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The peculiarities of the metabolic transformations of ammonia in the liver of rats under the condi-
tions of protein deprivation and high content of sucrose in the diet were studied in the research. It has been
established that animals kept on high-sucrose (group I11) and low-protein/high-sucrose diet (group 1V) had
hyperammonemia, whereas in rats maintained under the conditions of protein deficiency in the diet (group
I1) the blood level of ammonia nitrogen was within normal range. The revealed hyperammonemia in animals
of the 11l and 1V groups was accompanied by a marked decrease in the activity of mitochondrial enzymes,
which provide a replenishment of the endogenous ammonia pool — glutamate dehydrogenase and monoamine
oxidase, reaching the minimum values in conditions of the maintenance of animals on the high-sucrose diet.
At the same time, there was a marked decrease in the activity of ammonia neutralization enzymes — carbamoyl
phosphate synthetase, more significant in animals of the IV group, as well as glutamine synthetase. The ob-
tained results allow us to conclude that the hyperammonemia revealed in animals maintained on the high-
sucrose diet is not related to the enhanced formation of ammonia, but to the disturbances in the processes
of its detoxification in the liver. At the same time, under the conditions of alimentary protein deprivation, a
decrease in the activity of the key enzymes of ammonia formation (glutamate dehydrogenase and monoamine
oxidase) and neutralization (carbamoyl phosphate synthetase and glutamine synthetase) is probably due to
the lack of substrates for these enzymatic reactions. The obtained research results can be used to develop a
strategy for correction of the disorders of ammonia metabolism under the conditions of different content of
sucrose and protein in diet.
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0 date, despite the relevance of this problem,

I the question of the possible mechanisms for
the formation of various metabolic changes

in conditions of the nutritional imbalance remains
open [1-3]. Nowadays, it is well-known that the
fast-acting carbohydrates and saturated fats are pre-
dominant in the diet of people on the background
of a deficiency of the full value protein. There are
many reasons adults fail to consume enough protein
to meet needs — genetic predisposition to low appe-
tite, physiological changes and medical conditions

that lead to age- and disease-associated anorexia,
physical and mental disabilities that limit shopping
and food preparation, and food insecurity due to
financial and social limitations [4]. Chronic intake
of a high-sucrose diet increases overall energy in-
take, reduces consumption of food containing more
nutritionally adequate calories, and contributes to
malnutrition, leading to overweight, obesity, insulin
resistance, type 2 diabetes, elevation coronary artery
disease, and even cancer [5]. At the same time, it is
known that prolonged alimentary protein depriva-
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tion is accompanied by the disturbances in the meta-
bolic processes, which underlie the development of
various pathologies, although their mechanisms re-
main unexplored [6].

Thus, chronic consumption of the large
amounts of sucrose with simultaneous deficiency of
protein in the diet may act as a factor of the induc-
tion and progression of metabolic disorders, in par-
ticular in the liver. The liver plays a critical role in
maintaining proper nutrition by regulating the traf-
fic of nutrients; during liver disease, this metabolic
balance becomes deregulated, causing numerous nu-
tritional and metabolic complications.

The liver is the major organ responsible for
normal NH,* detoxification. There are two pathways
involved: periportal hepatocyte conversion of NH,
to urea by the urea-cycle system, and perivenous
hepatocyte conversion of NH,* to glutamine by by
glutamine synthetase GLS [7]. Ammonia, a highly
toxic intermediary metabolite, is formed during the
catabolism of the amine groups of amino acids [8].
To prevent ammonia accumulating, it is immediately
incorporated into glutamine and reconverted to am-
monia in the liver. Here it is rapidly converted into
urea by the urea cycle. It is typically a breakdown in
the flux through this pathway that leads to hyperam-
monaemia and though general liver failure.

In this case, the reason for an increase in the
blood ammonia level may be caused by either in-
tensification of its formation or disturbances in the
ammonia detoxifying function of the liver due to de-
generative changes in hepatocytes [9].

The aim of the research was to study the pecu-
liarities of the metabolic transformations of ammo-
nia in the liver of rats under the conditions of protein
deprivation and high content of sucrose in the diet.

Materials and Methods

Experimental design and procedures. In the
study, 8-10 week old white nonlinear rats weighing
90-100 g were used. Animals were kept in individual
plastic cages with sand bedding; they were fed twice
per day having ad libitum access to water. The ex-
periment was conducted in accordance with the rules
set by the ‘European convention for the protection of
vertebrate animals used for experimental and other
scientific purposes’ (Strasbourg, 1986).

