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Abstract

Fish constitute an excellent model to understand the mechanistic aspects of metal toxicity vis-à-vis

oxidative stress in aquatic ecosystems. Hexavalent chromium (Cr (VI)), due to its redox potential

can induce oxidative stress (OS) in fish and impair their health. In the present investigation, we

hypothesize that OS plays a key role in chromium induced toxicity in goldfish; leading to the

production of reactive oxygen species (ROS) such as O· 2, H2O2, OH·, and subsequent modulation

of the activities of antioxidant enzymes such as catalase (CAT), superoxide dismutase (SOD),

metallothioneins (MT), glutathione proxidase (GPx), genotoxicity and histopathology. To test this

hypothesis, antioxidant enzymes, DNA damage and histopathology assays were performed in liver

and kidney tissues of goldfish exposed to different concentrations of Cr (VI) (LC12.5, LC25 and

LC50) following 96h static renewal bioassay. The results of this study clearly show that the fish

experienced OS as characterized by significant modulation of enzyme activities, induction of DNA

damage and microscopic morphological changes in the liver and kidney. In both tissues, CAT activity

was decreased whereas SOD activity and hydroperoxide levels were increased. In addition, GPx

activity also increased significantly in higher test concentrations, especially in the kidney. MT

induction and DNA damage were observed in both tissues in a concentration dependent manner.

Microscopic examination of organ morphology indicated degeneration of liver tissue and necrosis

of central vein. Necrosis of kidney tubular epithelial cells and tubules was observed at higher Cr (VI)

concentrations. Taking together the findings of this study are helpful in organ-specific risk assessment

of Cr (VI)-induced oxidative stress, genotoxicity and histopathology in fish.
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1. Introduction

Heavy metals constitute a core group of aquatic pollutants due to their bioacuumulative and

non-biodegradable properties. Their excessive contamination of aquatic ecosystems has

evoked major environmental and health concerns worldwide [1]. Chromium is the sixth most

abundant heavy metal in the earth crust [2]. While this metal exhibits various oxidation states,
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the trivalent and hexavalent states are predominant in the environment [3]. Cr (VI) is a strong

oxidizing agent and able to form chromate and dichromate ions in the environment [4]. In the

United States, chromate ore is used for the production of thousands of tons of products every

year in metallurgical, chemical and refractory industries [5]. Inadequate treatment of effluents

from these industries often leads to the large-scale contamination of water resources by

chromium [2]. Eventually, the metal exerts a great influence on the survival of fish and other

aquatic biota. Several studies on chromium have reported it’s cytotoxic, immunological,

hematological, histological and genotoxic effects to fish [6–14].

Fish serve as an excellent model to understand the mechanistic aspects of metal toxicity vis-

à-vis oxidative stress in aquatic ecosystems. Heavy metals including chromium, due to their

redox potential can induce oxidative stress in fish and impair their health [15,8]. Fish upon

exposure to pollutants elicit the production of reactive oxygen species (ROS) like superoxide

anion, hydrogen peroxide and hydroxyl radical [16]. As the ROS levels increase, the biological

system develops a first line defense mechanism by modulating the activities of antioxidants

such as catalase (CAT), superoxide dismutase (SOD), metallothioneins (MT) and glutathione

related enzymes [17,18].

Genotoxic potential of Cr (VI) has been reported from human and rodent studies [19–21]. The

assessment of the genotoxicity of metals in terrestrial and aquatic ecosystems has been a major

thrust area of current research and there is growing concern to develop methods for detection

of genotoxic effects in aquatic animals. Though, many methods like micronucleus test,

chromosomal aberrations and DNA damage assays have been used for assessing genotoxicity

of various chemicals in different animals [22–27], the DNA damage (comet assay) protocol is

known to be simple, sensitive, more reliable and cost effective, and has been used to investigate

the genotoxic potential of toxicants in the environment [28–30]. However, scientific data on

the genotoxic potential of Cr (VI) in aquatic animals is scarce.

