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Biogen elements that enter the water in large quantities are one of the main pollutants in the aquatic environment. They lead
both to eutrophication of the reservoir and a decrease in the viability of young fish, acting as toxin. The energy enzyme activity
(lactate dehydrogenase and succinate dehydrogenase), nitrogen (glutamate dehydrogenase) metabolism, dephosphorylation
processes, and immune protection (by alkaline phosphatase activity) under the long-term action of ammonium nitrogen and
phosphorus phosphates was studied. The biological object of research were 30-45 day common carp juveniles (Cyprinus carpio
L.). According to our results, the peculiarities of the adaptive reactions of young carp to the action of these compounds have
been established. We revealed, that under the loading of ammonium nitrogen, the activity of the processes of anaerobic
digestion of energy-intensive complex increases directly in the organs of neutralization and excretion of nitrogenous
compounds, namely in the gills. In general, the body of the carp due to these actions reduces the total energy consumption for
maximum survival in these environmental conditions. We registered, that under the influence of elevated concentrations of
phosphorus phosphates, oxidation of biogen elements to the body's energy needs in the presence of oxygen was observed.
The processes of immune defense and dephosphorylation, for which LPh is responsible, also the detoxification, the excretion
of nitrogenous substances from the body of carp (GDG) occurred differently depending on the chemical nature of the toxin.
Thus, under the influence of ammonium nitrogen there was an increase in the activity of LPh in the highest concentrations of
the toxin, and the activity of GDG decreased to reduce the production of ammonia, to avoid endogenous intoxication. Through
these load of potassium monophosphate, the rise in the activity ofimmune defense processes and the involvement of ammonia
in the cycle of tricarboxylic acids due to reamination to the energy supply of the processes of counteracting the weak but chronic
toxic effects of orthophosphate ion. Under the load of ammonium chloride was observed not only the use of “traditional” energy
substrates - glycogen and lipids, as well as proteins, which indicates the high toxicity of this compound for the body of young
carp. Through the action of orthophosphate ion, the active use of lipids and even the activation of gluconeogenesis at maximum
concentrations, as a reaction to weak long-term chemical stress.
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Introduction

Hydrobionts, which include young fish, are constantly under the load of various environmental factors, many of which, beyond
the optimal values for each species, cause changes at all levels of biological organization - from cellular to the level of the
organism as a whole. There is a significant amount of work on the influence of environmental factors on the body and the
regulation of its functions in fish, including temperature, oxygen content in water (Martseniuk et al., 2017; Martseniuk et al.,
2018; Prychepa et al., 2019; Potrokhov et al., 2019; Vodianitskyi et al., 2020) and anthropogenic pollution (Sychov et al., 2017;
Grynevych et al., 2018; Prychepa et al., 2019; Boyko & Brygadyrenko, 2019; Rudenko et al., 2019; Gutyj et al., 2012; Bojko et al.,
2020; Piven et al., 2020). The negative impact of it on the environment is multifaceted and greatly reduces the quality of surface
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waters. One of the essential elements of water pollution is the receipt of excessive amounts of substances containing biogen
elements - nitrogen and phosphorus. According to some data, in the surface waterbody of the Ukrainian section of the Dnieper
River, the content and ratio of inorganic forms of nitrogen and phosphate ions undergo significant fluctuations. these
compounds are the main component in the composition of industrial, urban effluents, leachates from agricultural lands,
mineral fertilizers and wastewater of various livestock complexes and poultry farms. In addition to exogenous intake, there is
endogenous contamination with nitrogen and phosphorus substances from the remains of dead organisms. Inorganic nitrogen
and phosphate ion are the final products of decomposition and mineralization of organic matter (Randall & Tsui, 2002;
Prysiazhniuk et al., 2019).

In excess, these ions can significantly affect the pH value of water, and some nitrogen substances adversely affect the viability
of aquatic organisms (Wurtsbaugh et al., 2019). The above facts indicate the multidirectional nature of the effects of nitrogen
and phosphorus compounds. On the one hand, biogen elements are the basis of producers' nutrition and the base of bio
productivity of any aquatic ecosystem. However, a significant amount of these substances in water worsens the physiological
state of aquatic organisms and even limits the bio productivity of water bodies. On the other hand, some nitrogen and
phosphorus compounds, even in small quantities, are broad-spectrum toxins that adversely affect the viability of aquatic
organisms.

