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Influence of various phosphoric concentrations on tissue...

it accumulates in the liver, and gills and decreases in the kidneys, while the concentration is maintained at a
relatively constant level in the blood serum of fish. An increase in the concentration of inorganic phosphorus
in the water environment significantly affects the processes of energy generation in the mitochondria of fish
livers. A change in the phosphorus content in the habitat of fish has a significant impact on tissue bioenergetic
processes, which is manifested in a change in the adenosine triphosphate content, and alkaline phosphatase
activity. Significant changes in these indicators are observed in the gills and kidneys. The research results can
be used for the formation of adaptive and compensatory regulatory mechanisms in the organism of hydrobionts
during their adaptation to certain conditions of cultivation and reproduction

Keywords: Cyprinus carpio; fish liver; gill; kidney; blood serum; bile

INTRODUCTION
All aquatic animals require minerals for their vital phys-
iological and biochemical functions and their normal
life processes. Regulation of phosphate is considered
more critical than that of calcium because fish must ef-
fectively absorb and conserve phosphate in both fresh-
water and seawater environments.

A study by (Costa et al, 2018; Boyd et al, 2020)
found that phosphorus is an essential nutrient in all
aquatic ecosystems. The solubility of inorganic phos-
phorus in water systems is regulated by the physical
and chemical characteristics of the water column. Zhao
et al. (2019), and Yang et al. (2021) believe that, un-
like terrestrial animals, which receive phosphorus com-
pounds mainly with food, hydrobionts can assimilate it
from the aquatic environment.

According to (Sugiura et al, 2018; Lei et al., 2021)
phosphorus is one of the components of nucleic acids
DNA (deoxyribonucleic acid) and RNA (ribonucleic acid)
and phosphoproteins ADP (adenosine diphosphate) and
ATP (adenosine triphosphate), therefore it is a neces-
sary element for the existence of biological systems.

Aietal. (2019),Zhao et al. (2021),and Yu et al. (2021),
note that phosphorus is an important component of the
endoskeleton of fish. More than a third of phosphorus
in the body is contained in phospholipids, cell mem-
branes and energy-rich compounds. Thus, phosphorus
plays an important role in carbohydrate, lipid and ni-
trogen metabolism, in the metabolism of muscle and
nerve tissues, as well as in various metabolic processes
involving buffers in body fluids.

The effect of increased levels of inorganic phos-
phorus in water on metabolic processes in the body of
fish was studied by (Jothy et al., 2019; Zhao et al., 2019;
Wang et al,, 2022). At the same time, special attention
was paid to the orientation of bioenergetic processes,
since phosphate, which is utilized from water and food,
can be a part of high-energy compounds that play an
important role in the life support of all living organ-
isms without exception.

According to the data obtained by (Solomatina
et al., 2018; Pouille et al., 2018; Saurette et al., 2019),
the lack of mineral phosphorus compounds is a limiting
factor for all hydrobionts. Phosphorus not only affects
bone mineralization but also metabolic processes in
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fish, such as nutrient digestion and lipid catabolism in
the liver. According to (Souders et al., 2018; Musharraf
et al., 2019; Wang et al.,, 2022), phosphorus is present
in water bodies in the form of insoluble mineral com-
pounds - tricalcium phosphate or as part of organic
compounds contained in plant and animal remains and
excrement of living organisms. Organic and inorganic
phosphorus compounds are mineralized and solubi-
lized by microorganisms (bacteria and fungi).

Huang et al. (2019), Svitelskyi et al. (2020), and
Zhang et al. (2022) established that the content of min-
eral phosphorus in the water environment ranges from
0.02 to 0.6 mg/L.Phosphorus mineral compounds reach
their maximum concentration in water in summer, as
their amount formed in the process of regeneration
of organic substances exceeds consumption by phyto-
plankton. The level of phosphates in reservoirs changes
significantly as a result of anthropogenic influence.

Fedonyuk et al. (2019),and Xu et al. (2021) note, es-
tablishing the optimal concentration of phosphorus in
the water is very important for the vital activity of fish.
The role of phosphorus in hydrobionts is determined
by the features of its entry into the body. Phosphorus
ions entering the body of fish from the environment are
found in large quantities in the places of penetration
and absorption - gills, mucous membrane of the mouth,
intestinal walls, and skin, but are also absorbed during
metabolic processes. It should be noted that (Lall, 2022)
experimental studies that reveal the peculiarities of the
use of phosphorus by fish were carried out using radio-
active and elemental phosphorus.

Areview of literature sources indicates a lack of in-
formation regarding the impact of inorganic phospho-
rus in the aquatic environment on its accumulation
in organs and tissues, as well as related changes in
tissue metabolism. Therefore, the goal of this research
was to establish the influence of different inorganic
phosphorus content in water on metabolic processes
in the body of fish.

MATERIALS AND METHODS

The research was conducted during the autumn pe-
riod of 2022 in the conditions of Limited Liability Com-
pany “Skvyraplemrybhosp” of Bilotserkiv district, Kyiv




region. The study analysed 50 specimens of two-year-
old carp (Cyprinus carpio L.) with an average weight of
255.0%9.7 g. The study of the effect of different concen-
trations of phosphorus in the aquatic environment on
Cyprinus carpio L. was carried out in the glandular tis-
sues of the gills, kidneys, liver,serum and bile after 1 and
7 days of exposure. Before the experiment, the caught
fish were kept in stationary containers with a volume
of 4 m3. Aquariums were filled with settled tap water
with the main mineral components’ concentration:
Na*-11.7; K*-6.4; Ca?*-50-100.0; Mg*-120.0 mg/L.
Determination of the ATP (adenosine triphos-
phate), ADP (adenosine diphosphate) and AMP (aden-
osine monophosphate) levels were carried out by thin
layer chromatography on Merck plates. The activity of
Na* K* Mg?*- adenosine triphosphatase and alkaline
phosphatase was judged by the increase of inorganic
phosphorus in the incubation medium, consisting of
adenosine triphosphatase - 0.025 M tris - HCl; 0.1 M
NaCl; 0.005 M MgCl,; 0.02 M KCl, 0.001 M ATP. Incu-
bation period - 1 hour. For alkaline phosphatase, the
incubation medium consisted of 2 ml of 1% Na-B-glyc-
erophosphate solution, 0.5 mlL 0.001 M MgCL,. Incuba-
tion period - 2 hours. Enzymatic activity was expressed
in pg phosphorus/mg protein/1 hour. Lipid and protein
phosphorus had been determined after their extraction
from tissues of homogenates with chloroform-ethanol
mixture and combustion in a mixture of sulfuric and
nitric acids, inorganic phosphorus, and total phospho-
rus according. To study the impact of phosphorus in the
aquatic habitat on some indicators of their intracellular
metabolism in osmoregulatory organs, subcellular par-
ticles were isolated, particularly mitochondria, where
the main biosynthetic and bioenergetic processes of
the cell took place. To obtain mitochondria, the tissue
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was homogenized in a homogenizer with a Teflon pes-
tle diluted with the environment at 1:7. Debris of the
cell and nucleus were precipitated at 3000 rpm/min -5
minutes. Isolation of mitochondria had been carried out
at 12-14 thousand rpm/min. After washing twice, the
mitochondria were diluted based on a ratio of 0.2 ml of
environment per original gram of tissue. Mitochondria,
isolated from fish liver, contained 36-40 mg of protein
per millilitre and 10-15 mg from gills.

