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Abstract. Traditionally, the risk assessment of pollution and changes in marine ecosystems was 
based mainly on physicochemical analysis of environmental samples or contents of pollutants in 
sentinel marine organisms while the specific biological effects on the organisms themselves remained 
underestimated. More recently, a number of biomarkers and also multi-biomarker approaches were 
used to assess ecosystem health and identify impacts of environmental stress on organisms. The aim 
of the present study was to estimate the pro/antioxidant status in the gills, hepatopancreas and foot 
of specimens of M. galloprovincialis from different sites of the Bulgarian Black Sea coastal area 
by assessment of lipid peroxidation, glutathione levels and the activities of antioxidant enzymes 
catalase, superoxide dismutase, and glutathione peroxidase, as well as the glutathione reductase 
and glucose-6-phosphate dehydrogenase. All tested tissues were susceptibile to oxidative stress 
(OS). The studied indicators varied among organs and sites. In order to estimate the overall effect 
of the marine environment on the studied mussels we constructed a Specific Oxidative Stress in-
dex (SOS) which is based on a new algorithum for interpreting the OS biomarkers. The proposed 
methodology can be successfully used to screen the state of the coastal marine environment using 
M. galloprovincialis as indicator. 
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AIMS AND BACKGROUND

Anthropogenic pressure on marine ecosystems is getting more and more significant 
and the Black Sea makes no exception1. Traditionally, the risk assessment of pol-
lution and changes in marine ecosystems was based mainly on physicochemical 
analysis of environmental samples or contents of pollutants in sentinel marine 
organisms2 while the specific biological effects and responses of the organisms 
themselves remained underestimated. More recently, a number of biomarkers were 
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used to evaluate effects of exposure to chemical contaminants and responses to 
environmental stress, including also multi-biomarker approaches2–4. However, 
exploration of large datasets by environmental managers represents a major 
challenge for regulatory application of this tool3. Thus, more simple methods are 
needed to integrate biomarker responses in biomonitoring programs and simplify 
their interpretation.

The adaptive response of marine organisms to environmental changes can be 
expressed at the cellular level through changes in their pro/antioxidant status. The 
disruption of the fine balance between the pro- and antioxidant processes (known 
as oxidative stress (OS)) can be induced by a huge variety of ecological pressures 
(including pollution, climate changes, etc.). Benthic organisms, in particular bi-
valves, represent a reliable model for such assessment5.

The aim of the present study was to estimate the pro/antioxidant status in speci-
mens of M. galloprovincialis from different sites of the Bulgarian Black Sea coastal 
area and to evaluate the potential of OS levels to indicate stressful environmental 
conditions and thus, its possible application in environmental monitoring programs.

EXPERIMENTAL

Specimens. Specimens of M. galloprovincialis (4.9–6.0 cm length) were gathered 
manually by diving from 7 sites along the south coast of the Bulgarian Black Sea 
aquatory (Fig. 1) in June (2018). The mussels were transferred in containers with 
sea water. Every mussel specimen was dissected and the digestive gland, gills and 
foot were excised. The individual tissues were frozen in liquid nitrogen and stored 
at –80ᵒC until biochemical analysis.

Tissue preparation. The separate tissues were homogenised in 1:5 (w/v) 100 mM 
KH2PO4/K2HPO4 buffer (pH 7.4). Homogenates were centrifuged at 10 000×g for 
30 min and the obtained supernatants were used for measurement of OS markers. 
All preparation procedures were carried out at 4°C. 

Lipid peroxidation (LPO) was determined by using Lipid peroxidation (MDA) 
assay kit (Cat. No. MAK085, Sigma-Aldrich Co LLC, USA). The LPO level was 
calculated as nm malondialdehyde (MDA)/mg protein using a molar extinction 
coefficient of 1.56 × 105 M–1 cm–1.

Total glutathione (GSH) concentration was measured according to Rahman et 
al.6 The amount of GSH was calculated from the reference standard and expressed 
as ng/mg protein. 

Superoxide dismutase (SOD) activity was measured according to Beauchamp 
and Fridovich7. The results were expressed as U/mg protein (one unit of SOD ac-
tivity is the amount of the enzyme, needed to inhibit the NBT reduction by 50%).

