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Abstract. The effect of mercury, supplied with food for three months, was studied on some biochemical 
parameters (concentration of total protein, total cholesterol, and high-density lipoproteins) of the blood 
serum of goldfish Carassius auratus (L., 1758). The content of mercury in the muscles of the fish that 
consumed the food with a high content of mercury (“HM”) increased by 5.8, 10.4, and 11.7 times, with 
a low content (“LM”), by 1.4, 3.2, and 3.2 times after 1, 2, and 3 months, respectively (p  < 0.05). 
Accumulation of mercury resulted in increasing of all the studied parameters; the total cholesterol 
concentration increased to the maximum in the fish of the experimental group by the end of the 
experiment (by 3.1 times). At the same time, there was a significant positive relationship between the 
biochemical parameters of blood and the mercury content in the fish muscles. The obtained results 
indicated significant changes in the lipid and protein metabolism of fish under the influence of mercury, 
their intensity depended on the amount of mercury in the feed and the exposure time.
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Влияние хронического поступления малых 
доз ртути на некоторые биохимические
показатели липидного и белкового обмена у
серебряного карася Carassius auratus (L., 1758)
Д.В. Гарина
Институт биологии внутренних вод им. И.Д. Папанина РАН, 152742, Россия, Ярославская обл., 
Некоузский р-н, пос. Борок, д. 109
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Аннотация. Изучено влияние ртути, поступавшей с кормом в течение трех месяцев, на некоторые 
биохимические показатели сыворотки крови серебряного карася Carassius auratus (L., 1758): кон-
центрацию общего белка, общего холестерина и липопротеинов высокой плотности. Содержание 
ртути в мышцах рыб группы, потреблявшей корм с повышенным содержанием ртути («ВР»), воз-
растало в 5.8, 10.4 и 11.7 раза, с пониженным содержанием («НР») – в 1.4, 3.2 и 3.2 раза через 1, 2 
и 3 месяца соответственно (p < 0.05). Накопление ртути приводило к возрастанию всех изученных 
показателей; максимально увеличивался уровень общего холестерина у рыб опытной группы к кон-
цу эксперимента (в 3.1 раза). При этом показана достоверная положительная связь биохимических 
показателей крови с содержанием ртути в мышцах рыб. Полученные результаты свидетельствуют 
о возникновении изменений в липидном и белковом метаболизме рыб под воздействием ртути, 
степень выраженности которых зависит от количества ртути в корме и длительности эксперимента.

Ключевые слова: рыбы, тяжелые металлы, сыворотка крови, общий белок, общий холестерин, 
липопротеины высокой плотности
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Introduction
Studies of the effect of toxicants of various nature on the biota of terrestrial and aquatic ecosystems 

are carried out at various levels of wildlife organization, including biochemical and molecular ones 
(Nemova, 2005). Heavy metals are highly toxic to most living organisms, so they are considered 
the most dangerous pollutants in the aquatic environment, since these compounds do not naturally 
decompose and accumulate in bottom sediments and aquatic organisms. Among the group of heavy 
metals, mercury occupies a special place due to its high toxicity, variety of forms, and increased ability to 
transfer via biological pathways in the environment. Mercury vapor from both natural and anthropogenic 
sources is globally distributed in the atmosphere. As precipitation reaches land and water surfaces, 
mercury enters the oceans and fresh continental water bodies and may migrate over long distances 
(Clarkson, 2002; Fitzgerald et al., 1998).

In aquatic ecosystems, sulphate-reducing bacteria in bottom sediments convert inorganic mercury 
into the more hazardous organic form, methylmercury (Clarkson, 2002; Gilmour et al., 1992; Schafer 
et al., 2010; Zhu et al., 2018; etc.), the concentration of which in the edible tissues of fish may reach 
50–98% of the total amount of mercury compounds (Bloom, 1992; Carrasco et al., 2011). The ratio of 
concentrations of methylmercury and inorganic mercury compounds varies greatly in different organs 
of fish. In particular, the muscle tissue may contain up to 80–100% methylmercury of the total mercury 
content, while its content in the liver may be significantly lower due to increased share of inorganic 
compounds of this element (Amlund et al., 2007; Batchelar et al., 2013; Olsvik et al., 2021).

Mercury enters the body of fish via gills, digestive system, and skin (to a lesser extent). The 
metal penetrates through the epithelium into the bloodstream and binds to plasma proteins, then it is 
transported with the blood flow to all tissues, where it enters the cells via cell membrane (Erickson et 
al., 2008). Mercury compounds cause stunted fish growth, endocrine disruption, reduced spawning 
success, immune suppression; they damage liver and kidneys (Klaper et al., 2008; Morcillo et al., 2017), 
cardiovascular system (Monteiro et al., 2013), nervous system (Berntssen et al., 2003), deteriorate 
hatching, survival and growth of embryos and larvae (Yu et al., 2019). Molecular mechanisms of 
negative effects of mercury include several regulatory pathways affecting energy metabolism, oxidative 
stress, apoptosis, immune response, and lipid metabolism (Morcillo et al., 2017; Nemova, 2005; Olsvik 
et al., 2021; Wang et al., 2011; Yadetie et al., 2013; etc.). Mercury disrupts intracellular Ca2+ metabolism, 
causing an increase in the calcium concentration in the cell cytosol (Ceccatelli et al., 2010). Due to its 
ability to bind to thiol groups of proteins, methylmercury may disrupt the conformation of structural and 
regulatory proteins and inactivate enzyme systems and cell membrane permeability (Ceccatelli et al., 
2010; Farina et al., 2011; Nemova, 2005).

Fish сonsumed by humans is the main, if not the only, source of methylmercury entering in the 
human body (Toxicological effects of methylmercury, 2000). The main adverse effects of exposure 
to mercury compounds, including methylmercury, on human health include the risk of cardiovascular 
disease, neurotoxicity, teratogenicity, nephrotoxicity, and immunotoxicity (Counter, 2002; Farina et al., 
2011; Houston, 2011; Ivanova et al., 2021; Ratcliffe et al., 1996; Shuvalova et al., 2021; Sweet and Ze-
likoff, 2001; Virtanen et al., 2007; etc.). In regions with large water bodies, where a significant part of the 
population eats fish from them, measures should be taken to develop fish consumption standards (see, 
for example: Ivanova et al., 2020; Łuczyńska et al., 2017).

The diverse physiological role of tissue and serum proteins, as well as their ability to respond to chang-
es in the intensity and direction of metabolic processes, in particular, anabolism, make it possible to use 
them as the most important biochemical indicator of the functional state of the body both in normal condi-
tions and under the influence of toxic substances (Chernecky and Berger, 2008). The concentration of total 
protein in blood serum is an essential integral indicator of protein metabolism, its direction and intensity.

