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Introduction
Aquatic environments are being polluted with heavy 
metals due to the growing urbanisation and globali-
sation in the last few decades (Zhou et al. 2008, 
Islam et al. 2015, Carolin et al. 2017). In addition, 
according to Díaz et al. (2018), the aquatic ecosys-
tems are more sensitive to heavy metals than the 
terrestrial ecosystems. Heavy metals are non-biode-
gradable and they can easily be accumulated in the 
living organisms, including fish (Sia Su et al. 2013, 
Akter et al. 2014, Ferrante et al. 2017, Dalzochio 
et al. 2017, Strungaru et al. 2018). They also have 

extensive persistence and their ability to biomagnify 
is a serious threat of the food chain (Chourpagar 
et al. 2011, Ezejlofor et al. 2013). Heavy metals, 
such as Cu, Fe and Zn, are essential for fish metabo-
lism while others, such as Pb, Cd and Hg, have no 
known metabolic functions in organisms (Azaman 
et al. 2015). The main sources of Pb exposure in-
clude mining, smelting, lead battery disposal, crys-
tal and ceramic industries. Moreover, Pb toxicity 
induces a wide array of physiological, biochemical, 
histological and behavioural dysfunctions found in 
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laboratory animals, including fish (U.S. Agency for 
Toxic Substances Disease 2007). As for Pb, many 
preventive measures to decrease its presence in the 
environment have been implemented around the 
world, including the introduction of unleaded petrol. 
However, Pb toxicity is still prevalent.

Fish are well known water quality bio-indica-
tors and, thus, they are widely used to monitor vari-
ations in the aquatic environment due to anthropo-
genic pollutants (Łuczyńska et al. 2018). The pos-
sible ways of heavy metal accumulation in fish are 
through direct uptake by water and food and contact 
with polluted sediments (Shesterin et al. 2010). 
Furthermore, heavy metals entering the fish through 
the gills have a chance to get accumulated in dif-
ferent organs and excessive amounts can build up 
to a toxic level (Kumar et al. 2005).Furthermore, 
fish have proven to be useful as sentinel organisms 
which display measurable biological responses (bio-
markers) that vary in proportion to the extent of ex-
posure to contaminants, i.e., changes in health status 
and physiological characteristics and behavioural 
responses of individuals or communities (Gagnon 
& Hodson 2012). According to Sia Su et al. (2013), 
the histological biomarkers are constantly used in 
most toxicological studies because they indicate the 
overall fish health and are important indicators for 
aquatic pollution. As fish gills are in constant contact 
with water, they represent an important target organ 
of dissolved pollutants. The morphological changes 
in the gills can represent adaptation strategies to 
keep some physiological functions or endpoints to 
evaluate the acute and chronic exposure to chemi-
cals found in water and sediment (Omar et al. 2013).

Increasing heavy metal pollution in the aquatic 
ecosystems, especially near industrial areas, neces-
sitates early timely detection, prediction of con-
sequences and possibly prevention. In such condi-
tions, aquatic organisms are often exposed to a mix-
ture of metals rather than a single element (More & 
Ramamoorthy 1984). Water chemical analyses are 
used to establish the nature and concentration of pol-
lutants; however, the information is not sufficient to 
predict the real effects on the aquatic biota due to 
two main reasons: the complexity of the processes 
in the water and the processes taking place in the or-
ganisms. The effects of Pb on fish have been studied 
already for several decades. Some studies have also 
been carried out on the combined toxicity among 
heavy metals (Otitoloju 2003, Cooper et al. 2009). 
However, data from heavy metal interactions (i.e., 
additive, antagonistic or synergistic) between dif-
ferent concentrations of Pb with other heavy metals, 
such as Cd, Ni and Zn, is relatively limited in labora-

tory conditions. In addition, heavy metals may share 
common uptake routes and interact with each other, 
thus affecting uptake, bioaccumulation and toxicity. 
The results of such interactions are highly variable, 
ranging from antagonism to synergism depending 
on the metal, its external concentration and exposure 
scenario, length of exposure, studied species and ex-
amined organs (Norwood et al. 2003). According to 
Alonso et al. (2004), since the toxicity of one metal 
or metalloid can be dramatically modulated by the in-
teraction with other toxic or essential metals, studies 
addressing the chemical interactions between heavy 
elements are increasingly important. Cadmium, Ni 
and Pb are considered priority substances in surface 
waters according to Directive 2013/39/EU. The 
main aim was to study the short-term (96 h) toxic 
effects of single increasing Pb concentrations and its 
interactions with Cd, Ni and Zn on the gills of com-
mon carp. For this purpose, histological biomarkers 
were applied and the degree of expression of each 
histological alteration was determined. 