In the agueous medium, ammonium nitrogen comes in two forms: molecular (non-ionized) ammonia (NH3) and ammonium
ion (NH4 +). The latter is less permeable to the biological membranes of fish gills and, accordingly, penetrates the body with
less intensity (Camargo & Alonso, 2006; Lotter & Anderson, 2012). When ammonia penetrates through the gills from water, it
can damage fish cells and tissues (Smart, 1976; Randall & Wright, 1987; Francis-Floyd et al., 2009; Huff et al., 2013).

The toxicity of inorganic forms of nitrogen, in particular ammonia, for aquatic organisms, including fish, has been studied in
detail and widely covered in many scientific documents (Tilak et al., 2002; Boudreaux et al., 2007; McKenzie et al., 2009; El-
Shebly & Gad, 2011; Naidu et al., 2017). High concentrations of ammonia cause symptoms of neuro-paralytic and general
poisoning in fish. It has been established that ammonia concentrations higher than 0.2 mg/dm?3 reduce the viability of fish (Colt
& Tchobanoglous, 1976). Despite the above data, the study of the effects of ammonium nitrogen on the body of fish, in particular
their young, has been insufficiently studied.

Together with nitrogenous substances, a significant amount of phosphorus compounds enters the reservoirs, which in
excessive amounts lead to negative consequences for water bodies (Ulén & Weyhenmeyer, 2007; Whitehead et al., 2009). The
inorganic content of phosphorus substances in the reservoir changes dynamically during their absorption by biota and from
their exogenous inflow with effluents. The main available forms of aqueous phosphorus are orthophosphate and phosphorus
esters. Itis part of many components of organisms, but a significant amount of it can also have a detrimental effect on aquatic
flora and especially fauna (Liu et al., 2003; Chukwu & Okpe, 2006; van Bussel et al., 2013; Strauch et al., 2019).

Fish are known to be more sensitive to toxins in the early stages of ontogenesis than in adulthood or later. Young fish are also
vulnerable to the harmful effects of phosphorus compounds (Kim et al., 2013). The effect of phosphates on fish and their young
is extremely poorly understood.

Thus, our research aim was to study the enzyme activity (lactate dehydrogenase and succinate dehydrogenase) and nitrogen
(glutamate dehydrogenase) metabolism, dephosphorylation processes and immune protection (by alkaline phosphatase
activity) under the long-term action of ammonium nitrogen and phosphorus phosphates in 30-45 days common carp juviniles
(Cyprinus carpio L.).

Materials and methods

Chronic toxicological studies were performed at the Bila Tserkva Experimental Hydrobiological Station of the Institute of
Hydrobiology of the National Academy of Sciences of Ukraine. Experiments to determine the effect of different concentrations
of ammonium nitrogen and phosphorus phosphate ions on the viability and physiological condition of young fish were
performed for 14 days in aquariums with a capacity of 30 dm? so that the ratio of fish to active solutions of toxins exceeds 100-
300 times. The oxygen content was maintained using Tetratec APS 300 aerators. The 40 specimens of this year's carp with a
length of 22.0-32.6 mm and a weight of 0.41-1.31 g were placed in the experimental aquariums. The condition of the fish was
monitored round-the-clock observations.

The control group of fish was in a similar volume aquarium with water from the river Ros, in which the concentration of
ammonium nitrogen was 0.21 mg N/dm3, phosphorus - 0.06 mg R/dm?3, which is much less than the MPC of the farm.

Ammonium chloride at a concentration of 1.0-15.0 mg N/dm? and potassium monophosphate at a concentration of 0.5-5.0 mg
P/dm3 were used. The specified concentrations of nitrogen in water were prepared by dissolving NH4Cl, and phosphorus
phosphate dissolving KH2PO4 in water from the river Ros. Daily replacement of 1/3 of drug solutions in experimental containers
were changed. The guidelines of bioethics were investigated during the experiments. The minimum number of fish was used
for wide statistical reliability of the results. Methods of spectrophotometry and photocolorimetry were used to determine the
biochemical parameters of fish. Enzyme activity was determined on a UNICO-2800UV spectrophotometer at wavelengths of
365, 530 and 420 nm. The activity of lactade dehydrogenase (LDH) and alkaline phosphatase (LPh) was determined using kits
for clinical diagnosis “LDH", “Alkaline phosphatase” (LLC SPE Philisit-Diagnostics, Ukraine). Succinate dehydrogenase (SDG)
activity was determined according to the photometric method of Eshchenko and Volsky (Eshchenko & Volskyi, 1982). The activity
of glutamate dehydrogenase (GDG) was established by the method of Khokhlov et al. (1990).

