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The aim of the present study was to create a suitable model of the glucose toxicity and elucidate the 
ability of zinc-binding proteins metallothioneins in the crucian carp Carassius auratus to reflect it. For that, 
fish was loaded by three waterborne concentrations of glucose (low (5.55 mM, LC), middle (55.5 mM, MC) or 
high (111 mM, HC)) for 21 days. The level of blood glucose, responses of metallothioneins, oxidative stress, 
DNA instability in the liver, as well as erythrocytes indices, cholinesterase activity in the brain and morpho-
metric variables were evaluated. An increase in blood glucose levels (up to 3–5 times), glycated hemoglobin 
(HbA1c, only by the HC, by 55%), methemoglobin (by two times), oxyradicals (16-57%) and TBARS levels 
(up to 57%), frequency of the micronucleated erythrocytes, DNA fragmentation in hepatocytes, body mass 
and hepatosomatic indices and a decrease in metallothioneins concentration (40-74%), cholinesterase ac-
tivity (~70%), total hemoglobin (by 18%) and red blood cells count (only after HC-treatment, by 47%) were 
detected. The lysosomal membrane stability, evaluated by the neutral red retention time, was affected by all 
studied concentrations of glucose (decreased by 58%). The most prominent changes were observed after the 
HC of glucose. CART analysis revealed the significant splitting parameters for studied group differentiation 
including HbA1c, lysosomal membrane stability and lipid peroxidation. We could consider the crucian carp 
is a useful model organism to perform DM studies and in the future, this fish model can help in mechanistic 
investigations and testing therapeutic interventions under glycemic states.

K e y w o r d s: glucose toxicity, crucian carp, metallothioneins, glycated hemoglobin, oxidative stress, lysoso-
mal membrane stability, micronuclei.

T he growing prevalence of diabetes has been 
increasing steadily all over the world at an 
alarming rate according to irrational nutri-

tion, obesity, sedentary lifestyle and aging [1]. The 
global diabetes expansion in adults aged 20–79 years 
was estimated at 8.8% for 2015 and was predicted to 
rise to 10.4% by 2040 [2]. Developing countries face 
undiagnosed and uncontrolled hyperglycemia (ap-
proximately 50%), which has become the main cause 
of mortality and morbidity. It has been widely recog-
nized that appropriate animal models that familiarly 
resemble the process of diet-induced type 2 diabetes 
are urgently needed for the understanding concepts 
cover biochemical mechanism implicated early in 

the development and progression of the disease and 
how the complications of diabetes develop. Zebrafish 
Danio rerio has similar signs of diabetes mellitus to 
human, such as glycation of hemoglobin, persistent 
hyperglycemia and impaired insulin response af-
ter water-borne glucose treatment [3-5]. Therefore, 
Danio rerio genetic analysis and morphological 
changes usually serve as biomarkers for the late con-
sequences of hyperglycemia. However, the study of 
biochemical responses in this species is complicated 
due to the small size. 

The persistent high glucose concentration in 
diabetes provokes glycosylation of amino groups 
of biopolymers and subsequently forms advanced 
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glycation end-products and pro-inflammatory mole
cules, oxidative stress and metabolic changes. It has 
been proven that oxidative stress is closely related to 
the mechanism of the oppression of insulin synthesis 
and secretion, which is the main causation of glucose 
toxicity and promotes cellular damage [6]. High glu-
cose concentrations after in vitro exposure intensi-
fied lipid peroxidation, oppression of human erythro-
cyte enzymes, loss of glutathione and increase in the 
GSSG/GSH ratio [7]. Generation of ROS in diabetes 
seems to be directly linked to chronic hyperglyce-
mia and should provoke chromosomal instability. 
Unfortunately, a little attention has been devoted to 
evaluating the effects of hyperglycemia and glucose 
toxicity in fish [8], despite fish farming species are 
fed with carbohydrate-rich diet as a low-cost food 
which allows to reaching desired mass within a short 
time, but provokes hyperglycemia [9].