The daily rations were regulated according to
principles of pair feeding. The animals were divided
into the following experimental groups: | — animals
receiving full-value semi-synthetic ration (control

group); II — animals receiving low-protein ration;
Il — animals receiving high-sucrose diet; IV — ani-
mals receiving low-protein high-sucrose diet.

The animals of the control group received a
standard ration containing 14% of protein (casein),
10% of fat, and 76% of carbohydrates, balanced by
all the essential nutrients.

The animals of the group 11 received isoener-
getic ration containing 4.7% of protein, 10% of fat,
and 85.3% of carbohydrates, calculated after recom-
mendations of the American Institute of Nutrition
[20].

The animals of the group 111 received high-su-
crose diet containing 40% of sucrose and balanced
by all other essential nutrients [11].

The animals of the group IV received isoener-
getic ration containing 4.7% of protein, 40% of su-
crose and balanced by all other essential nutrients.

The animals were maintained on the corre-
sponding diet during four weeks. Cervical disloca-
tion was performed under the light ether anesthesia
on day 29 of the experiment.

Mitochondrial fraction of the liver homoge-
nate was separated by differential centrifugation
(Heraeus Biofuge, Germany) in the following buffer
medium: 250 mM sucrose, 1 mM EDTA, 10 mM
Tris-HCI; pH 7.4 at 0-3 °C.

Enzyme assays. Glutamate dehydrogenase ac-
tivity was estimated by changes in NADH amount
equimolar to glutamate concentration used in the re-
action. A decrease in NADH content was measured
spectrophotometrically at A = 340 nm [12]. Gluta-
mate dehydrogenase activity was expressed in nmol
NADH/(minxmg protein).

Carbamoyl phosphate synthetase | activity in
intact mitochondria was measured at 30 °C using
the following incubation conditions: NH,Cl, 10 mM;
KHCO, 20 mM; ornithine, 10 mM; phosphate,
5 mM; Tris, 50 mM; ATP, 5 mM; KCI, 50 mM; car-
bonyl cyanide p-trifluorophenylhydrazone, 1.0 mM;
and oligomycin, 5 mg/ml. Final pH was 7.2. Incu-
bation was carried out in a volume of 1000 pl. The
reaction was commenced by the addition of mito-
chondria, 100 pl, as a 5 to 10 mg/ml suspension in
preparative medium. The reaction was terminated
after 12 min by the addition of an equal volume of
10% trichloroacetic acid solution. After centrifu-
gation, citrulline formation was determined in the
supernatant [13]. Activity of carbamoyl phosphate
synthetase | was calculated as nanomoles of citrul-
line formed min/mg of mitochondrial protein [14].
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Glutamine synthetase activity was deter-
mined by measurement of the inorganic phosphate
released in reaction mixtures containing ammonia
[15]. The assay mixtures (0.5 ml) usually contained
imidazole-HCI buffer (0.1 M pH 7.2), 2-mercaptoe-
thanol (25 mM), L-glutamate (50 mM; pH 7.2), ATP
(10 mM), MgCl, (20 mM), and NH,OH (125 mM)
or NH,CI (40 mM). Inorganic phosphate was deter-
mined by the methods of Fiske and Subbarow.

Monoamine oxidase activity was routinely
measured, with benzylamine as substrate, by the
spectrophotometric method [16]. In this standard as-
say, | unit of enzymatic activity was defined as the
amount of enzyme catalyzing a change in absorbance
at 250 nm per min at 25° in 3.0 ml reaction mix-
tures containing 3.3 mM buffered benzylamine and
0.20 M phosphate buffer, pH 7.2.

The diffused ammonia was determined using a
Nessler’s solution. Absorbancies were measured at
415 nm with the use of a spectrophotometer [17]. The
solutions were boiled for 15 min to remove traces of
volatile Nessler-reactive material.

Protein determination. The protein content was
determined according to the method of Lowry et al
[18].

Data analysis and statistics. The data were
compared and analyzed by using unpaired T-test.
Characteristics of the study group were expressed
as MeanzStandart Deviation for normal distribution.
For all statistical calculations, significance was con-
sidered to be a value of P < 0.05.