The content of organic compounds was determined by the photometric method on a photoelectro colorimeter KFK-2MP at a
wavelength of 750, 530, and 620 nm. The total protein content in the muscles and gills was determined according to the Lowry
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139 Changes in the biochemical status
method, the change of total lipids - with the possibility of a set for local diagnosis “Total lipids” (LLC SPE Phyllisit-Diagnostics,
Ukraine), and glycogen was used by the anthrone method (Lowry et al., 1951).

Results and discussion

Under the influence of ammonium chloride, we observed changes in the activity of energy metabolism enzymes (LDH and SDH)
in young carp. In the muscles of fish significantly reduced the activity of LDH (Fig. 1) in concentrations of 2.5-15.0 mg N/dm? by
37.4-50.0% compared to the control. In carp gills, on the contrary, the activity of the enzyme increased, apparently due to the
transition to an anaerobic type of energy supply of detoxification and excretion of ammonia.

The activity of the SDH in these tissues at all quantities was significantly degraded (Fig. 2), demonstrating the body's response
to the toxic effects of ammonium by inhibiting aerobic energy generation processes. At all concentrations, we observed a
decrease in muscle enzymatic activity by 37.3; 47.7; 52.6 and 59.7% compared to control. In the gills, the fall in enzyme activity
was 18.5; 32.7; 44.8 and 46.9% relative to control values. Such changes are in complete agreement with the literature, as
inhibition of the SDH activity often correlates with the growth of the LDH (Chandravathy & Reddy, 1996; Prychepa et al., 2019).
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Fig. 1. The LDH activity in the tissues of young carp under the chronic action of high concentrations of ammonium chloride. n
=40. Here and then: 1- control (0.21 mg N/dm?3); 2 - 1 mg N/dm3; 3 - 2.5 mg N/dm?3; 4-5 mg N/dm?3; 5 - 15 mg N/dm?3
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Fig. 2. The activity of SDH in the tissues of young carp under the chronic action of high concentrations of ammonium chloride.

The LPh activity in carp muscles at low quantity of ammonium 1.0 and 2.5 mg N/dm?3 significantly decreased by 69.7 and 58.0%
relative to control, and at 5.0 and 15.0 mg N/dm3 increased in 1.2 and 40% (Fig. 3). Accordingly, the fall in activity may be due to
the lack of need to enhance dephosphorylation processes at this level of exposure. However, at higher concentration there is
a maximization of the LPh activity, and at the highest amount there is a gradual depletion and inhibition of immune function
with long-term exposure to ammonium nitrogen (Li et al., 2016). A similar pattern was observed in the gills, but the maximum
growing in activity was 2.4 times at a amount of 2.5 mg N/dm3, and subsequent concentrations of 5.0 and 15.0 mg N/dm3 at
46.4% higher, and then 18% below control values.

The level of the GDH activity for exposure to ammonium chloride in carp tissues changed as follows. There was a correlated
decrease in activity (Fig. 4), probably to reduce the amount of endogenous ammonia production, and consequently a fall in the
value of aerobic energy generation pathways (reduction in SDH activity) and activation of anaerobic pathways (increase in LDH
activity) to counteract ammonium stress. Changes in the direction of reduce relative to the control in tissues of mixed
compositions 65.4; 73.0; 60.0 and 83.3% relative to control and 12.4; 75.0; 83.3 and 80.6% in the carp gills
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Fig. 3. The activity of LPh in the tissues of young common carp under the chronic action of high concentrations of ammonium
chloride.
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Fig. 4. The activity of GDH in the tissues of young common carp under the chronic action of high concentrations of ammonium
chloride. n =40

In the carp tissues, we recorded the following changes in the protein (Fig. 5), the lipids (Fig. 6) and the glycogen (Fig. 7), which
indicate the peculiarities of its adaptive response to the water pollution. At all concentrations of ammonium nitrogen, the
protein content in muscle tissue gradually decline with increasing concentration of the ammonium chloride by 9.4; 20.0; 28.1
and 45.7% compared to control. In the tissues of the gills recorded a significant fall in the protein content by 6.7; 11.0; 24.3 and
36.0% relative to the amount of protein in the control group of fish.
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Fig. 5. The content of total protein in the tissues of young carp under the chronic action of high concentrations of
ammonium chloride.
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Fig. 6. The content of total lipids in the tissues of young common carp under the chronic action of high concentrations
of ammonium chloride.

