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During glutamine catabolism is produced ammonia, which can be toxic to cells. In
hepatic encephalopathy neuron mitochondria ammonia causes the formation of free radicals,
the opening of the mitochondrial permeability transition pore, oxidative phosphorylation
disruption and swelling. It is still unknown whether the utilization of glutamine in the mi-
tochondria of acinar cells of the pancreas produces toxic concentrations of ammonia. The
experiments were performed on male Wistar rats weighing 250-300 g. Pancreatic acini were
isolated using collagenase. Cells were incubated for 30 min with glucose (10 mM) in the
control and additionally NH,CI (5 mM) or glutamine (2 mM) in the experiment. Acetylcho-
line (10 uM) or cholecystokinin (0.1 nM) was used to stimulate secretion. Respiration rate
of isolated rat pancreatic acini was measured using a Clark electrode. Maximum respiration
rate was stimulated by addition to the FCCP. Statistical significance (P) of difference be-
tween the groups was determined with two-way repeated-measures ANOVA followed by a
Holm-Bonferroni corrected post-hoc t tests. The secretagogues acetylcholine and cholecys-
tokinin did not affect basal and FCCP-stimulated respiratory rate. The basal respiratory rate
of pancreatic acinar cells decreased with NH,Cl compared to the basal respiratory rate with
glucose oxidation, and this decrease was observed both at normal condition and under the
action of secretagogues. Glutamine did not affect basal respiratory rate. During glutamine
oxidation, the maximum respiratory rate increased compared to the control, regardless of
the effect of acetylcholine or cholecystokinin. NH,Cl reduced the maximum rate of FCCP-
stimulated respiration in rest or upon stimulation with secretagogues compared to glucose
control. Therefore, NH,Cl causes a negative effect mitochondrial respiration regardless of
secretory stimulation with acetylcholine or cholecystokinin. The toxic amount of ammonia
required for inhibition of mitochondrial respiration is apparently not formed due to glu-
tamine oxidation even when stimulated by acinar cells by secretagogues.

Keywords: pancreatic acini, ammonia, glutamine, acetylcholine, cholecystokinin,
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Introduction

Central physiological roles of pancreatic acinar cells are synthesis, transport, storage
and secretion of digestive enzymes. The energy required for these processes is generated in the
mitochondria. Mitochondria transform chemical energy from substrate oxidation into an elec-
trochemical proton gradient across their inner membrane (A¥m) [18]. Bile acids, ethanol and
non-oxidative ethanol metabolites damage the exocrine pancreas via calcium (Ca*") toxicity and
mitochondrial injury [21].The abnormal Ca?" signal promotes acinar cell necrosis by mitochon-
dria depolarization and lowering ATP levels. Supraphysiologic concentrations of cholecystokinin

© 3y6 A., Mansko O.B., Mansko b5.0O., 2021



A. 3y6, O.B. MaHbko, 5.0O. MaHbko
106 ISSN 0206-5657. BicHuk JbBiBcbkoro yHiBepcutety. Cepis 6ionoriyHa. 2021. Bunyck 84

(CCK) and its analogues use in models of acute pancreatitis [17]. Experiments on isolated pan-
creatic mitochondria showed that Ca?" directly depolarizes mitochondria by opening the mito-
chondrial permeability transition pore (MPTP). CCK-induced mitochondrial depolarization sig-
nificantly reduces ATP levels in acinar cells and leads to necrosis [26].

A case of acute pancreatitis and hyperammonemia without liver damage in a patient with
a deficiency of the urea cycle enzyme, ornithine carbamoyltransferase, has been described [20].
Ammonia causes the formation of free radicals, the disclosure of MPTP, oxidative phosphoryla-
tion and swelling of the neuron’s mitochondria of hepatic encephalopathy patients [32]. Ammo-
nia affects the basal and stimulated secretion of pancreatic acinar cells [13].

