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Abstract—This paper is devoted to studying the effect of copper ions on the number and ratio of various sub-
populations and functional properties of cells in the coelomic f luid of the starfish Asterias rubens. The exper-
iments were carried out at the White Sea Biological Station named after N.A. Pertsov of the Faculty of Biol-
ogy of Moscow State University. Starfish were exposed for 96 h to copper chloride (II) in concentrations of
Cu2 + ions 0.78, 1.95, and 3.91 μM in aquariums. The number of coelomocytes was significantly increased
in starfish kept in aquariums with a maximum concentration of copper ions. The distribution of cell subpop-
ulations was also changed. The proportion of small cells increased from 9 to 15.5%, that of agranulocytes
increased from 61 to 75%, and that of granulocytes decreased from 30 to 8.5%. Expression of stress-induced
proteins 70 (HSC70/HSP70) that was determined by Western blot analysis increased in starfish in all exper-
imental aquariums. The viability of the isolated coelomocytes estimated by the absorption of neutral red
(NR) dye increased in starfish in experimental aquariums with copper ion concentrations of 0.78 and 1.95 μM
as compared with the control. However, at the concentration of 3.91 μM, NR absorption drastically
decreased. Taken together, it was shown that A. rubens responded to the exposure to copper (II) ions by
increasing the number of circulating coelomocytes and enhancing the proportion of phagocytes subpopula-
tion. It presumably may serve as a compensatory mechanism in response to the toxic effect of copper (II).
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INTRODUCTION

Pollution of the marine environment with toxic
substances of anthropogenic origin significantly alters
the physicochemical composition of natural waters
and has a negative effect on both individual organisms
and marine ecosystems in general. The problem of
toxic pollutants for living organisms in a marine envi-
ronment and adaptation to their effects, including at
the cellular level, remains relevant. The White Sea (the
inland sea in the north of the European part of Russia)
is of great economic importance due to intense indus-
trial fishing and economic activity in the coastal zone.
The mining industry has a large impact on the White
Sea ecosystem because of the pollution by various
metals (Korshenko, 2015; Chernogaeva, 2017), of
which copper is one of the most toxic. Copper is of
particular interest from the point of view of toxicology,
not only in connection with its high toxicity, but also
because of its high biological activity. It is involved in
a variety of functions in the animal body: regulation of
the functional activity of certain enzymes and affect-

ing metabolic processes, growth, and development of
the whole organism.

A promising object of toxicological studies are rep-
resentatives of the type Echinoderms (Echinoder-
mata). Echinoderms are the oldest representatives of
the Deuterostomia group and are of interest due to
their high environmental importance and wide distri-
bution area. Adult animals are benthic organisms dis-
tributed throughout the whole world ocean. They
populate the seabed from the littoral area to almost
maximum depths. Due to the fact that members of the
Echinoderm type lead a largely sedentary lifestyle and
are one of the final links in many food chains, they are
more subjected to factors of natural (Barbaglio et al.,
2012) and anthropogenic (Falugi et al., 2012) origin.
Echinoderms are phylogenetically close to vertebrates
and have a complex immune system that includes
Toll-like receptors (Smith et al., 2010) and stress-
induced proteins involved in the realization of the
innate immune response (Tsan, 2009). Toxic effects of
pollutants can be studied (Coteur et al., 2003; Ron-
ning, 2005; Poromov, Smurov, 2014) on the biological
material of echinoderms of different levels of organi-
zation (from subcellular to organismic),

Abbreviations: ROS—active oxygen species, LD50—median
lethal dose, NR—neutral red, CF—coelomic f luid.
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As the object of our study, we used Asterias rubens
L., a widespread euryhaline type of starfish. Cellular
elements of coelomic f luid are of particular interest
when studying the adaptation of this group to abiotic
environmental factors. Coelomocytes play an import-
ant role in the regeneration and protective reactions of
echinoderms from various types of injuries and infec-
tions. These cells circulate as part of coelomic f luid
and are capable of phagocytosis of foreign particles
and formation of aggregates in areas of significant
body damage affecting the coelomic channels
(Kozlova et al., 2006). The restoration of the coelo-
mocytes pool when the animal is damaged occurs
quite quickly. Echinoderm cells can be isolated into a
primary cell culture (Sharlaimova et al., 2010) suitable
for toxicity assessment of water-soluble contami-
nants—in particular, metal ions.