Metallothioneins (MTs) are the family of mul-
tifunctional proteins which could serve for both 
detoxification and buffering of metal ions and 
scavenging of a wide range of free radicals including 
hydroxyl radical and peroxynitrite [10, 11]. Various 
agents, such as metals, organic xenobiotics, stress 
hormones and cytokines can affect MT gene ex-
pression and synthesis. MTs as the redox-sensitive 
adapter proteins could release Zn2+ from metal-thi-
olate clusters in response to the pro-oxidant milieu 
and oxidative damage [12], a status often found in 
the tissues of diabetic patients, obviously reflecting 
persistent hyperglycemia [13]. Due to the involving 
of Zn2+ in the insulin functionality, the Zn-binding 
activity of MTs could be important for the carbohy-
drate metabolism [14]. It has been expected that pa-
tients and diabetic animals with reduced MTs func-
tional activity might be more susceptible to oxidative 
injury and hyperglycemia. In opposite Zn-induced 
MT synthesis in murine models prevented chemical 
streptozotocin-induced diabetes and significantly 
prevented diabetes-induced cardiomyopathy [15].

With the aim to create a model for the study of 
early biochemical responses to hyperglycemia in fish 
and their corrections, we develop a new model sys-
tem that offers several advantages to study molecu-
lar and cellular events when hyperglycemia occurs. 
Fish crucian carp, Carassius auratus, Cyprinidae 
is a widely distributed European species pertain to 
farm fish cluster and characterized by unique car-
bohydrates metabolism. It has high liver glycogen 
concentrations above 1500 µmol g-1 liver and con-
sequently extremely high anoxic-tolerance [16]. It 

has shown the similarity of response to different 
stressors to high vertebrate model [17, 18]. Therefore, 
the aim of this initial study was to investigate the 
fluctuation patterns of red blood cells, stress-respon-
sive systems and cytotoxicity parameters in crucian 
carp in response to waterborne glucose treatment. 
Moreover, we investigated potential differences in 
the pattern of stress-induced hyperglycemia in a 
concentration-dependent manner.

Materials and Methods

Chemicals. All chemicals were purchased from 
Sigma Aldrich (St. Louis, USA) or Merck (Synbias, 
Kyiv, Ukraine), and were of the analytical or higher 
grade.

Experimental exposures. The experiments were 
carried out in December of 2017. Adult crucian carp 
Carassius auratus (15-18 cm long and 180-240 g 
weight) were collected from the fish farm which is 
located in the pristine site (49°49′ N, 25°23′ E). Fish 
were transported to the laboratory in 60 L cages with 
aerated native water (dissolved oxygen concentration 
was 8.7 ± 0.5 mg·l-1). Experiments were performed 
in accordance with the national and institutional 
guidelines for the protection of animal welfare and 
approval of the Committee on the Bio-Ethics at Ter-
nopil V. Hnatiuk National Pedagogical University 
(No 2/5.09.2017). 

Fish were acclimated in aerated, softened tap 
water and fed throughout the experiment with com-
mercial food (21% of protein, Aquarius, Ukraine). 
After seven days of preliminary acclimation, fish 
were randomly distributed into four groups (10 in-
dividuals per group). One group was exposed to 
the aquarium water without any addition and was 
considered control (C). Other groups were exposed 
to 5.55 mM (LG), 55 mM (MG) and 111 mM (HG) 
glucose during 21 days. The selected concentrations 
were in the range proposed by Capiotti et al. [3] for 
water-borne glucose exposure of Danio rerio.

The water quality parameters were: tempera-
ture 17 ± 1 °C, pH 7.3 ± 0.2, CaCO3 86.8 ± 1.0 mg·l-1, 
dissolved oxygen concentration 8.7 ± 0.5 mg·l-1, am-
monia (NH3/NH4

+) and nitrite concentrations below 
0.1 mg·l-1. There was no mortality of fish during the 
performed experiments. 

After the exposure, fish were anesthetized by 
clove oil, the whole blood was collected from the 
heart, and plasma was immediately separated by 
centrifugation of the heparinized blood at 10,000 g 
for 10 min. For serum preparation, whole blood 
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was allowed to clot and centrifuged for 10 min at 
1500 g. Glucose concentration in blood serum was 
determined with a diagnostic kit (Erba-Lachema, 
Ukraine) according to the manufacturer’s instruc-
tions. The liver and brain were removed after killing 
of fish, drained with filter paper and weighed. The 
Hepatosomatic Index (HSI) was calculated as the 
ratio: drained mass of liver/total body mass×100. 
Also, Body Mass Index (BMI) was calculated as the 
ratio: total body mass/length (kg/m2). For each bio-
chemical analysis, 8 samples were used. The tissue 
samples were kept at –40 °C until analyses. Hepatic 
and brain tissues were homogenized (1:10 w:v) in 
0.1 M pH 7.4 phosphate buffer containing 100 mM 
KCl, 1 mM EDTA and 0.1 mM PMSF to inhibit pro-
teolysis. Homogenization was carried out at 4 °C 
using 12–15 strokes of a motor-driven Teflon Potter-
Elvehjem homogenizer and centrifuged at 6,000 g 
for 10 min at 4 °C. Protein concentration in the su-
pernatant was measured by the method of Lowry et 
al. [19] using bovine serum albumin as a standard. 