Glutamine plays a pleiotropic role in cellular functions. Glutamine as a “nitrogen shuttle”
helps to protect the body against the toxic effects of high circulating levels of ammonia [11]. Glu-
tamine is catabolized to glutamate and then to a-ketoglutarate by deamination via glutaminase
and glutamate dehydrogenase. Decrease of glutamine serum levels was shown in pancreatitis
patients during the metabolic stress [3, 11]. Intravenous administration of glutamine increased
the concentration and total amount of glutamate secreted by acinar cells of the pancreas into
pancreatic juice. Simultaneously with these processes, a large amount of ammonia is produced,
which can be toxic to cells [4].

Pancreas uses large amount of absorbed glutamine for the synthesis of digestive enzymes
[28]. The effect of glutamine on the functioning of the pancreatic acinar cells are controversial.
Tissue cultures have a high requirement for glutamine. In 1955 it was discovered that glutamine
deficiency in the incubation medium leads to cell death [8]. There is a difference in the degree
of CCK-induced necrosis of pancreatic acinar cells between studies that used [10, 31] or did not
use glutamine in the incubation medium [7]. Also, it has been reported that early administration
of alanyl-glutamine dipeptide supplements (20 g per day or 0.40 g/kg per day) reduced morbidity
and mortality in patients with severe acute pancreatitis [9, 33]. But in contrast, another study did
not show a significant effect of enteral glutamine supplements (0.57 g/kg per day) on the develop-
ment of infected necrosis and in-hospital mortality in patients with severe acute pancreatitis [5].

It is still unknown whether the utilization of glutamine in the mitochondria of pancreatic
acinar cells can form toxic concentrations of ammonia and as this process depends on [Ca?*]. The
aim of our study was to determine how the oxidative capacity of mitochondria changes under the
influence of ammonia and oxidation of glutamine under normal conditions and by stimulating the
secretion of acinar cells in the pancreas of rats.

Materials and Methods

Experiments were carried out on 5 male Wistar rats weighing 250-300 g. The animals
were kept at a constant room temperature with a 12-hour light cycle, with free access to water and
standard food (D-Mix, Ukraine).

Protection of Vertebrate Animals used for Experimental and other Scientific Purposes’
(Council of Europe No 123, Strasbourg 1985). Experimental protocols were approved by the
Animal Care and Use Committee of Ivan Franko National University of Lviv.

Suspension of isolated acinar pancreatic cells was obtained using collagenase (type IV,
0.2 mg/ml), as previously reported [2]. The cells were calculated using a hemocytometer. Cell
viability after isolation was> 93 %, as assessed by trypan blue test. All chemicals were purchased
from Sigma-Aldrich unless otherwise noted.

The basic extracellular solution contained (mM): NaCl — 140.0, KCI - 4.7, CaCl, - 1.3,
MgCl, — 1.0, HEPES — 10.0, glutamine — 2.0, sodium pyruvate — 2.0, glucose — 10.0; BSA —
2.5 mg/ml, soybean trypsin inhibitor — 0,1 mg/ml and the addition of basic amino acids MEM;
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pH 7.4. The cells incubation medium for the respiration study contained (mM): NaCl — 140.0,
KCl-4.7, CaCl, - 1.3, MgCl, — 1.0, HEPES — 10.0, glucose -10.0; BSA — 2.5 mg/ml, soybean
trypsin inhibitor — 0.1 mg/ml, and additionally glutamine — 2.0 or NH,Cl — 5.0 (mM) in some
experiments.

The rate of oxygen consumption was measured using a Clark oxygen electrode (biologi-
cal oxygen monitor YSI 5300, USA) in a closed glass respiration chamber (volume of 1.6 ml at
37 °C). Before measuring respiration rate the suspension of isolated pancreatic acinar cells were
preincubated for 30 minutes at 37 °C in the medium only with glucose, glutamine and glucose or
NH,Cl and glucose or additionally with secretagogues. Protonophore FCCP in increasing concen-
trations (0.5-2.0 uM) was added to the cell suspension directly into the polarographic chamber,
to achieve the maximum frequency of uncontrolled respiration, as described previously [22].
Respiration rate was first normalized by cell number and scaled relative to the mean basal respira-
tion rate in the control.

Results are presented as means = SEM. Statistical analysis was performed using Origin
Pro 2018. Significance of difference between the groups was determined with two-way repeated-
measures ANOVA followed by a Holm-Bonferroni corrected post-hoc t tests in case of significant
interaction between the factors. P<0.05 values were considered statistically significant.