Microscopic examination of target tissues is an important end-point in the evaluation of toxic

potential and risk assessment of chemicals in the environment. Histopathology studies of target

organs along with the studies of oxidative stress and DNA damage would give the complete

risk assessment and toxic potential of Cr (VI) in aquatic animals [24]. Cr (VI) is one of the

known core toxicants for induction of morphological changes such as epithelial hyperplasia,

and epithelial lifting [17], degeneration of secondary gill lamellae, hyperplasia of lamellar cells

and atrophy of central axis in tissues [13]. Much information is not available on the toxic

potential of Cr (VI) to aquatic animals at the genetic and histopathological levels. Therefore,

in this research, we have investigated the acute toxicity, and evaluated the biomarkers of Cr

(VI)-induced oxidative stress, genotoxicity and histopathology in liver and kidney tissues of

goldfish, Carassius auratus. An attempt has been made to unravel the relationships between

oxidative stress, DNA damage and histopathology resulting from Cr (VI) exposure.

2. Materials and methods

2. 1. Experimental animals

Carassius auratus, commonly known as goldfish, was selected as an experimental animal

model. The fish (average length 7.4±0.54cm and average weight 9.2±0.85 g) were purchased

from a commercial store in Jackson, Mississippi, and acclimatized to the laboratory conditions

for 15 days. The fish were placed in glass aquaria with tap water (pH 7.2±0.6, temperature 28.2

±0.5°C, dissolved oxygen 3.65mg /L, conductivity 222µs/ cm, total suspended solids (TSS)

105.6 mg/L and salinity 0%). No mortality was observed during the acclimatization. The fish

were fed with aquarium flake food twice a day and 12hr light and 12hr dark photoperiod was

maintained during the acclimatization.
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2.2. Chemicals and reagents

Sodium dichromate, ethanol, xylene, 10% formalin, Tris borate electrophoresis buffer,

chloroform, formaldehyde, mannitol, ethylene glycol tetra acetic acid (EGTA), dimethyl

sulfoxide, methanol, protease inhibitor cocktail, sucrose, 5-5 dithiobis (2-nitrobenzoic acid)

(DTNB), reduced glutathione, ethyl di-amine tetra acetic acid (EDTA), 2-Phenoxyethanol and

human albumin were purchased from Sigma-Aldrich (St Louis, MO, USA). 4-(2-

hydroxyethyl)-1-piperazine ethane sulfonic acid (HEPES) buffer, potassium phosphate, Tris-

HCl, catalase assay kit, superoxide dismutase assay kit, lipid hydro-peroxides assay kit and

glutathione peroxidase assay kits were purchased from Calbiochem (La Jolla, CA, USA).

Phosphate buffered saline (PBS) and Comet assay kit were purchased from Trevigen Inc,

(Gaithersburg, MD, USA). Heparin, hematoxylin and eosin Y were purchased from Fisher

scientific (Suwanee, GA, USA).

2.3. Experimental design

From a previous static renewal bioassay, the 96h-LC50 (lethal concentration inducing 50%

mortality of goldfish) was found to be 85.7±0.4 mg/L [31]. Subsequently, the acclimatized fish

were randomly separated into adequate number of groups and exposed to different

concentrations of Cr (VI) including control, LC12.5, LC25 and LC50 i.e. 0 mg/L, 21.42 mg/L,

42.85 mg/L and 85.7 mg/L, respectively. During exposure, feeding was stopped and

photoperiod was maintained with 12h light and 12h dark. The aqueous chemical solutions in

the aquaria were renewed for every 24h with the respective concentrations of toxicant. After

the 96h exposure, the fish were anesthetized with 0.1% 2-phenoxyethanol and sacrificed for

biochemical analysis. The dissected tissues were stored at −80°C for further analysis. Liver

and kidney of 3 fish from each treatment (control, LC12.5, LC25 and LC50) were used to analyze

each of the studied parameters. Three sample replicates were made from each fish liver and

kidney. Hence, a total of nine samples were analyzed for each parameter.