Cholesterol and its transporters (high- and low-density lipoproteins) play an extremely important role 
in the live organism. It is known that mercury intoxication in humans, in addition to other effects, is ac-
companied by emergence of cardiovascular diseases: hypertension, coronary heart disease, myocardial 
infarction, and cardiac arrhythmias, which are due to a decrease in antioxidant protection and increased 
oxidative stress (Houston, 2011). The content of mercury in the hair of people consuming fish correlates 
positively with an increased content of mercury in tissues and the level of total cholesterol, triglycerides, 
and low-density lipoproteins in the blood (Shuvalova et al., 2021; Cho, 2017). High-density lipoproteins 
(HDL) and their main protein component apolipoprotein A1 (Apo A1) play a protective role in preventing 
the development of atherosclerosis and related diseases, as they are involved in the reverse transport 
of cholesterol (Annema and von Eckardstein, 2016; Jomard and Osto, 2019; Verdier et al., 2013; etc.).
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In this regard, it seems relevant to assess the biochemical changes that occur in the body of fish in 
response to chronic exposure to low doses of mercury. The study aims to assess the effects of mercury 
supplied with food on the content of total water-soluble protein, high-density lipoproteins, and total cho-
lesterol in the blood serum of goldfish.

Materials and methods
The work was carried out in July–October 2021 on goldfish Carassius auratus (Linnaeus, 1758), 

caught in the Barsky pond of the Borok settlement (Nekouzky District, Yaroslavl Oblast, Russia). The 
age of the fish is 2+...3+, the average weight is 9.8 ± 1.8 g, the average length is 10.6 ± 0.3 cm. Before 
the experiment started, four groups of fish (16 individuals in each) have been formed, two of which sub-
sequently consumed food with an high content of mercury (“HM”) and two, with low one (“LM”). Each 
group of fish was placed in a 300-L aquarium with constant water flow. Water temperature was set as 
+20...+22 °С, lighting mode was natural. Feeding the fish with food containing mercury was started the 
day after they were caught. The experiment continued for three months from the moment the fish were 
fed for the first time with mercury-containing food.

Goldfish of all groups received food once a day in an amount of 5% of body weight with alternating 
minced fish and its gelled form; the latter included TetraPondSticks compound feed in addition to minced 
fish. Minced fish and gelled food were prepared once in sufficient amount for the entire duration of 
the experiment, frozen at −20 °C in daily portions, and thawed on the day of feeding. Before freezing 
the food, the mercury content was measured in triplicate in both types. Minced fish for feeding the 
“HM” group was prepared from the muscles of perch (caught in the Volzhsky Reach of the Rybinsk 
Reservoir; the mercury content in the finished minced fish was 0.143 mg/kg), for the “LM” group, from 
pollock muscles (commercial product; mercury content in the finished minced fish 0.019 mg/kg). In the 
gelled feed, the mercury content was 0.075 and 0.004 mg/kg for the HM and LM groups, respectively. 
According to the recommendations of the European Commission1, the content of mercury in fish feed 
should not exceed a concentration of 0.1 mg/kg. Thus, the content of mercury in the food of the “HM” 
group may be considered exceeding the recommended value (high), while that of the “LM” group, blow 
the recommended value (low).

Prior tissue sampling, fish were measured, weighed, and the gonad maturation stage was determined 
(Sakun and Butskaya, 1968). Blood serum and muscles of goldfish for determining the mercury content 
of mercury was sampled before the experiment (“zero point”) and after 1, 2, and 3 months after the start 
of feeding. Pieces of white muscles (1–2 g) were cut from both sides of the fish body under the dorsal 
fin, immediately frozen, and stored at −18 °C. Blood was taken after caudectomy from the tail vessel into 
Eppendorf-type tubes. The blood was stored at 4 °C for 1–2 hours until a clot was formed naturally. The 
serum was taken with a dispenser into test tubes and frozen at −18 °C. The total amount of protein in 
the blood serum was determined by the micro-biuret method (Itzhaki and Gill, 1964). The concentration 
of total cholesterol (TChol) and high-density lipoprotein (HDL) in blood serum was determined using 
biochemical kits (Olvex, St. Petersburg, Russia) by the enzymatic colorimetric method (Fishbach and 
Dunning, 2004).

Mercury content in fish muscle samples was determined on a RA915M atomic absorption 
spectrometer with a PIRO pyrolytic device (Lumex, St. Petersburg, Russia).

Statistical data processing was performed using the Statistica 6.0 program. The data on the graphs 
are presented as mean and standard deviation. The data distribution normality was checked by the 
Shapiro–Wilk test. Since the primary dataset did not have normal distribution, the values of mercury 
concentration and biochemical parameters of blood serum were logarithmically transformed. These 
values were then used for the regression analysis to assess the dependence of biochemical parameters 
on the mercury concentration in fish muscles.

One-way analysis of variance (ANOVA) was applied to determine the effect of accumulated 
mercury on the indicators of protein and lipid metabolism in fish in regard to the exposure duration. The 
significance of differences between the “LM” and “HM” groups was calculated using the nonparametric 
Mann-Whitney test for two independent groups. Differences in all tests used were considered statistically 
significant at p < 0.05.

1 Commission Directive 2003/100/EC of 31 October 2003. Amending Annex I to Directive 2002/32/ ECof the European Parliament 
and of the Council on Undesirable Sub-stances in Animal Feed. Official Journal of the European Union l285/33.
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Results
During the experiment, the mercury content in the muscles of goldfish increased, it was much more 

significant in the “HM” group (Fig.  1). The mercury concentration in this group increased 5.8, 10.4, 
and 11.7  times, respectively, compared to the zero point after 1, 2, and 3  months (F  = 120.5; n  = 
3; p = 0.000001); in the “LM” group, this corresponded to 1.4, 3.2, and 3.2  times (F = 82.6; n = 3; 
p = 0.0000001). The mercury concentration in fish muscles in the “HM” group was significantly higher 
comparing to that in the “LM” group throughout the entire experiment: 4 times after one month of the 
experiment (p = 0.0002), 3.3 times after two months (p = 0.002), and 3.6 times after three months (p = 
0.003).

