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Introduction

Accelerated urbanization and industrial developments are 

the major cause of unprecedented increase in worldwide 

chemical discharge into the environment. In most developing 

nations, generated chemicals are poorly managed by habitual 

illegal disposal on available spaces in the environment. More-

over, poor enforcement of laws and regulations prohibiting 

improper discharge of hazardous substances further encour-

ages culprits. Most of the discharged chemical and physical 

agents cause great alterations in the biogeochemical circles of 

both aquatic and terrestrial ecosystems and in turn compro-

mising human and ecosystem health [1]. Metals are the most 

commonly released chemicals into the environment via mul-

tiple direct and indirect sources [2]. A seemingly neglected di-

rect source of toxic metal discharge is through chromated 

copper arsenate (CCA) wood treatment preservative [3-8]. The 

individual metals in CCA preservatives exist in varying com-

positions, hence they are classified into Types A, B and C. The 

metal compositions range from 2100 - 2300 mg/L chromium 

trioxide (CrO3), 1200 - 1400 mg/L copper oxide (CuO) and 

1800 - 2200 mg/L arsenic trioxide (As2O3). This is equivalent to 

65.5% (Cr), 18.1% (As) and 16.4% (Cu) in Type A, 35.3% (Cr), 

19.6% (As) and 45.1% (Cu) in Type B, and 47.5% (Cr), 18.5% 
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(As) and 34.0% (Cu) in Type C [9]. Irrespective of the variations 

in the percentage compositions of individual elements in 

CCA, the leachability of the metals into the aquatic and terres-

trial environments, is unaffected [5-7, 9-10]. Furthermore, 

studies have shown that individual metals in CCA readily 

leach from treated woods and timbers into aquatic and terres-

trial environment at varying proportions and persist for about 

four decades [4,7, 10-15]. Considering that CCA has a world-

wide acceptance due to its effectiveness in protecting woods 

and timbers from fungal and insect attacks and its extensive 

usage for decades [9], may suggest threat to biota due to the 

high concentrations of the component metals/metalloid in 

the environment. 

The individual metals/metalloid in CCA: chromium (Cr), 

copper (Cu) and arsenic (As), are clastogens and or aneugens, 

teratogens, endocrine disruptors and potential tumor inducers 

[16-18]. Due to increasing health risk and environmental con-

tamination ascribed to these metals, in 2003 all arsenic-based 

wood preservatives including CCA were restricted from used 

as preservative for decks and patios, picnic tables, playground 

equipment, walkways/boardwalks, landscaping timbers, and/

or fencing by the U.S. Environmental Protection Agency [19]. 

Despite its restriction, existing CCA-treated woods and struc-

tures will persistently leach Cr, Cu and As into the environment 

for periods between 10 - 40 years [7,11,15]. This suggests that 

Cr, Cu and As will continue to contaminate aquatic and terres-

trial environments via wood wastes from construction, demoli-

tion and remodeling projects. Moreover, in many developing 

countries, CCA preservative is still in use either deliberately or 

illegally due to its effectiveness in protecting timbers and utility 

poles [20]. CCA coated timbers and poles are sometimes sub-

merged in large water bodies to prolong their life shelves. This 

act leads to increase in leaching and direct release of Cr, Cu 

and As into the water bodies [21]. In a recent study, Sogbamu 

et al. [22] asserted that the degradation of aquatic environment 

by illegal submerging of treated woods and timbers in Lagos 

Lagoon, is a common practice in Lagos State, Nigeria. It be-

comes imperative to routinely monitor these metals and assess 

their deleterious impacts in most environmental media so as 

to protect biota and human health.  Cr, Cu and As leaching 

from CCA persist in the aquatic sediments and water, soils and 

readily bio-accumulate in biota, particularly epibiotic organ-

isms, that live on treated woods [23]. This poses a deleterious 

effect on animal diversity and subsequently human health [4]. 

For instance, American oysters (Crassostrea virginica) living in 

a CCA contaminated water body, bio-accumulated up to 600 

mg of Cu which in turn significantly induced pathological le-

sions and clastogenicity in the Oysters’ tissue [24,25]. Aquatic 

environment is particularly susceptible to the accumulation of 

Cr, Cu and As during leachability from CCA treated wood, 

howbeit, there is dearth of information on the potential joint 

action toxicity of the metals in eliciting morbidity and mortali-

ty, growth retardation and induction of genetic instability in 

aquatic vertebrates. An increasing area of research focus in re-

cent times, is the assessment of interactive effects among indi-

vidual metals; which may lead to eliciting greater or lesser tox-

icity in biological systems via synergistic, antagonistic and/or 

additive interactive mechanisms [26-28]. The report herein is 

the first to utilize multi-model approach and cytogenetic bio-

marker to investigate the possible joint action toxicity of oxides 

of Cr, Cu and As on aquatic vertebrates using Clarias gariepi-

nus as a model organism. 

Materials and methods

Chemicals

As2O3 (CAS No. 1327-53-3), CrO3 (CAS No. 1308-38-9), CuO 

(CAS No. 1317-38-0) and benzene in analytical grades were 

obtained from Sigma (St. Louis, MO). 

Animals

Juvenile C. gariepinus (mean ± SD body weight 11.00 ± 1.00 g 

and length 9.40 ± 1.50 cm) obtained from the Fisheries De-

partment, Oyo State Ministry of Agriculture and Natural Re-

sources, (Ibadan, Nigeria) were used for this study. They were 

acclimatized for 14 days to laboratory conditions of 26.0 ± 

1.0°C and 12 h dark/light cycle prior to the experimental set-

up. They were stocked at a population density of 10 fish per 25 

L transparent aquarium containing underground borehole 

water and fed twice daily with standard fish meal manufac-

tured by Coppens®.

Study design
Single action toxicity and joint action toxicity assessment of the 

metal solutions 

Ten juvenile C. gariepinus per group, randomly selected into 

seven experimental groups per individual metal concentra-

tions and their composite mixtures, were utilized for the 96-h 

acute toxicity testing in accordance with standard regulations 

and guidelines for testing of chemicals [29]. Following range 

finding tests analysis for the metal oxides; 0 - 600 mg/L of the 

individual metals and their composite mixtures were selected 

for the acute toxicity study. The metal oxide solutions were 

prepared immediately before use and the C. gariepinus were 

not fed during the acute toxicity study (static bioassay). Mor-

tality and clinical signs of toxicity were recorded by visual ex-
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amination at every 24 h during the 96-h exposure duration. 