Quantitative, qualitative, and functional changes in
the cellular elements of coelomic f luid were monitored
under the influence of various natural and anthropo-
genic factors. The number of coelomocytes increases
in response to injuries, infections, unfavorable condi-
tions (Kozlova et al., 2006). Enhanced number of
amoebocytes (one of the subpopulations of coelomo-
cytes) is observed as a response to parasitic invasions;
It served as the basis for considering this phenomenon
as part of the inflammatory process. Injection of
gram-positive bacteria into the coelomic cavity leads
to an increase in the concentration of only two sub-
populations of amoebocytes, which are the most
active phagocytes (Coteur et al., 2004).

Studies in the Norwegian fjord Sorfjord (Coteur
et al., 2003, 2004) showed that the concentration of
amoebocytes and the release of reactive oxygen species
(ROSs) by cells in a relatively clean and contaminated
areas differed. It has also been found that the forma-
tion of micronuclei in coelomic f luid cells and the
release of ROSs depends on the content of cadmium
(Cd2+) and lead (Pb2+) ions in the environment
(Coteur et al., 2004). Increased ROSs are a marker of
apoptosis and pose a threat to the integrity of amoebo-
cytes, as they change the activity of some macromole-
cules (Guzik et al., 2003).

It is also known that metal ions are able to stimulate
the expression of heat shock proteins (HSP) in marine
organisms (Franzellitti, Fabbri, 2005; Deane, Woo,
2005). Stress-induced heat shock proteins play an
extremely important role in maintaining normal cellu-
lar homeostasis, as well as in a complex mechanism
that ensures cell survival under adverse conditions
(Becker, Craig, 1994; Browne et al., 2007).

In our previous work (Fedyunin, 2018), it was
shown that copper was the most toxic of a number of
tested metals for A. rubens L starfish. Its semilethal
concentration LD50 (at which half of the population
dies) is 0.98 ± 0.16 μM under exposure for 96 h. In our
research, we used sublethal copper concentrations
(0.78, 1.95, and 3.91 μM) that did not kill the entire
CELL AND TISSUE BIOLOGY  Vol. 14  No. 4  2020
experimental group of animals in the course of a 4-day
exposure.

The purpose of this work was to examine the effect
of copper ions in sublethal concentrations on the
number of different types of cells and their ratio in var-
ious subpopulations of coelomic f luid (CG) of starfish
Asterias rubens. We also studied functional indicators
such as lysosomal activity and the content of stress-
induced proteins of 70 kDa (HSC70/HSP70).

MATERIALS AND METHODS
Collection and Maintenance 

of Experimental Animals
Starfish A. rubens were collected near the White

Sea Biological Station Named after N.A. Pertsov,
Moscow State University, Faculty of Biology (Kanda-
laksha Bay of the White Sea). Only intact five-star ani-
mals with a diameter of 10–12 cm were used. Starfish
were kept in glass aquariums with a volume of 20 L at
a water temperature of 15 ± 2°C, salinity of 26 ‰, and
a natural light cycle.

Exposure to Copper Chloride
Copper chloride solution (CuCl2 ⋅ 2H2O)

(Reakhim, Russia) was added to the aquariums to the
copper ion concentration of 0.78, 1.95, or 3.91 μM.
Values that are multiples of environmental standards
(maximum permissible concentrations) were used to
calculate the experimental concentrations of metals
(order of January 18, 2010, no. 20, Moscow, Russia).
The water in the aquariums was changed daily by half,
adding the copper chloride solution to appropriate
concentrations of copper ions in the solution. Coelo-
mic f luid (CF) of starfish A. rubens was taken after
4 days (96 h) of the experiment. The control was
A. rubens starfish kept in the sea water without copper
addition. Water in control aquariums was also changed
daily by half.