Results and Discussion

It was established in our studies that the level of
ammonia in the blood serum of animals from groups
IIT and IV was twice as high as control (Fig. 1). At
the same time, in conditions of the lack of protein in
the diet of animals, the amount of ammonia nitrogen
in the blood serum (group II) remains at the control
level (Fig. 1).

The established hyperammonemia in animals
from the I1I and IV groups poses a significant danger
to the body. Ammonia in solution is composed of a
gas (NH,) and an ionic (NH,") component which are
both capable of crossing plasma membranes through
diffusion, channels and transport mechanisms and
as a result have a direct effect on pH [19]. Hyper-
ammonemia promotes the development of metabolic
alkalosis, and consequently, the affinity of haemo-
globin to oxygen increases, which leads to tissue
hypoxia.
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Fig. 1. The content of ammonia in blood serum of rats
under the conditions of different nutrients content in
a diet: [ — animals receiving complete semi-synthetic
ration; Il — animals receiving low-protein ration;
I11 — animals receiving high-sucrose diet; IV — ani-
mals receiving low-protein high-sucrose diet. *Sig-
nificantly different from the control, P < 0.05

Furthermore, (NH,") has similar properties
as K and, therefore, competes with K* on K* trans-
porters and channels resulting in a direct effect on
membrane potential. In hyperammonemia, blood
ammonia is transported to the brain through the
blood-brain barrier. These direct effects of elevated
ammonia concentrations on the brain will lead to
a cascade of secondary effects and encephalopathy
[20].

Liver is the usual and chief site of removing
excess ammonia from the body through its con-
version into urea [21]. Liver is the chief organ of
scavenging ammonia from the body, hyperammone-
mia will quickly develop, when liver fails.

The possible causes of revealed hyperammone-
mia in experimental animals from groups 11l and IV
can be enhanced formation of ammonia in the liver
or disturbances of its conversion into urea.

In guantitative ratio, the main source of am-
monia in the body is the oxidative deamination of
amino acids with its key enzyme glutamate dehydro-
genase [22]. Besides, reactions of the deamination of
biogenic amines with the participation of mitochon-
drial monoamine oxidase also make a significant
contribution to the replenishment of the endogenous
ammonia pool [23]. Thus, glutamate dehydrogenase
and monoamine oxidase reactions can be considered
as the main biochemical mechanisms of ammonia
formation in the organism.
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In animals from the group Il, any changes in
the blood ammonia level were not revealed (Fig. 1),
but we established an inhibition of the processes of
its formation in the liver, verified by a significant
decrease in glutamate dehydrogenase (Fig. 2) and
monoamine oxidase activity (Fig. 3). Obviously,
these changes are due to a deficiency of free amino
acids in the body caused by the insufficient intake of
exogenous protein.

Hyperammonemia in conditions of high-su-
crose diet (group III, Fig. 1) is accompanied by the
maximum reduction in the activity of the studied
mitochondrial enzymes — glutamate dehydrogenase
and monoamine oxidase in 1.8 and 2.5 times, respec-
tively (Fig. 2, 3).

The literature data [24] shows the relationship
between high levels of sucrose in the diet and the
degree of degenerative changes in the liver.

Lipids, which synthesis in hepatocytes is in-
tensified under these conditions, serve as ligands
for immune receptors and thus can initiate an im-
mune response, causing an increase in the content
of inflammatory cytokines. Hepatic and systemic
inflammatory cytokines (TNF-a, IL-6) that initiate
the onset of inflammation in the liver tissue are con-
sidered as a key factor of damage in conditions of the
high-sucrose diet.

Destructive changes in hepatocytes manifest
by the appearance of edematous cells with excessive
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Fig. 2. Glutamate dehydrogenases activity in the rat
liver mitochondrial fraction under the conditions of
different nutrients content in a diet: I — animals re-
ceiving complete semi-synthetic ration; I — animals
receiving low-protein ration; 111 —animals receiving
high-sucrose diet; IV — animals receiving low-pro-
tein high-sucrose diet. *Significantly different from
the control, P < 0.05; *significantly different from
the group 111, P < 0.05

lipid drops in the cytoplasm, swelling of nuclei and
mitochondria, infiltration of liver tissues by leuko-
cytes and formation of the inflammatory focus.

In addition, under the conditions of the high-
sucrose diet, the process of free radical oxidation of
biomolecules is intensified [25], which is considered
as an additional damaging mechanism of hepato-
cytes.