Materials and Methods
Experimental setup
For the purpose of the experiment nine 100-L wa-
ter tanks were filled in advance with dechlorinated 
tap water (8 test and 1 control tanks). The applied 
metal concentrations are presented in Table 1. The 
metals were applied as nitrate salts because they 
are the most soluble: Pb(NO3)2, Cd(NO3)2x4H2O, 
Ni(NO3)2x6H2O and Zn(NO3)2x6H2O (MERCK). 
Lead stock solution was prepared based on the 
maximum allowable concentration (MAC-EQS) ac-
cording to Directive 2013/39/EU. The other three 
increasing Pb concentrations were prepared from the 
stock solution and were selected according to the ob-
tained results in a preliminary experiment based on 
fish mortality (Table 1). Similarly, in the heavy met-
als mixtures the Pb concentration was 50 µg/L and 
the concentrations of Cd, Ni and Zn were respec-
tively 10, 200 and 3000 µg/L, the highest concentra-
tions at which no mortality was observed. During the 
experiment, the physical and chemical properties of 
the water (pH, conductivity, temperature, dissolved 
oxygen and water hardness) were measured daily 
with a combined filled meter (WTW).

Test animals
Common carps were proposed as test organisms in 
toxicological assays because they can survive and 
accumulate contaminants even at heavily polluted 
sites (Reynders et al. 2008). The fish were pur-
chased from a certified fish farm and transported in 
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special aerated containers to the laboratory on the 
same day. They were of the same size-age group 
(12±2 cm in length and 10.5±3.5 g in weight) and 
without external pathological injuries. After a sev-
en-day acclimatisation, the fish were treated with 
the heavy metals. Ninety-six hours acute bioassays 
were performed, following in general OECD guide-
lines for fish acute bioassays (guideline OECD 203, 
92/69/EC, method C1, see OECD 1993). The experi-
ment was performed in triplicate. During the entire 
duration of the experiment, the fish were maintained 
under a natural light/dark cycle (12:12). They were 
not fed. No fish mortality was recorded.

Histological analysis
Fish dissection was performed according to the pro-
cedures given in the EMERGE Protocol (Rosseland 
et al. 2003). The samples were treated following 

Romeis (1989) and a rotary microtome (Leica RM 
2125) was used. Ten slides for histological examina-
tions from each sample were prepared. The experi-
ment was conducted in accordance with national and 
international guidelines of the European Parliament 
and the Council on the protection of animals used 
for scientific purposes (Directive 2010/63/EU). 
Histochemical alterations in fish gills were observed 
and photographed using Nikon microscope mounted 
digital camera with SETI.

Semi–quantitative scoring
The degree of expression of each alteration was stud-
ied, including the corresponding changes in the gill 
surface in relation to the normal histological struc-
ture. The histological alterations in the gill epithe-
lium were determined semi–quantitatively, using the 
grading system of Pierce et al. (1978) and Zimmerli 

Table 1. Heavy metal concentrations in the test tanks, µg/L.

Heavy metals Pb²+ Pb²+ Pb²+ Pb²+ Pb²+ Pb²++Cd²+ Pb²++Ni²+ Pb²++Zn²+

Test concentration 10 25 50 75 100 50+10 50+200 50 +3000

Table 2. Histological alterations in gills of common carp after single Pb exposure and its combination with Cd, Ni and Zn.