Results and Discussion

It is known that high viability pancreatic acinar cells respond to the stimulation of secre-
tagogues by increasing respiratory rate [23]. To test the functional ability of cells to respond to
stimulation by secretagogues, acetylcholine (Ach) (10 uM) was injected into the polarographic
chamber. Basal respiration rate was assessed for 4 minutes. Adding ACh to the polarographic
chamber intensified pancreatic acinar cells respiration rate during 1 min after administration ACh,
by ~ 16 %, compared with basal respiration rate.

The next step was to evaluate the effects of ammonia and glutamine on mitochondrial res-
piration. In the control, the acinar cells of the pancreas were incubated in the basic extracellular
medium with glucose (10 mM). In the experiments, NH,CI (5 mM) or glutamine (2 mM) was
added to the incubation medium with glucose. ACh (10 uM) or CCK (0.1 nM) was added to the
solution for secretion stimulation. The cells were incubated for 30 min at 37 °C. After that, the
basal respiration rate was registered. Maximal respiration rate was stimulated by adding to the
cell FCCP at a concentration of 0.5; 1; 1.5; 2.0 uM.

ACh ad CCK did not affect basal and FCCP-stimulated respiratory rate (Fig. A). It is likely
that the incubation time was too long for the stimulating effect of secretagogues to persist. The
peak of secretion by acinar cells of the pancreas occurs in the first 5 min at optimal (average) con-
centrations of secretagogues [27]. There is evidence that ACh and CCK intensified maximal res-
piration rate during 15 min of incubation, but pyruvate was necessarily present in the medium [1].

The basal respiration rate of acinar cells under the influence of NH,Cl decreased by 13.1—
20.2 % (p<0.05) compared with the respiration rate for glucose oxidation, and this decrease was
observed both at normal condition or under the action of secretagogues. Glutamine did not affect
basal respiratory rate (Fig. A).

During glutamine oxidation, the maximum respiratory rate increased by 7.6-40.4 %
(p<0.05) compared to the control, regardless of the effect of ACh or CCK, which is similar to the
results of our previous studies [22]. NH,Cl reduced the maximum rate of FCCP-stimulated respi-
ration under the influence of control, with the addition of ACh or CCK by 24.8-31.0 % (p<0.05)
compared with the control of glucose oxidation (Fig. B).

Mechanism of ammonia toxicity largely studied on brain tissues, because hyperammone-
mia is directly linked to a spectrum of neuropathology conditions. Hyperammonemia inhibits the
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activity of mitochondrial dehydrogenases, which causes the collapse of the membrane potential
of mitochondria and increase of ROS levels in isolated mitochondria of the liver and brain [25,
30]. Ammonia in pathological concentration (2 mM) is a potent inhibitor of the mitochondrial
complex of brain a-ketoglutarate dehydrogenase. At toxic concentrations (10-20 mM), ammo-
nia inhibits cerebral mitochondrial NAD (+) — and NADP (+) — bound isocitratedehydrogenase
and NAD (+) - bound malatedehydrogenase and hepatic mitochondrial NAD (+) — bound isoci-
tratedehydrogenase [16]. Under the influence of ammonia was shown decrease in the level of
intermediate products of the cycle citric acid cycle (CAC), citrate, a-ketoglutarate and malate, in
the mitochondria of the liver [32]. Instead, low concentrations of ammonium chloride (> 1 mM)
stimulate the production of glucose from glutamine in mitochondria or isolated cells of the liver
[15]. Ammonia also induces morphological abnormalities of mitochondria, the opening of MPTP,
leading to mitochondrial swelling and cell death by apoptosis or necrosis [32].