During the experiment, microscopic research meth-
odsandthethin-layer chromatography method were used.
Study results were calculated as average * standard devi-
ation (SD). The obtained digital data were processed us-
ing standard methods of variational statistics and special
computer programs MS Excel and Statsoft Statistica 6.0.

The Ethical Committee approved the use of ani-
mals in this study of the Bila Tserkva National Agrarian
University on the treatment of animals in research and
the educational process (protocol No. 9 of October 1,
2020) following the Law of Ukraine “On the Protection
of Animals from Cruelty” (Law of Ukraine..., 2006) and
Directive 2010/63/EC of the European Parliament and
of the Council of 22 September 2010 on the protec-
tion of animals used for scientific purposes (Directive
2010/63/EU..., 2010).

RESULTS

The data received on the tissue content of total phos-
phorus confirms the conclusion about the great signif-
icance of the gills in their absorption from water. Thus,
the quantity of total phosphorus in the glandular tissue
of the fish’s gills, contained in a habitat with 0.3 and
0.6 mg/L of phosphorus, had increased sharply, espe-
cially after keeping them for 7 days in such an environ-
ment (Table 1).

Table 1. Influence of phosphorus various concentrations in aquatic habitat on the total phosphorus content in tissues
(% dry tissue) and liquids (mg %) of the carp body

Day of experiments

Phosphorus concentration in 1

water, mg/L 7
Mim Deviation from control, % Mzm Deviation from control, %
Liver
0.06 (conditional control) 1.16%0.17 1.43%0.07 -
0.3 0.85+0.06 -26.72 1.85+0.14* +29.37
0.6 1.420.21 +22.41 1.42%0.12 -
Gills
0.06 (conditional control) 3.36*0.24 3.36*0.24 -
0.3 3.32%0.27 +13.69 5.14%0.46* +52.38
0.6 2.84+0.09 -15.48 4.02%0.20* +19.14
Kidneys
0.06 (conditional control) 1.37%0.18 2.16%0.08 -
0.3 1.65+0.04 +20.44 1.32+0" -38.89
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Table 1, Continued

Day of experiments

Phosphorus concentration in 1 7
water, mg/L
Mim Deviation from control, % M£m Deviation from control, %
0.6 1.29+0.06 -5.84 0.86+0.02* -60.19
Blood serum

0.06 (conditional control) 18.50+1.81 - 19.00+1.08 -
0.3 22.25%2.35 +20.27 19.00+1.09* -
0.6 30.50+0.54" +64.86 20.00+1.45 +5.26

Bile

0.06 (conditional control) 16.00+1.09 - 10.50+1.09 -
0.3 32.50+1.27* +103.13 7.500.77* -28.57
0.6 13.001.09 -18.75 12.50+0.54 +19.05

Note: * reliable result
Source: compiled by the authors

With a duration increase of staying fish in water
with a lower phosphorus concentration (0.3 mg/L), more
phosphates are found in the gill tissue than when they
had been adapted to a higher concentration (0.6 mg/L).
It provides the reason to believe that with an excessive
increase of phosphorus level in the water to a certain
level (0.3 mg/L), the glandular apparatus of the gills
not only absorb but also removes phosphates in large
quantities from the body. Quite unexpectedly, the total
phosphorus level in the renal tissue was reduced at its
higher concentrations in the aquatic habitat. A particu-
larly significant drop in the total phosphorus level in the
fish’s kidneys was observed during their prolonged stay

in a high phosphate content environment. At the same
time, the quantity of total phosphorus in the fish’s blood
serum, kept in a habitat with its level increased to 0.3-
0.6 mg/L, increased in a short-term period. During long-
term (7 days) carp’s acclimation to such conditions, the
phosphorus level in the blood serum was close to the
control value. The mentioned changes in total phospho-
rus content in blood serum may be explained by the oc-
currence of such mechanisms in carp that make it possi-
ble to regulate this element quite effectively.An increase
of inorganic phosphorus content in the fish’ habitat to
0.3-0.6 mg/L also has caused certain changes in calcium
metabolism (Table 2).

Table 2. Influence of phosphorus in aquatic habitat on the calcium content in tissues (% dry tissue) and liquids (mg %)

of the fish’s body
Day of experiments
Phosphorus concentration in 1 7
water, mg
Mzm Deviation from control, % Mzm Deviation from control, %
Liver
0.06 (conditional control) 127.00£9.00 - 147.00£8.00 -
0.3 232.00+21.00* +82.68 119.00£11.00 -19.05
0.6 188.00+4.00" +48.03 71.00£5.00 -51.70
Gills
0.06 (conditional control) 1512.00£90.00 - 1098.00+40.00 -
0.3 831.00£77.00* -45.03 843.00+63.00 -23.22
0.6 1280.00£23.00 -15.34 1024.00£73.00 -6.73
Kidneys
0.06 (conditional control) 122.00£3.00 - 106.00£1.00 -
0.3 111.00£7.00 -9.02 87.00%6.00" -17.92
0.6 159.00+16.00 +30.33 109.00+1.00 +2.83
Blood serum
0.06 (conditional control) 29.40%2.70 - 25.40%+2.40 -
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Table 2, Continued