CF Isolation
CF was removed with a 1-mL syringe from the tip

of the starfish A. rubens of at least five animals from
each experimental and control aquariums 4 days after
the beginning of the experiment. CF of each starfish
was poured into separate tubes containing an equal
volume of CMFSS saline (0.5 M NaCl (LenReaktiv,
Russia), 0.0026 M KCl (Helicon, Russia), 0.1 M Tris
(Helikcon, Russia), pH 8.0) (Kozlova and et al.,
2006), supplemented with 15 mM EDTA (Helicon,
Russia) (anticoagulant), and placed on ice.

Determination of Cell Number in CF
One hundred microliters of CF were placed in sep-

arate tubes. Ten microliters of 0.6% solution of tolui-
dine blue dye (Diaem, Russia) was added to them. It
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was mixed and kept for 30 min, after which the cells
were counted under a microscope in a Goryaev’s
chamber (Diaem, Russia). The number of coelomo-
cytes was estimated in duplicate in five A. rubens star-
fish from each experimental and control aquarium.

Analysis of CF Cellular Composition
A 200-μL CF was placed in 8% formalin of equal

volume (Neva-Reaktiv, Russia). Cells were fixed for
30 min in 0.5-mL plastic tubes (Eppendorf, Ger-
many). The fixator was washed with distilled water by
centrifugation. The cell pellet was resuspended in dis-
tilled water, dropped to a glass slide pretreated with
polylysine (20 μg/mL), dried for 30 min, and covered
with distilled water for 20 min. Next, the cells were
fixed in methanol for 15 min and stained with 5a %
Romanovsky–Giemsa solution (LenReactiv, Russia)
for 20 min. The excess dye was washed off with dis-
tilled water, followed by dehydration in alcohols in the
sequence of 70 and 96% ethanol, isobutanol, and
xylene as described in (Kozlova et al., 2006) with some
modifications.

The percentage of cells of various types was evalu-
ated in at least five starfish from each experimental
and control aquarium 4 days after the start of the
experiment. In each CF sample, 500 cells were
counted.

HSC70/HSP70 Protein Expression in Coelomocytes 
after Exposure to Copper. Western Blot Analysis

The cell suspension obtained from three starfish
was immediately centrifuged at 1500 g for 10 min at
room temperature

A cell pellet was resuspended in a lysis buffer (1%
PMSF, (Diaem, Russia) and Triton X-100 and 58 mM
EDTA (Helikon, Russia)) and supplemented with a
mixture of protease inhibitors (2 μg/μL of antipain
and leupeptin, 1 μg/μL of aprotinin and pepstatin,
1 mM benzamidine) and homogenized for 10 min on
ice. Cell lysates were centrifuged at 5600 g for 10 min
at 4°C. The total protein in cell lysate supernatants was
determined according to the Bradford method (Brad-
ford, 1976) using a Bradford protein assay kit (Bio-
Rad, United States) according to the manufacturer’s
protocol using bovine serum albumin as a standard.

Cell lysates were subjected to electrophoresis in
polyacrylamide gel plates in the presence of sodium
dodecyl sulfate (SDS) and β-mercaptoethanol
(Helikon, Russia), and 7.5% standard cross-linked
gels (2.7%) were used. Proteins were transferred on
PVDF membranes at 80 V/350 mA in the buffer com-
posed of 25 mM Tris (Helikon, Russia), 180 mM gly-
cine (Reakhim, Russia), pH 8.3, 20% ethanol, and
0.1% SDS for 2.5 h. The filter was rinsed with 7% ace-
tic acid and stained with 0.1% Ponceau S in 1% acetic
acid. Unspecific binding was blocked by filter incuba-
tion for 1 h at room temperature in 5% skim milk solu-
C

tion in TSB-T buffer (20 mM Tris-HCl, pH 7.6,
165 mM NaCl, and 0.05% Tween-20 (Helikon, Rus-
sia).