20
18 I
. I

16 -
L0
g 14
5 12 I
E
o 10
§D
@8
S
o 6

4

2

0

1 2 3 4 5

mMuscles mGills Experimental aquariums

Fig. 7. The glycogen content in the tissues of young common carp under the chronic action of high concentrations
of ammonium chloride.

The lipid content also decreased by 4.0; 12.2; 28.0 and 63.0% in muscle relative to controls. Their active use for energy supply
of ammonia detoxification processes is obvious. Similar reductions of 30-65% relative to control were observed in gill tissues.
Active use of glycogen for energy supply of metabolic processes of the body was observed at concentrations of ammonium
ions 5 and 15 mg N/dm3. At these condition, there was a 32-35% fall in the glycogen content in the muscles and 38-40% in the
gills relative to control, indicating the toxicity of these amount to fish. Such changes point to an adequate response of carp to
the effects of ammonium nitrogen and against the background of other index indicate changes in the body to increase the
processes of cleavage of energy substrates to maintain energy homeostasis due to water pollution by toxin.

The activity of LDH in carp tissues under the action of potassium monophosphate was as follows. In both studied tissues there
was a significant tendency to reduce the activity of anaerobic processes (Fig. 8). In the muscles, the difference with the control
index was 53.2, 17.7, 45.2 and 70.7%. In the gill tissue, significant changes were recorded in the last two concentrations, which
point to low toxicity and the absence of significant energy consumption to counteract this amount of toxin.

The activity of aerobic processes correlates with LDH data. In the muscles there was an increase in enzymatic activity by 29.0
and 69.3% at quantity of 0.5 and 1.0 mg P/dm3, while at subsequent concentrations the growth was 2.0 and 2.12 times relative
to control (Fig. XIX). The level of LDH activity in the gills showed a tendency to rise at low concentrations of potassium
monophosphate by 30.7 and 60.3% and unreliable relative to control the positive difference in activity at high amount of toxin.
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Fig. 8. The LDH activity in the tissues of young common carp under the chronic action of high concentrations of potassium
monophosphate. n = 40. 1 - control (0.06 mg P/dm3); 2 - 0.5 mg P/dm3; 3 - 1.0 mg P/dm3; 4 -2.5 mg P/dm3; 5 - 5.0 mg P/dm3
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Fig. 9. The SDH activity in the tissues of young common carp under the chronic action of high concentrations of potassium
monophosphate. n =40
Note: 1 - control (0.06 mg P/dm3); 2 - 0.5 mg P/dm3; 3 - 1.0 mg P/dm3; 4 -2.5 mg P/dm3; 5 - 5.0 mg P/dm?

Changes in the activity of alkaline phosphatase in carp were irregular. There were no significant changes in muscle, but there
was a tendency to inhibit enzyme activity relative to control (Fig. 10). In the gills of young carp, we noted significant changes in
quantity of 2.5; 5.0 and 15.0 mg P/dm?3 in 3.0; 3.3 and 3.8 times. Probably such activity arose due to cumulative toxicos caused
by low chronic exposure to the gills.

In muscles and gills, an increase in the GDH activity was recorded with an increase in the concentration of orthophosphates
(Fig. 11). In muscle tissue, its growth was 2.8; 8.3; 5.3 and 5.3 times relative to control. In the gills, enzyme activation was 3.0;
6.1-6.3 times for control groups of fish. Such changes are probably caused by the high degree of ammonia involvement in the
tricarboxylic acid cycle due to the reamination to the energy supply of the adaptive response to chronic toxic stress of the
experimental environment.
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Fig. 10. The LPh activity in the tissues of young common carp under the chronic action of high concentrations of potassium

monophosphate.
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Fig. 11. The GDH activity in the tissues of young common carp under the chronic action of high concentrations of potassium
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Fig. 12. The content of total
potassium monophosphate.