The content of total protein in the blood serum of fish increased significantly comparing with that 
in beginning of the experiment: in the “HM” group, by 1.9, 2.0, and 2.3  times (F = 27.0; n = 3; p = 
0.0000001), in the “LM” group, by 1.9, 2.0, and 2.0 times (F = 27.0; n = 3; p = 0.0000001) after 1, 2, and 
3 months, respectively. The total protein content in the “HM” and “LM” groups did not differ during the 
first two months; an increase in the content of total protein in the blood serum of fish of the “HM” group 
compared to the “LM” group was noted only after three months (p = 0.11) (Fig. 2).

An increase in the protein concentration in the blood serum of both groups of fish could be associated 
with the consumption of more high-calorie food by goldfish than in their natural habitat, as evidenced by 
a significant increase of the Fulton’s condition factor during the experiment: F = 43.4, n = 3, p = 0.000001 
in the “HM” group; F = 31.5, n = 3, p = 0.000001 in the “LM” group (Table 1). In addition, a significant fat 
layer around the fish intestine at the end of the experiment was visible with a naked eye. However, there 
was a significant positive relationship between serum protein concentration and mercury content in fish 
muscles (regression analysis) in both the “HM” group (Fig. 3A) and the “LM” group (Fig. 3B).

Fig. 1. Dynamics of mercury accumulation in the muscles of goldfish. Here and below: asterisk* indicates significant differences 
between the “HM” and the “LM” groups (Mann–Whitney test, p < 0.05).



91Garina, D.V., 2023. Ecosystem Transformation 6 (3), 86–104.

The content of total cholesterol in the blood serum of goldfish of both groups during the experiment 
increased significantly compared to the initial values: by 1.5, 2.2, and 3.1 times in the “HM” group (F = 
41.3; n = 3; p = 0.000001), by 1.1, 1.8 and 1.9 times in the “LM” group (F = 7.8; n = 3; p = 0.002) after 
1, 2, and 3 months, respectively (Fig. 4). At the same time, after one and two months of the experiment, 
the differences between the values of this indicator in the “HM” and “LM” groups were not significant (p = 
0.09 and p = 0.33, respectively); after 3 months, TChol in the “HM” group significantly exceeded that of 
the “LM” group by 1.7 times (p = 0.01).

A significant positive relationship was found between the concentration of total cholesterol in the 
blood serum and the mercury content in the fish muscles (regression analysis), which was stronger in 
the “HM” group (Fig. 5).

The dynamics of HDL content in the blood serum during the experiment was even more complex 
comparing to that of TChol and total protein (Fig. 6). In the “HM” group, HDL decreased by 8% after one 
month and increased by 2.0 and 1.9 times (F = 21.4, n = 3, p = 0.000001) after two and three months 
of the experiment, respectively, compared with the values at the beginning of the exposure. In the “LM” 
group, the HDL concentration decreased by 16% after one month, increased by 1.4  times after two 

Fig. 2. The concentration of total water-soluble protein in the blood serum of goldfish.

Group
Experiment duration

Before exposure 1 month 2 months 3 months

“LM” 2.62 ± 0.07 2.82 ± 0.03 3.42 ± 0.08 3.39 ± 0.06
“HM” 2.73 ± 0.05 2.94 ± 0.04 3.16 ± 0.07 3.63 ± 0.09

Table 1. Fulton’s condition factor of the studied fish.
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Fig. 3. Dependence of the content of total protein in the blood serum of goldfish on the mercury concentration in muscles in the 
“HM” group (A) and in the “LM” group (B) according to regression analysis.

A

B
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months, and by 4% only after three months of exposure (F = 6.75, n = 3, p = 0.003). After 3 months, 
HDL concentration in the “HM” group was significantly comparing to the “LM” group (1.8 times; p = 0.01).

A positive significant relationship between the concentration of HDL in blood serum and the content 
of mercury in the muscles of goldfish was found, which was significant much stronger in fish belonging 
to the “HM” group (regression analysis; Fig. 7).

Discussion
High rate of mercury accumulation in the blood serum and muscles of goldfish was observed in 

our experimental design. In earlier studies, when Atlantic cod Gadus morhua (Linnaeus, 1758) was 
feeding by the food containing methylmercury at a concentration of 0.95 μg/g for three months, this 
caused an increase in the mercury content in fish muscles up to 0.38  ± 0.04  μg/g wet weight, of 
which methylmercury accounted for 90–95% (Amlund et al., 2007). In our study, goldfish ate the food 
containing 6.6 times less mercury content (maximum concentration, the “HM” group), but the mercury 
concentration in muscle tissue over the same period has reached the same level. Obviously, this can 
be explained by the influence of a number of factors (feeding regime, rearing conditions, and, possibly, 
physiological characteristics of the species), which influenced the rate of accumulation of the toxicant 
in the fish tissues.

According to our data, there were also changes in the protein and lipid metabolism in the fish organism 
under the influence of mercury contained in the feed. The intensity of these changes depends on the 
mercury concentration and the duration of exposure. The content of total cholesterol in the blood serum 

Fig. 4. The concentration of total cholesterol in the blood serum of goldfish.
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A

B

Fig. 5. Dependence of the content of total cholesterol in the blood serum of goldfish on the mercury concentration in the muscles 
in the “HM” group (A) and in the “LM” group (B) according to regression analysis.

94
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of goldfish increased the most among the parameters of protein and lipid metabolism studied: three 
months after the beginning of the experiment, its level increased by 3.1 and 1.9 times comparing with 
the initial values in the groups that consumed food with a high and low content of mercury, respectively. 
The content of total water-soluble protein in the blood serum of goldfish increased to a lesser extent: by 
2.3 and 2.0 times compared with the initial values in the “HM” and “LM” groups, respectively. Moreover, 
the strongest and most significant relationship with the concentration of accumulated mercury in the 
muscles was revealed for this indicator in the “HM” group. Finally, the content of high-density lipoproteins 
in the blood serum of goldfish increased to the least extent: by 2.0 and 1.4 times in the “HM” and “LM” 
groups, respectively; the maximum increase was observed after two months of the experiment, and then 
a decrease of this indicator in both groups. The minor relationship was found between the concentration 
of accumulated mercury in the muscles and the content of high-density lipoproteins in the blood serum 
in comparison with other studied parameters of goldfish blood.