Histological alterations
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Lamellar lifting 0 1 1 1 0 1 1 1 1
Edema 0 1 0 1 0 0 1 1 1
Proliferation of stratified epithelium 0 2 2 2 3 2 0 1 1
Fusion 0 2 2 2 2 2 0 2 1
Proliferation of cartilage tissue 0 2 2 1 2 2 0 0 1
Degeneration of gill epithelium 0 1 1 1 0 1 0 1 1

Vasodilatation of secondary lamellae:

Along the length of blood vessel 0 1 1 2 0 1 0 1 1

At basal part of the blood vessel 0 0 1 1 0 0 0 0 1

At apical part of the blood vessel 0 0 1 1 0 0 1 1 0
Vasodilatation of central venous sinus 0 0 0 1 0 0 2 0 1
Aneurysms 0 0 0 0 0 1 1 1 1

Legend: (0) – no histological alterations which represented normal histological structure; (1) – mild histological altera-
tions; (2) – moderate histological alterations; (3) – severe histological alterations; (4) – very severe histological altera-
tions of the gill surface architecture. Bold – significant differences for the degree of expression for each histological 
alteration between the tested groups. Italic – control group



Fig. 1. Histological alterations in gills of Cyprinus carpio after single Pb exposure, x400, H&E: A – control group; 
B – epithelial proliferation in gills, exposed to 10 µg/L Pb²+; C – proliferation of cartilage tissue in gills, exposed to 25 
µg/L Pb²+; D – vasodilatation in blood vessels of the secondary lamellae in gills, exposed to 50 µg/L Pb2+.

Fig. 2. Histological alterations in gills of Cyprinus carpio caused by combinations of heavy metals, x400, H&E: A – fu-
sion in gills, exposed to Pb²++Ni²+; B – degeneration in gills, exposed to Pb²++Zn²+; C – vasodilatation in blood vessels 
of the secondary lamellae in gills, exposed to Pb²++Ni²+; D – aneurysms in gills, exposed to Pb²++Cd²+.
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et al. (2007), which we combined and modified. Each 
grade represented specific histological characteristics 
and was categorised as follows: (0) – no histologi-
cal alterations, which represented normal histologi-
cal structure; (1) – mild histological alterations; (2) 
– moderate histological alterations; (3) – severe his-
tological alterations; (4) – very severe histological 
alterations in the gill surface architecture.

Statistical analyses
We used Graph Pad Prism 7 for Windows for sta-
tistical analyses. In order to study the differences 
between the degree of expression of each histologi-
cal alteration between the control and treated with 
different metal concentrations groups, Student t-test 
(p<0.05) was applied. This was possible as for each 
degree of expression a numerical value from 0 to 4 
was given. Ten fish from each test group were ana-
lysed. The results are presented as average values.

Results 
The toxic effects, which were observed in the gill 
structure after the exposure to the different increas-
ing Pb concentrations and its combination with Cd, 
Ni and Zn, are presented in Table 2. The histological 
structure of the control fish gills was determined to 
be normal as there were no changes (Fig.1A).

Overall, in the present study the histological 
changes in the common carp gills were classified 
into three main groups: 1) proliferative changes – 
lamellar lifting, edema, gill epithelial proliferation 
covering the filaments and secondary lamellae and 
fusion; 2) degenerative changes in the covering gill 
epithelium; 3) changes in blood vessels – vasodilata-
tion in the main blood vessel and secondary lamellae, 
aneurysms (Figs. 1, 2). From the observed changes 
in the area of the gill epithelium, we found two main 
mechanisms: one to activate cell division processes 
associated with manifestation of proliferative altera-
tions and the other was associated with activation of 
necrobiotic processes and necrosis associated with 
degenerative changes.

Changes like epithelial lifting and edema were 
expressed (to a slight degree) in both types of ex-
posure, to single Pb and to combinations of Pb with 
Cd, Ni and Zn. At the single Pb concentrations, the 
proliferative changes such as proliferation of the 
squamous epithelium and cartilage tissue as well as 
fusion were expressed to a moderate degree (Table 
2, Figs. 1B, C) as compared to the effect of the com-
bination with the other tested metals.

Regarding the degenerative changes, a general 
trend of less pronounced degree of manifestation 

than the proliferative ones was established at both, 
single Pb exposure and its combination with the 
other metals, with a clear difference in the degree of 
proliferation in the gill epithelium, moderate and se-
vere (Table 2, Fig. 2B). This confirmed more active 
inclusion of the compensatory-adaptive mechanisms 
over the necrotic ones. Overall, at single Pb concen-
trations the proliferative alterations prevailed over 
the degenerative. In addition, the predominant mani-
festation of cell division was particularly visual at 
Pb concentration of 75 µg/L, where the proliferation 
of the squamous epithelium was scored as severe, 
while degeneration was completely absent. 