Fish were considered dead when no movement was observed 

after gentle prodding with a glass rod. Environmental relevant 

safe concentrations (SC) for the individual metals/metalloid 

and their composite mixtures; As:Cr, As:Cu, Cr:Cu and 

As:Cr:Cu (composite mixture as used herein referred to equal 

molar volumes of the metals corresponding to the selected 

percentages of the LC50 of individual metals in binary ratio=1:1 

and tri-metal ratio=1:1:1), at 96-h exposure were derived by 

multiplying the 96-h LC50 by a factor of 0.1 in accordance with 

European Inland Fisheries Advisory Commission (EIFAC) [30]. 

Sub-lethal toxicity and piscine micronucleus analysis

Five concentrations corresponding to 6.25, 12.5, 25, 50 and 

100% of the 96-h LC50 in mg/L (metal solution/underground 

borehole water) for each of As, Cr, As:Cr, Cr:Cu and As:Cr:Cu 

were selected for the sub-lethal toxicity study (Table 1). Simi-

larly, 6.25, 12.5, 25, 50 and 100% of 100 mg/L (metal solution/

underground borehole water) each for Cu and As:Cu were se-

lected in accordance with standard guidelines for testing of 

chemicals [29], since the 96-h LC50 of Cu and As:Cu, were in-

determinate. The metal solutions were prepared immediately 

before use and each experimental set-up was renewed every 

48-h to ensure constant exposure of test organisms to the met-

al oxide solutions and also avoid accumulation of metabolic 

wastes and remains of food particles. Similar treatment was 

given to fish exposed to borehole water as negative control 

and 0.10 mL/L of benzene, a hematopoietic genotoxic inducer 

[31], as positive control. Fish in the control and exposed 

groups were weighed (initial weight gain) before the com-

mencement of exposure using Acculab® USA, Model-vic-303 

electronic analytical weighing balance. At 7-day post expo-

sure, fish from the control and exposed groups were weighed 

(terminal weight gain) and peripheral blood collected through 

the caudal vein for slide preparation. Thin blood smears were 

prepared on three pre-clean and grease free microscope slides 

per fish [32]. The prepared slides were allowed to air dry for 

24-h, fixed in absolute (98%, v/v) cold methanol (4 °C) for 30 

min and counter stained with 5% Giemsa and May-Grunwald 

stains for 20 min. 2000 cells per slide were analyzed for MN 

and nuclear abnormalities (NAs) in accordance with standard 

protocols [33,34]. 

Statistical analysis 
Analysis of the concentration - response data 

Data obtained from the 96-h mortality were analyzed using 

probit method with SPSS 16.0® computer program. The ana-

lyzed acute toxicity indices were presented as LC5 (sub-lethal 

concentration that induced 5% mortality of test model), LC50 

(median lethal concentration that induced 50% mortality of 

test model) and LC95 (lethal concentration that induced 95% 

mortality of test model). Toxicity factor (TF) for 24 hourly rela-

tive potency measurements for the metals were determined in 

accordance with standard procedure [28]: 

TF=                   

 

The interactive effects of individual metals in the composite 

mixtures were defined by the following models:

Synergistic ratio (SR) model: This model predicts the metal 

that greatly contributed to the observed toxicity in metal mix-

ture [35]. It is determined as follows: 

SR=

For this interaction model: when SR=1 it is additive; SR < 1 it 

is antagonistic; and SR>1 it is synergistic interactions.

Concentration–addition model: This model assumes that 

the addition of similarly acting toxicants are mixed in varying 

proportions, they will add up to give the observed response 

[36]. In evaluating the joint-action, a predicted LC50 is derived 

by summing up the LC50 values of the individual toxicants ac-

Table 1. Metal/metalloid concentrations corresponding to 6.25, 12.5, 25, 50 and 100% of the 96-h LC50 for the individual and composite mixture of chro-
mium (Cr), copper (Cu) and arsenic (As) utilized in the 7-day sub-lethal toxicity study 

Metals
Concentrations (mg/L)

6.25% 12.50% 25% 50% 100%

As 13.31 26.63 53.25 106.51 213.01
Cr 3.86 7.71 15.42 30.84 61.68
Cu 6.25 12.5 25 50 100
As:Cr 6.66+1.93 13.32+3.86 26.63+7.71 53.26+15.42 106.51+30.84
As:Cu 6.66+3.13 13.32+6.25 26.63+12.50 53.26+25.00 106.51+50.00
Cr:Cu 1.93+3.13 3.86+6.25 7.71+12.50 15.42+25.00 30.84+50.00
As:Cr:Cu 4.44+1.29+2.08 8.88+2.57+4.17 17.75+5.14+8.33 35.50+10.28+16.66 35.50+20.56+33.33

Composite mixture referred to equal volumes of the individual metal solutions (mg/L) (equal volume of binary=1:1 and tri-metal mixture=1:1:1).

(1)
96-h LC50 of equivalent chemical

96-h LC50 of a chemical

(2)
96-h LC50 of the mixtures of metals

96-h LC50 of a metal acting alone
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cording to the proportion of their contribution in the mixture. 

The predicted LC50 is then compared with the observed LC50 of the 

mixture. The outcome classifies the pattern of interaction among 

the component metals of the mixture. The relationship between 

the derived LC50 and predicted LC50 (RTU) is estimated as:

Relative toxicity 

 unit (RTU) =

For this interaction model: RTU=1 explains addictive; RTU < 

1 explains antagonistic and RTU>1 explains synergistic inter-

actions.

Isobologram describes the graphical presentation of joint-

action toxicity of individual metals in a binary mixture [37]. 

Isobologram was used to show the pattern of interactions be-

tween individual metals in the binary mixture of the metal so-

lutions that produced the biological response during the 96-h 

acute toxicity (96-h LC50).

The percentage weight gain of fish was determined using the 

formula: 

Percentage (%) 

 weight gain=

Micronucleus test analysis

The data obtained for MN and NAs are presented as mean ± 

standard error (SE). One-way analysis of variance (ANOVA) 

was used to determine the difference (p=0.05) among the vari-

ous exposed and control groups. Significant difference be-

tween each treatment group and the negative control was de-

termined using Dunnett multiple post-hoc test (DMPT) at 

p=0.05. The interaction factor (IF) between the binary and 

among the tri-metal constituents that led to the induction of 

MN and NAs, were determined in accordance with Katsifis et 

al. [38] and Danesi et al. [39] formula with slight modification:

IF=(CCA – T) – [(C – T)+(C – T)+(A – T)]                 (5)

where CCA is the statistical mean of the assessed biomarker 

induced by the mixtures of CCA solutions; C, C and A are 

means of biomarkers induced by individual metals present in 

the binary and tri-metal mixtures; while T is the mean of the 

negative control (borehole water). 