According to literature data (Amlund et al., 2007), a diet high in mercury resulted in a ninefold 
increase of mercury content in fish blood serum after 3 months of exposure. In the blood, mercury 
circulates as complexes with amino acids and fatty acids; 80–90% of mercury entering the bloodstream 
binds to erythrocytes (Luzhnnikov, 1994). A negative effect of mercury on the composition of cellular 
elements of the blood was noted, such as a decrease in the number of erythrocytes and leukocytes, a 
decrease in the ratio of particular forms of leukocytes and in hemoglobin content (Fletcher and White, 
1986; Kuzubova et al., 2000; Patil and Jabde, 1998). We did not find any information in the available 
literature on the effect of mercury on fish blood serum proteins and lipids in the form of complexes with 
proteins (lipoproteins). However, it is known that mercury affects negatively a number of other indicators 
of lipid metabolism in fish; in perch, the level of triacylglycerols in the liver increases with different levels 
of mercury accumulation in tissues, the concentration of particular fatty acids in muscle lipids and the 
ratio of some phospholipids in tissues and organs increases, as well as the content of total lipids in 

Fig. 6. The concentration of high-density lipoproteins in the blood serum of goldfish.

95
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A

B

Fig. 7. Dependence of the content of high-density lipoproteins in the blood serum of goldfish on the mercury concentration in the 
muscles in the “HM” group (A) and in the “LM” group (B) according to regression analysis. 
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muscles does (Nemova, 2005; etc). A similar increase in the level of lipids in muscle tissue has been 
also noted in two catfish species from India (Pal and Ghosh, 2013). The most significant structural and 
functional changes in the cell membranes of the liver and muscle tissues are associated with the content 
of docosahexaenoic acid, when a decrease in its concentration may change membrane permeability 
and transport properties, membrane integrity, activity of membrane-bound enzymes, and receptor 
expression. In the liver, such a change in the profile of fatty acids entails its malfunctioning (Nemova, 
2005). Taken together, these facts indicate the importance of lipid metabolism indicators in assessing 
the negative impact of mercury on the organisms of aquatic animals.

At first glance, the increase of the total protein concentration in the goldfish blood serum under 
the influence of mercury in our study contradicts somehow the literature data. In particular, it has 
been reported earlier that divalent mercury has an affinity for nucleic acids, especially for RNA, being 
included in the structure of its molecule and thereby negatively affecting DNA synthesis. A decrease in 
the amount of DNA and RNA in a cell inevitably leads to the suppression of protein synthesis (Kuzubova, 
2000). Therefore, it is unlikely that an increase in the content of total blood serum protein is caused by 
an increase of its biosynthesis in the fish liver. However, the synthesis of certain protective proteins 
(metallothioneins) is induced rather than inhibited by heavy metals, including mercury (Bebianno et al., 
2007; Farina et al., 2011; Morcillo et al., 2017). We assume that decrease of the relative water content 
in the blood serum is the reason for the increase of the protein concentration due to the redistribution 
of protein between tissues and blood and thus due to the release of fluid from the vascular space into 
the tissues. It is known that the distribution of plasma protein between the intra- and extravascular 
fluids of the fish body depends on the physiological state of the fish body, in particular, on the period of 
the annual cycle, e.g., spawning or completion of fattening (Andreeva et al., 2015). It is possible that 
mercury may also affect this process by interacting with sulfhydryl-containing proteins (i.e., carrying SH-
domains) that are part of the structure of cell membranes. This causes free-radical and lipid peroxidation 
of membranes, which leads to a violation of their hydrophobicity and, as a result, higher permeability.

Conclusions
1. It was shown that during the experiment, mercury accumulated in significant amount in the muscles 

of goldfish, its concentration depended on the amount of mercury in the feed and the exposure duration.
2. Protein metabolism parameters underwent significant changes: total protein in the fish blood 

serum has increased. Apparently, this was caused by decreasing of the water content in the serum 
due to the redistribution of protein between tissues and blood and the release of fluid from the vascular 
space into the tissues.

3. Lipid metabolism has also changed significantly: the level of total cholesterol and high-density 
lipoproteins in the blood serum of fish increased, the changed of the first parameter were the most 
significant.

4. The studied biochemical parameters of blood positively correlated with the content of mercury in 
fish muscles and may be used to assess the negative effect of the toxicant on the fish organism.

References
Amlund, H., Lundebye, A.-K., Berntssen, M.H.G., 2007. Accumulation and elimination of methylmercury 

in Atlantic cod (Gadus morhua L.) following dietary exposure. Aquatic Toxicology 83 (4), 323–330. 
http://www.doi.org/10.1016/j.aquatox.2007.05.008

Andreeva, A.M., Lamash, N.E., Serebryakova, M.V., Ryabtseva,  I.P., 2015. Seasonal dynamics in 
capillary filtration of plasma proteins in eastern redfins of the genus Tribolodon (Cyprinidae). Journal 
of Ichthyology 55, 723–733. https://doi.org/10.1134/S003294521505001X

Annema, W., von Eckardstein,  A., 2016. Dysfunctional high-density lipoproteins in coronary heart 
disease: implications for diagnostics and therapy. Translational Research 173, 30–57. http://www.doi.
org/10.1016/j.trsl.2016.02.008

Batchelar, K.L., Kidd, K.A., Drevnick, P.E., Munkittrick, K.R., Burgess, N.M., Roberts, A.P., Smith, J.D., 
2013. Evidence of impaired health in yellow perch (Perca flavescens) from a biological mercury 
hotspot in northeastern North America. Environmental Toxicology and Chemistry 32 (3), 627–637. 
https://doi.org/10.1002/etc.2099



Garina, D.V., 2023. Ecosystem Transformation 6 (3), 86–104.98

Bebianno, M.J., Santos,  C., Canário,  J., Gouveia,  N., Sena-Carvalho,  D., Vale,  C., 2007. Hg and 
metallothionein-like proteins in the black scabbard fish Aphanopus carbo. Food and Chemical 
Toxicology 45, 1443–1452. https://doi.org/10.1016/j.fct.2007.02.003

Berntssen, M.H.G., Aatland, A., Handy, R.D., 2003. Chronic dietary mercury exposure causes oxidative 
stress, brain lesions, and altered behaviour in Atlantic salmon (Salmo salar) parr. Aquatic Toxicology 
65, 55–72. https://doi.org/10.1016/s0166-445x(03)00104-8

Bloom, N.S., 1992. On the chemical form of mercury in edible fish and marine invertebrate tissue. 
Canadian Journal of Fisheries and Aquatic Sciences 49, 1010–1017. https://doi.org/10.1139/f92-113

Carrasco, L., Barata,  C., García-Berthou,  E., Tobias, A., Bayona,  J.M., Díez,  S., 2011. Patterns of 
mercury and methylmercury bioaccumulation in fish species downstream of a long-term mercury-
contaminated site in the lower Ebro River (NE Spain).Chemosphere 84, 1642–1649. https://doi.
org/10.1016/j.chemosphere.2011.05.022

Ceccatelli, S., Dare, E., Moors, M., 2010. Methylmercury-induced neurotoxicity and apoptosis. Chemico-
Biological Interactions 188 (2), 301–308. https://doi.org/10.1016/j.cbi.2010.04.007

Chernecky, C.C.,  Berger, B.J., 2008. Laboratory tests and diagnostic procedures. Saunder Elsevier, 
California, USA, 1215 p.