In terms of vasodilation in the secondary lamel-
lae, a variation in the localisation and extent of ex-
pression was observed for both single Pb and com-
bined metal exposures (Table 2, Figs. 1D, 2C). The 
most common variation was manifested at a mild 
degree, with one exception at Pb 50 µg/L (Table 
2). Vasodilatation in the main sinus was expressed 
ata moderate degree only in the combination of Pb 
and Cd. Lastly, aneurysms in the blood system were 
found at a mild degree of expression in all metal 
mixtures, but only at the highest single Pb concen-
tration (Fig. 2D).

We found significant differences between the 
control and fish exposed to Pb 75 µg/L for the de-
gree of expression of proliferation of stratified epi-
thelium (P < 0.05) and between the control and fish 
exposed to Pb 50 µg/L for vasodilatation of second-
ary lamellae (along the length of blood vessel; P < 
0.05). No significant differences were observed for 
the degree of expression of each histological altera-
tion between the different single Pb concentrations 
(10, 25, 50 and 75 µg/L). On the other hand, such 
were observed for the degree of expression of fusion 
and vasodilatation of central venous sinus between 
the fish exposed to Pb2++Cd2+ and Pb2++Ni2+, as well 
as for the degree of expression of vasodilatation of 
the central venous sinus between the control and fish 
exposed to Pb2++Cd2+.

Discussion
According to Aldoghachi et al. (2016), the various 
histological alterations in fish gills are a sensitive 
tool for identifying the effects of heavy metals. In 
the present experiment proliferative alterations, such 
as lamellar lifting and edema, were observed and 
similarly to previous studies (Khan et al. 2011) we 
consider them adaptive changes for the fish survival 
in a metal-polluted environment. Furthermore, we 
agree with Kostić et al. (2017) that epithelial lift-
ing occurs as a response to stress conditions result-
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ing in an increased diffusion distance between water 
and blood. As also stated by Rašković et al. (2013), 
in conditions of reduced oxygen concentration, the 
blood flow increases, which in turns leads to an in-
crease in the level of circulatory alterations, includ-
ing vasodilation. In terms of the metal interactions, 
we observed similar degree of expression of lamel-
lar lifting and edema for all single Pb concentrations 
and its combination with Cd, Ni and Zn. Thus, we 
consider that Pb did not increase its toxicity in the 
applied metal mixtures.

We think that the observed proliferative chang-
es, such as squamous epithelial proliferation, car-
tilage tissue proliferation and fusion, could act as 
protective mechanisms in order to reduce the area 
of vulnerable gill surface. Thus, these mechanisms 
increase the diffusion barrier of the toxicant by pre-
venting its access to the blood stream, which is in 
agreement with Garcia-Santos et al. (2007). In ad-
dition, fusion also serves as a protective mechanism 
for minimising the surface area in the fish gills as 
demonstrated also by Vasanthi et al. (2013). The 
proliferative gill alterations indicated a more active 
cell division at the single Pb exposures. Moreover, in 
the present study for the combined metal exposure, 
these changes were generally less pronounced (Fig. 
2A). We believe this could indicate that the tolerance 
threshold for the metal is likely to increase, resulting 
in the occurrence of compensatory-adaptive mecha-
nisms but to a lesser degree. Moreover, in combina-
tion with Cd, Ni and Zn, Pb toxicity decreases. This 
could be the reason why in such cases fish some-
times show adaptation and survival in natural waters 
polluted with a mixture of toxic metals, most likely 
due to decreasing the toxicity of the metals mixtures.

Our results on the degenerative alterations are in 
agreement with Evans (1987) and Jasim (2017), who 
state that the destruction of gills can disturb the res-
piratory function and osmoregulation, which in turn 
reduces fish swimming activity due to oxygen defi-
ciency and finally, the growth rate. Furthermore, in the 
present study these histological changes occurred in 
the gills at a mild degree, both at single Pb exposures 
and its combination with Cd, Ni and Zn. Similarly, to 
the proliferative alteration, we believe the metal mix-
tures did not lead to increasing Pb toxicity.