Also, standard error (SEIF) for IF calculation is derived from:

SEIF=  √((SECCA)2+(SEC)2+(SEC)2+(SEA)2+(SET)2)         (6)

where SEIF is the standard error of IF; SECCA, SEC, SEC, SEA, 

and SET are standard error for CCA, C, C, A and T respectively. 

When IF value is negative, it is antagonism; when it is positive, 

it is synergism; and when it is zero, it is additivity. 

Results

Joint-action toxicity of binary and tri-metal mixtures of 

chromium, copper and arsenic  on Clarias gariepinus 

The individual metal solution and their mixtures induced dif-

Figure 1. Percentage mortality of juvenile Clarias gariepinus exposed to varying concentrations of individual and composite mixtures of chromium (Cr), 
copper(Cu) and arsenic (As) oxides for 96 h. Number of fish per concentrations=10 fish. 

(3)
Experimentally observed LC50 value

Predicted LC50 value

(4)×100
Initial weight

Terminal weight – Initial weight 
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ferent rate of mortality on juvenile stage of C. gariepinus. Cu 

alone and As:Cu mixture did not induce any mortality even at 

the highest selected concentrations (600 mg/L). Mortality was 

only recorded at higher concentrations (300 - 600 mg/L) for As 

and As:Cr:Cu mixture, while mortality increased with concen-

trations for Cr, As:Cr and Cr:Cu. 100% mortality of the test 

model was recorded at 150 mg/L Cr, 300 mg/L As, As:Cr and 

Cr:Cu and 450 mg/L As:Cr:Cu (Figure 1). The 24-h LC5, LC50 

and LC95 revealed that the concentration dependent increase 

mortality induced by Cr>Cr:Cu>As:Cr>As>As:Cr:Cu in that or-

der, was also exposure duration related. This shows that Cr (96-

h LC50=61.68 mg/L) was the most toxic metal (Table 2) and Cu 

and As:Cu the least toxic since there was no observed mortality 

at all tested concentrations (96-h LC50=indeterminate). The en-

vironmental SC for Cr, As, As:Cr, Cr:Cu and As:Cr-Cu with re-

spect to the juvenile sized C. gariepinus used herein are 6.17, 

21.30, 12.28, 10.04 and 25.46 mg/L respectively. Also, the de-

rived TF showed that Cr was 4.13 fold more toxic than As:Cr:Cu 

(TF=1.00) (Table 2). 

Possible mode of interactions among chromium, copper 

and arsenic solutions predicted from the mortality data 

obtained from exposed juvenile Clarias gariepinus
The experimentally determined 96-h LC50 values for Cr, Cu 

and As and their composite mixtures, suggest that some forms 

of interactions existed among the binary and tri-metal mix-

tures that led to the mortality of C. gariepinus. For instance, 

the composite mixture of Cr:Cu was less toxic to C. gariepinus 

compared to Cr (Table 2), but more toxic to C. gariepinus com-

pared to Cu (96-h LC50=indeterminate). Similarly, the com-

posite mixture of Cr:As was less toxic to the fish compared to 

individual Cr and As (Table 2). Meanwhile, the composite 

mixture of As:Cu did not induce mortality even at 600 mg/L 

similar response to Cu, but As was more toxic than As:Cu mix-

Table 2. 96-h acute toxicity of individual and composite mixtures of chromium (Cr), copper (Cu) and arsenic (As) using juvenile stage of Clarias gariepinus

Exposure Time (h) LC5 (95% CI) LC50 (95% CI) LC95  (95% CI) Slope±SE Probit line equation TF SC

As
24 280.32 (151.59-341.00) 441.02 (335.72-475.29) 602.65 (511.57-962.72) 9.90±2.86 Y = -25.87+9.90X
96   185.27 (70.29-228.41) 213.01 (127.06-306.02) 244.90 (367.82-726.38) 27.15±76.34 Y = -63.21+27.15X 1.19 21.3

Cr
24 185.27 (70.29-228.41) 213.01 (127.06-306.02) 244.90 (367.82-726.38) 27.15±76.34 Y = -63.21+27.15X
96    19.40 (1.45-36.97) 61.68 (27.50-86.75) 196.10 (129.56-819.10) 3.28±1.04 Y = -5.86+3.28X 4.13 6.17

As-Cr
24 138.38 (65.59-190.48) 283.70 (213.71-352.55) 581.64 (448.78-1012.45) 5.28±1.21 Y = -12.94+5.28X
96 42.15 (16.57-63.98) 122.82 (88.47-165.68) 357.88 (242.87-834.52) 3.54±0.78 Y = -7.40+3.54X 2.07 12.28

Cr-Cu
24 126.17 (58.90-176.62) 288.86 (219.51-367.68) 661.31 (488.17-1282.91) 4.57±1.02 Y = -11.25+4.57X
96      27.83 (0.00-66.45) 100.41 (1.37-277.56) 362.27 (173.41-535.10) 2.95±0.60 Y = -11.25+4.57X 2.54 10.04

As-Cr-Cu
24 259.65 (137.50-319.79) 395.50 (322.01-480.61) 602.42 (504.68-993.30) 9.00±2.55 Y = -23.38+9.00X
96    205.97 (84.66-197.48) 254.56 (217.35-382.44) 314.61 (254.01-518.33)  17.88±53.34 Y = -43.02+17.88X 1.00 25.46

LCx: Lethal concentration that caused x% mortality of exposed C. gariepinus at 95% CI (lower and upper limits); TF = Toxicity factor derived from 96-h LC50; CI = 95% confi-
dence interval; SE = Standard Error; SC = Safe concentration predicted for the juvenile size C. gariepinus in its environment.  

Table 3. Synergistic ratio (SR) and concentration-addition unit (RTU) models derived from using the experimentally 96-h LC50 obtained for both binary mix-
tures and individual chromium (Cr), copper (Cu) and arsenic (As)  oxides 

Metal mixtures
Experimentally observed 

96-h LC50 (mg/L)
SR1 SR2 SR1/SR2 Action

Cr:As 122.82 0.502 1.734 0.290   Antagonism
As:Cu 100.00 2.130 1.000 2.130 Synergism
Cu:Cr 100.41 0.614 0.996 0.616   Antagonism

Predicted 96-h LC50 (mg/L)
Experimentally observed 

96-h LC50 (mg/L)
RTU Response

As:Cr 274.69 122.82 2.24 Synergism
Cr:Cu 161.68 100.41 1.61 Synergism
As:Cu 313.01 100.00 3.13 Synergism
As:Cr:Cu 374.69 254.56 1.47 Synergism

100 mg/L was used in cases where 96-h LC50 value is indeterminable (in this case; As:Cu) in accordance with OECD, (1992). When SR1/SR2 = 1 indicates additivity; SR1/SR2 
> 1 indicates synergism; SR1/SR2 < 1 indicates antagonism. The predicted 96-h LC50 = Sum total of single action 96-h LC50 values; RTU = 1 indicates additivity; RTU > 1 in-

dicates synergism; RTU < 1 indicates antagonism. 
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ture to the fish. The tri-metal mixture; Cr:As:Cu (1:1:1) was less 

toxic to the fish compared to mortality responses from Cr and 

As, but more toxic than Cu. 