Catalase (CAT) activity was measured by the method of Aebi8. Enzyme activ-
ity was expressed as ΔA240/min/mg protein.
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Sam-
pling 
sites

Descrip-
tion

Location

N E

S1 Mussel 
farm

42.43917 27.68507

S2 St. Ivan 
Island east

42.43791 27.69658

S3 St. Ivan 
Island west

42.43673 27.68748

S4 Cape 
Hrisosotira

42.43801 27.65576

S5 Stomoplo 
Bay

42.28973 27.76498

S6 Sozopol 
Harbour 
complex

42.42444 27.69349

S7 Rocks at 
east end of 
Sozopol

42.42517 27.70034

S8 Cape 
Kolokita

42.40928 27.72964

Fig. 1. Sampling sites along the south coast of the Bulgarian Black Sea aquatory

Glutathione peroxidase (GPX) activity was determined by using Glutathione 
Peroxidase Cellular Activity Assay (Cat. No. CGP 1, Sigma-Aldrich Co. LLC, 
USA). The enzyme activity was expressed as nmol oxidised NADPH/min/mg 
protein.

Glutathione reductase (GR) activity was determined by using Glutathione 
Reductase Assay Kit (Cat. No. GRSA, Sigma-Aldrich Co. LLC, USA). The val-
ues were expressed in nmoles NADPH oxidised/min/mg protein, using a molar 
extinction coefficient of 6.22 × 106 M–1 cm–1.

Glucose-6-phosphate dehydrogenase (G6PDH) activity was determined by 
using Glucose-6-phosphate dehydrogenase Assay Kit (Cat. No. GRSA, Sigma-
Aldrich Co. LLC, USA). The values were expressed in nmoles NADP+ reduced/
min/mg protein, using a molar extinction coefficient of 6.22 × 106 M–1 cm–1.

Total protein content was measured according to Lowry9, using a standard 
curve of bovine serum albumin (BSA). 

Statistical analyses were carried out with Excel 2013. The average ± standard 
deviation (SD) of each measured OS marker for each tissue (digestive gland, gill 
and foot) from all sites were calculated. For each tissue and site the correspond-
ing values of the measured OS markers were standardised and the corresponding 
Z-scores were computed. From the Z-scores for each organ and sampling site, 3 
indicators of oxidative status were constructed, as follows: 
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(1) Pro-oxidative (PrO) score:
PrO = average (zLPO + (– zGSH))

(2) Antioxidant Enzyme (AOE) score – the average value of the Z-scores of the 
antioxidant enzymes tested (SOD, CAT, GPX, GR, G6PDH): 

AOE = average (zSOD + zCAT + zGPX + zGR + zG6PDH)

(3) Specific Oxidative Stress (SOS) index – sum of the PrO score and the absolute 
value of the AOE score: 

SOS = PrO + |AOE|

For all three indicators values near to zero correspond to the average (z = 0). 
Negative and positive values indicate deviation (above or below) from the average 
for the given site and tissue studied.

RESULTS AND DISCUSSION

The present study showed that all tested tissues of M. galloprovincialis were sus-
ceptibile to OS and the oxidative status indicators varied among organs and sites 
(Table 1). The highest levels of MDA (as indicator of LPO) were estimated in the 
gills and the lowest – in the foot. This pattern of changes in all tissues remained 
similar among sites. Highest LPO values were found in mussels from site S6 (So-
zopol Port complex) together with lowest GSH levels. Lower levels of GSH were 
found in gills and hepatopancreas, compared to those in the foot. 

The GPX and GR showed similar activity patterns in the gills and the digestive 
glands. Lowest values were measured in mussels from the Sozopol Port complex 
(S6). Higher SOD activity, compared to the other sampling points, were present 
at S6 while CAT activity was lower. The G6PDH activity in tissues of specimens 
from this site was highest compared to all other sites studied. 