Day of experiments

Phosphorus concentration in 1

water, mg 7
Mzm Deviation from control, % MZm Deviation from control, %
0.3 27.90£2.10 -5.10 26.40£1.10 +3.94
0.6 32.90%+2.90 +11.90 18.50£1.30* -27.17
Bile
0.06 (conditional control) 42.00£2.10 - 136.00£1.40 -
0.3 100.00+4.00* +138.10 199.00+7.90* +44.20
0.6 78.80£7.90* +87.62 198.00+19.70* +43.48

Note: * reliable result
Source: compiled by the authors

Thus, in the liver tissue, the calcium content was
increased in one, decreased during the seven-day time
day, and decreased during the seven days of the fish
acclimation to the increased phosphorus levels envi-
ronment. The calcium content decrease in the fish’s gill
tissue was noted, which was more pronounced during
the fish’s acclimation to a relatively low phosphorus
content in water (0.3 mg/L). As for the blood serum,
the calcium concentration in it practically remained at
the control values level. The only exceptions are the
received data during a long-term (7 days) of carp’ keep-
ing in a 0.6 mg/L phosphorus habitat when the calcium
content in the blood serum was an average of 27.2%.

It should be noted, that there is not a clear de-
pendence of the calcium content in the fish’s kidneys
on the phosphorus present in their habitat. Thus, dur-
ing one fish acclimation in a habitat of 0.6 mg/L phos-
phorus, the calcium content in the renal tissue exceeds
the control level by more than 30.0%. With long-term

carp acclimation to a lower (0.3 mg/L) concentration of
phosphorus in water, the calcium content in the renal
tissue was reduced.

An analysis of received data shows that during the
seven days of carp acclimation to an enriched with in-
organic phosphorus environment, it accumulates in the
glandular tissues of the liver and gills, and a slight de-
crease in the kidneys. As for the blood serum, its level is
kept at a relatively constant level. The noted changes in
the total phosphorus content and calcium in a carp’s body
during its acclimation to the increased phosphorus con-
centration may be due to the activation of organ regula-
tion mechanisms, in particular,an excretory processes in-
crease. The intensity of the phosphorus excretion process
with excretion products depends on its concentration in
water and the fish’s residence time in such conditions.
Attention should be paid to the fact that quantitative-
ly more phosphorus and calcium are excreted from the
fish body with the faeces than in the urine (Table 3).

Table 3. Influence of phosphorus in aquatic habitat on the calcium and phosphorus excretion with fish excrement

(mg/kg of weight/day)
Day of experiments
Phosp]\orus concentration 1 7
in water, mg/L
Mzm Deviation from control, % Mzm Deviation from control, %
Daily urinary phosphorus excretion

0.06 (conditional control) 2.07%0.25 - 1.34%0 -
0.3 2.030.31 - 1.62%0.09* +20.90
0.6 1.19+0.23* -42.52 2.28%0.22" +70.15

Daily phosphorus excretion in faeces

0.06 (conditional control) 4.05+0.33 - 3.08+0.33 -
0.3 7.81+0.14" +92.84 2.85%0.32 -7.47
0.6 3.00£0.22* -25.93 0.56+0.06" -81.82

Daily urinary calcium excretion

0.06 (conditional control) 2.85*0.32 - 2.30%0.17 -
0.3 4.040.27* +47.75 2.39%0.09 +3.91
0.6 1.54+0.12* -45.96 2.23%0.26 -3.04
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Table 3, Continued

Day of experiments

Phosphorus concentration
. 1 7
in water, mg/L
Mzm Deviation from control, % Mzm Deviation from control, %
Daily calcium excretion in faeces

0.06 (conditional control) 6.89%0.21 - 7.09%0.37 -

0.3 9.33+0.16" +35.42 9.32+0.05* +31.45

0.6 8.20+0.20" +19.01 9.59+0.05* +35.26

Note: * reliable result
Source: compiled by the authors

Thus, the phosphorus excretion with urine in con-
trol fish, kept in a habitat with a 0.06 mg/L (conditional
control) phosphorus level was 1.34-2.07 mg/kg of body
weight/day, with faeces - 3.08-4.05 mg/kg day. With the
phosphorus concentration increase in the aquatic en-
vironment to 0.3 and 0.6 mg/L, its excretion naturally
increases mainly with urine, and this is especially re-
vealed during a long period of acclimation.

It should be noted that the higher the phosphorus
level in the water, the more it is excreted in the urine.
During seven days of fish acclimation in a phospho-
rus 0.3 mg/L habitat, its excretion in urine increased
by 20.9% and in 0.6 mg/L - by 70.15%. These results
again confirm that the kidneys play a significant role
in a fish’s phosphate metabolism. The correlation be-
tween urinary phosphorus excretion and its feed in-
take has been shown by (Dilelis et al., 2021). The phos-
phorus excretion dynamics through the fish’s digestive
system kept for a long time in an environment with an
increased phosphorus level (0.6 mg/L) was reduced.
In these experiments, the phosphorus excretion with
urine and with fish faeces was lower than the control
one during their short-term (1 day) acclimation and
similar environmental conditions. However, with the
same exposure, but keeping fish in a habitat with a
lower (0.3 mg/L) phosphorus concentration, its excre-
tion with the faeces increased sharply (by 92.8%). Thus,
the digestive system takes an active part in the elimina-
tion of the excess phosphorus, entering the fish’s body,
with a short fish kept in an environment with a relatively
low level of phosphorus (0.3 mg/L). It was also estab-
lished that by keeping fish for 1 day in a habitat with an
increased phosphorus level (0.3 mg/L), the total phos-
phorus content in bile sharply increases (by 103.13%).
With a longer (7 days) exposure of the experiment, the
excretion of phosphorus in the bile was not so high.

The fish’s acclimation to a habitat with an increased
phosphorus level increases calcium excretion (Table 3)
throughthedigestive system (by19.01-35.42%).Herewith,
calcium concentration in the bile of experimental fish, in-
creased by 43.48-138.10. It should be noted that the ex-
cretion of calcium in the urine changes to a lesser extent
infish keptinincreased water phosphorus concentrations.