The joint-action toxicity models present different predictions 

to explain the possible interactions involved. SR model pre-

dicted antagonism between As and Cr (0.290), synergism be-

tween As and Cu (2.130) and synergism between Cr and Cu 

(0.616) (Table 3). Similarly, the LC50 data determined for both 

individual and composite binary mixtures were fitted into Iso-

bolograms and compared with the theoretical model derived 

by Tallarida [37] (Figure 2). The analysis predicted antagonism 

as possible mechanisms of interaction between As and Cr, and 

between Cr and Cu but synergism between As and Cu (Figure 

2). While concentration-addition model predicted synergistic 

mode of interaction for all the composite binary mixtures; 

As:Cr (2.24), Cu:Cr (1.61), As:Cu (3.13) and tri-metal mixtures; 

As:Cr:Cu (1.47) (Table 3). 

Clinical signs of toxicity and mortality induced by 

individual and composite mixtures in Juvenile Clarias 
gariepinus 

During the 96-h acute toxicity testing, the exposed fish 

showed various signs of toxicity in response to individual and 

composite mixtures of Cr, Cu and As exposure. Fish exhibited 

erratic and fast movements when newly introduced into metal 

solutions, with an attempt to jumping out of the aquarium. 

With exposure time they began to move sluggishly while be-

coming weak (signs of reduced activities) and eventually died. 

However, it is interesting to note that such erratic movement 

though common with As, but fish mortality occurred only at 

higher concentrations, as fish became adjusted and survived at 

lower concentrations of As. These signs were mostly observed 

in the following metal solutions and in the order: As>Cr>As-

Cr>Cr-Cu>Cr-Cu-As. Fish exposed to Cu and mixture of As-Cu 

did not display prominently such behavioral signs and they all 

survived even after the 96-h acute toxicity period at all tested 

concentrations. As, Cr and As:Cr induced some gross patholo-

gy. For instance, fish exposed to composite mixture of As:Cr 

presented ulceration of the genital opening. There were in-

flammation of the blood vessels at the ventral surface of fish 

exposed to As, skin lesion at the ventral view of a fish exposed 

to Cr solution, and ulceration of the genital opening of fish ex-

posed to composite mixtures of As:Cr (Figure 3). During expo-

sure to the selected sub-lethal concentrations (Table 1) of indi-

Figure 2. Isobologram presentations of the joint-action toxicity of the individual metals/metalloid using the experimentally obtained 96 h LC50 value for each 
metal/metalloid; Isobole (A) for arsenic(As) : Chromium (Cr) interaction depicts antagonism, Isobole (B) for copper (Cu): Cr interaction depicts antagonism 
while Isobole (C) for As:Cu interaction depicts synergism. 
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vidual and mixtures of the metals/metalloid for 7 days, all fish 

in the treatment groups; Cr, Cr:Cu, As:Cr and As:Cr:Cu pre-

sented significant (p < 0.05) body weight loss compared to the 

negative control. While fish exposed to As, Cu and As:Cu metal 

solutions showed significant (p < 0.05) increase in body weight 

gain compared to negative control (Figure 4).

Figure 3. Clinical signs of toxicity observed in Clarias gariepinus exposed to varying concentrations of chromium (Cr), copper (Cu) and arsenic (As) oxides 
and their composite mixture for 96 h. (a) Swelling of the skin (red arrow) and ulceration of the genital opening (black arrow) in fish exposed to composite 
mixture of As:Cr solutions. (b) Inflammation of the vascular blood vessels at the ventral view (black arrow) of fish exposed to As solution. (c) Skin lesion at 
the ventral view (black arrow) of fish exposed to Cr solution. (d) Ulceration of the genital opening (black arrow) of fish exposed to composite mixtures of As-
Cr solution.

Figure 4. Percentage body weight gain by Clarias gariepinus in response to sub-lethal concentrations of chromium (Cr), copper (Cu), arsenic (As) oxides 
and their mixture during treatment for 7 days. Each bar represent mean (n)=10 fish. *p<0.05.
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Figure 5. Micronucleated (MN) and abnormal nuclei erythrocyte formed in fish exposed to different concentrations of individual and mixture of chromium 
(Cr), copper (Cu) and arsenic (As) oxides for 7 days. (a) MN erythrocyte; (b) erythrocyte with nuclear bud; (c) nuclear fragmented erythrocyte (black arrow) 
and eroded nucleus (red arrow); (d) necrotic erythrocyte (e) binucleated erythrocyte; (f) erythrocyte with nuclear notch (g) enucleated erythrocyte; (h) erythro-
cyte with bleb nucleus; (i) early stage necrotic erythrocyte (black arrow), erythrocyte with nuclear bud (arrow head), eroding nucleus (red arrow); (j) early 
stage of nuclear fragmentation, (k) numerous necrotic erythrocytes (arrow), (l) erythrocyte with beans shaped nucleus (arrow),  (m) erythrocyte with vacuolat-
ed nucleus, (n) erythrocyte with bilobe nucleus.

Figure 6. Frequency of micronucleated erythrocytes in peripheral blood of C. gariepinus exposed to arsenic (As), copper (Cr), copper (Cu), As:Cr, As:Cr, 
Cr:Cu and As:Cr:Cu. *p < 0.05; **p < 0.01; ***p < 0.001 are significantly different from the negative control using Dunnett’s multiple post hoc comparison 
test. Ben-Benzene (0.10 mL/L), NC- Negative control.
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Chromium, copper and arsenic  and their composite 

mixtures increased frequencies of micronucleated 

erythrocyte and erythrocyte with nuclear abnormalities 

in peripheral blood of Clarias gariepinus 

There was significant increase in the frequency of MN (Fig-

ure 5a) in peripheral erythrocytes of C. gariepinus treated with 

the various sub-lethal concentrations of individual and mix-

tures of metals/metalloid compared to the negative control. 