Aquatic organisms were shown to respond with changes in their oxidative 
status to seasonal variations in temperature, oxygen availability, pH, salinity10,11, 
etc. On the other hand, metal elements, PAHs, heterocyclic compounds, and many 
others may also cause OS in the organisms12–14.
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Table 1. Average values (±SD) of oxidative stress markers in the tested tissues of M. galloprovincialis. 
Five mussel specimens from every site were analysed
Indicator Tis-

sue
Measure Site

S1 S2 S3 S4 S5 S6 S7 S8
1 2 3 4 5 6 7 8 9 10 11

LPO 
(nmols 
MDA/mg 
protein)

F* average 0.58 1.16 0.98 1.17 1.29 1.77 1.47 1.14
±SD 0.05 0.38 0.35 0.55 0.30 0.25 0.50 0.36
Z-score –1.36 –0.08 –0.46 –0.05 0.20 1.25 0.61 –0.12

G average 3.51 3.76 3.95 2.74 3.52 7.86 2.89 3.63
±SD 0.54 1.78 0.45 0.41 0.08 0.90 0.12 1.60
Z-score –0.27 –0.13 –0.02 –0.71 –0.27 2.23 –0.63 –0.20

DG average 1.49 2.12 2.38 3.51 2.60 4.54 2.18 2.99
±SD 0.50 0.95 1.18 0.67 0.95 0.74 1.01 2.14
Z-score –0.94 –0.46 –0.26 0.60 –0.09 1.39 –0.42 0.20

GSH 
(ng/mg 
protein)

F average 486.30 330.90 1087.80 631.20 1157.10 326.70 500.50 514.80
±SD 80.2 65.6 44.8 40.3 236.1 26.2 43.8 23.2
Z-score –0.41 –0.94 1.62 0.07 1.85 –0.95 –0.36 –0.32

G average 146.7 146.7 143.4 118.0 131.7 81.4 140.8 148.6
±SD 34.60 6.19 18.97 18.32 33.56 35.33 13.62 24.87
Z-score 0.47 0.47 0.36 –0.46 –0.01 –1.67 0.28 0.54

DG average 157.0 171.4 135.8 203.9 229.7 110.0 188.7 124.8
±SD 17.2 14.7 46.5 75.6 45.8 20.3 48.1 60.4
Z-score –0.14 0.11 –0.53 0.70 1.17 –1.00 0.42 –0.73

SOD 
(ΔA240/ 
min/mg 
protein)

F average 40.58 58.09 45.56 40.86 23.43 36.01 48.60 34.18
±SD 12.14 16.82 27.00 16.58 4.28 7.02 22.23 14.28
Z-score –0.06 0.96 0.22 –0.04 –1.07 –0.33 0.41 –0.44

G average 18.56 21.58 25.77 36.67 33.29 50.58 31.34 28.50
±SD 1.94 0.58 1.28 6.21 8.00 7.64 6.89 4.23
Z-score –1.16 –0.87 –0.47 0.55 0.23 1.87 0.05 –0.21

DG average 8.81 9.90 7.49 8.30 3.70 20.12 12.70 6.69
±SD 1.16 2.06 2.61 2.65 0.86 14.48 4.14 1.51
Z-score –0.13 0.02 –0.33 –0.21 –0.90 1.57 0.45 –0.45

CAT 
(U/mg 
protein)

F average 0.26 0.44 0.45 0.39 0.50 0.36 0.80 0.50
±SD 0.17 0.13 0.30 0.04 0.17 0.35 0.57 0.30
Z-score –0.70 –0.08 –0.04 –0.24 0.12 –0.36 1.16 0.14

G average
±SD
Z-score

1.16 1.10 0.66 0.88 0.97 0.79 0.73 0.75
0.24 0.55 0.15 0.42 0.26 0.18 0.09 0.55
0.81 0.66 –0.65 –0.01 0.27 –0.26 –0.43 –0.39

DG average
±SD
Z-score

2.75 2.22 1.83 2.26 2.68 1.68 3.60 2.61
0.45 0.74 0.33 0.26 0.02 0.61 0.24 0.59
0.42 –0.33 –0.90 –0.27 0.32 –1.11 1.65 0.22

to be continued
Continuation of Table 1