As the primary antibodies, we used mouse mono-
clonal antibodies to heat shock proteins with a molec-
ular mass of 70 kDa (Hsp70 McAb) (H-5147, Sigma
Chemical Co., United States) at a dilution of 1 : 5000.
These antibodies recognize both inducible (Hsp70)
and constitutive (Hsc70) isoforms of heat shock pro-
tein. The secondary antibodies were antimouse anti-
bodies (IgGs) conjugated to horseradish peroxidase
(Amersham, United Kingdom) at a dilution of 1 :
10000. Incubation with primary and secondary anti-
bodies was performed in TSB-T buffer with skim milk
for 1 h at room temperature. Protein bands were
detected with a chemiluminescent reagent kit (Amer-
sham, United Kingdom) and 3.3-diaminobenzidine
(DAB). Membranes were scanned and the intensity of
chemiluminescence was measured using the Chemi-
Doc system (Bio-Rad, United States) equipped with
Quantity One software, version 4.2.1. Chemilumines-
cence intensity is presented in arbitrary units based on
total analysis of the bands.

Assessment of Coelomocyte Viability

The viability of the isolated coelomocytes of the
starfish A. rubens was estimated using a cytotoxic test
with neutral red (NR) dye (Hauton, Smith, 2004;
Kudryavtsev et al., 2016). The NR test is applied to
evaluate the functional activity of lysosomes in cells
vitro. NR is a cationic dye utilized for intravital stain-
ing of cells due to its selective accumulation in lyso-
somes by passive transport through the cell mem-
brane. Dead cells lose their ability to accumulate neu-
tral red in lysosomes, thereby the intensity of staining
of cells characterizes their viability.

For experiments, the complete culture medium
composed of RPMI-1640 medium (PanEco, Russia)
with NaCl up to 24 ‰, 10% A. rubens serum, 10 mM
HEPES (Diaem, Russia) and 2 mM L-glutamine and
80 μg/mL gentamicin (PanEco, Russia) was prepared.
The working solution of NR (Sigma Aldrich, United
States) at concentration of 40 μg /mL was prepared
immediately before the experiment by adding 10 μL of
the stock solution (5 mg NR in 1 mL DMSO
(Helikon, Russia) to 5 mL of the complete culture
medium, stored until at –20°С). One hundred micro-
liters of cell suspension (3 × 106 cells/mL) was added
to the wells of 96-well f lat-bottom plate (Sarstedt,
United States). Fifty microliters of NR of working
solution, 50 μL of filtered seawater, or an equal vol-
ume of copper chloride solution with a concentration
of copper ions of 0.78, 1.95, or 3.91 μM were added.
Coelomocytes were incubated with NR for 6 h at 10°С
in an atmosphere of 3% СО2.

The wells of the plate washed twice of free dye with
200 μL filtered seawater and supplemented with
ELL AND TISSUE BIOLOGY  Vol. 14  No. 4  2020
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Table 1. Coelomocytes number and survival of starfish A. rubens exposed to metals

aMean value and standard deviations: bA, G, S—agranulocytes, granulocytes, and small cells, respectively; ccompared to control group;
dcompared to control group of the corresponding population. The Mann–Whitney U test was used (n = 5).

Concentration of copper 
ions, μM

Viability, %
Number of live animals

Cell number 
in CF, ×103/μL а

Proportion 
of subpopulations, %b

0 (Control) 100 (20) 16.2 ± 30.8 A: 61 ± 6
G: 30 ± 6
S: 9 ± 1

0.78 100 (20) 38.3 ± 79.3 A: 45 ± 6
G: 48 ± 3 (p = 0.001)г

S: 7 ± 4
1.95 90 (18) 33.9 ± 42.1 A: 74 ± 5

G: 14 ± 3 (p = 0.01)г

S: 11 ± 6
3.91 70 (14) 111.9 ± 108.8

(p = 0.039)c
A: 76 ± 6

G: 9 ± 3 (p = 0.005)d

S: 15 ± 5
100 μL fixative (1% KCl in 0.5% formalin (Neva-
Reaktiv, Russia) in distilled water). NR incorporated
into in the lysosomal and cytoplasmic fractions was
extracted with 1% acetic acid on 50% ethanol. Spec-
troscopy was performed with a BioRad X-mark multi-
channel spectrophotometer (BioRad, United States)
at a wavelength of 570 nm. The results are presented in
units of optical density (OD). Viability was estimated
as the ratio (%) of the OD value in the experiment to
the OD value in the control.