Сho, Y.M., 2017. Fish consumption, mercury exposure, and the risk of cholesterol profiles: findings from 
the Korea National Health and Nutrition Examination Survey 2010–2011. Environmental Health and 
Toxicology 32, e2017014. https://doi.org/10.5620/eht.e2017014

Clarkson, T.W., 2002. The three modern faces of mercury. Environmental Health Perspectives 110 
(Suppl. 1), 11–23. https://doi.org/10.1289/ehp.02110s111

Counter, S.A., Buchanan, L.H., Ortega, F., Laurell, G., 2002. Elevated blood mercury and neuro-otological 
observations in children of the Ecuadorian gold mines. Journal of Toxicology and Environmental 
Health. Part A 60, 149–163. https://doi.org/10.1080/152873902753396785

Erickson, R.J., Nichols, J.W., Cook, P.M., Ankley, G.T., 2008. Bioavailability of chemical contaminants 
in aquatic systems, In: Di Giulio, R.T., Hinton, D.E. (eds.), Technology of Fishes. CRC Press, Florida, 
USA, 9–45.

Farina, M., Aschner, M., Rocha, J.B., 2011. Oxidative stress in MeHg-induced neurotoxicity. Toxicology 
and Applied Pharmacology 256 (3), 405–417. https://doi.org/10.1016/j.taap.2011.05.001

Fishbach, F., Dunning, M., 2004. A manual of laboratory diagnostic tests. 7th ed. Lippincott Williams & 
Wilkins, Philadelphia, USA, 1291 p.

Fitzgerald, W.F., Engstrom, D.R., Mason, R.P., Nater, E.A., 1998. The case for atmospheric mercury 
contamination in remote areas. Environmental Science and Technology 32 (1), 1–7.

Fletcher, T.C., White, A., 1986. Nephrotoxic and hematological effects of mercury chloride in the plaice 
(Pleuronectes platessa L.). Aquatic Toxicology 8, 77–84.

Gilmour, C.C., Henry, E.A., Mitchell, R., 1992. Sulfate stimulation of mercury methylation in freshwater 
sediments. Environmental Science and Technology 26, 2281–2287. https://doi.org/10.1021/
es00035a029

Houston, M.C., 2011. Role of mercury toxicity in hypertension, cardiovascular disease, and stroke. The 
Journal of Clinical Hypertension 13 (8), 621–627. https://doi.org/10.1111/j.1751-7176.2011.00489.x



Garina, D.V., 2023. Ecosystem Transformation 6 (3), 86–104. 99

Itzhaki, R.F., Gill, D.M., 1964. A micro-biuret method for estimating proteins. Analitycal Biochemistry 9 
(4), 401–410. https://doi.org/10.1016/0003-2697(64)90200-3

Ivanova, E.S., Komov, V.T., Eltsova, L.S., Borisov, M.Y., Tropin, N.Y., 2020. Soderzhanie rtuti v rybe 
iz vodoyomov i vodotokov Vologodskoi oblasti i raschyot bezopasnykh dlya zdorov’ya doz metalla 
v ratsione pitaniya vzroslykh i detei [The content of mercury in fish from reservoirs and streams of 
the Vologda Oblast and the calculation of safe for health doses of the metal in the diet of adults and 
children]. Sbornik materialov VII Vserossiiskoi konferentsii po vodnoi ecotoxikologii, posvyashchyonnoi 
pamyati d.b.n., prof. B.A. Flyorova “Antropogennoye vliyanie na vodnyye organismy i ecosystemy. 
Sovremennyye metody issledovaniya i otsenki kachestva vod, sostoyaniya vodnykh organismov i 
ecosystem v usloviyakh antropogennoi nagruzki” [Proceedings of the VII All-Russian Conference on 
Aquatic Ecotoxicology, dedicated to the memory of Doctor of Biological Sciences, prof. B.A. Flyorov 
“Anthropogenic impact on aquatic organisms and ecosystems. Modern methods of research and 
assessment of water quality, the state of aquatic organisms and ecosystems under anthropogenic 
load”]. Borok, Russia,77–80. (In Russian).

Ivanova, E.S., Shuvalova, O.P., Eltsova, L.S., Komov, V.T., Kornilova, A.I., 2021. Cardiometabolic risk 
factors and mercury content in hair of women from a territory distant from mercury-rich geochemical 
zones (Cherepovets city, Northwest Russia). Environmental Geochemistry and Health 43, 4589–
4599. https://doi.org/10.1007/s10653-021-00939-6

Jomard, A., Osto, E. Metabolismus und Funktion der Lipoproteinehoher Dichte (HDL), 2019. Praxis 108 
(7), 477–486. https://doi.org/10.1024/1661-8157/a003241

Klaper, R., Carter, B.J., Richter, C.A., Drevnick, P.E., Sandheinrich, M.B., Tillitt, D.E., 2008. Use of 
a 15 k gene microarray to determine gene expression changes in response to acute and chronic 
methylmercury exposure in the fathead minnow Pimephales promelas Rafinesque. Journal of Fish 
Biology 72 (9), 2207–2280. https://doi.org/10.1111/j.1095-8649.2008.01899.x

Kuzubova, L.I., Shuvaeva,  O.V., Anoshin,  G.N., 2000. Metilrtut’ v okruzhayushchei srede 
(rasprostraneniye, obrazovaniye v prirode, metody opredeleniya). Analiticheskii obzor [Methylmercury 
in the environment (distribution, formation in nature, methods of determination). Analytical review]. 
Institute of Inorganic Chemistry. Analytical Center of the Joint Institute of Geology, Geography and 
Mineralogy of the Siberian Branch of the Russian Academy of Sciences (Ecologiya. Issue 59). State 
Public Scientific and Technical Library of the Siberian Branch of the Russian Academy of Sciences, 
Novosibirsk, Russia, 82 p. (In Russian).

Łuczyńska, J., Paszczyk, B., Nowosad, J., Luczynski, M.J., 2017. Mercury, fatty acids content and lipid 
quality indexes in muscles of freshwater and marine fish on the Polish market. Risk assessment of 
fish consumption. International Journal of Environmental Research and Public Health 14 (10), 1120. 
https://doi.org/10.3390/ijerph14101120

Luzhnikov, E.A., 1994. Klinicheskaya toksikologiya [Clinical Toxicology]. Meditsina, Moscow, Russia, 
256 p. (In Russian).

