known that glutamine

supplementation [24] improves outcomes of pa-
tients with acute pancreatitis, and pyruvate protects
pancreatic acinar cells in vitro from apoptosis and
necrosis [25]. In principle, pyruvate and glutamine
might protect pancreatic acinar cells from damage
by ameliorating the mitochondrial depolarization in
the course of pancreatitis pathogenesis.

In conclusion, the combination of glutamine,
pyruvate and glucose maintains a high respiration
rate and provides the most reducing equivalents to
the respiratory chain to support the highest mem-
brane potential levels upon the protonophore loads.
Further research of the mitochondrial substrate me-
tabolism in pancreas might lead to the discovery of
new therapeutic options for patients with pancrea-
titis.
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3aJIe)KHICTh PO3’€IHAHOTO IMXAHHS IHTAKTHUX
NaHKpPeaTHYHUX allMHYCIB BiJ CyOCTpaTiB OKUCIICH-
Hs Ta (PyHKLIOHATBHOTO CTaHy KJIITHHU HE JOCIHi-
JOKEHO. Y po00Ti peecTpyBaliv 0a3alibHy MIBUJIKICTh
ta mBUAKICTh FCCP-cTUMYIbOBaHOTO JIMXaHHS
130JIbOBaHMX MTAHKPEATUYHHUX Al[MHYCIB 3a JIOMOMO-
roto enektpona Kiapka i ouinroBann MeMOpaHHHHA
MOTEHIIIaJI MITOXOHJIPii 3a IHTEHCHBHICTIO (iyo-
pecueHiii ponaminy 123. BinmnoBiabs anuHyciB Ha
BHeceHHs1 FCCP xapakTepusyBajii MakCHMaJIbHOIO
HIBUJIKICTIO PO3’€IHAHOTO AUXAaHHS, ONTHMAaIbHOIO
konientpaniero FCCP, mnpuckopeHHsM Ta CIio-
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BUIBHEHHSAM JMXaHHA. MakcuMajbHa IMIBUIKICTH
pO3’€THAHOTO NWXAHHS ICTOTHO 30iNMbIIMIACA 3a
OKHUCJICHHS TUTI0K03u + riyTtaminy (3,03 + 0,54 B.0.),
TIIFOKO3| + Ty Taminy + mipyBaty (2,82 + 0,51 B.o.),
Troko3a + izorutpar (2,71 + 0,33 B.0.), TIIIOKO3HU +
Manary (2,75 + 0,38 B.0.), [NII0OKO31 + MOHOMETHIICY K-
nuHaty (2,64 £ 0,42 B.0.) a0 TIIFOKO3H + TUMETHII-
a-ketorimyrapary (2,36 £ 0,33 B.0.) y HOpiBHSIHHI 3
MaKCHMAaIIbHOK IIBUJKICTIO PO3’€THAHOTO JMXaH-
Hs 3a OKHCIeHHS Jjmmre Timoko3u (1,73-2,02 B.0.)
a00 3a BIJCYTHOCTI €K30r€HHUX CyOCTpaTiB OKHC-
nerns (1,76 + 0,33 B.o.). OnTHMabHA KOHIICHTPAITis
FCCP BusiBunacs naitBumiorw (1,75 mxM) 3a okuc-
JICHHsI CyMIillli TJFOKO3HM + TIyTaMiHy + MipyBaTy
Ta HaitHmx4o10 (0,5 MKM) — 3a OKHCIIEHHS €K30-
TeHHOT0 TJIyTaMaTy a0o CyMIilli IMTIOKO3H 3 TaKH-
MH CyOCcTpaTamu, SK 130IIUTpaT, MajaT, CyKIIHAT
abo a-kerornyTapat. [IpuckopeHHs nuxaHHs Micis
noxaBaHHs FCCP Oyno HaBUIIMM 32 OKHUCIECHHS
JTUMETHII-0-KeTornyTapary. [licns gocsiraHHs mika
IIBUIKOCTI TUXaHHS allMHAPHUMHU KIIITUHAMU ITiJ1-
IUTYHKOBOI 3aJI03M y 0ararbOX eKCHepHMEHTax
CIIOCTEPIraioch Yaco3aieKHEe CIOBITbHEHHS IIBU-
KOCTl auxaHHs. e croBUIbHEHHS nUXaHHS 3011b-
1yBaJjocs 3a 30inbieHHs koHuenTpaiii FCCP i 3a-
JIeKAIIO Bij cyOCcTpary okuciaeHHs. HaifictoTHimum
BOHO OyJIO 32 OKHCIIEHHS MallaTy Ta i30IUTpary.
[TipyBaT cam 1o co0i uu Horo KoMOiHawis 3 IITyTa-
MIHOM Ta TJFOKO30I0 3HAYHO 3HWKYBAJM JICTIONS-
pHU3alilo BHYTPIIIHBOI MeMOpaHM MiTOXOHJpIH,
cnpuunneny pniero FCCP, a Takox migBUIIYBaiIu
KOCQIIIEHT €TaCTHYHOCTI 3aJIeKHOCTI JTUXaHHS
BiJl 3MiHM MeMOpaHHOTO moTeHuiany. OTxe, cyMminl
mipyBary, TIIYTaMiHy Ta TJIIOKO3U € ONTHMAaJIHHOIO
JUTSL TATPUMAHHS aJIallTUBHOT 3IaTHOCTI MITOXOH-
Npiil MaHKpeaTHYHUX aIMHYCIB Bi/IMIOBIIaTH Ha Jie-
MOJISPHU3AIlit0 TXHBOT BHY TPIIIHBOI MEMOpaHHu.

KniogoBi crnoBa: maHKpeaTH4Hi aruHy-
CH, CTIO)KUBaHHS KUCHIO, MITOXOH/IPI1, IeNOisipr3a-
IIis1, pO3’€IHYyBadl TUXaHHS, CYyOCTpaTH OKUCIICHHS.
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