In terms of the metal combinations, the prolif-
eration and degenerative processes were equalised. 
Thus, our results confirm similar degree of expres-
sion for the cell division process and necrosis. On 
the other hand, for single Pb exposures the process of 
cell division prevailed over necrosis, which showed 
that the processes were rather compensatory-adap-
tive than degenerative. 

In general, the toxicity of metals in the circula-
tory system was relatively low. Similarly to Vigario 
& Sabóia-Morais (2014), we also consider vasodila-
tation in the main venous sinus as a compensatory 
mechanism for oxygen deficiency, which in our case 
is a result from metal exposures. The observed va-
sodilatation was only expressed at a moderate de-
gree for the combination of Pb with Cd. According 
to Hassan (2011), the action of Cd could strongly 
affect the circulatory system. In the present experi-
ment, vasodilatation could be considered as an indi-
cator for the increasing Pb toxicity in this particular 
metal mixture. Aneurysms were found for all metal 
mixtures at a mild degree. In addition, the degree 
of expression was mainly mild in the combination 
of Pb with all tested metals, which was probably a 
result of increased Pb toxicity due to metal interac-
tions. Aneurysms were found only at the highest Pb 
concentration for the single Pb exposures, which 
was probably dose-dependent. 

Conclusions
In conclusion, the degree of proliferative and degen-
erative changes in the gill epithelium of common 
carp was manifested at a more severe degree for 
the single Pb exposures as compared to those in its 
combination with Cd, Ni and Zn. Furthermore, the 
alterations in the circulatory system showed more 
often equal degree of expression between the single 
and combined Pb exposures. We consider that single 
Pb exhibited higher toxicity and, thus, in combina-
tion with the applied metals, probably entered into 
antagonistic interactions and showed lower toxicity. 
However, in terms of vasodilation and aneurysms, 
such clear metal interactions were not observed. 
Therefore, we strongly suggest that further studies 
in this particular field are needed, in order to better 
study the interactions between metals and toxic ef-
fects of metal mixtures on fish.

Аcknowledegemts: The National program “Young Researches 
and Postdocs, 2018” financed by the Ministry of Education and 
Science, Bulgaria is highly appreciated.

References

Agency for Toxic Substances Disease Registry. 2007. Toxi-
cological Profile for Lead. U.S. Department of Health and 
Human Services, Public Health Service, Atlanta, GA.

Akter M., Sikder T. & Ullah A. K. M. A. 2014. Water quality 
assessment of an industrial zone polluted aquatic body in 
Dhaka, Bangladesh. American Journal of Environmental 
Protection 3: 232-237.



Interactions of Lead with Other Heavy Metals (Cadmium, Nickel and Zinc) in Toxic Effects...

101

Aldoghachi M. A., Azirun M. S., Yusoff I. & Ashraf M. A. 
2016. Ultrastructural effects on gill tissues induced in red 
tilapia Oreochromis sp. by a waterborne lead exposure. 
Saudi Journal of Biological Sciences 23: 634-641.

Azaman F., Juahir H., Yunus K., Azid A., Kamarudin M. K. 
A. K., Toriman M. E., Mustafa A. D., Amran M. A., 
Hasnam C. N. C. & Saudi A. S. M. 2015. Heavy metal in 
fish: analysis and human health – a review. Journal Teknol-
ogy 77 (1): 61-69.

Carolina C. F., Kumar P. S., Saravanan A., Joshiba G. J. & 
Naushad M. U. 2017. Efficient techniques for the re-
moval of toxic heavy metals from aquatic environment: A 
review. Journal of Environmental Chemical Engineering 
5: 2782-2799.

Chourpagar A. R. & Kulkarn G. K. 2011. Heavy metal toxicity 
to a freshwater crab, Barytelphus acunicularis (Westwood) 
from Aurangabad region. Recent Research in Science and 
Technology 3: 1-5.

Cooper N. L., Bidwell J. R. & Kumar A. 2009. Toxicity of 
copper, lead, and zinc mixtures to Ceriodaphnia dubia 
and Daphnia carinata. Ecotoxicology and Environmental 
Safety 72: 1523-1528.

Dalzochio T., Ressel Simões L. A., de Souza M. S., Rodrigues 
G. Z. P., Petry I. E., Andriguetti N. B., Silva G. J. H., 
Gehlen G. & da Silva L. B. 2017. Water quality param-
eters, biomarkers and metal bioaccumulation in native fish 
captured in the Ilha River, southern Brazil. Chemosphere 
189: 609-618.