Monteiro, D.A., Thomaz, J.M., Rantin, F.T., Kalinin, A.L., 2013. Cardiorespiratory responses to graded 
hypoxia in the neotropical fish matrinxã (Brycon amazonicus) and traíra (Hopliasma labaricus) after 
waterborne or trophic exposure to inorganic mercury. Aquatic Toxicology 140–141, 346–355. https://
doi.org/10.1016/j.aquatox.2013.06.011

Morcillo, P., Esteban,  M.A., Cuesta, A., 2017. Mercury and its toxic effects on fish. Environmental 
Science 4 (3), 386–402. https://doi.org/10.3934/environsci.2017.3.386

Nemova, N.N., 2005. Biokhimicheskiye effekty nakopleniya rtuti u ryb [Biochemical effects of mercury 
accumulation in fish]. Nauka, Moscow, Russia, 164 p. (In Russian).



Garina, D.V., 2023. Ecosystem Transformation 6 (3), 86–104.100

Toxicological effects of methylmercury, 2000. National Research Council. The National Academies 
Press, Washington, USA, 364 p. https://doi.org/10.17226/9899

Olsvik, P.A., Azad, A.M., Yadetie, F., 2021. Bioaccumulation of mercury and transcriptional responses in 
tusk (Brosme brosme), a deep-water fish from a Norwegian fjord. Chemosphere 279, 130588. https://
doi.org/10.1016/j.chemosphere.2021.130588

Pal, M., Ghosh, M., 2013. Relationship of methyl mercury accumulation with lipid and weight in two river 
cat fish species, Wallagoo attu and Mystus aor, from West Bengal, India. Environmental Monitoring 
and Assessment 185, 31–37. https://doi.org/10.1007/s10661-012-2530-3

Patil, S.S., Jabde, S.V., 1998. Effect of mercury poisoning on some haematological parameters from a 
fresh water fish, Channa gachua. Pollution Research 17 (3), 223–228.

Ratcliffe, H.E., Swanson, G.M, Fischer, L.J., 1996. Human exposure to mercury: A critical assessment 
of the evidence of adverse health effects. Journal of Toxicology and Environmental Health 49, 221–
270. https://doi.org/10.1080/00984108.1996.11667600

Sakun, O.F., Butskaya, N.A., 1968. Opredeleniye stadia zrelosti i izucheniye polovykh tsiklov ryb 
[Determining the maturity stages of maturity and studying the sexual cycles of fish]. Polar Branch of 
VNIRO (“PINRO”), Murmansk, Russia, 47 p. (In Russian).

Schäfer, J., Castelle, S., Blanc, G., Dabrin, A., Masson, M., Lanceleur, L., Bossy, C., 2010. Mercury 
methylation in the sediments of amacrotidal estuary (Gironde Estuary, south-west France) Estuarine, 
Coastal and Shelf Science 90, 80–92. https://doi.org/10.1016/J.ECSS.2010.07.007

Shuvalova, O.P., Ivanova, E.S., Komov, V.T., 2021. Potrebleniye ryby, soderzhaniye rtuti v volosakh i 
risk razvitiya serdechno-sosudistykh zabolevanii u zhiteley Vologodskoi oblasti (severo-zapad Rossii) 
[Fish consumption, mercury content in hair, and the risk of developing cardiovascular diseases in 
residents of the Vologda Oblast (North-West Russia)]. Vestnik novykh meditsinskikh tekhnologii 
[Bulletin of New Medical Technologies] 15 (4), 132–137. (In Russian). http://doi.org/10.24412/2075-
4094-2021-4-3-9

Sweet, L.I., Zelikoff, J.T., 2001. Toxicology and immunotoxicology of mercury: A comparative review in 
fish and humans. Journal Toxicological Environment Health B 4, 161–205.

Verdier, C., Martinez, L.O., Ferrières, J., Elbaz, M., Genoux, A., Perret, B., 2013. Targeting high-density 
lipoproteins: update on a promising therapy. Archives of Cardiovascular Diseases 106 (11), 601–611. 
https://doi.org/10.1016/j.acvd.2013.06.052

Virtanen, J.K., Rissanen,  T.H., Voutilainen,  S., Tuomainen,  T.P., 2007. Mercury as a risk factor for 
cardiovascular diseases.The Journal of Nutritional Biochemistry 18 (2), 75–85. https://doi.
org/10.1016/j.jnutbio.2006.05.001

Wang, M., Wang,  Yu., Wang,  J., Lin,  L., Hong,  H., Wang,  D., 2011. Proteome profiles in medaka 
(Oryziasmela stigma) liver and brain experimentally exposed to acute inorganic mercury. Aquatic 
Toxicology 103, 129–139. https://doi.org/10.1016/j.aquatox.2011.02.020

Yadetie, F., Karlsen, O.A., Lanzen, A., Berg, K., Olsvik, P., Hogstrand, C., Goksoyr, A., 2013. Global 
transcriptome analysis of Atlantic cod (Gadus morhua) liver after in vivo methylmercury exposure 
suggests effects on energy metabolism pathways. Aquatic Toxicology 126, 314–325. https://doi.
org/10.1016/j.aquatox.2012.09.013

Yu, X., Wu, F., Xu, X., Chen, Q., Huang, L. et al., 2019. Effects of short term methylmercury exposure on 
growth and development of the large yellow croaker embryos and larvae.Frontiers in Marine Science 
6, 754. https://doi.org/10.3389/fmars.2019.00754



Garina, D.V., 2023. Ecosystem Transformation 6 (3), 86–104. 101

Zhu, S., Zhang, Zh., Žagar,  D., 2018. Mercury transport and fate models in aquatic systems: A 
review and synthesis. Science of the Total Environment 639, 538–549. https://doi.org/10.1016/j.
scitotenv.2018.04.397

Список литературы
Иванова, Е.С., Комов, В.Т., Ельцова, Л.С., Борисов, М.Я., Тропин, Н.Я., 2020. Содержание ртути 

в рыбе из водоемов и водотоков Вологодской области и расчет безопасных для здоровья 
доз металла в рационе питания взрослых и детей. Сборник материалов VII Всероссийской 
конференции по водной экотоксикологии, посвященной памяти д.б.н., проф. Б.А. Флёрова 
«Антропогенное влияние на водные организмы и экосистемы. Современные методы 
исследования и оценки качества вод, состояния водных организмов и экосистем в условиях 
антропогенной нагрузки». Борок, 16–18 сентября 2020 г. Филигрань, Ярославль, Россия,77–80.