Quantification of stress-related parameters. 
Metallothioneins (MTs) were determined in the liver. 
The level of MT-related thiols (MT-SH) was measu
red after ethanol/chloroform extraction with DTNB 
as described by Viarengo et al. [20] and calculated 
by assuming the relationship: 1 mol MT-SH = 20 mol 
GSH and expressed as µg of MTs per gram of fresh 
weighted (FW) tissues.

Oxyradical formation in tissue (1:10, w/v) ho-
mogenates was determined by a signal of non-fluo
rescent dye dihydrorhodamine which is converted 
to the fluorescent derivative rhodamine-123 in a re-
action with the reactive oxygen species [21]. Probe 
fluorescence signal was detected by using fluores-
cence plate-reader [excitation (ex.) = 485 nm, emis-
sion (em.) = 538 nm] immediately, and in 20 min.

Lipid peroxidation (LPO) was determined in 
the soluble fraction of liver tissue homogenate by the 
production of thiobarbituric acid-reactive substan
ces (TBARS) [22]. A molar extinction coefficient of 
1.56·105 M-1·cm-1 was used.

Assays of cytotoxicity. DNA damage was 
evaluated by the levels of protein-free DNA strand 
breaks in the liver by the alkaline DNA precipita-
tion assay [23] using Hoescht 33342 dye. To reduce 
the possible interference with traces of SDS, the as-
say was carried out in the presence of 0.4 M NaCl, 
4 mM sodium cholate, and 0.1 M Tris (pH 9). Probe 
fluorescence signal was detected by using f-max 
fluorescence plate-reader (excitation = 360 nm, emis-
sion = 450 nm). 

Nuclear lesions were determined by the fre-
quency of the erythrocytes with micronuclei (MN). 
The suspension of erythrocytes, obtained from each 
fish, was spread on a slide, transferred to a lightproof 
humidity chamber for 15 min to allow cells to at-
tach. Cells were then fixed in methanol/acetic acid 
(3/1), stained with 5% Giemsa and mount in Canada 
balsam. The stained slides were analyzed under the 
light microscope (Olympus BX40) at a final 1000 × 
magnification. In total, 2000 cells were scored in 
each specimen studied [24]. A frequency of micro-
nuclei was assessed and expressed per 1,000 cells. 

Stability of the lysosomal membranes was de-
termined by the Neutral Red Retention (NRR) as-
say [25]. The lysosomal fraction was separated from 
liver tissue according to Nazar et al. [26]. Lysosomes 
were monitored under oil immersion at 1,000 x mag-
nification. Observations for NRR were recorded at 
5 min intervals. The NRR time was estimated as the 
time at which 50% of lysosomes released the accu-
mulated neutral red dye (ET50).

Cholinesterase (ChE, EC 3.1.1.7) activity was 
determined in the brain as the acetylthiocholine-
cleaving ChE activity at 25 °C according to the 
colorimetric method of Ellman et al. [27]. Enzyme 
activity was calculated using a molar extinction co-
efficient of 13.6·103 М-1·сm-1 and standardized to the 
soluble protein content. 

Statistical analysis. For all studied parame
ters and all experimental treatment groups, the 
sample size was eight. The data are presented as 
means  ±  standard deviation (SD) unless other-
wise indicated. Data were tested for normality and 
homogeneity of variance by using Kolmogorov-
Smirnoff and Levene’s tests, respectively. Whene
ver possible, data were normalized by Box-Cox 
common transforming method. For the data that 
were not normally distributed, non-parametric tests 
(Kruskall–Wallis ANOVA and Mann–Whitney U-
test) were performed. The classification tree based 
on all studied traits was built using Classification 
and Regression Tree (CART) software using raw 
(non-transformed) data. All statistical calculations 
were performed with Statistica v. 12.0 and Excel for 
Windows-2013. Differences were considered signifi-
cant if the probability of Type I error was less than 
0.05.