Hyperammonemia is usually defined as plasma ammonia levels above 80 uM in newborns
and above 45 uM in adults [19, 29]. In experiments with isolated mitochondria of the brain and
liver, ammonia was used in pathologically significant concentrations of 5-10 mM [25]. In our
study, we studied the effect of NH,Cl at a concentration of 5 mM. Ammonia homeostasis is a
multi-organ process involving the liver, brain, kidneys and muscles, as well as the gastrointestinal
tract. Under normal conditions, ammonia from the gut is efficiently processed by the liver through
two main metabolic pathways: the urea cycle (also known as the ornithine cycle) and glutamine
synthetase, which converts glutamate to glutamine [30]. Hyperammonemia mainly occurs in he-
patic encephalopathy and genetic defects of the urea cycle or other pathways of intermediate
metabolism [6]. The effectiveness of the mechanisms of “detoxification” of ammonia is impaired
in hepatocellular dysfunction in cirrhosis. Even in healthy patients, a sharp increase in ammonia
concentration is mostly due to renal processes. Violations of potassium and acid homeostasis,
lead to overproduction of ammonia by the kidneys. To support potassium balance, renal glutami-
nase generates an ammonium ion from glutamine that donates a proton to be exchanged across
the membrane for the potassium ion. The end result is recovered potassium, acidified urine, and
ammonia, a by-product that diffuses into the serum [30]. In patients with liver cirrhosis ammonia
affects the endocrine pancreas causing an imbalance of insulin and glucagon, and as a conse-
quence, amino acids in the plasma [24]. Hyperammonemia was associated with infected necrotic
acute pancreatitis in patient with late-onset ornithine carbamoyltransferase deficiency [20].

Our results confirmed that ammonia in pathological concentrations adversely affects the
respiratory processes of the mitochondria of the pancreas. In our study, ammonia reduced the
adaptive capacity of mitochondria, regardless of the influence of secretagogues. This can be ex-
plained by the fact that the pathological effect of ammonia is mediated by an increase in the level
of cytoplasmic [Ca?"] [12, 14]. Mitochondrial accumulation of Ca?" impairs mitochondrial respi-
ration, decreases ATP synthesis and increases the formation of free radicals, which lead to greater
oxidative stress. An additional increase in cytoplasmic [Ca*"] under the action of ACh or CCK did
not increase the toxic effects of ammonia.

Glutamine is a multifunctional amino acid. In addition to protein syntesis, glutamine is
an anaplerotic substrate for CAC. Mitochondrial glutamine is catabolized to glutamate by the
amidohydrolase enzymes, which catalyze the conversion of glutamine to glutamate by releasing
ammonium ions. Then mitochondrial glutamate is converted to a-ketoglutarate by glutamatede-
hydrogenase 1 or several mitochondrial aminotransferases. Mitochondrial a-ketoglutarate can
participate in CAC by supporting the oxidative phosphorylation pathway or the reductive car-
boxylation pathway. During oxidative phosphorylation, glutamine metabolites are involved in the
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generation of electron donors, such as NADH or FADH,, and the synthesis of GDF and ATP. The
active metabolism of glutamine in the mitochondria of brain astrocytes by phosphate-activated
glutaminase leads to the hyperproduction of ammonia [30]. But, as our study shows, glutamine
catabolism in the pancreas promotes to increased adaptability of mitochondria, even under in-

creased [Ca?'].