Кузубова, Л.И., Шуваева, О.В., Аношин, Г.Н., 2000. Метилртуть в окружающей среде (распространение, 
образование в природе, методы определения). Аналитический обзор. Инcтитут неорганической 
химии. Аналитический центр Объединенного института геологии, географии и минералогии СО 
РАН (Экология. Вып. 59). ГПНТБ СО РАН, Новосибирск, Россия, 82 с.

Лужников, Е.А., 1994. Клиническая токсикология. Медицина, Москва, Россия, 256 с.

Немова, Н.Н., 2005. Биохимические эффекты накопления ртути у рыб. Наука, Москва, Россия, 
164 с.

Сакун, О.Ф., Буцкая, Н.А., 1968. Определение стадий зрелости и изучение половых циклов рыб. 
ПИНРО, Мурманск, Россия, 47 с.

Шувалова, О.П., Иванова,  Е.С., Комов,  В.Т., 2021. Потребление рыбы, содержание ртути в 
волосах и риск развития сердечно-сосудистых заболеваний у жителей Вологодской области 
(северо-запад России). Вестник новых медицинских технологий 15 (4), 132–137. http://www.
doi.org/10.24412/2075-4094-2021-4-3-9

Amlund, H., Lundebye, A.-K., Berntssen, M.H.G., 2007. Accumulation and elimination of methylmercury 
in Atlantic cod (Gadus morhua L.) following dietary exposure. Aquatic Toxicology 83 (4), 323–330. 
http://www.doi.org/10.1016/j.aquatox.2007.05.008

Andreeva, A.M., Lamash, N.E., Serebryakova, M.V., Ryabtseva,  I.P., 2015. Seasonal dynamics in 
capillary filtration of plasma proteins in eastern redfins of the genus Tribolodon (Cyprinidae). Journal 
of Ichthyology 55, 723–733. https://doi.org/10.1134/S003294521505001X

Annema, W., von Eckardstein,  A., 2016. Dysfunctional high-density lipoproteins in coronary heart 
disease: implications for diagnostics and therapy. Translational Research 173, 30–57. http://www.doi.
org/10.1016/j.trsl.2016.02.008

Batchelar, K.L., Kidd, K.A., Drevnick, P.E., Munkittrick, K.R., Burgess, N.M., Roberts, A.P., Smith, J.D., 
2013. Evidence of impaired health in yellow perch (Perca flavescens) from a biological mercury 
hotspot in northeastern North America. Environmental Toxicology and Chemistry 32 (3), 627–637. 
https://doi.org/10.1002/etc.2099

Bebianno, M.J., Santos,  C., Canário,  J., Gouveia,  N., Sena-Carvalho,  D., Vale,  C., 2007. Hg and 
metallothionein-like proteins in the black scabbard fish Aphanopus carbo. Food and Chemical 
Toxicology 45, 1443–1452. https://doi.org/10.1016/j.fct.2007.02.003



Garina, D.V., 2023. Ecosystem Transformation 6 (3), 86–104.102

Berntssen, M.H.G., Aatland, A., Handy, R.D., 2003. Chronic dietary mercury exposure causes oxidative 
stress, brain lesions, and altered behaviour in Atlantic salmon (Salmo salar) parr. Aquatic Toxicology 
65, 55–72. https://doi.org/10.1016/s0166-445x(03)00104-8

Bloom, N.S., 1992. On the chemical form of mercury in edible fish and marine invertebrate tissue. 
Canadian Journal of Fisheries and Aquatic Sciences 49, 1010–1017. https://doi.org/10.1139/f92-113

Carrasco, L., Barata,  C., García-Berthou,  E., Tobias, A., Bayona,  J.M., Díez,  S., 2011. Patterns of 
mercury and methylmercury bioaccumulation in fish species downstream of a long-term mercury-
contaminated site in the lower Ebro River (NE Spain).Chemosphere 84, 1642–1649. https://doi.
org/10.1016/j.chemosphere.2011.05.022

Ceccatelli, S., Dare, E., Moors, M., 2010. Methylmercury-induced neurotoxicity and apoptosis. Chemico-
Biological Interactions 188 (2), 301–308. https://doi.org/10.1016/j.cbi.2010.04.007

Chernecky, C.C.,  Berger, B.J., 2008. Laboratory tests and diagnostic procedures. Saunder Elsevier, 
California, USA, 1215 p.

Сho, Y.M., 2017. Fish consumption, mercury exposure, and the risk of cholesterol profiles: findings from 
the Korea National Health and Nutrition Examination Survey 2010–2011. Environmental Health and 
Toxicology 32, e2017014. https://doi.org/10.5620/eht.e2017014

Clarkson, T.W., 2002. The three modern faces of mercury. Environmental Health Perspectives 110 
(Suppl. 1), 11–23. https://doi.org/10.1289/ehp.02110s111

Counter, S.A., Buchanan, L.H., Ortega, F., Laurell, G., 2002. Elevated blood mercury and neuro-otological 
observations in children of the Ecuadorian gold mines. Journal of Toxicology and Environmental 
Health. Part A 60, 149–163. https://doi.org/10.1080/152873902753396785

Erickson, R.J., Nichols, J.W., Cook, P.M., Ankley, G.T., 2008. Bioavailability of chemical contaminants 
in aquatic systems, In: Di Giulio, R.T., Hinton, D.E. (eds.), Technology of Fishes. CRC Press, Florida, 
USA, 9–45.

Farina, M., Aschner, M., Rocha, J.B., 2011. Oxidative stress in MeHg-induced neurotoxicity. Toxicology 
and Applied Pharmacology 256 (3), 405–417. https://doi.org/10.1016/j.taap.2011.05.001

Fishbach, F., Dunning, M., 2004. A manual of laboratory diagnostic tests. 7th ed. Lippincott Williams & 
Wilkins, Philadelphia, USA, 1291 p.

Fitzgerald, W.F., Engstrom, D.R., Mason, R.P., Nater, E.A., 1998. The case for atmospheric mercury 
contamination in remote areas. Environmental Science and Technology 32 (1), 1–7.

Fletcher, T.C., White, A., 1986. Nephrotoxic and hematological effects of mercury chloride in the plaice 
(Pleuronectes platessa L.). Aquatic Toxicology 8, 77–84.