Results and Discussion

Blood parameters. The results showed (Fig. 1) 
that the immersion in all glucose solution tested 
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(Fig. 1, A) promoted up to a 3–5 times increase in 
blood glucose levels tenuously depending on studied 
concentration (F(3; 23) = 5.4, p < 0.05) when compare 
to the control group. Also, glucose treatment was 
able to cause an increase in glycated hemoglobin 
(HbA1c), but only by the highest acute concentration 
(by 55%) and methemoglobin with LG group excep-
tion (by two times), while the total hemoglobin was 
decreased by all studied concentrations (by 18%). 
Red blood cells (RBC) count remained stable only in 
LG group. At medium concentration loading, RBC 
increased (by 53%), but at high concentration they 
dramatically, two-fold, decreased.

Morphometrical indices. So as to know that 
treatment with glucose was causing overweight and 
fatty liver disease which are highly prevalent in type 
2 diabetes mellitus, we determined the BMI and HIS 
indices and obtained results demonstrated that the 
treatment with glucose was able to increase total 
mass of animal and, particularly in concentration-
dependent manner (F(3; 23) = 12.3, P < 0.01) mass of 
liver (Fig. 2).

Stress-relating responses. The evaluation of 
the oxidative stress indices in the crucian carp liver 
revealed quite similar, concentration-dependent pat-
tern in oxyradicals formation and TBARS levels 

Fig. 1. Effects of experimental exposures to glucose in low (LG, 5.55 mM), medium (MG, 55 mM) and high 
(HG, 111 mM) concentration on blood parameters of fish Carassius auratus. A – glucose concentration, 
B – red blood cells count; C – hemoglobin concentrations; D – methemoglobin concentrations; E – glycated 
hemoglobin (HbA1c) concentrations. Data are presented as means ± SD, n = 8. Here and on the Figures 2-4, 
the columns that share the same letters indicate the values that are not significantly different (P > 0.05)
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(Fig. 3). The elevated glucose concentration in-
creased linearly the level of lipid peroxidation, as 
well as oxyradical level with one exception, namely 
the lower TBARS concentration in the LG group.

The MTs concentration in the crucian carp liver 
was decreased in each treated group, particularly by 
lower glucose concentration (by 74%). 

Toxicity of exposures. The animals loaded with 
glucose had a higher frequency of the erythrocytes 
with micronuclei and higher DNA fragmentation in 
hepatocytes when compared with control (Fig. 4), 
but no dependence on the concentration was dis-
closed. The lysosomal membrane stability was also 
affected by all studied concentrations of glucose (de-
creased by 58%). 

Besides, the loading by glucose led to the ChE 
activity inhibition (Fig. 4), that was not related to 
concentration (F = 182.1, P < 0.001).

Data integration. The PCA analysis with the 
NIPALS algorithm of the biological traits reveals 
concentration-specific distinctions in the biomarker 

response to glucose (Fig. 5, A). Principal component 
analysis showed that 72.5% of the variation in the 
studied traits was explained by the first two princi-
pal components (PC 1 and 2) (Fig. 5, A). C and LG 
groups had similar loadings on Factor 1 and 2 oppo-
site to the loadings of the two heavily glucose treated 
groups, namely MG- and HG. Control group reflec
ted by MTs, NRR, Hb and ChE activity, and they all 
were explained by PC1 and had high loadings (≥0.6), 
the LG group was conjoint only to RBC count. No 
particular parameter was associated with the MG 
group, whereas HG group was associated with a 
set of markers, among them DNA fragmentation, 
methemoglobin, HbA1c and TBARS.

CART analysis utilized to identify the primer 
splitting parameter for each group resulted in a tree 
with three splits and four terminal nodes (Fig. 5, B). 
The first branch on the tree distinguished untreated 
(C group) and glucose-treated (HG) animals based 
on the higher level of the HbA1c in this group. On 
the next separating stage, the splitting indices were 

Fig. 2. Effects of experimental exposures to glucose on morphometrical indices of fish Carassius auratus. 
A – body mass index (BMI); B – hepatosomatic index (HI). Data are presented as means ± SD, n = 8
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Fig. 4. Cytotoxicity markers in the blood (A), liver (B, C) and brain (D) of crucian carp, exposed to glucose 
in different concentrations. A – micronuclei frequency, B – neutral red retention time, C – DNA strand break, 
D – cholinesterase activity. Data are presented as means ± SD, n = 8
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Our study has revealed some remarkable pecu-
liarities of crucian carp response to water-borne glu-
cose treatment. Unfortunately, not much is known 
about glucose tolerance in low vertebrate, and there-
fore, we could not collate our results with a similar 
one in fish. There is the reason why we have empha-
sized the information concerning high vertebrates 
and human.