A significant change in the daily calcium contents in
the urine was noted only in fish, and they acclimated for
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1 day to an increased phosphorus content in water. So, if
the phosphorus concentration in water equal to 0.3 mg/L
caused an increase in the daily calcium excretion with
carp urine by 47.75%, then keeping them in water with
0.6 mg/L of the element, its excretion was 45.96% lower
than in the control fish. Based on the received data, it can
be concluded that the increase in excess phosphorus ex-
cretion from the fish body, kept in water with its increased
level of 0.3-0.6 mg/L, is accompanied by significant cal-
cium losses, especially through the digestive system.

Features’ research of phosphorus metabolism in
the fish’ glandular organs, involved in osmoregulation
(liver, kidneys, gills) has revealed several regularities
not only in the total phosphorus distribution but also
in the adenyl nucleotide exchange. At the same time,
changes in the high-energy phosphorus compounds
level in the fish’ glandular tissues, exposed to high
(0.3-0.6 mg/L) phosphorus concentrations in water, are
especially noticeable. Thus, the ATP content in the kid-
neys was reduced by 39-56%, when the fish were kept
in a habitat with 0.3 mg/L of inorganic phosphorus, and
the liver, by 29-42.0% at both element concentrations.
A significant ATP value decrease in the gill tissue oc-
curred by the end of the 7th day keeping fish in water
with a total phosphorus concentration of 0.3 mg/L, and
with an increase in its level to 0.6 mg/L - on the first day.

The influence of inorganic phosphorus increased
level on adenylates in experimental fish is expressed
by a large ATP concentration decrease without a sig-
nificant ADP and AMP increase, which leads to their
decrease. In contrast, the content of these (ADP, AMP)
adenyl system components has been reduced in fish
tissues, exposed to increased phosphorus levels in the
water. Thus, the content of ADP decreases to the great-
est extent in the carp’s gill tissue, which has been kept
in the habitat with both 0.3 and 0.6 mg/L of inorganic
phosphorus in water (by 26.9-69.5%). At the same time,
in the fish’'s kidneys and liver, a significant decrease in
the ADP level has been noted only when a habitat is
exposed to 0.6 mg/L of phosphorus. As for AMP in the
researched tissues, it did not differ from the control
level during fish acclimation to a lower phosphorus
concentration in water (0.3 mg/L). However, with the
phosphorus concentration increase in the aquatic hab-
itat to 0.6 mg/L, the AMP level decreases only in the
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carp’s kidneys. In the gills and liver, the AMP level was changes develop in the glandular fish organs’ ex-
significantly higher than the initial one. change of the high-energy organophosphate com-

Based on the research results, it can be concluded pounds. This conclusion is confirmed by the energy
that during the fish’ acclimation to the increased charge calculations of the experimental fish tissue
level of phosphorus in the aquatic habitat, significant  adenylate system (Table 4).

Table 4. Influence of increased phosphorus level in water on the content of adenine nucleotides in carp tissues
(uM adenine/g dry tissue)

Day of experiment

Phosphorus
concentration Indicators Control 1 7
in water, mg/L Deviation from control, % Deviation from control, %
Liver
0.3 ATP 7.390.47 4.28+0.71* -42.08 5.200.36" -29.63
0.6 5.68+0.61 3.92%0.25" -30.99 3.37%0.40" -40.67
0.3 ADP 2.930.35 3.16%0.35 +7.85 2.86%0.28 -
0.6 4.50%0.33 2.700.35* -40.00 3.28%0.27* -27.11
0.3 AMP 2.27%0.23 2.09+0.20 -7.93 1.31+0.14* -42.29
0.6 2.93%0.10 1.63+0.15" -44.37 3.60%0.31* +22.87
0.3 AN sum 12.52+1.28  9.74*0.87* -22.20 9.27+0.52* -25.96
0.6 13.01+0.81  8.37*0.51" -35.66 10.32+0.95* -20.68
0.3 AEC 0.70+0.03 0.60+0.02* -14.29 0.72+0.02 +2.85
0.6 0.59+0.01 0.64+0.02* +25.42 0.49+0.012* -16.95
Gills
0.3 ATP 9.43+1.40  10.12%0.44 +7.30 3.59+0.23" -61.93
0.6 10.84+0.35  5.970.69" -44.92 7.500.87* -30.81
0.3 ADP 7.18+1.12 3.58+0.18" -50.14 2.19+0.32* -69.90
0.6 9.43%0.50 5.28%0.44" -44.01 6.890.27* -26.94
0.3 AMP 2.07+0.22 2.32%0.12 +12.08 1.91+0.32 -7.73
0.6 2.07+0.22 2.400.14 +5.94 2.47+0.24" +43.48
0.3 AN sum 18.70¢1.69  12.01*0.69" -35.78 7.850.23* -58.02
0.6 22.68+042 17.67%0.25* -22.09 17.36%1.15* -23.46
0.3 AEC 0.69+0.01 0.66%0.03 -4.35 0.60+0.03* -13.04
0.6 0.69+0.01  0.70%0.012 +1.45 0.63+0.02* -8.70
Kidneys

0.3 ATP 11.00+0.64  6.70+0.45" -39.00 4.84%0.26" -56.00
0.6 8.80%0.63 8.97+0.62 +1.93 7.61%0.90 -13.52
0.3 ADP 3.42%0.71 3.52%0.56 +2.92 2.96%0.26 -13.45
0.6 6.060.42 4.37+0.28" -27.89 5.28%0.22 -12.87
0.3 AMP 2.78+0.35 2.84%0.34 - 3.43%0.26 +23.40
0.6 4.38+0.35 2.500.28" -42.92 3.35£0.17* -24.07
0.3 AN sum 17.29+1.07 13.12#0.51" -24.12 11.35%0.52* -34.36
0.6 18.31%0.56  15.45%0.85 -15.62 16.30%0.97 -10.97
0.3 AEC 0.74+0.02 0.65+0.02* -12.16 0.56+0.02* -24.32
0.6 0.67+0.02 0.72+0.04 +7.46 0.62+0.02 -7.46

Note: AN sum - the sum of adenyl nucleotides; AEC - adenylate energy charge.* - the reliable result
Source: compiled by the authors
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Thus, the adenylate system energy charge in the
kidneys of carp, which acclimated to a phosphorus con-
centration of 0.6 mg/L in water, has been maintained at
the level of control fish. In the liver of these fish, with
a short-term experiment exposure, the adenylate energy
charge has been for 25.4% higher than the control level,
while simultaneously, the AMP content in it decreased.
During a seven-day carp’ acclimation period to a

containing phosphorus 0.6 mg/L habitat, the adenylate
energy charge in the carp’s liver and gills was reduced.

