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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 III) and low-protein/high-sucrose diet (group IV) had 
hyperammonemia, whereas in rats maintained under the conditions of protein deficiency in the diet (group 
II) the blood level of ammonia nitrogen was within normal range. The revealed hyperammonemia in animals 
of the III and IV 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.

K e y w o r d s: ammonia metabolism, glutamate dehydrogenase, monoamine oxidase, carbamoyl phosphate 
synthetase, glutamine synthetase, nutrients.

To date, despite the relevance of this problem, 
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 NH4

+ detoxification. There are two pathways 
involved: periportal hepatocyte conversion of NH3 
to urea by the urea-cycle system, and perivenous 
hepatocyte conversion of NH4

+ 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: I – animals 
receiving full-value semi-synthetic ration (control 

group); II – animals receiving low-protein ration; 
III – 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 II 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 
[10].

The animals of the group III 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-HCl; 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 λ = 340 nm [12]. Gluta-
mate dehydrogenase activity was expressed in nmol 
NADH/(min×mg protein). 

Carbamoyl phosphate synthetase I activity in 
intact mitochondria was measured at 30 °C using  
the following incubation conditions: NH4Cl, 10 mM; 
KHCO3 20 mM; ornithine, 10 mM; phosphate, 
5 mM; Tris, 50 mM; ATP, 5 mM; KCl, 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 l000 μl. The 
reaction was commenced by the addition of mito-
chondria, 100 μl, 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 I was calculated as nanomoles of citrul-
line formed min/mg of mitochondrial protein [14].

G. P. Kopylchuk, I. y. Ivanovich, o. M. Voloshchuk



72

ISSN 2409-4943. Ukr. Biochem. J., 2020, Vol. 92, N 4

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-HCl buffer (0.1 M pH 7.2), 2-mercaptoe-
thanol (25 mM), L-glutamate (50 mM; pH 7.2), ATP 
(10 mM), MgCl2 (20 mM), and NH2OH (125 mM) 
or NH4Cl (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, I 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 Mean±Standart 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 
III 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 III and IV groups poses a significant danger 
to the body. Ammonia in solution is composed of a 
gas (NH3) and an ionic (NH4

+) 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.

Furthermore, (NH4
+) 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 III and IV 
can be enhanced formation of ammonia in the liver 
or disturbances of its conversion into urea. 

In quantitative 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.

Fig. 1. The content of ammonia in blood serum of rats 
under the conditions of different nutrients content in 
a diet: І – animals receiving complete semi-synthetic 
ration; ІІ – animals receiving low-protein ration; 
III – animals receiving high-sucrose diet; IV – ani-
mals receiving low-protein high-sucrose diet. *Sig-
nificantly different from the control, P ≤ 0.05
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In animals from the group II, 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-α, 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 

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. 

Fig. 2. Glutamate dehydrogenases activity in the rat 
liver mitochondrial fraction under the conditions of 
different nutrients content in a diet: І – animals re-
ceiving complete semi-synthetic ration; ІІ – animals 
receiving low-protein ration; III – 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 III, P ≤ 0.05

Fig. 3. Monoamine oxidase activity in the rat liver 
mitochondrial fraction under the conditions of 
different nutrients content in a diet: І – animals 
receiving  complete semi-synthetic ration; ІІ – ani-
mals receiving  low-protein ration; III – 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 III, 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-

Fig. 4. carbamoyl phosphate synthetase I activity in 
the rat liver mitochondrial fraction under the con-
ditions of different nutrients content in a diet: І – 
animals receiving  complete semi-synthetic ration; 
ІІ – animals receiving low-protein ration; III – 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 III, P ≤ 0.05 

Fig. 5. Glutamine synthetase activity in the rat 
liver mitochondrial fraction under the conditions 
of different nutrients content in a diet: І – animals 
receiving  complete semi-synthetic ration; ІІ – ani-
mals receiving  low-protein ration; III – 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 III, 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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ОсОбливОсті метабОлізму 
аміаку в печінці щурів 
за різнОї забезпеченОсті 
харчОвОгО раціОну 
нутрієнтами
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У роботі досліджували особливості мета-
болічних перетворень аміаку в печінці щурів в 
умовах депривації протеїну та високого вмісту 
сахарози в харчовому раціоні. Встановлено, що 
для тварин, які утримувалися на високосаха-
розному (група ІІІ) та низькопротеїновому/ви-
сокосахарозному раціоні (група ІV), характерна 
гіперамоніємія, тоді як в умовах нестачі протеї-
ну в харчовому раціоні (група ІІ) кількість азо-
ту аміаку в сироватці крові зберігалася на рівні 
контрольних значень. Виявлена гіперамоніємія 
в тварин ІІІ і ІV групи супроводжувалася ви-
раженим зниженням активності мітохондріаль-
них ензимів, які забезпечують поповнення пулу 
ендогенного аміаку, – глутаматдегідрогенази та 
моноамінооксидази. У тварин цих груп також 
встановлено зниження активності ензимів зне-
шкодження аміаку  – карбамоїлфосфатсинтета-
зи (максимально виражене в тварин ІV групи) 
і глутамінсинтетази. Одержані результати до-
зволяють дійти висновку, що виявлена нами 
гіпер амоніємія, в умовах утримання тварин на 
високосахарозній дієті, пов’язана не з посиленим 
утворенням аміаку, а з порушенням процесів 
його детоксикації в печінці. Водночас в умовах 
аліментарної депривації протеїну показано зни-
ження активності ключових ензимів утворення 
(глутаматдегідрогенази і моноамінооксидази) 
та знешкодження (карбамоїлфосфатсинтета-
зи і глутамінсинтетази) аміаку. Це, ймовірно, 
пов’язано з дефіцитом субстратів для зазначених 

ензиматичних реакцій. Результати досліджень 
можуть бути використані для розробки методу 
корекції порушень обміну аміаку в умовах різної 
забезпеченості раціону сахарозою та протеїном.

К л ю ч о в і  с л о в а: метаболізм аміаку, 
глутамат дегідрогеназа, моноамінооксидаза, 
карбамоїл фосфатсинтетаза, глутамінсинтетаза, 
нутрієнти. 
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