We have justified the association between an 
RBC count and impairment of glucose tolerance 
in crucian carp. The RBCs are unambiguously de-
termined as the first cells which are tackled with 
excess amount of glucose and affected in diabetes, 
before progression of other diabetic complications 
[28, 29]. The opposite responses of RBC count in 
HG and MG groups could be explained by different 
grade of stress response to excess amount of glucose. 
Obviously, at low and medium glucose concentra-
tion, fish switch adaptive mechanisms on and try to 
tackle deleterious effects of glucose on RBC (among 
them increased membrane rigidity and decreased 
cellular deformability) and possible tissue hypoxia 

[28, 29] and elevate the RBC count. But after exceed 
of adaptation limit, increased glycosylation of RBC 
membrane proteins and decreased mean corpuscu-
lar hemoglobin concentration are appeared [30, 31]. 
Some pieces of evidence support this hypothesis. It 
has been shown that red cell count is increased in the 
diabetes precursor states of IGT/IFG. Also, there is a 
clear relation between hematocrit and blood viscosi
ty and subsequent development of type 2 diabetes 
in a population-based, middle-aged cohort including 
men and women [32]. But severe diabetes both in 
animal and human are accompanied by the lower 
level of RBC [33] and anaemia [34].

Levels of glycated hemoglobin have been re-
ported in a wide range of high vertebrate animals 
[35, 36], and recently in some low vertebrate, among 
them sharks, some of Cyprinidae fish and frog. 
HbA1c is a valuable indicator of long term glycae-
mia in diabetes mellitus and is considered to be the 
“gold standard” for the evaluation of mean glyce-
mic control in human. However, some mismatches 
between HbA1c and mean blood glucose as well as 
red blood indices have been noticed [37] and they 
should evoke from alterations in RBC survival. In 
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A

B

Fig. 5. Integrative analysis of the studied biological traits in crucian carp Carassius auratus from different 
treatment groups. A – results of the principal component analysis with NIPALs algorithm; B – results of the 
classification and regression tree analysis 
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the present study, water-borne glucose exposure sig-
nificantly increased the HbA1c in crucian carp blood 
only after the highest concentration. Meanwhile, we 
have had evidence of hyperglycemia and signs of 
impaired glucose tolerance in LG and particularly 
in MG group which related to lysosomal membrane 
destabilization and micronuclei appearance, which 
were in the same range with HG group. Obviously, 
HbA1c is not suitable for the early-warning diagno-
sis of hyperglycemia in crucian carp, but it is valuab
le for justifying the severe hyperglycemia and glu-
cotoxicity. HbA1c is the very parameter which has 
split MG and HG groups in CART analysis (Fig. 5).

Lysosomes are incorporated in numerous ac-
tions, including autophagy, cell death, endocyto-
sis, phagocytosis etc. Many of these activities are 
governed by the function of acid hydrolase enzymes 
within the lysosome that can degrade biopolymers, 
lipids or cellular debris. Hexosaminidase A is a lys-
osomal enzyme that converts GM2 ganglioside to 
G3M by removing an N-acetyl- glucosamine residue 
and takes part in the regulation of insulin sensitivity 
[38]. There is evidence that lysosomal functions are 
altered in diabetes mellitus in high vertebrate and 
human [39]. It has been disclosed differential expres-
sion in lysosomal-related genes in the hippocampi 
of a db/db mouse model of type 2 diabetes [40]. 
Also the expression of aspartyl lysosomal protease 
namely cathepsin D increased in serum and leuco-
cytes of type 2 diabetes patients [39] and in both the 
cortex and hippocampus in T2D db/db mice [41]. 
Our findings, related to the remarkable increase in 
lysosomal membrane permeability after induced 
hyperglycemia, are consistent with reported above 
records for human and high vertebrate, and as far 
as we know, it is the first attempt at Cyprinidae fish. 