MN induction showed concentration dependent and positive 

correlation with metals; Cr (p < 0.0001, r=0.859, F=28.46), 

As:Cu (p < 0.0001, r=0.757, F=14.53), As (p < 0.0001, r=0.821, 

F=21.53), As:Cr:Cu (p < 0.0001, r=0.750, F=14.06); As:Cr (p < 

0.0001, r=0.745, F=13.57), Cr:Cu (p=0.0004, r=0.558, F=5.90) 

and Cu (p < 0.0001, r=0.725, F=12.37) (Figure 6). At the 100% 

concentration which corresponds to 96-h LC50 values for the 

individual and mixtures of metals/metalloid, fold increase in 

frequencies of MN was in the order: Cr (4.33 fold)>As:Cu (3.83 

fold)>As (3.78 fold)>As:Cr:Cu (3.50 fold)>As:Cr (3.33 

Table 4. Nuclear abnormalities (NAs) and total nuclear abnormalities (TNAs) in peripheral erythrocytes of Clarias gariepinus exposed to individual and com-
posite mixtures of chromium (III) oxide (CrO3), copper oxide (CuO) and arsenate (III) oxide (As2O3)  

NAs Tap water Benzene
% Concentrations (mg/L).

6.25 12.5 25 50 100

As2O3

BN 0.20 ± 0.20 0.80 ± 0.37a 0.40 ± 0.24 0.20 ± 0.20 0.40 ± 0.24 1.40 ± 0.24a 1.00 ± 0.32
BUD 0.00 ± 0.00 1.40 ± 0.51 0.80 ± 0.20 1.80 ± 0.20a 1.20 ± 0.58 2.20 ± 0.37c 3.60 ± 0.68c

FRA 0.40 ± 0.24 0.80 ± 0.37 3.40 ± 0.24c 6.20 ± 0.37c 8.80 ± 0.37c 10.00 ± 0.89c 10.80 ± 0.73c

NEC 1.00 ± 0.00  3.20 ± 0.73a 8.60 ± 0.40c 9.00 ± 0.32c 8.60 ± 1.34 12.20 ± 1.24c 10.40 ± 1.52c

TNA 1.80 ± 0.37  7.20 ± 1.39a 13.20 ± 0.49c 17.80 ± 0.37c 19.40 ± 1.33c 25.80 ± 1.93c 26.40 ± 1.83c

CrO3 
BN 0.20 ± 0.20 0.80 ± 0.37a 0.40 ± 0.24 0.20 ± 0.20 0.60 ± 0.24 0.40 ± 0.24 1.00 ± 0.00
BUD 0.00 ± 0.00   1.40 ± 0.51 6.00 ± 0.84b 7.60 ± 1.03c 14.40 ± 0.81c 18.60 ± 1.89c 17.20 ± 1.36c

FRA 0.40 ± 0.24 0.80 ± 0.37 1.40 ± 0.51 3.00 ± 0.00c 2.40 ± 0.24c 2.80 ± 0.37c 3.60 ± 0.24c

NEC 1.00 ± 0.00  3.20 ± 0.73a 5.20 ± 0.37c 6.00 ± 0.32c 6.40 ± 0.24c 7.80 ± 0.73c 18.60 ± 1.89c

TNA 1.80 ± 0.37  7.20 ± 1.39a 13.40 ± 1.12c 17.00 ± 1.30c 25.80 ± 0.58c 30.40 ± 1.12c 31.80 ± 1.83c

CuO 
BN 0.20 ± 0.20 0.80 ± 0.37a 0.60 ± 0.24 0.20 ± 0.20 1.00 ± .032 0.60 ± 0.24 1.40 ± 0.37a

BUD 0.00 ± 0.00    1.40 ± 0.51 0.60 ± 0.75b 1.00 ± 0.55a 1.20 ± 0.58a 3.40 ± 0.24c 3.20 ± 0.20c

FRA 0.40 ± 0.24 0.80 ± 0.37 1.00 ± 1.00c 1.5 ± 1.05c 2.00 ± 1.41c 5.40 ± 0.68c 10.60 ± 0.98c

NEC 1.00 ± 0.00  3.20 ± 0.73a 1.60 ± 31.9 2.80 ± 0.58 3.20 ± 1.24 10.20 ± 0.68 13.20 ± 1.02
TNA 1.80 ± 0.37  7.20 ± 1.39a 3.80 ± 31.79c 5.50 ± 1.55c 7.40 ± 1.11c 18.60 ± 0.58c 29.40 ± 1.72c

Mixture of As:Cr 
BN 0.20 ± 0.20 0.80 ± 0.37a 0.00 ± 0.00 0.20 ± 0.20 0.60 ± 0.40 0.60 ± 0.40 1.00 ± 0.55
BUD 0.00 ± 0.00    1.40 ± 0.51 3.80 ± 0.37c 3.00 ± 0.55c 4.00 ± 0.32c 6.00 ± 0.32c 6.80 ± 0.86c

FRA 0.40 ± 0.24 0.80 ± 0.37 7.20 ± 0.49c 6.60 ± 1.29c 7.80 ± 1.41c 8.60 ± 1.08c 9.40 ± 0.24c

NEC 1.00 ± 0.00  3.20 ± 0.73a 3.40 ± 0.40b 3.20 ± 0.37b 3.80 ± 0.20c 6.00 ± 0.32c 7.60 ± 0.51c

TNA 1.80 ± 0.37  7.20 ± 1.39a 14.40 ± 0.81c 14.20 ± 1.77c 16.20 ± 0.66c 21.20 ± 1.50c 24.80 ± 1.74c

Mixture of As:Cu 
BN 0.20 ± 0.20 0.80 ± 0.37a 0.40 ± 0.40 0.20 ± 0.20 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
BUD 0.00 ± 0.00 1.40 ± 0.51 1.40 ± 0.40 1.20 ± 0.58 2.60 ± 0.75 1.00 ± 0.45 1.00 ± 0.45
FRA 0.40 ± 0.24 0.80 ± 0.37 6.00 ± 0.71c 6.40 ± 1.03c 11.80 ± 0.97c 13.80 ± 0.58c 13.40 ± 0.40c

NEC 0.40 ± 0.24  3.20 ± 0.73a 4.20 ± 0.73a 6.40 ± 1.03 4.80 ± 1.07b 7.40 ± 0.51c 8.00 ± 0.84c

TNA 1.80 ± 0.37  7.20 ± 1.39a 12.60 ± 1.81c 13.40 ± 2.34c 19.80 ± 1.56c 22.20 ± 1.02c 22.60 ± 1.03c

Cr-Cu Mixture of Cr:Cu 
BN 0.20 ± 0.20 0.80 ± 0.37a 0.20 ± 0.20 0.40 ± 0.40 0.40 ± 0.24 1.40 ± 1.40 0.00 ± 0.00
BUD 0.00 ± 0.00 1.40 ± 0.51 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
FRA 0.40 ± 0.24 0.80 ± 0.37 4.60 ± 0.68c 7.00 ± 0.71c 7.60 ± 0.75c 7.80 ± 0.58c 8.60 ± 0.51c