Statistical Analysis

Statistical data processing was performed using the
RStudio package (version 1.0.143). The results are
presented as means value and standard deviations.
One-way variance analysis (ANOVA) was used to
assess the effect of copper ions at various concentra-
tions. Intergroup comparison of quantitative indica-
tors was assayed with the nonparametric Mann–
Whitney U-test. Differences were considered statisti-
cally significant at p ≤ 0.05.

RESULTS

Water Quality Parameters 
and Animal Survival

The water temperature in experimental aquariums
ranged from 13.4 to 15.2°C, the salinity varied from 25
to 26 units of the actual salinity, and the pH of the
water ranged from 8.0 to 8.2. After A. rubens starfish
exposure for 96 h to copper ions at a concentration of
1.95 μM, the death rate was 10%. It increased to 30%
with copper ion concentration of 3.91 μM, (Table 1).
CELL AND TISSUE BIOLOGY  Vol. 14  No. 4  2020
Total Number of Coelomocytes
The initial coelocyte number in CF was 52.7 ±

43.7 × 103 cells/μL (mean 37.7 × 103). After 4 days, the
number of coelomocytes in starfish in the control
aquarium decreased to 16.2 ± 30.8 × 103 cells /μL. At
this period, the average number of coelomocytes in the
experimental aquariums after starfish exposure to cop-
per at maximum concentration 3.91 μM was higher
than in control animals (p < 0.05). The results are
shown in Table 1.

Cell Composition of CF
Microscopic examination of CF cellular composi-

tion revealed different cell morphotypes. (1) Agranu-
locytes (also called “phagocytic amebocytes”), cells of
various shapes without granules with a well-identified
nucleus, up to 7 μm in diameter, and with basophilical
staining. (2) Granulocytes (also called “red spherical
cells” or “red amoebocytes”) up to 7 μm in diameter,
round or oval, stained eosinophilically, granules
stained in a darker color, the nucleus was not identi-
fied. (3) Small cells up to 4 μm in diameter, stained
blue. In starfish maintained in the control aquarium
for 96 h, the amount of agranulocytes was 61%, that of
granulocytes was 30%, and that of small cells was 9%.
A significant difference in cell distribution was
observed between individual starfish. Exposure to
copper increased the proportion of small cells to 15.5%
and agranulocyte number to 76%. The results are
shown in Table 1.

Expression of HSC70/HSP70 Proteins
Analysis of the band intensity on immunoblots for

three starfish from each experimental aquarium
(Fig. 1) showed a significant increase in the expression
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Fig. 1. The level of expression of HSC70/HSP70 proteins in coelomocytes of starfish A. rubens exposed to copper ions in various
concentrations in experimental aquariums. Expression of HSC70/HSP70 has been measured by immunoblotting in triplicate
(three animals from each aquarium) and is presented in arbitrary units. The distribution diagram here and in Fig. 2 includes the
mean, standard error and standard deviation (line, rectangle border and margin error, respectively).
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Fig. 2. Absorption of neutral red (NR) by coelomocytes of starfish A. rubens exposed in the aquarium to copper ions in different
concentrations. NR absorption is given in. optical density units (OD) per 3 × 105 cells.
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level of stress proteins with a molecular mass of 70 kDa
(HSC70/HSP70) with increasing copper concentra-
tion (ANOVA, p < 0.05).

Viability of Starfish Coelomocytes
Cell viability was assayed by the absorption of the

NR dye. Cell staining time was 6 h and was chosen in
the course of preliminary experiments to adapt this
technique for starfish. The results presented in Fig. 2
show that, after 6 h, NR accumulation in the lyso-
somes and in the cytoplasm of intact coelomocytes
increased compared with copper added at a concen-
tration of 0.78 and 1.95 μM. It drastically decreased
with increased copper concentration to 3.91 μM.
C

DISCUSSION

Starfish A. rubens, a widespread invertebrate spe-
cies in seas of northern latitudes which is part of the
sea macrobenthos was used as a model object to assess
the risk of environmental pollution at the subcellular
level. Metals are the main component among a variety
of pollutants in waters of the northeastern Atlantic
Ocean. The population of starfish A. rubens lives in
conditions of increased anthropogenic load, and,
therefore, the question of what subcellular and cellular
mechanisms are associated with the adaptation of
these animals becomes relevant.