Thus, established hyperammonemia in condi-
tions of the high-sucrose diet is not associated with
the enhanced formation of ammonia.

Therefore, our next step was to study the activi-
ty of the key enzymes of the ammonia neutralization
in the organism — carbamoyl phosphate synthetase
and glutamine synthetase.

We have found that in the group of animals
maintained on the high-sucrose diet (group III),
a two-fold reduction in the activity of carbamoyl
phosphate synthetase is registered compared to the
control parameters (Fig. 4). Since this enzyme is
considere as a regulatory, it is obvious that the de-
crease in the activity of carbamoyl phosphate syn-
thetase indicates an inhibition of the urea cycle reac-
tions [26].

At the same time, under the conditions of the
high-sucrose diet (Fig. 5, group III) there was a
2-fold decrease in glutamine synthetase activity in
the liver cells.
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Fig. 3. Monoamine oxidase activity in the rat liver
mitochondrial fraction under the conditions of
different nutrients content in a diet: I — animals
receiving complete semi-synthetic ration, Il — ani-
mals receiving low-protein ration; Il — animals
receiving high-sucrose diet; IV — animals receiving
low-protein  high-sucrose  diet.  *Significantly
different from the control, P < 0.05; *significantly
different from the group I1I, P <0.05
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Fig. 4. Carbamoyl phosphate synthetase | activity in
the rat liver mitochondrial fraction under the con-
ditions of different nutrients content in a diet: I —
animals receiving complete semi-synthetic ration;
1l — animals receiving low-protein ration; 11l — ani-
mals receiving high-sucrose diet; IV — animals re-
ceiving low-protein high-sucrose diet. *Significantly
different from the control, P < 0.05; *significantly
different from the group I, P <0.05
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Glutamine synthetase, another important am-
monia-removing pathway located in the liver, cata-
lyzes the amidation of glutamate into glutamine,
thereby removing an ammonia molecule. This high-
affinity, low-capacity reaction takes place in the
perivenous hepatocytes located around the hepatic
vein and acts as a scavenger for the ammonia that
escapes periportal urea synthesis. However, during
liver injury, given the reduced hepatic capacity for
ammonia removal, the extrahepatic interorgan am-
monia metabolism is altered (including glutamine
metabolism), thus upsetting the balance between
ammonia-producing/removing organs and ammonia
homeostasis [27].

Consequently, the obtained results allow us to
conclude that discovered hyperammonemia in the
conditions of the maintenance of animals on the
high-sucrose diet is not related to the enhanced for-
mation of ammonia, but to the disturbances in the
processes of its detoxification in the liver.

Simultaneously, under the conditions of alimen-
tary protein deprivation, the decrease in the activity
of the investigated key enzymes of ammonia forma-
tion (glutamate dehydrogenase and monoamine oxi-
dase) and neutralization (carbamoyl phosphate syn-
thetase and glutamine synthetase) is probably due to
the lack of substrates for these enzymatic reactions.

As for the group IV of animals, which were
kept on the protein-deficient diet with the high su-
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Fig. 5. Glutamine synthetase activity in the rat
liver mitochondrial fraction under the conditions
of different nutrients content in a diet: I — animals
receiving complete semi-synthetic ration; Il — ani-
mals receiving low-protein ration; Il — animals
receiving high-sucrose diet; IV — animals receiving
low-protein  high-sucrose  diet.  *Significantly
different from the control, P < 0.05
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crose content, the established hyperammonemia
(Fig. 1) was accompanied by a decrease in the activi-
ty of the key enzymes of ammonia formation to the
level of those indicators in animals with the alimen-
tary protein deficiency without hyperammonemia
(Fig. 2, 3, group II).

In addition, in animals from this group, the
activity of carbamoyl phosphate synthetase was de-
creased by 3 times compared to the control, reaching
minimum absolute values in comparison with other
experimental groups (Fig. 4), which indicates a sig-
nificant worsening of disturbances of the urea cycle.

At the same time, the level of glutamine syn-
thetase activity did not differ from the enzyme ac-
tivity in the group of animals that were kept on a
high-sucrose diet (group I1I, Fig. 5).