Metallothioneins (MTs) are a group of small 
intracellular metal-binding and cysteine-enriched 
proteins. Functionally, MTs predominantly act as 
the metal-buffering and metal-detoxification pro-
teins, but also they should scavenge reactive oxygen 
species and protect cells and tissues from oxidative 
damage [10, 11]. They are transcriptionally induced 
by various transition metals, steroid hormones, 
cytokines, interleukins, prooxidants according to 
three responsible elements in the promoter of the 
MT genes namely MRE, GRE and ARE [10]. It has 
recently been noted that the MTs are required for 
normal physiological function of pancreatic β-cells 
[15]. Moreover, MTs are capable of preventing diabe-
tes development in a wide range of diabetic models, 

both for type 1 and type 2 diabetes [15] and, as a 
potent antioxidant, MTs have been proven to protect 
humans and animals against diabetic complications, 
among them diabetic nephropathy and cardiomyopa-
thy and subsequent other pathogenesis [42]. 

Our results justified that the MTs level has de-
creased in all studied groups, consistent with an in-
crease in blood glucose (r = –0.75, P < 0.001) and 
reactive oxygen species (r = –0.40, P < 0.05). The 
bivariate relationship is expressed by the regression 
equation: MT = 73.5 – 6.75×Glucose* + 0.63×Oxy-
radicals* (R2 = 0.6, F(2,29) = 24.27, P < 0.000), *the 
indicator makes a plausible contribution to the statis-
tical model. Thus, an increase in the content of MTs 
at higher glucose concentrations compared with low 
concentrations can be regarded as overlaying the ef-
fects of hyperglycemia and enhancing peroxidation 
processes in the cell. Our results concerning hepatic 
MTs down-regulation in crucian carp after 21 days 
of water-borne glucose treatment, are in a good cor-
relation with results presented by Bellomo et al. [43]. 
They also have shown that Mt-1 and Mt-2 mRNA 
in mouse pancreatic β-cells significantly decreased 
after 16.7 mM glucose, but the mechanism remained 
concealed [43]. The possible mechanisms of MTs 
down-regulation in crucian carp will be further elu-
cidated in future studies.  

High glucose is known to cause oxidative stress 
[44]. It was confirmed in our model study by the 
evaluation of oxyradicals level and TBARS. Mean-
while, TBARS has been determined according to 
CART (Fig. 5) as a powerful parameter to distin-
guish low- and media-glucose treatment of crucian 
carp. Just as some findings had proved that MTs can 
attenuate oxidative stress which is arising in hyper-
glycemia, our results pointed out that crucian carp 
MTs were unfit in the present model due to signifi-
cant decreasing. In sum, all these changes together 
resulted in the cytotoxicity. 

Micronuclei (MN) assay, as a biomarker of ef-
fects, is very useful for evaluating the effects of a 
wide range of mutagenic and carcinogenic factors, 
among them toxic chemicals (both inorganic and or-
ganic), ionizing radiation, non-point environmental 
pollution and dietary on chromosomal stability. This 
assay has been successfully applied either for verte-
brate and invertebrate animals or human [17, 18, 45-
47]. MN represent fast genetic damage arising from 
both aneugenic and clastogenic mechanisms [45]. It 
is now well-established that MN mainly originates 
from acentric chromosome fragments, acentric chro-
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matid fragments or whole chromosomes that fail to 
be included in the daughter nuclei [45]. It was shown 
that in type 2 diabetes patients, the frequency of MN 
in peripheral blood lymphocytes increased signifi-
cantly with the duration of diabetes [48] and it was 
in good agreement with elevated glycosylation of 
haemoglobin [49]. Our outcomes indicated that after 
water-borne glucose treatment the frequency of MN 
in crucian carp erythrocytes increased significantly, 
but wasn’t dependent on the applied concentration. 
This could testify that genomic instability in crucian 
carp caused by hyperglycemia is not affected by the 
worsening of the pathology. Obviously, the lower 
repair ability of DNA double-strand breaks, which 
we have seen in the crucian carp hepatocytes, leads 
to chromosome aberrations or deletion mutations 
through unrepaired and misrepaired DNA double-
strand breaks, and should be linked to a higher yield 
of micronuclei and the severe injury of animals. 
Moreover, parameters of oxidative injury conjoin 
with micronuclei formation and DNA fragmentation 
in PCA (Fig. 5) which proves the oxidative nature of 
genomic instability in crucian carp after acute glu-
cose treatment.