Dynamics change comparison in the content of
adenyl nucleotides and inorganic phosphorus in the
fish’ tissues acclimated in a habitat with an increased
phosphorus level (Table 5) gives reason to assume the
activation of glycolytic processes and oppression of tis-
sue respiration.

Table 5. Influence of increased phosphorus level in water on the phosphorus compounds content in the fish tissues
(mg% dry tissue)

Day of experiments

Phosphorus concentration 1 7
in water, mg/L . .
Mem > ontrol % Mém ontrol %
Liver
Inorganic phosphorus
0.06 527.80+11.66 - 446.92+45.302 -
0.3 394.15+14.88" -25.30 506.10%36.62 +13.20
0.6 536.59+1.20 +1.70 698.38+18.84" +35.00
Protein phosphorus
0.06 248.88+12.11 - 132.70+4.74 -
0.3 347.32%11.22% +39.60 344.27%13.15* +159.40
0.6 366.67%3.70" +47.30 299.52%4.80" +125.70
Lipid phosphorus
0.06 139.01+13.00 - 88.63+3.82 -
0.3 303.41+11.22" +118.30 188.73+27.70* +112.90
0.6 271.76*15.74* +95.50 234.30+25.12* +164.40
Gills
Inorganic phosphorus
0.06 689.08%+74.14 - 559.22#25.29 -
0.3 629.31%4.37 -8.70 640.91+90.26 +14.60
0.6 976.70+41.50* +41.70 571.52+88.48 +2.20
Protein phosphorus
0.06 360.34+20.11 - 231.62*16.76 -
0.3 451.15%27.01" +25.20 504.55%22.72* +117.80
0.6 545.89+26.03" +51.50 377.58+27.27* +63.00
Lipid phosphorus

0.06 155.17+8.04 - 118.72%7.26 -
0.3 190.80%16.67 +23.00 137.95%8.44 +16.20
0.6 237.67%14.38* +53.20 113.33%7.88 -4.50

Note: * reliable result
Source: compiled by the authors
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Switching energy metabolism in the fish’s body,
exposed to an increased phosphorus content in the
aquatic habitat to the glycolytic path, leads to less fat
usage for energy purposes, which the lipid phosphorus
content has confirmed.

It was established that the lipid phosphorus level
significantly increases in the carp’s liver, acclimated to
the content of phosphorus in water equal to 0.3 and
0.6 mg/L.The lipid phosphorus content in experimental

Gills
Na+K+Mg?+ATP-ase (ug P/mg protein/1 hour
36
L2
32
30
28
26
a 24 i
22
20 T
18
16 o
1 I S S
12
0.3 0.6
Liver
Na+K+Mg?+ATP-ase (ug P/mg protein/1 hour
10.0 B
9.0
80 RN
7.0
o 6.0
5.0
4.0
ol | t
2.0
1.0
0.3 0.6
Kidneys
46 Na+K+Mg?+ATP-ase (ug P/mg protein/1 hour
44
4.2 { R
4.0 %
3.8 .
3.6
33
30
2.8
2.6
24
2.2
2.0
i ==
' 0.3 0.6
a)
~$ control

Figure 1. The activity of Na* K* Mg*-ATP-ase (ug P/mg protein/1 hour) (a) and alkaline phosphatase (b) in carp’s tissues
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fish’s gills was increased only with a short-term (1 day)
keeping fish in a habitat with 0.6 mg/L of phosphorus.
The lipid phosphorus noted an increase in fish tissues,
kept in an increased level of the element environment,
which can occur due to its fast integration into organic
compounds Huser et al. (2021).

An inorganic phosphorus increase in water has affected
the activity of Na*, and K*, activated by Mg* - dependent
adenosine triphosphatase of the studied fish organs (Fig. 1).
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Herewith, the reactions of different tissues to the
phosphates action are not the same. So, if the adeno-
sine triphosphatase activity was reduced in the fish’s
gills and kidneys when they were kept in water with
0.3 mg/L of inorganic phosphorus, but in the liver,
vice versa, it was much higher. At a higher inorganic
phosphorus concentration (0.6 mg/L), the gills and kid-
neys’ ATP-ase activity stayed as that at the control fish
level and sharply decreased in the liver. The changes
in adenosine triphosphatase activity may indicate the
phosphates’ transport decreases through the fish’ gills
at a sufficiently high content of it in the aquatic habitat.
It consists of the value data of total phosphorus and
phosphorus ATP in the tissues (Table 1, 4).

Under conditions of a significant phosphorus con-
tent increase in water, the tissue activity of alkaline
phosphatase also changes (Fig. 1). Hence, in the gills’
glandular tissue, the activity of the enzyme changed
significantly only by the end of the seven-day exper-
iment at both studied phosphorus concentrations in
water. The alkaline phosphatase activity did not change
in the liver during the fish was kept in a habitat with
0.3 mg/L of phosphorus. With an increase of inorgan-
ic phosphorus concentration in water up to 0.6 mg/L,
the highest enzymatic activity (almost twice the control
one) of glandular tissues was observed on the first day
of keeping fish in such habitat. With an increase in time
acclimation, the activity of alkaline phosphatase in the
liver has continued to remain high. The most noticeable
changes in the activity of alkaline phosphatase were
registered in the renal tissue. The enzyme activity was
significantly increased in the renal tissue at 0.3 and
0.6 mg/L of inorganic phosphorus in the water.

The enzymatic activity of the liver, kidneys, and gill
tissues shows that its regular increase is observed only in
the kidneys while keeping fish in an environment with 0.3
and 0.6 mg/L of phosphorus. In other organs, phosphatase

activity increases only on particular days. An increase in
alkaline phosphatase tissue activity in the kidneys may be
related to eliminating excess phosphates from the fish’s
body, kept in a habitat with its high content (Table 3).