Therefore, the main determinant for the
development of hyperammonemia under the condi-
tions of the simultaneous imbalance of the two main
nutrients (protein and sucrose) is the maximum re-
duction in the activity of the key regulatory enzyme
of the urea cycle — carbamoyl phosphate synthetase.

The obtained results can be used to develop a
strategy for the correction of ammonia metabolism
disorders under the conditions of different content of
sucrose and protein in the diet.

The work was done within framework of the
“Biochemical and laser-polarimetric parameters of
complex forecasting of metabolic disturbances” pro-
gram, State Register No 0119U100717.
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OCOBJUBOCTI METABOJII3MY
AMIAKY B IEYIHII 1Y PIB

3A PI3HOI 3ABE3NEYEHOCTI
XAPYOBOI'O PAIIIOHY
HYTPIEHTAMHU
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Y poboTi gociimKyBanu 0COOIMBOCTI MeTa-
OONIYHUX MEepeTBOPEHb aMiaKy B MEYiHI LIypiB B
yMOBax JeNpHUBalii NPOTEIHY Ta BUCOKOI'O BMICTY
caxaposu B Xap4yoBOMY paiioHi. BctanoBieHo, mo
JUIsl TBAapHH, SIKI yTPUMYBaJHCS Ha BHCOKOCaxa-
posaomy (rpymna III) Ta HH3BKOIPOTETHOBOMY/BU-
cokocaxapo3Homy pauioHi (rpyna [V), xapakrepna
rinepaMoHieMisl, TOIII K B yMOBaxX HecTaui mpoTei-
HYy B XapyoBoMy paiioni (rpyna II) kinekicTs a3zo-
Ty amiaKy B CHpOBaTILi KpOBi 30epirayacs Ha piBHI
KOHTPOJbHUX 3Ha4YeHb. BusBIIEHa TimepaMoHieMis
B tBapuH Il i IV rpynu cympoBomKyBajiacs BU-
paKEHUM 3HIDKEHHSIM aKTUBHOCTI MITOXOHJpiallb-
HUX CH3MMIB, 5IKi 320€3MeUyI0Th MOMIOBHEHHS YTy
SH/IOTEHHOTO amiaky, — IIIyTaMaTAeriIporeHasu T1a
MOHOAaMIHOOKCHAa3Hu. Y TBapUH IUX I'PyH TaKOX
BCTAHOBJICHO 3HWKCHHSI aKTUBHOCTI €H3UMIB 3He-
LIKO/KEHHST amiaky — KapOamoindocdarcunrera-
31 (MakCHMMalbHO BHpa)keHe B TBapuH [V Tpymm)
i rmytamiHcuHTeTasn. OpepikaHi pe3yibTaTH J0-
3BOJISIIOTH JIIHTH BHCHOBKY, IO BHSBIICHA HaMH
rinepaMoHieMisi, B yMOBaX yTpUMaHHs TBapHH Ha
BHCOKOCaxapOo3Hil JIi€TI, TOB’sI3aHa HE 3 IOCUIICHUM
YTBOPEHHSIM aMiaKy, a 3 MOPYILICHHSM IIPOIECiB
Horo JeTokcukarlii B nevinii. BogHouac B ymoBax
aJiMEHTapHOI JenpuBalii MpOTEiHy MOKa3aHO 3HH-
JKCHHS aKTHBHOCTI KJIFOYOBHUX €H3UMiB yTBOPCHHS
(rmyTaMaTAeriiporeHa’s 1 MOHOAMiHOOKCHA3H)
Ta 3HEIIKO/PKEHHs (kapOamoindocdarcunreTa-
3M 1 DIyTaMmiHCHHTeTa3u) amiaky. lle, WMOBipHO,
MOB’13aHO 3 IeQIUTOM CyOCTpaTiB JJIsl 3a3HAYCHUX

EH3UMAaTUYHUX peakiiil. Pesymbratu mociigxkeHb
MOXYTb OyTH BHUKOPHCTaHi JJIsi pO3POOKH METOAY
KOpEKLii mopyIeHb 0OMiHy aMiaky B yMOBax pi3HOi
3a0€3MeYeHOCTI PallioHy CaXxapo300 Ta MPOTETHOM.

KnawyoBi cmoBa: merabonmism amiaky,
rIyTamataeriaporeHasa, MOHOaMIHOOKCH/1a3a,
kapOamoindocharcuaTeTasa, TIyTaMiHCHHTETa3a,
HYTPIEHTH.
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