2.4. Catalase (CAT) assay

Dissected tissues were rinsed with phosphate buffer (pH 7.4) to remove red blood cells, and

homogenized in cold buffer (1:8 w/v) containing 50 mM potassium phosphate, pH 7.0 and 1

mM ethylene diamine tetra acetic acid (EDTA) per gram of tissue. The supernatant from each

tissue was used as the enzyme source and analyzed according to the method described by

Johansson and Borg [32] with few modifications. Briefly, three replicates of 20 µl samples

were mixed with 100 µl of 100 mM potassium phosphate, pH 7.0 and 30 µl methanol. The

reaction was initiated with 20 µl of 35mM hydrogen peroxide and the mixture was incubated

on shaker at room temperature for 20 min. The reaction was terminated by adding 30 µl of 10

M potassium hydroxide. Thirty µl of 4-amino-3-hydrazino-5-mercapto-1, 2, 4-triazole

(chromogen) was added to the three replicates of each sample, and incubated on a shaker for

10 min at room temperature. After incubation, 10 µl of potassium periodate was added to the

mixture and incubated for 5 min at room temperature. Finally, the reaction mixture’s

absorbance was recorded at 540nm using 96 plate reader (Multiskan Ascent, Lab systems

USA). The principle of this assay is based on the reaction of the CAT with methanol in the

presence of an optimal concentration of hydrogen peroxide, and the measurement of

formaldehyde produced. One unit of CAT is defined as the amount of CAT that will cause the

formation of 1.0nmol formaldehyde per min at 25°C. Reference standard curve was prepared

with formaldehyde solution.

2.5. Superoxide dismutase (SOD) assay

The tissues were rinsed with phosphate buffer (pH 7.4) containing 0.16 mg/ml heparin, to

remove any red blood cells. The tissues were homogenized (1:8, w/v) in cold 20mM HEPES

buffer, pH 7.2, containing 1mM EGTA, 210 mM mannitol, and 70 mM sucrose per gram of
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tissue. Each tissue homogenate was centrifuged at 1500× g for 5 min at 4°C (Beckman

XL-100K, USA). The supernatants were transferred to a 96 well plate, and the activity of SOD

was analyzed according to a previously published method [33,34], with few modifications.

Briefly, three replicates of 10 µl of each sample were mixed with 200 µl of radical detector.

Radical detector was prepared with 50 µl of tetrazolium salt solution and 19.95 ml of 50 mM

Tris-HCl (pH 8.0, containing 0.1 mM diethylene triamine penta acetic acid (DTPA) and 0.1

mM hypoxanthine). The reaction was initiated by adding 20 µl of xanthine oxidase and the

reaction mixture was incubated on a shaker for 20 min at room temperature. The xanthine

oxidase was prepared with 50 µl of xanthine oxidase solution and 1.95 ml of 50 mM Tris-HCl,

pH 8.0. After 20 min of incubation, the reaction mixture’s absorbance was recorded at 450 nm

using 96 wells plate reader (Multiskan Ascent, Lab systems USA). The assay principle is based

on the utilization of a tetrazolium salt for detection of superoxide radicals generated by xanthine

oxidase and hypoxanthine. One unit of SOD is defined as the amount of enzyme needed to

exhibit 50% dismutation of the superoxide radical. The standard reference curve was prepared

with solution of bovine erythrocyte SOD.

2.6. Lipid peroxidation (LPO) assay

Lipid hydroperoxides in liver and kidney were estimated according to the method described

by Mihaljevic [35] with few modifications. Briefly, the tissues were homogenized (1:8, w/v)

in cold HPLC-grade water. Five hundred µl of the each tissue homogenate was taken in a glass

test tube and equal volume of Calbiochem supplied Extract R saturated methanol was added.

The mixture was vortexed for few minutes and 1 ml of cold deoxygenated chloroform was

added, and vortexed thoroughly. The mixture was centrifuged at 1500× g for 5 min at 0°C and

the bottom chloroform layer was collected. Five hundred µl of the bottom chloroform was

mixed with 450 µl of chloroform: methanol (2:1) mixture and 50µl of Calbiochem supplied

chromogen (thiocyanate ion). Then the mixture was incubated for 5 min and the absorbance

of each sample was recorded at 500 nm wavelength using spectrophotometer (2800 Unico

spectrophotometer USA). This method directly measures the lipid hydro-peroxides utilizing

redox reactions with ferrous ions. The produced lipid hydro peroxides are highly unstable and

react readily with ferrous ions to produce ferric ions that are detected using thiocyanate ion as

chromogen. Calbiochem supplied lipid hydro peroxide solution were used as reference

standards.