It has been established that diabetes mellitus 
and hyperglycemia in high vertebrate affect the 
neural system and can impair cognitive functions. 
Some explorations have shown the mutual relation 
between hyperglycaemia and malfunction on neuro-
transmission systems, among them cholinergic [50]. 
It has been proven an increase in acetylcholineste
rase (AChE) mRNA levels and AChE activity in 
murine and Danio rerio fish diabetes models [4, 51]. 
One putative mechanism for glucose neurotoxicity 
is oxidative stress, which is step forth by glucose 
through a combination of free radical expression and 
diminished free-radical scavenging [52]. Сell dama
ge from oxidative and nitrosative stress triggers 
DNA lesions, which then activates the nuclear en-
zyme poly(ADPribose) polymerase. This could give 
rise to cell dysfunction and death, as has been shown 
in Schwann cells [52]. Nevertheless, we have shown 
contradicting ChE response pattern to reported in 
murine and zebra fish, ChE inhibition in glucose-
treated crucian carp, as the well-known sign of neu-
rotoxicity, was in a good correlation with oxidative 
stress and genotoxicity according to PCA (Fig. 5).

Summarizing, in this study we found concen-
tration-specific changes in crucian carp blood glu-
cose, morphometrical indices and molecular stress-
response systems due to exposure to glucose. We 

infer from our study that in general the glucose treat-
ment impaired glucose tolerance in cyprinidae fish 
and was able to affect their red blood cells, provoke 
oxidative stress, down-regulate metallothioneins and 
cause cyto- and genotoxicity. The high glucose toxi
city additionally related to increasing of hemoglobin 
glycation (HbA1c) and erythropenia. In conclusion, 
our study provides valuable data about the response 
of alternative model of diabetes mellitus namely 
crucian carp to long-term elevated glucose levels. 
Despite the distinction from reported human type 
2 diabetes model responses of metallothioneins and 
cholinesterase, these sensitive indices merit deeper 
investigation as probable markers of glucose over-
loading in fish. Crucian carp is suggested to be a 
valuable model for future study to target and test 
therapeutic interventions.
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Carassius auratus як нова 
модель для дослідження 
гіперглікемічних станів
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Метою роботи було створення альтерна-
тивної моделі для дослідження гіперглікемічних 
станів карася (Carassius auratus) та з’ясування 
можливості використання протеїнів металотіо
неїнів як показників цієї моделі. Вивчали вплив 
на Carassius auratus трьох концентрацій глюко-
зи: низька (5,55 мМ, НК), середня (55,5 мМ, СК) 
або висока (111 мМ, ВК) протягом 21 доби. Ви-
значали рівень глюкози крові, стан металотіонеї
нів, показники окисного стресу, фрагментації 
ДНК в печінці, а також показники еритроцитів, 
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холінестерази в мозку та морфометричні по-
казники. Показано, що під час експерименту в 
риб збільшувався рівень глюкози в крові (у 3-5 
разів), глікозильованого гемоглобіну (HbA1c, 
тільки за впливу ВК, на 55%), метгемоглобіну (у 
два рази), оксирадикалів (16-57%) і рівень ТБК-
АП (до 57%), частота присутності мікроядер в 
еритроцитах, фрагментація ДНК у гепатоцитах, 
індекс маси тіла та гепатосоматичний індекс, а 
також зменшувалась концентрація металотіонеї
нів (40-74%), холінестеразної активності (~70%), 
загального гемоглобіну (на 18%) і кількості ери-
троцитів (тільки за впливу ВК, на 47%). Стабіль-
ність лізосомальних мембран зменшувалася у 
всіх експериментальних групах (~58%). Найпо-
мітніші зміни спостерігалися за впливу високої 
концентрації глюкози. Побудова класифікацій-
ного дерева (CART аналіз) дозволила виявити 
набір найвагоміших показників для диференціа
ції груп, до якого належать HbA1c, стабільність 
лізосомальних мембран та пероксидне окислен-
ня ліпідів. Зроблено припущення, що карась 
може бути зручною моделлю для дослідження 
діабету і тестування препаратів за глікемічних 
станів.

К л ю ч о в і  с л о в а: токсичність глюкози, 
карась, металотіонеїни, глікозильований гемо-
глобін, окисний стрес, стабільність лізосомаль-
них мембран, мікроядра. 
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