Based on the results of our study, incubation of isolated acinar cells of the pancreas with
NH,CI causes a negative effect on mitochondria regardless of stimulation with ACh or CCK.
The toxic amount of ammonia required for such adverse effects is apparently not formed due to
glutamine oxidation even when stimulated by acinar cells by secretagogues.
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The effects of oxidative substrates and NH,Cl on basal (A) and maximal uncoupled respiration rate (B)
of isolated pancreatic acini; cells were pre-incubated in basic extracellular solution (30 min) with
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3a xaraboni3My IIIyTaMiHy YTBOPIOETBCS aMiak, SIKMH MO)ke OyTH TOKCHUHHM JUIS
KIITHH. 3a MEeYiHKOBOI eHIedanonarii y MITOXOHAPISIX HEHPOHIB aMiak CIPUYUHSE yTBO-
PEHHSI BUIBHHUX PaaMKalliB, PO3KPUTTS MITOXOHAPIaNbHOI ITOPH TPaH3i€HTHOI MPOHUKHOC-
Ti, HOPYIIEHHsI OKHCHOTO (hocoprumroBanHs Ta HaOpsK. Jloci HEBiOMO, UM 3a yTHIIi3amii
DIyTaMiHy B MITOXOHJIPISX alMHAPHUX KIITHH MiANUTYHKOBOI 3aJI03H YTBOPIOIOTHCS TOK-
CHYHI KOHIIeHTpamii amiaky. Jlociian BUKOHYBanu Ha IIypax caMIpix JiHil Bicrap macoro
250-300 r. ITaHKpeaTHyHi anMHYCH i30JFOBAIM 3 BUKOPHCTaHHSM KojareHasu. KiiTHHH
iHKyOyBanm ynpozrosx 30 XB 3 mroko03010 (10 MMOIB/IT) y KOHTpOJi # JTOXaTKOBO BHOCH-
i NH,CI (5 Mmons/im) abo mryTamin (2 MMOJB/JT) — y gociii. Jst cTumymsmii cexpertii
BHUKOPHCTOBYBaIX aneTHiIxoiiH (10 MkMouns/i) un xonenucrokinid (0,1 aMons/m). nxan-
HS 130JIbOBAaHHMX MAHKPEATHYHHUX AMHYCIB IIypiB BUMIpIOBAJIM 3a JIOMOMOTOIO €JIEeKTposa
Knapka. MakcuManeHy IIBHIKICTh AMXaHHS cTEMymoBaau nofgaBaHHsM y FCCP. Cra-
TUCTHYHY BiporimHicTs (P) pi3HMII MiX cepeqHiMH apr(METHIYHIMH OLIHIOBAIH ITapHIM
t-TecToM ab0 ABO(AKTOPHMM IHCHEPCIHNM aHaJi30M i3 MOBTOpaMH Ta post-hoc TecTom
Xomm-bordepponi. Cekperaroru ameTHIXOMiH i XOJCIUCTOKIHIH He BIUTUBAIN Ha 0a3aib-
Hy Ta FCCP-cTnMyp0BaHy IIBHIKICTIO IUXaHHS. ba3anabHa MIBUAKICTh ANXaHHS alHAp-
HUX KJITHH TiIUTyHKOBOT 3a03u 3a BBy NH,Cl 3HM3HIIACS OPIBHAHO 3 6a3a/IbHOKO
IIBHAAKICTIO AWXaHHS 32 OKUCHEHHS ITIOKO3H, IPUYOMY L€ 3HIDKEHHS CIIOCTEpIranoch siK
Y CTaHi CIIOKOIO, TaK i 3a JIil cekperarori. [iyTamMiH He BIDIMBaB Ha 0a3albHY IIBHIKICTH
JMXaHHA. 32 OKUCHEHHS DIyTaMiHy MaKCHMaJbHa MIBUIKICTh JUXAaHHS 3pOCia IIOPiBHSHO 3
KOHTPOJIEM, HE3AJIEXKHO BiJl BIVUBY allETUIXOJiHY 9H xonenuctokininy. NH,Cl samkysas
MakcuManbHy BHAKICTE FCCP-cTHMYIb0BaHOTO IUXAHHS SIK y CIIOKOI, TaK i 3a CTUMYJIALIT
CEKPETaroraMu TMOPIiBHSIHO 3 KOHTPOJIEM 3a OKHCHEeHHs mokosu. Omxe, NH,Cl nerarusno
BJIMBA€ HA TUXaHHS MITOXOHJIPiN HE3aJeKHO BiJl CTUMYIIAIIIT alleTHIIXOIIHOM a00 XOJICIHC-
ToKiHiHOM. TOKCHYHA KITBKICTh aMiaKy, HeOOXiHa JJIsl MPUTHIYEHHS TUXaHHS MITOXOH/IPIi,
04EBHUTHO, HE YTBOPIOETHCS Yepe3 OKHCHEHHS IIyTaMiHy HaBiTh 32 CTUMYITIOBaHHS alliHAp-
HUX KJITHH CEKpEeTaroramMu.

Kniouosi  cnoea: TaHKpeaTWdHI amUHYCH, aMiak, DIyTaMiH, aleTWIXOJiH,
XOJICIIMCTOKIHIH, TUXaHHS, MiTOXOHAPIT
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