Compared with the effect of other metals studied
earlier, the copper even with a slight excess of environ-
ELL AND TISSUE BIOLOGY  Vol. 14  No. 4  2020
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mental standards during the long-term exposure in the
marine environment is toxic and causes the death of
A. rubens (Fedyunin, 2018). Despite the rapid pene-
tration and accumulation of copper ions in the body of
a starfish (Coteur et al., 2003) and their potential cyto-
toxicity at high concentrations in water, the number of
circulating coelomocytes did not decrease in our
experiments. On the contrary, after 96-h exposure. the
amount of cells in all experimental animals increased
by at least twice and by seven times when exposed to
copper at the maximum concentration,. Copper ions
probably activate cell proliferation, which is addition-
ally confirmed by an increased number of small cells,
which are presumably precursor cells (Kozlova et al.,
2006).

The elevated number of agranulocytes may be asso-
ciated both with an increased level of phagocytosis and
participation of cells of this type in the transport of
metals between tissues and to excretory organs. Mass
migration of coelomocytes into the gills, digestive
tract, and other detoxification organs under the influ-

ence of metals (Cd2+, Cu2+, Pb2+) was previously
shown in experiments with mollusks (Soto et al.,
2003). These experiments showed that mollusks can
remove cadmium and copper by binding to specific
proteins, called metallothioneins, as well as by their
incorporation into phagocyte lysosomes.

The altered protein expression in coelomocytes of
starfish A. rubens and NR dye absorption by these cells
in response to copper ion exposure makes it possible to
suggest that adaptation mechanisms based on the
activity of heat shock proteins and increased lysosomal
activity took place. Enhanced expression of proteins of
the HSP70 heat shock family, revealed after 4-day
exposure to copper ions at the concentration up to
1.95 μM, actually shows the response of the body and
its chaperone system to stress.

However, we found that a significant increase in
the total number of CF cells in response to exposure to
copper ions at the maximum concentration 3.91 μM
was accompanied by an increased quantity of small
cells and significantly declined viability of all CF cells.
Moreover, a further increase in the amount of
HSC70/HSP70 protein involved in the implementa-
tion of adaptation mechanisms was not observed. Tak-
ing into account that, at a copper ion concentration
above 1.95 μM, the survival rate of starfish A. rubens
decreases, it can be assumed that this amount of
HSC70/HSP70 is maximum and, when it is reached,
the induction of protein synthesis is blocked.

Enhanced expression of stress-induced proteins
was already observed with low concentrations of cop-
per in the environment. Similar results on the expres-
sion level of stress proteins were reported for starfish
A. rubens collected in areas with different levels of pol-
lution (Coteur et al., 2004).

At high copper concentrations the cell viability is
significantly reduced and increased number of coelo-
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mocytes can be a compensatory mechanism that is
implemented in response to severe stress. Being toxic
to coelomic f luid cells, copper is likely to adversely
affect other organ systems and immune mechanisms
of the animal.

The work performed showed a pronounced cyto-
toxic effect of copper ions on starfish exposed to its
various concentrations. The toxic effect was already
observed at concentrations actually encountered in
the marine environment. The obtained results suggest
that starfish A. rubens at the cellular and subcellular
levels can be used as a bioindicator of the quality of the
marine environment. Thus, animal death and toxic
effects at the cellular level were observed at a copper
concentration of 1.95 μM or higher; however, signifi-
cant changes in cell metabolism were observed at
lower concentrations.

Based on the data obtained, it can be concluded
that the changes that occur in the coelomic f luid of
starfish A. rubens in response to the presence of copper
ions are aimed at reducing the negative effects of
chemical pollution and contribute to the animal adap-
tation to anthropogenic effects.
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