Díaz E., Pérez D., Acevedo J.D. & Massol-Deyá A. 2018. 
Longitudinal survey of lead, cadmium, and copper in 
seagrass Syringodium filiforme from a former bombing 
range (Vieques, Puerto Rico). Toxicology Reports 5: 6-11.

Directive 2010/63/EU of the European Parliament and of the 
Council on the protection of animals used for scientific 
purposes. Official Journal of the European Union.

Directive 2013/39/EU of the European Parliament and of the 
Council of 12 August 2013 amending Directives 2000/60/
EC and 2008/105/EC as regards priority substances in the 
field of water policy.

Evans D. H. 1987. The fish gill: site of action and model for toxic 
effects of environmental pollutants. Environmental Health 
Perspectives 71: 47-58.

Ezejiofor T. I. N., Udebuani A. C., Ezeji E. U., Ayalogbu E. 
A., Azuwuike C. O., Ezejiofor A. N. & Ngwogu K. O. 
2013. Environmental metals pollutants load of a densely 
populated and heavily industrialized commercial city of 
Aba, Nigeria. Journal of Toxicology and Environmental 
Health Sciences 5: 1-11.

Ferrante M., Pappalardo A. M., Ferrito V., Pulvirenti V., 
Fruciano C., Grasso A., Sciacca S., Tigano C. & Copat 
C. 2017. Bioaccumulation of metals and biomarkers of 
environmental stress in Parablennius sanguinolentus (Pal-
las, 1814) sampled along the Italian coast. Marine Pollution 
Bulletin 122: 288-296.

Gagnon M. M. & Hodson P. V. 2012. Field studies using fish 
biomarkers – How many fish are enough? Marine Pollution 
Bulletin 64: 2871-2876.

Garcia-Santos S., Monteiro S. M., Carrola J. & Fontainhas-
Fernandes A. 2007. Histological alterations in gills of Nile 
tilapia Oreochromis niloticus caused by cadmium. Brazilian 
Journal of Veterinary and Animal Science 59 (2): 376-381.

Hassan W. 2011. The effect of copper and cadmium on oxygen 

consumption of juvenile carp Cyprinus carpio (L.). Meso-
potamian Journal of Marine Science 26 (1): 25-34.

Islam M. S., Ahmed M. K., Raknuzzaman M., Habibullah-
Al-Mamun M. & Masunaga S. 2015. Metal speciation in 
sediment and their bioaccumulation in fish species of three 
urban rivers in Bangladesh. Archives of Environmental 
Contamination and Toxicology 68: 92-106. 

Jasim B. M. 2017. Impact of certain heavy metals on histology and 
physiology of fishes: Interpretative study. Annual Research 
& Review in Biology 19 (6): 1-21.

Khan H. A., Sikdar-Bar M., Kamlesh B., Adil Ahmad W. & 
Ahmed P. 2011. Lead nitrate-induced histopathological 
changes in the gills of African catfish Clarias batrachus. 
Journal of Applied Sciences Research 7 (7): 1087-1092. 

Kostić J., Kolarević S., Kračun-Kolarević M., Aborgiba 
M., Gačić Z., Paunović M., Višnjić-Jeftić Ž., Rašković 
B., Poleksić V., Lenhardt M. & Vuković-Gačić B. 
2017. The impact of multiple stressors on the biomarkers 
response in gills and liver of freshwater breams during 
different seasons. Science of the Total Environment 601-
602: 1670-1681.

Kumar K. A. & Achyuthan H. 2005. Heavy metal accumulation 
in certain marine animals along the East Coast of Chennai 
Tamil Nadu, India. Journal of Environmental Biology 28: 
637-643.

Łuczyńska J., Paszczyk B. & Łuczyński M. J. 2018. Fish 
as a bioindicator of heavy metals pollution in aquatic 
ecosystem of Pluszne Lake, Poland, and risk assessment 
for consumer’s health. Ecotoxicology and Environmental 
Safety 153: 60-67.

More J. W. & Ramamoorthy S. 1984. Heavy metals in natural 
waters. Applied Monitoring and Impact Assessment. New 
York: Springer Verlag New York Inc. 