Thus, the research showed that with a phosphorus
concentration increase in the aquatic habitat up to 0.3-
0.6 mg/L, it accumulated in the liver and gills, and de-
creased in the kidneys, while in the fish’s blood serum,
its concentration was maintained. at a relatively con-
stant level. A greater extent causes the accumulation of
phosphates in fish tissues due to organic compounds,
including lipid and protein fractions. In the excretion
from the body phosphates, along with the kidneys, the
liver plays a significant role, as evidenced by the in-
creased calcium and phosphorus excretion with the
fish’s bile during their acclimation to an increased
phosphorus level in the water. The phosphorus con-
tent change in the fish habitat significantly influences
the tissue bioenergetics processes, which shows as the
change in ATP content, the activity of ATP-ase and alka-
line phosphatase. The most profound changes in these
indicators have been noticed in the gills - that is the
responsible organ for the intake and excretion of phos-
phates from the body, as well as in the kidneys, which
provide a high rate of phosphates excretion.

As illustrated above, a phosphorus content change
in the fish habitat has a significant influence on its tis-
sue accumulation, as well as the high-energy phospho-
rus compounds supply, which has an extremely impor-
tant role in bioenergetics processes. Following these
data, there are also the results of the cellular processes
research in the glandular organs of fish, acclimated to
an increased inorganic phosphorus level in the water.
At the same time, the total phosphorus content in the
carp’s mitochondria was in a certain dependent on this
element amount in water and the time of its influence
on the fish organism (Table 6).

Table 6. Influence of increased phosphorus level, in the aquatic habitat, on the total and inorganic phosphorus content
in the mitochondria of carp’gills and liver (ug/mg protein)

Phosphorus concentrations in water (mg/L)

Indicators Day of 0.06 (control) 0.3 0.6
experiment . .
Deviation from Deviation from
control, % control, %
Gills
Total phosphorus 1 6.22%+0.62 5.78%*1.27 -71 5.30%0.73 -174
Inorganic * -
phosphorus 0.52+0.06 0.65%0.08 +25.0 0.35%0.03 32.69
Total phosphorus 7 5.50+0.38 7.63*0.50" +38.7 2.71+0.28* -50.7
Inorganic * ; * ;
phosphorus 0.93%0.07 0.36%0.04 61.29 0.33%0.07 64.52
Liver
Total phosphorus 1 5.42+0.69 3.78+0.26" -31.7 3.70+0.36* -31.7
Inorganic 0.55£0.05 0.64£0.05 +16.36 0.39£0.03* -29.09
phosphorus
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Table 6, Continued

Phosphorus concentrations in water (mg/L)

Indicators DaY of 0.06 (control) 0.3 0.6
experiment .. P
Deviation from Deviation from
control, % control, %
Total phosphorus 7 6.98+0.91 5.91+0.37 -15.3 4.12%0.16" -41.0
Inorganic * *
phosphorus 0.52%0.06 0.19+0.02 -63.46 0.29+0.01 -44.23

Note: * - reliable result
Source: compiled by the authors

Thus, in the mitochondria of the fish’s gills glan-
dular apparatus, when they were kept for 3 days in a
phosphorus habitat with 0.3 mg/L, the total phospho-
rus content remained unchanged and only by the end of
the seventh day it has been slightly exceeded the con-
trol value. With the inorganic phosphorus level increase
in water to 0.6 mg/L, the total phosphorus concentra-
tion in the mitochondria of the gills has decreased more
than two times, which was especially clearly shown on
the 7" acclimation day.

Although phosphorus content increases in the fish
habitat, mitochondrial accumulation of phosphates has
not been observed. Nevertheless, in the mitochondria
of the liver and gills’ glandular cells, significant chang-
es in the energy metabolism indicators were registered,
particularly in the exchange of adenyl nucleotides and
the activity of Na*, K*, and Mg**-ATP-ase.

Thus, the amount of ATP (Table 7) in the glandular
cells’ mitochondria of the carp’s gill apparatus, during its
daily acclimation to 0.3 mg/L of phosphorus, was sharply
increased in the aquatic habitat. Further, fish acclimation
to the increased inorganic phosphorus concentrations in
the aquatichabitat wasaccompanied bysignificantenergy
consumption necessary to support homeostatic balance
in their body. At the same time, the high fish’requirement
for metabolic energy has been provided by the reserves of
ATP.This is confirmed by its content decrease in the glan-
dular organs’ mitochondria, especially during prolonged
(7 days) acclimation to an environment with 0.6 mg/L of
phosphorus, with a simultaneous increase of the ATP-
ase activity in these cellular structures. This direction
of the mitochondria’ bioenergetic processes in the fish’s
liver and gills ensures the adaptive capacities of their
body to a sharp phosphorus content increase in water.

Table 7. Influence of increased phosphorus level in the aquatic habitat on the exchange of adenine nucleotides in the
fish’ mitochondria tissues (UM adenine/100 mg protein)

Phosphorus concentrations in water (mg/L)

Indicators eeral}i, :; nt 0.06 (control) 0.3 . 0.6 :
% concerning % concerning
control control
Gills
ATP 1 2.90£0.18 5.400.65 +86.21 2.60£0.20° 10.34
ADP 2.60£0.21 2.70%0.23* +3.85 1.30£0.20 -50.0
AMP 0.80£0.02 1.30£0.23 +62.5 2.50£0.12 2125
The adenylates’ 6.20%0.50 9.40£0,63 +51.61 6.40+0.69" 323
AEC 0.66£0.015 0.71#0.031* +75 0.50£01.006 24.24
ATP 7 2.50£0.09 3.50£0.21 +40.0 1.08£0.18 56,8
ADP 1.000.11 2.50£0.23 +150.0 2.67£0.033 +1670
AMP 0.80£0.01 1.30£0.12 +62.5 1.04£0.079 +30.0
The adenylates' 430£0.11 7.45£0.33 +73.26 4.80£0.29° +11.62
amount
AEC 0.70£0.011 0.65£0.002 714 0.50£0.015 2857
Liver
ATP 1 1.50£0.017 1.300.08* 13.33 1.50£0.12* .
ADP 1.10£0.15 2.50£0.18 +127.27 1.50£0.12 +36.36
AMP 0.90£0.09 1.600.11 +77.78 2.06£0.20 +128.89
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Table 7, Continued

Phosphorus concentrations in water (mg/L)

. Day of 0.3 0.6
Indicators experiment 0.06 (control) - -
% concerning % concerning
control control
The adenylates’ 3.700.36 5.40£0.25 +45.95 5.100.29 +37.84
amount
AEC 0.56£0.019 0.480.036 -14.29 0.46+0.016 -17.86
ATP 7 1.70+0.08 2.200.06 +29.41 1.17+0.013 -31.18
ADP 0.800.10 1.600.16 +100.0 1.17+0.043 +46.25
AMP 0.60£0.04 1.20£0.10 +100.0 1.13+0.031 +88.33
The adenylates’ 3.1240.09 5.0240.31 +60.0 3.44%0.037" +10.26
amount
AEC 0.70£0.009 0.60£0.019 -14.29 0.51£0.003 2714