NEC 0.40 ± 0.24  3.20 ± 0.73a 4.00 ± 0.32c 4.40 ± 0.40c 6.20 ± 0.20c 6.00 ± 0.55c 7.40 ± 0.40c

TNA 1.80 ± 0.37  7.20 ± 1.39a 26.20 ± 1.77c 18.40 ± 0.51c 19.40 ± 1.44c 19.40 ± 1.44c 19.20 ± 1.39c

Mixture of As:Cr:Cu 
BN 0.20 ± 0.20 0.80 ± 0.37a 0.80 ± 0.37 1.20 ± 0.37 1.60 ± 0.24a 1.20 ± 0.37 1.80 ± 0.37a

BUD 0.00 ± 0.00 1.40 ± 0.51 1.20 ± 0.58c 2.20 ± 0.58c 4.60 ± 1.33c 5.40 ± 0.93c 8.00 ± 1.05c

FRA 0.40 ± 0.24 0.80 ± 0.37 3.40 ± 0.24a 4.80 ± 1.02c 6.00 ± 0.45c 9.40 ± 0.75c 9.40 ± 0.81c

NEC 1.00 ± 0.00  3.20 ± 0.73a 2.60 ± 0.40 3.40 ± 0.81 5.20 ± 0.80c 7.60 ± 0.68c 8.80 ± 0.66c

TNA 1.80 ± 0.37  7.20 ± 1.39a 7.08 ± 0.84c 12.80 ± 1.39c 17.40 ± 0.93c 23.60 ± 1.78c 29.00 ± 1.52c

Data are presented as mean ± standard error. ap < 0.05; bp < 0.01; cp < 0.001 are significantly different from the negative control (borehole tap water) using Dunnett’s multi-
ple post hoc comparison test. BN = Binucleated cells; BUD = Bud nucleus; FRA = Fragmented nucleus; NEC = Necrotic cells; TNA = Total nuclear abnormalities.
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fold)>Cr:Cu (3.22 fold)>Cu (2.83 fold), compared with the 

negative control. This indicates that Cr induced the highest 

frequency of MN while Cu induced the least. 

The metals similarly elicited concentration dependent sig-

nificant (p>0.05) increase in total nuclear abnormalities 

(TNAs) in peripheral erythrocytes of treated C. gariepinus (Ta-

ble 4). The frequently observed NAs; nuclear bud (Bud; Figure 

5b), fragmented nucleus (FRA; Figure 5c), necrosis (NEC; Fig-

ure 5d) and binucleated erythrocytes (BN; Figure 5e) were 

scored individually and also as component of TNAs along with 

others not frequently observed NAs (Figure 5f-h). These in-

clude notch nucleus (Figure 5f), enucleated erythrocyte (Fig-

ure 5g), and bleb nucleated erythrocytes (Figure 5h). At 100% 

concentrations for individual and mixtures of metals/metal-

loid, the fold increase in frequencies of NAs was in the order: 

Cr (17.67 fold)>Cu (16.33 fold)>As:Cr:Cu (16.11 fold)>As 

(14.67 fold)>As:Cr (13.78 fold)>As:Cu (12.56 fold)>Cr:Cu 

(10.67 fold) when compared with the negative control. Cr in-

duced the highest frequency of NAs, while As:Cu induced the 

least numbers of NAs. Surprising observation was higher ne-

crotic and apoptotic erythrocytes that characterized erythro-

cytes from Cu treated fish (Figure 5k; Table 4). 

Analysis of interaction factor

Analysis of the IF suggests antagonism as the common inter-

active mechanisms involved between the composite mixture 

of the tested metal solution in the induction of MN and NAs 

(Table 5) except for 6.25% concentration where As:Cu and 

As:Cr synergistically interacted to induce MN erythrocytes.

Discussion

Mixture of metals are commonly encountered in both aquat-

ic and terrestrial environments and this suggests that biologi-

cal species including humans are simultaneously and or con-

currently exposed to myriad of these metals. CCA, a water-sol-

uble wood preservative, has been shown to release Cr, As and 

Cu into aquatic environment via multiple routes. This includes 

leachates generated from landfills containing CCA‐treated 

wood [5,7], As, Cr and Cu leaching from CCA coated woods in 

household and public furniture, wood constructed bridges 

and enclosures [4,15,40] and most dangerous and direct route 

is via sub-merging CCA treated logs and timbers into water 

bodies [11]. This practice was implicated with decline in C. 

gariepinus population inhabiting Lagos Lagoon [23]. However, 

the mechanism(s) involved in the decline is largely unknown. 

Herein, acute toxicity and genotoxicity were utilized to unravel 

possible etiology associated with exposure to individual and 

mixtures of As, Cr and Cu in aquatic environment using C. 

gariepinus. 

Variations in 96-h LC50 of 151.95 mg/L (Cr) for Mosquito fish 

(Gambusia affinis) [41], 119.52 mg/L for Tilapia nilotica, 87.93 

mg/L for Cyprinus carpio, 53.57 mg/L for Ctenopharyngodon 

idella [42] and indeterminate LC50 for Brazilian fish, Piaractus 

Table 5. Derived interaction factor (IF) for mixtures of As:Cr, As:Cu, Cr:Cu and As:Cr:Cu in the induction of micronucleus (MN) and nuclear abnormalities 
(NAs) in Clarias gariepinus. 

Metal mixture Conc (%) IF ± SEIF MN induction Interaction IF ± SEIF NAs induction Interaction

As:Cr 6.25 3.00 ± 1.15 Synergism -24.80 ± 1.51 Antagonism
12.50 -2.40 ± 1.74 Antagonism -32.80 ± 2.26 Antagonism
25.00 -5.00 ±  1.48 Antagonism -42.80 ± 1.64 Antagonism
50.00 -7.80 ± 2.06 Antagonism -53.80 ± 2.71 Antagonism

100.00 -13.6 ± 1.04 Antagonism -56.30 ± 3.16 Antagonism
As:Cu 6.25 5.60 ± 1.68 Synergism -47.20 ± 31.85 Antagonism

12.50 -1.00 ± 1.43 Antagonism -22.60 ± 2.86 Antagonism
25.00 -0.80 ± 1.86 Antagonism -23.60 ± 2.36 Antagonism
50.00 -3.20 ± 1.73 Antagonism -34.00 ± 2.29 Antagonism

100.00 -6.40 ± 1.52 Antagonism -37.20 ± 2.74 Antagonism
Cr;Cu 6.25 -1.00 ± 1.46 Antagonism -33.80 ± 31.86 Antagonism