Norwood W. P., Borgmann U., Dixon D. G. & Wallace A. 
2003. Effects of metal mixtures on aquatic biota: a review 
of observations and methods. Human and Ecological Risk 
Assessment 9: 795-811.

OECD 1993. OECD Guidelines for the Testing of Chemicals. 
Test 203: Fish, Acute Toxicity Test.

Omar W. A., Zaghloul K. H., Abdel-Khalek A. A. & Abo-
Hegab S. 2013. Risk assessment and toxic effects of metal 
pollution in two cultured and wild fish species from highly 
degraded aquatic habitats. Archives of environmental con-
tamination and toxicology 65 (4): 753-764.

Otitolou A. A. 2003. Relevance of joint toxicity evaluations in 
setting realistic environmental safe limits of heavy metals. 
Journal of Environmental Management 67: 121-128.

Pierce K. W., McCain B. B. &Wellings S. R. 1978. Pathology 
of hepatomas and other liver abnormalities in English sole 
(Parophrys vetulus) from the Duwamish river estuary, Se-
attle, Washington. Journal of the National Cancer Institute 
60 (6): 1445-1543.

Rašković B., Jarić I., Koko V., Spasić M., Dulić Z., Marković 
Z. & Poleksić V. 2013. Histopathological indicators: a use-
ful fish health monitoring tool in common carp (Cyprinus 
carpio Linnaeus, 1758) culture. Central European Journal 
of Biology 8 (10): 975-985.

Reynders H., Bervoets L., Gelders M., De Coen W. M. & 
Blust R. 2008. Accumulation and effects of metals in caged 
carp and resident roach along a metal pollution gradient 
in Flanders, Belgium. Science of the Total Environment 
391: 82-95.



102

Todorova К., I. Velcheva, V. Yancheva, S. Stoyanova, P. Dimitrova, S. Tomov & E. Georgieva

Romeis B. 1989. Mikroskopischetechnik. Munchen: Urban und 
Schwarzenberg. 697 p.

Rosseland B. O., Massabuau J. C., Grimalt J., Hofer R., 
Lackner R., Raddum G., Rognerud S. & Vives I. 2003.  
Fish Ecotoxicology: European Mountain Lake Ecosystems 
Regionalisation, Diagnostic and socio-economic evaluation 
(EMERGE). Fish sampling manual for live fish. Norway: 
Norwegian Institute for Water Research (NIVA), 1-7 p.

Shesterin I. S. 2010. Water pollution and its impact on fish 
and aquatic invertebrates. In: Lysenko G., Squires V. & 
Verheye W. H. (Eds.): Interactions: Food, Agriculture and 
Environment. UK: EOLSS, pp. 437.

Sia Su G. L., Ramos G. B. & Sia Su M. L. L. 2013. Bioaccu-
mulation and histopathological alteration of total lead in 
selected fishes from Manila Bay, Philippines. Saudi Journal 
of Biological Sciences 20: 353-355.

Strungaru S.-A., Nicoara M., Teodosiu C., Baltag E., 
Ciobanu C. & Plavan G. 2018. Patterns of toxic metals 

bioaccumulation in a cross-border freshwater reservoir. 
Chemosphere 207: 192-202.

Vasanthi L. A., Revathi P., Mini J. & Munuswamy N. 2013. 
Integrated use of histological and ultrastructural biomark-
ers in Mugil cephalus for assessing heavy metal pollution 
in Ennore Estuary, Chennai. Chemosphere 91: 1156-1164.

Vigário A. F. & Sabóia-Morais S. M. T. 2014. Effects of the 
2,4-D herbicide on gills epithelia and liver of the fish 
Poecilia vivipara. Pesquisa Veterinária Brasileira 34 (6): 
523-528.

Zhou Q., Zhang J., Fu J., Shi J. & Jiang G. 2008. Biomonitoring: 
An appealing tool for assessment of metal pollution in the 
aquatic ecosystem. Analytica Chimica Acta 606: 135-150.

Zimmerli S., Bernet D., Burkhardt-Holm P., Schmidt-
Posthaus H.,Vonlanthen P., Wahli T. & Segner H. 
2007. Assessment of fish health status in four Swiss 
rivers showing a decline in brown trout catches. Aquatic 
Sciences 69: 11-25.

Received: 10.07.2018 
Accepted: 08.11.2018