Gilmour, C.C., Henry, E.A., Mitchell, R., 1992. Sulfate stimulation of mercury methylation in freshwater 
sediments. Environmental Science and Technology 26, 2281–2287. https://doi.org/10.1021/
es00035a029

Houston, M.C., 2011. Role of mercury toxicity in hypertension, cardiovascular disease, and stroke. The 
Journal of Clinical Hypertension 13 (8), 621–627. https://doi.org/10.1111/j.1751-7176.2011.00489.x

Itzhaki, R.F., Gill, D.M., 1964. A micro-biuret method for estimating proteins. Analitycal Biochemistry 9 
(4), 401–410. https://doi.org/10.1016/0003-2697(64)90200-3



Garina, D.V., 2023. Ecosystem Transformation 6 (3), 86–104. 103

Ivanova, E.S., Shuvalova, O.P., Eltsova, L.S., Komov, V.T., Kornilova, A.I., 2021. Cardiometabolic risk 
factors and mercury content in hair of women from a territory distant from mercury-rich geochemical 
zones (Cherepovets city, Northwest Russia). Environmental Geochemistry and Health 43, 4589–
4599. https://doi.org/10.1007/s10653-021-00939-6

Jomard, A., Osto, E. Metabolismus und Funktion der Lipoproteinehoher Dichte (HDL), 2019. Praxis 108 
(7), 477–486. https://doi.org/10.1024/1661-8157/a003241

Klaper, R., Carter, B.J., Richter, C.A., Drevnick, P.E., Sandheinrich, M.B., Tillitt, D.E., 2008. Use of 
a 15 k gene microarray to determine gene expression changes in response to acute and chronic 
methylmercury exposure in the fathead minnow Pimephales promelas Rafinesque. Journal of Fish 
Biology 72 (9), 2207–2280. https://doi.org/10.1111/j.1095-8649.2008.01899.x

Łuczyńska, J., Paszczyk, B., Nowosad, J., Luczynski, M.J., 2017. Mercury, fatty acids content and lipid 
quality indexes in muscles of freshwater and marine fish on the Polish market. Risk assessment of 
fish consumption. International Journal of Environmental Research and Public Health 14 (10), 1120. 
https://doi.org/10.3390/ijerph14101120

Monteiro, D.A., Thomaz, J.M., Rantin, F.T., Kalinin, A.L., 2013. Cardiorespiratory responses to graded 
hypoxia in the neotropical fish matrinxã (Brycon amazonicus) and traíra (Hopliasma labaricus) after 
waterborne or trophic exposure to inorganic mercury. Aquatic Toxicology 140–141, 346–355. https://
doi.org/10.1016/j.aquatox.2013.06.011

Morcillo, P., Esteban,  M.A., Cuesta, A., 2017. Mercury and its toxic effects on fish. Environmental 
Science 4 (3), 386–402. https://doi.org/10.3934/environsci.2017.3.386

Toxicological effects of methylmercury, 2000. National Research Council. The National Academies 
Press, Washington, USA, 364 p. https://doi.org/10.17226/9899

Olsvik, P.A., Azad, A.M., Yadetie, F., 2021. Bioaccumulation of mercury and transcriptional responses in 
tusk (Brosme brosme), a deep-water fish from a Norwegian fjord. Chemosphere 279, 130588. https://
doi.org/10.1016/j.chemosphere.2021.130588

Pal, M., Ghosh, M., 2013. Relationship of methyl mercury accumulation with lipid and weight in two river 
cat fish species, Wallagoo attu and Mystus aor, from West Bengal, India. Environmental Monitoring 
and Assessment 185, 31–37. https://doi.org/10.1007/s10661-012-2530-3

Patil, S.S., Jabde, S.V., 1998. Effect of mercury poisoning on some haematological parameters from a 
fresh water fish, Channa gachua. Pollution Research 17 (3), 223–228.

Ratcliffe, H.E., Swanson, G.M, Fischer, L.J., 1996. Human exposure to mercury: A critical assessment 
of the evidence of adverse health effects. Journal of Toxicology and Environmental Health 49, 221–
270. https://doi.org/10.1080/00984108.1996.11667600

Schäfer, J., Castelle, S., Blanc, G., Dabrin, A., Masson, M., Lanceleur, L., Bossy, C., 2010. Mercury 
methylation in the sediments of amacrotidal estuary (Gironde Estuary, south-west France) Estuarine, 
Coastal and Shelf Science 90, 80–92. https://doi.org/10.1016/J.ECSS.2010.07.007

Sweet, L.I., Zelikoff, J.T., 2001. Toxicology and immunotoxicology of mercury: A comparative review in 
fish and humans. Journal Toxicological Environment Health B 4, 161–205.

Verdier, C., Martinez, L.O., Ferrières, J., Elbaz, M., Genoux, A., Perret, B., 2013. Targeting high-density 
lipoproteins: update on a promising therapy. Archives of Cardiovascular Diseases 106 (11), 601–611. 
https://doi.org/10.1016/j.acvd.2013.06.052



Garina, D.V., 2023. Ecosystem Transformation 6 (3), 86–104.104

Virtanen, J.K., Rissanen,  T.H., Voutilainen,  S., Tuomainen,  T.P., 2007. Mercury as a risk factor for 
cardiovascular diseases.The Journal of Nutritional Biochemistry 18 (2), 75–85. https://doi.
org/10.1016/j.jnutbio.2006.05.001

Wang, M., Wang,  Yu., Wang,  J., Lin,  L., Hong,  H., Wang,  D., 2011. Proteome profiles in medaka 
(Oryziasmela stigma) liver and brain experimentally exposed to acute inorganic mercury. Aquatic 
Toxicology 103, 129–139. https://doi.org/10.1016/j.aquatox.2011.02.020

Yadetie, F., Karlsen, O.A., Lanzen, A., Berg, K., Olsvik, P., Hogstrand, C., Goksoyr, A., 2013. Global 
transcriptome analysis of Atlantic cod (Gadus morhua) liver after in vivo methylmercury exposure 
suggests effects on energy metabolism pathways. Aquatic Toxicology 126, 314–325. https://doi.
org/10.1016/j.aquatox.2012.09.013

Yu, X., Wu, F., Xu, X., Chen, Q., Huang, L. et al., 2019. Effects of short term methylmercury exposure on 
growth and development of the large yellow croaker embryos and larvae.Frontiers in Marine Science 
6, 754. https://doi.org/10.3389/fmars.2019.00754

Zhu, S., Zhang, Zh., Žagar,  D., 2018. Mercury transport and fate models in aquatic systems: A 
review and synthesis. Science of the Total Environment 639, 538–549. https://doi.org/10.1016/j.
scitotenv.2018.04.397


	Influence of chronic intake of small doses of mercury on some biochemical parameters of lipid and pr
	Introduction
	Materials and methods
	Results
	Discussion
	Conclusions
	References
	Список литературы