Note: * AEC - adenylate energy charge; * - the reliable result

Source: compiled by the authors

Analysis of other adenyl system components shows
that the level of ADP, and AMP is influenced by an in-
creased phosphorus content in the aquatic habitat, the
adenyl nucleotide amount has been increased. It should
be mentioned that more pronounced changes in these
indicators were noted during acclimation in a habitat
containing phosphorus of 0.6 mg/L.The energy charge of
the adenylate system, which characterizes the metabol-
ically available energy presence in the carp’s mitochon-
dria of the glandular tissues, exposed to an increased
phosphorus level in the water, has been kept at a level
lower than the control level (by 7.5-31.18%). Such a de-
crease in the adenylate charge level contributes to the
activation of various energy generation mechanisms,
as a result, the ATP content in the mitochondria of the
carp’ gills and liver, while they were kept in a habitat
with a lower (0.3 mg/L) phosphorus concentration in
water, or with a short (1 day) phosphorus exposure to
0.6 mg/L, is maintained at a close to the control level.

Thus, the change in phosphorus content in the hab-
itat of fish significantly affects its tissue accumulation,
as well as the content of macroregion phosphorus com-
pounds, which ensure the high intensity of phosphate
excretion. Wang et al.,, (2022) found that about half of
the absorbed phosphorus is retained in the fish liver. A
similar pattern is revealed in the fish’s phosphate con-
tent indicators in their liver tissue during their accli-
mation to these inorganic phosphorus concentrations.
However, it should be noted that the opinion of re-
searchers regarding the dependence between the ab-
sorption of phosphorus from the aquatic habitat and
its level in it is somewhat contradictory. Thus, (Dilelis
et al, 2021; Hrynevych et al, 2022) had been shown
that with phosphorus concentration increases in the
aquatic environment, its accumulation by fish also in-
creases. At the same time, a high number of phospho-
rus can adversely influence the branchial membranes,
thereby reducing the actual absorption and phosphorus
transport (Villeger et al, 2017). The unequal influence
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of the different phosphorus concentrations that come
with feed on the processes of its absorption was also
shown by the works of (Costa et al., 2018; Knopfel et al.,
2019; Gao et al., 2023).

The renal system plays a fundamental role in the
phosphates’ excretion from the fish organism (Wang
et al, 2021).The data has also confirmed the high phos-
phorus lability content in the fish’s kidney tissue, during
theiracclimationtoitsincreased concentrationsin water.

The deviations found in the exchange of calcium in
the carp’s body acclimated to an increased phosphorus
content in the aquatic habitat, show the interrelation of
tissue metabolism in these elements in terrestrial and
aquatic animals. In experiments on birds, an increased
calcium content in the serum of chickens who get a low
phosphorus content feed was observed (Fedoniuk et al.,
2019). With an increase in the content of phosphorus in
the diet of poultry, changes in the content of calcium
in the blood became less noticeable. A negative linear
relationship between the amount of phosphorus ab-
sorbed by carp and the calcium content of the feed has
been shown (Huser et al,, 2021; Lall, 2022). According
to other data, the level of calcium in the blood of carp
did not depend on the amount of phosphorus in the
food (Saurette et al.,, 2019). Musharraf et al. (2019) have
observed the violation of tissue calcium metabolism
with enhanced carp phosphorus excretion, fed with a
phosphorus diet enriched.

The data received does not align with the previously
obtained results of a study by Pouil et al. (2018), which
showed that the phosphorus excretion from the fish’s
body happened mainly through the kidneys, gills and,
to a lesser extent, with faeces. However, in the research
(Fedonyuk et al,, 2019; He et al., 2022), the digestive sys-
tem, under normal keeping fish conditions, is assigned a
significant role in phosphorus elimination from the body.

The confirmation of the glycolytic processes’ acti-
vation and inhibition of such fish tissue respiration re-
actions are established by Wang et al. (2022) decreased




activity of respiratory enzymes, glycogen level and ac-
cumulation of glycolysis products in the liver and gills.

Other researchers (Solomatina et al.,, 2018; Sugiura
et al, 2018; Huang et al,, 2019), showed that signifi-
cant phosphorus reserves in aquatic organisms can be
found in the form of lipid and protein compounds in the
hepatopancreas. This is confirmed by the protein phos-
phorus amount significant (by 25.2-159.4%) increase in
the liver and gills of fish, kept in an inorganic phospho-
rus high-level environment.

The researchers (Romanchuk et al., 2018; Pinkina
et al, 2019; Solomatina et al, 2019), also found that
the mitochondrial content of inorganic phosphorus and
total phosphorus was reduced in fish kept in water with
elevated levels. This happens in contrast to calcium, the
accumulation of which increased sharply in the mito-
chondria of the liver and especially in the gill apparatus
with the increase of this element in the habitat. Re-
searchers (Ai et al., 2019; Wang et al., 2022) found phos-
phorus in the aquatic habitat reduces the adsorption
and transport of ions, negatively affecting the mem-
branes of gill cells. This can explain the decrease in the
accumulation of phosphates in the mitochondria of the
glandular organs of the liver, especially the gills, during
the maintenance of carp in a high-phosphate environ-
ment with a high level of phosphates.

Comparison of the tissue and cellular changes in
the liver and glandular gills apparatus content of cal-
cium and phosphorus, during the fish acclimation to
an increased level of this element in water, reveals the
unequal mitochondria participation in ensuring the
adaptive organism’s reactions to the ionic effects of the
aquatic habitat. If, after an increased calcium intake into
the fish’s body from the aquatic habitat, it increases in
the mitochondria of the glandular cells, then during the
fish acclimation to a high phosphorus content, and vice
versa, its mitochondrial content decreases. Therefore, it
can be concluded that, if mitochondria play a signifi-
cant role in the fish calcium metabolism, cytoplasmic
structures are more important in phosphate metabo-
lism. This proposal corresponds with the data received
on the cytosol and mitochondria of the warm-blooded
animals’ hepatocytes when their body is loaded with in-
organic phosphorus (Sun et al., 2018; Wang et al., 2021).
Thus, after a 20-minute hepatocytes incubation with
620 mg of inorganic phosphorus, its content in isolated
mitochondria has not changed, but it increased almost
2 times in the cytosol.