12.50 -5.00 ± 1.40 Antagonism -16.80 ± 2.12 Antagonism
25.00 -8.80 ± 1.09 Antagonism -30.40 ± 1.94 Antagonism
50.00 -8.60 ± 1.69 Antagonism -41.40 ± 1.95 Antagonism

100.00 -10.60 ± 2.96 Antagonism -46.00 ± 2.76 Antagonism
As:Cr:Cu 6.25 -3.80 ± 1.51 Antagonism -59.20 ± 31.83 Antagonism

12.50 -11.80 ± 1.48 Antagonism -35.20 ± 2.51 Antagonism
25.00 -15.00 ± 1.45 Antagonism -41.80 ± 2.08 Antagonism
50.00 -18.20 ± 2.15 Antagonism -53.00 ± 2.94 Antagonism

100.00 -23.20 ± 2.09 Antagonism -53.60 ± 3.49 Antagonism

Positive values of IF = synergism; negative value of IF = antagonism; SE = Standard error 
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mesopotamicus [43] compared to 61.68 mg/L for C. gariepinus 

in the study herein showed the influence of model organisms 

(species, developmental stages and health status) [44] in LC50 

determination. Similarly, 96-h LC50 of 28.1 and 15.3 mg/L 

(As2O3) for zebrafish and rainbow trout respectively [45], 30.0, 

24.5, 10.2 and 22.2 mg/L for Labeo rohita, Cirrhina mrigala, 

Catla catla and Ctenopharyngodon idella respectively [46] also 

showed variation from 213.0 mg/L As obtained for C. gariepi-

nus in our study. Variations in LC50 values for the same metal 

in different model organisms suggest that the determination 

of LC50 for chemicals still remains an important step in prelim-

inary toxicology and environmental risk assessment of chemi-

cals [44,47]. That As and Cu in their binary mixtures with Cr 

reduced the mortality response of C. gariepinus compared to 

Cr treatment alone by 2.0 and 1.63 fold respectively, suggests 

As and Cu inhibited chromium absorption due to their poten-

tial direct interaction at the plasma membrane [48]. This as-

sertion was supported by Isobologram and synergistic (SR) 

prediction models of antagonistic interactions between Cr:Cu 

and As:Cr. Studies are scarce that assessed joint-action inter-

action between Cu and Cr or As and Cr, however previous re-

port on binary mixture (1:1) of Cu:Zn interaction was via an-

tagonism in eliciting mortality response in juvenile Orechromis 

niloticus [27]. Similarly, varying the ratio of concentrations 

(4:1, 3:2 and 1:4) of binary mixture of Cu:Zn interacted antago-

nistically to elicit mortality response of T. fuscatus var radula 

[28]. Findings from our study suggest antagonistic interaction 

among individual metals in As:Cr:Cu and As:Cu in response 

to increase mortality of C. gariepinus. This finding may be use-

ful in the management of CCA polluted sites and setting envi-

ronmental safe limits for freshwater bodies. 

Studies have shown that Cu has the highest accumulation 

potential (Cu>As>Cr) in sediments and benthos from CCA 

polluted sites [10,23,25]. For instance, American oysters 

(Crassostrea virginica; an epibiotic organism) inhabiting CCA 

contaminated water bio-accumulated as much as 600 ppm Cu 

until they turn greenish and were still alive [24]. This report 

may give support to why all the exposed fish survived even at 

600 mg/L of Cu treatment. Moreover, all fish exposed to Cu 

gained weight compared to the control (Figure 4). An indica-

tion that Cu ion is required for fish physiological needs [49,50]. 

However, the tested concentrations for Cu (threshold may dif-

fer for cells, animals and plants) in this study may become 

highly toxic eliciting varying systemic toxicity [50-52]. Intrigu-

ing was the fact that fish exposed to mixture of As:Cu signifi-

cantly gained weight compared to the control, unlike fish ex-

posed to As alone (Figure 4) [53]. It may be suggested that Cu 

interactively enhance the biotransformation of As into rela-

tively harmless substance hence reducing its deleterious ef-

fects during the 7 day exposure [54,55]. Cr, either when ex-

posed to fish alone or in combination with As and Cu caused 

reduction in fish body weight gain. Decrease in body weight 

gain was significant for As:Cr and Cr:Cu compared to the con-

trol and Cr alone (Figure 4). This suggests that the predicted 

antagonistic interaction between the binary mixtures of the 

metals apparently caused a reduction in mortality but did not 

significantly reduce morbidity (changes in physiological and 

biochemical processes that retarded fish growth were affect-

ed) compared to the negative control. This assertion is sup-

ported by the clinical signs of toxicity; ulceration, inflamma-

tion, oedema of the skin and skin lesion observed in the fish 

exposed to As, Cr and As:Cr (Figure 3). Furthermore, the ob-

served skin lesions lend credence to the reports that As and Cr 

are carcinogens capable of increasing dermatological abnor-

malities in fish species that may lead to cutaneous and visceral 

tumor development [56-59]. It further agrees with previous re-

port that long-term human exposure to CCA-treated wood in-

creased cutaneous and visceral malignancy [60]. The derived 

SC; 6.17 mg/L (Cr), 21.30 mg/L (As), 12.28 mg/L (As:Cr), 10.04 

mg/L (Cr:Cu) and 25.46 mg/L (As:Cr:Cu) of the metals de-

rived for juvenile C. gariepinus in this study are higher than 

permissible concentrations for aquatic environment from Ni-

geria [61] and other International organizations [62,63], sug-

gesting that the test organism may be safe in the natural envi-

ronment containing these SCs. However, it is pertinent to con-

sider that anthropogenic activities are constantly and increas-

ingly discharging these metals into both the aquatic and ter-

restrial environments and they readily accumulate in sedi-

ments and aquatic forms. For instance, over 100 folds of the 

predicted SCs herein have been reported in soil samples 

(As=1292 mg/kg; Cr=1444 mg/kg; and Cu=924 mg/kg) collect-

ed from soil surface where CCA treated woods were placed to 

dry after treatment [64]. 

Acute toxicity testing provides evidence of overall toxicity of 

chemicals via mortality, but does not indicate the possible 

mechanisms leading to the mortality vis-a-vis alterations in 

pathophysiology, biochemistry and genetic composition of 

the test models. Moreover, exposure to sub-lethal concentra-

tions of metals may not elicit instant mortality, therefore it is 

necessary to evaluate the cumulative risk on organism’s health 

using appropriate biomarkers [65]. Cytogenetic biomarkers 

are useful indicators for monitoring impacts of metals and 

evaluating the risk of predisposition to genetic related diseases 

and cancer development [66-69]. Fish MN assay, a sensitive 

and suitable cytogenetic endpoint, has been in use for over 30 

decades for monitoring the impact of chemicals on DNA dam-
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age [70], making MN and NA formation a suitable and accept-

able biomarkers of DNA damage induced by clastogens and 

aneugens [71]. MN and NA formation in erythrocytes of C. 

gariepinus has been confirmed sensitive indices for monitor-

ing structural and numerical chromosomal aberrations in-

duced by individual and mixture of chemical and physical 

agents both in in situ and in vivo studies [32,33,66,72,73]. 