250
o 200
5
§ 150 I I B {' i
s &0 5 Bl
‘S o
2 E
g
E| 100
=
50
0
1 2 3 4 5
= Muscles mGills Experimental aquariums

protein in the tissues of young common carp under the chronic action of high concentrations of
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The content of proteins, lipids and glycogen in carp tissues had the following changes. In muscles, there was an insignificant
growth in the amount of protein at concentrations of 0.5-5.0 mg P/dm?3 by 14.3-9.1% relative to control (Fig. 12). Apparently,
with growing up phosphorus content, carp increasingly used protein as an alternative energy source. An increase in protein at
concentrations of 0.5 was recorded in the gills; 1.0 and 2.5 mg P/dm?3 at 57.8; 26.3 and 23.0%. At the maximum quantity of
phosphorus, the growth was only 8.8% higher than control.

The lipid content was systematically reduced relative to control in both tissues. In muscle, the difference was 3.8; 12.2; 27, 8
and 63% below control, and in the gills 30, 52.2, 49 and 65.1% (Fig. 13). In both tissues, the increased use of lipids to compensate
for chronic toxicosis of monophosphate is evident.
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Fig. 13. The content of total lipids in the tissues of young common carp under the chronic action of high concentrations of
potassium monophosphate. n = 40

Changes in the glycogen content in both tissues did not have a clear pattern. In the muscles in amount of 0.5 and 1.0 mg P/dm3
we observed a decrease in the glycogen content by 56.6 and 77.7% (Fig. 14), and in the maximum concentration of an increase
in glycogen content it was higher by 27.2% to control values. In the gills at a quantity of 0.5 mg P/dm?3 there was a significant
increase in glycogen content by 45%, and at subsequent quantities the difference was 3.1 and 6.1% above control. At the highest
concentration, the glycogen content in the gills was 34% lower than the control values. Apparently, carp activated the process
of gluconeogenesis from lipids and partially from proteins to accumulate glycogen to further counteract the chronic toxicity of

phosphates.
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Fig. 14. The glycogen content in the tissues of young common carp under the chronic action of high concentrations of potassium
monophosphate. n = 40.

Conclusions
According to the results of the experiments, we can identify the following features in the biochemical reactions of young carp
to the action of high concentrations of biogen compounds in water.
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Enzymes of energy metabolism (LDH and SDH) in muscles under the action of ammonium nitrogen reduce their activity with
increasing concentration of toxin in the water. In the gills, the activity of LDH relative to control grows, which is a compensation
for energy expenditure for detoxification and excretion of ammonia from the body. While the activity of aerobic energy
generation pathways (SDG) is reduced. Under the action of orthophosphate ion, the activity of LDH in the muscles and gills
decreases, and SDH increases in the muscles, in the gills at the highest concentrations remains unchanged.

Therefore, for different toxins, energy supply processes have different vectors: for ammonium nitrogen, the activity of
anaerobic digestion of energy-intensive compounds grows directly in the organs of neutralization and excretion of nitrogen
compounds, namely in the gills. In general, the body of carp under the action of ammonium nitrogen reduces the total energy
consumption for maximum survival under these environmental conditions.

We revealed that under the action of phosphorus phosphates there was no change in the vector of energy supply in the
direction of anaerobic metabolism, whereas the oxidation of nutrients occurred in the presence of oxygen in fish body.

The processes of immune protection and dephosphorylation, for which LPh is responsible, and the detoxification and excretion
of nitrogenous substances from the body of carp (GDG) acted differently depending on the chemical nature of the toxin. Thus,
under the action of ammonium nitrogen, there was an increase in the activity of enzymes in the highest concentrations of the
toxin. The activity of LPh raised due to the activation of the immune response to tissue damage due to the toxin, and the activity
of GDG decreased to reduce the production of ammonia, to avoid endogenous intoxication. We registered an increase in the
activity of immune defense processes and the involvement of ammonia in the Krebs cycle under the action of potassium
monophosphate due to reamination to energy supply to counteract the weak but chronic toxic effects of orthophosphate ion.
The content of energy-intensive substances also varied depending on the chemical nature of the toxin. The influence of
ammonium chloride was observed not only the use of "traditional" energy substrates - glycogen and lipids, but also the use of
proteins, which indicates the high toxicity of this compound for the body of young carp. Under the action of orthophosphate
ion, the active use of lipids and even the activation of gluconeogenesis at maximum concentrations, as a reaction to weak long-
term chemical stress.

Thus, the acute toxicity of ammonia for the body of young carp was confirmed and the literature data on the low toxicity of
orthophosphate ion for fish were confirmed. Peculiarities of the adaptive response of the carp organism to the action of toxins
of biogenic origin have been revealed.
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