The above-noted deviations in the energy supply for
the fish’acclimation process to an increased phosphorus
level in the aquatic habitat happened due to the signifi-
cant deviations in the links of mitochondrial respiration.
Caused by swelling of mitochondria and uncoupling of
oxidative phosphorylation Souders et al. (2018).

Described orientation of metabolic processes pro-
vides adaptive capabilities of the fish organism to a
sharp increase in the phosphate content in the water.

Hrynevych et al.

Thanks to this, Cyprinus carpio L. fish can tolerate high
levels of phosphorus fluctuations in the aquatic envi-
ronment.

CONCLUSIONS

As a result of the study, it was established, that with a
duration increase of staying fish in water with a lower
phosphorus concentration (0.3 mg/L), more phosphates
are found in the gill tissue than when they had been
adapted to a higher concentration (0.6 mg/L).

A particularly significant drop in the total phospho-
rus level in the fish’s kidneys was observed during their
prolonged stay in a high phosphate content environment.
At the same time, the quantity of total phosphorus in
the fish’s blood serum, kept in a habitat with its level in-
creased to 0.3-0.6 mg/L, increased in a short-term period.

The calcium content decrease in the fish’s gill tis-
sue was noted, which was more pronounced during the
fish’s acclimation to a relatively low phosphorus con-
tent in water (0.3 mg/L). As for the blood serum, the
calcium concentration in it practically remained at the
control values level. With long-term carp acclimation to
a lower (0.3 mg/L) concentration of phosphorus in wa-
ter, the calcium content in the renal tissue was reduced.

It was also established that by keeping fish for 1
day in a habitat with an increased phosphorus level
(0.3 mg/L), the total phosphorus content in bile sharply
increases (by 103.13%). The influence of inorganic phos-
phorus increased level on adenylates in experimental
fish is expressed by a large ATP concentration decrease
without a significant ADP and AMP increase, which leads
to their amount decrease. In contrast, the content of
these (ADP, AMP) adenyl system components has been
reduced in fish tissues, exposed to increased phosphorus
levels in the water. Thus, the content of ADP decreases
to the greatest extent in the carp’s gill tissue, which has
been kept in the habitat with both 0.3 and 0.6 mg/L of
inorganic phosphorus in water (by 26.9-69.5%).

Switching energy metabolism in the fish’s body,
exposed to an increased phosphorus content in the
aquatic habitat to the glycolytic path, leads to less fat
use for energy purposes, which the lipid phosphorus
content has confirmed. In the mitochondria of the liver
and gills’ glandular cells, significant changes in the en-
ergy metabolism indicators were registered, particularly
in the exchange of adenyl nucleotides and the activity
of Na*, K*, and Mg?*-ATP-ase. The perspective of further
research is the influence of different concentrations of
phosphorus in the aquatic environment on the tissue
and intracellular metabolism of predatory fish species.
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AHoTauif. AKTyanbHICTb AOCNIAXKEHHS 3YMOB/IEHA TUM, WO Nig BNAMBOM Pi3HUX YMHHMKIB BOLHOrO CepenoBMLLA
dIKCYOTbCA 3MiHM LIBMAKOCTI Ta CMAPSIMOBAHOCTI MeTaboniyHMX npoueciB riapobioHTiB. MeTo LOCNioKEHHS
€ BMBYEHHS BMNAMBY Pi3HOro BMICTy HeopraHiyHoro ¢ocdopy y BOAHOMY CepefoBMLLi HA NOKa3HUKM POCPOpHO-
KanbLieBoro obMiHy y pub. BukopuctoByBanu MeToAM TOHKOLIAPOBOi XxpomaTtorpadii Ta BapiaLifHOi cTaTUCTUKM.
AHanizyBanu 3ano3ucTi TKaHWHM 396ep, NeviHkM Ta HUPOK pub. [Ins BMBYEHHS BMAMBY HeopraHiyHoro gocdopy
BOLHOMO CepefoBMILA Ha Aeski MOKAa3HMKM BHYTPIWHBOKNITUHHOrO MeTabonisMy BMAINSAAM MITOXOHAPIT B
OCMOPEryngaTOpHUX opraHax. BctaHoBNEHO, WO Npu NiABULLLEHHT KOHLLEHTpaLii docdopy y BOAHOMY CcepefoBuLL 40
0,3-0,6 Mr/n BiLOYBAETHCSA MOro HAKOMUYEHHS B MeYiHL,i, 396pax i 3MEHLUEHHS B HUPKAX, MPU LbOMY KOHLLEHTpaLia
B CMPOBATLi KpOBi pnb NiATPUMYETLCSA HA BiLHOCHO MOCTiIMHOMY piBHi. [MiaBULLEHHS KOHLEHTPALi HeOpraHiyHoro
docdhopy y BOAHOMY CepefoBULLI CYTTEBO BM/IMBAE HA MPOLLECH EHEProyTBOPEHHS B MITOXOHAPIAX MeyviHku puo.
3MiHa BMicTy ocdhopy B cepenoBULLi iCHYBaHHS pMb Ma€e 3HAYHMIA BNMB Ha BioeHepreTUyHi NpoLecH B TKaHUHAX,
LLLO NPOSIBASETLCS Y 3MiHI BMICTY aaeH0o3MHTpudocdaTy, akTMBHOCTI Ny)KHOI pocdaTasn. 3HaUHI 3MiHM LMX MOKA3HMKIB
cnocTepiratotbcs B 390pax Ta HUpKax. Pe3ynbTaTv [OCNILKEHb MOXYTb OyTM BMKOPUCTaHi Ans GOpMyBaHHS
afanTauifHO-KOMMNEHCATOPHUX PEryasSTOPHUX MeXaHi3MiB B OpraHi3mi rigpobioHTiB Npu iX NpUCTOCYBaHHI A0
NeBHWX YMOB BMPOLLYBAHHS Ta PO3MHOXEHHS

Kniouogi cnoBa: Cyprinus carpio; neviHka; 396pa; HUPKK; CUPOBATKa KPOBI; YKOBY
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