The differential fold increase in MN and NA erythrocytes in 

peripheral blood of C. gariepinus exposed to individual and 

mixture of As, Cr and Cu suggests the varying levels of clasto-

genic and or aneugenic activities of the metals. The induced 

MN in exposed C. gariepinus lend credence to the report that 

Oysters inhabiting a canal with sub-merged CCA-treated 

woods had two fold higher MN in the gill cells compared to 

oysters from reference site [25]. Similarly, higher frequency of 

MN cells were observed in Tradescantia plants cultivated on 

soil (soil sample analysis; As=1,292 mg/kg, Cr=1,444 mg/kg 

and Cu=924 mg/kg) where CCA-treated woods were laid to 

dry after treatment [64]. Moreover, the findings herein that in-

dividual metals and their mixtures at their respective 96-h LC50 

concentrations induced higher fold increase of MN in fish 

compared to the positive control (benzene), a known hemato-

genotoxin [31], is worrisome and suggest management strate-

gies to protect aquatic ecosystems from metal mixture pollu-

tion. As and Cr possess the ability to elicit genotoxicity in fish 

[74,75]. Furthermore, environmental and occupational expo-

sure to these metals had been linked to increased genotoxicity 

and cancer risk [76-78]. Although, Cu is an essential micronu-

trient that enhances physiological processes in animals, how-

ever it is known to elicit DNA damage when in high concen-

trations [51,79,80].

Joint-action toxicity among composite mixtures of As, Cu 

and Cr was evident in the induction of MN and NAs in C. gari-

epinus. Synergism was observed in lower concentrations 

(6.25%) of As:Cu and As:Cr while antagonism was the most 

common interaction among the CCA constituents (Table 5). 

Previous studies have shown that DNA and protein damage 

may involve both forms of interactions. For instance, both in-

teractions were observed between lead tetra-acetate and 

As2O3 in the induction of MN in Tradescantia plant [81]. Syn-

ergism between Cu and Zn caused higher MN formation in 

peripheral erythrocyte of exposed Tilapia species compared to 

individual Cu and Zn [79]. Also, antagonism between Cu and 

Zn caused decrease in DNA, RNA and protein damage in fat-

head minnows, Pimephales promelas than individual Cu and 

Zn [82]. These interactions depend largely on the toxicokinet-

ics of the metals, which to a greater extent determine changes 

in the processes involving absorption, distribution, metabo-

lism, and or excretory effects of one metal on the others [83]. 

The interactive effects of metal mixtures may also depend on 

the sensitivity of the selected biomarkers of toxicity and the 

model organisms [84]. The findings herein may suggest that 

As synergistically interacted with Cu in the exposed fish to en-

hanced Cu accumulation in the kidney (hematopoietic system 

of the fish) which led to higher MN and NAs formation via oxi-

dative stress compared to the individual As and Cu. This asser-

tion lends credence to the report of Ademuyiwa et al.[85] 

wherein they observed that As2O3 increased Cu accumulation 

in kidney of exposed rats relative to the control group. Further-

more, antagonistic interaction observed herein suggests in-

crease metallothionein production, hence it leads to metal se-

questration and decrease free radical formation (ameliorating 

metal toxicity) [86-88]. This is supported by the report that co-

exposure between Pb or Cd significantly reduced As accumu-

lation in the kidney of rats, leading to the suppression of oxida-

tive stress [89].  

NAs in C. gariepinus along with MN has been shown to be 

sensitive, reliable and suitable as biomarker of cytogenotoxici-

ty elicited by mixtures of xenobiotics and it suggests possible 

mechanisms of genome instability in fish [32-34,66,90]. For 

instance, the presence of nuclear bud has been linked with 

entrapment of amplified DNA and/or DNA repair complexes 

during S-phase [91]. While binucleated cell formation results 

from alterations during cytokinesis of the M phase of dividing 

cells not previously exposed to cytochalasin-B [92]. Fragment-

ed apoptotic bodies with membrane-bound cells, and cells 

with loss of membrane integrity (Necrosis) (Figure 5c-d,i-k) 

suggest that the binary and tri-metal mixtures of CCA constit-

uents caused damage to the hematopoietic system of the ex-

posed fish, and the damage cells were eliminated by either 

programmed cell death (apoptosis) or accidental cell death 

(necrosis) [93]. It is also possible that CCA metals induced p53 

protein expression which caused activation of antioxidant 

genes associated with apoptotic cell formation [94]. Cr, Cu and 

As are capable of generating excess cellular levels of reactive 

oxygen species which are capable of causing damage to p53 

proteins and or genes associated with p53 expression. This can 

lead to activation of cell death processes; necrosis and apopto-

sis, via inactivation of antioxidant species [96]. This assertion 

aligns with the reports that Cr, Cu and As have the ability to in-

terfere with cellular activity through different mechanisms 

which may lead to cell lysis, cellular inflammation and/or cell 

death [95]. Necrotic and apoptotic erythrocytes had been pre-

viously observed in juvenile C. gariepinus exposed to hospital 

effluent [33]. 
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Conclusion

In conclusion, joint-action acute toxicity and cytogenotoxic 

effects of As, Cr and Cu binary and tri-metal composite mix-

tures showed departure from the actions of individual metals 

in C. gariepinus. The 96-h acute toxicity showed that Cr was 

the most toxic metal while Cu and As:Cu were indeterminate. 

According to Isobologram and SR models, As:Cr and Cr:Cu 

interacted antagonistically while As:Cu interacted synergisti-

cally. Furthermore, concentration-addition model showed 

synergism for As:Cr:Cu, while the IF deduced that high con-

centrations of individual metals in the composite mixtures in-

teracted antagonistically to elicit MN and NAs in erythrocytes 

of exposed fish. The findings herein may suggest possible in 

situ interactive effects among Cr, Cu and As in contaminated 

aquatic environment in the elicitation of acute toxicity and cy-

togenotoxicity in aquatic forms. Increase in genomic instabili-

ty may predispose fish and other aquatic organisms to genetic 

related diseases including cancer. The derived SCs of individ-

ual and mixture of Cr, Cu and As may be relevant in establish-

ing environmental relevant concentrations / safe limits for the 

component metals in CCA.  
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