2.7. Glutathione peroxidase (GPx) assay

GPx activity was analyzed according to the method described by Paglia and Valentine [36],

with few modifications. Briefly, the tissues were perfused with phosphate buffer saline (PBS),

pH 7.4, and containing 0.16 mg/ml heparin, to remove red blood cells. The tissues were

homogenized (1:8, w/v) in cold buffer containing 50 mM Tris-HCl, pH 7.5, 5 mM EDTA and

1 mM DTT per gram tissue. The homogenates were centrifuged at 1500× g for 15 min at 4°C

and each tissue supernatant was separated (Beckman XL-100K, USA). Three replicates of 20

µl of each sample were mixed with 100 µl of 50 mM Tris-HCl, pH 7.6, containing 5 mM EDTA

and 50 µl of co-substrate mixture (Calbiochem supplied NADPH, glutathione, and glutathione

reductase). The reaction was initiated by adding 20 µl of cumene hydroperoxide solution. The

reactions mixture was vortexed properly, and the absorbance was recorded at 340nm

wavelength (Multiskan Ascent, Lab systems USA). The assay indirectly measures the activity

of GPx by a coupled reaction with glutathione reductase. One unit of GPx is defined as the

amount of enzyme that will cause the oxidation of 1.0 nmol of NADPH to NADP+ per minute

at 25°C.
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2.8. Metallothionein (MT) quantification

Liver and kidney of goldfish were dissected and MT was quantified as described previously

[37]. Briefly, the tissues were homogenized separately (1:8, w/v) in a buffer containing 20 mM

Tris-HCl, pH 8.6, 0.01% β-mercaptoethanol, protease inhibitor cocktail and 0.5 M sucrose.

The homogenates were centrifuged at 30000× g for 20 min (Beckman XL-100K, USA); and

the supernatants were collected and resuspended in 49% ethanol containing 3.7% chloroform.

The mixture was centrifuged at 30000× g for 20 min and again resuspended in 49% ethanol

containing 3.7% chloroform, and centrifuged at 6000× g for 10 min. The supernatant was

collected, acidified cold 87% ethanol was added and the mixture was incubated at −20°C for

1 hr. The mixture was centrifuged at 6000× g for 10 min, the pellet was resuspended in 20 mM

Tris-HCl buffer, pH 8.6, containing 87% ethanol and 1% chloroform, and centrifuged at 6000×

g for 10 min. The pellet was allowed to dry under a nitrogen gas stream and resuspended in a

solution containing 0.16 M NaCl, 0.5N HCl, and 2 mM EDTA. The resuspended 0.3 ml aliquots

were mixed with 4.2 ml of 0.43mM DTNB (5-5 dithiobis (2-nitrobenzoic acid)). The DTNB

was prepared in 0.2 M phosphate buffer, pH 8.0, supplemented with 2M NaCl. The mixture

was centrifuged at 3000× g for 5 min at room temperature and the absorbance of the supernatant

was measured at 412 nm using reduced glutathione as reference standard.

2.9. Total Protein quantification

Liver and kidney tissues were dissected and homogenized with phosphate buffer (1:8, w/v).

Protein concentration was measured according to the Bradford method [38] using bovine serum

albumin as reference standard.

2.10. Comet assay

Comet assay was performed according to the protocol that had been previously described by

Singh et al [30] and modified by Patlolla et al [21]. Liver and kidney tissues were dissected,

chopped in to large pieces and placed in 1 ml of ice cold phosphate buffer saline (PBS) (with

out Ca++ and Mg ++) to remove red blood cells. The tissues were minced with scissors into

small pieces. The chopped tissues were placed in 1 ml of PBS containing 20 mM EDTA. The

mixture was incubated for 5 min, and the cell suspension was transferred into another tube by

avoiding debris. The number of cells in the cell suspension were counted using hemocytometer

and pelleted at 4°C. The pellet was suspended in 1 ml of ice cold PBS at 1 × 105 cells/ml.

Molten agarose was prepared in a boiling water bath, cooled down to 37°C and mixed with

isolated cells in a 1:10 ratio in a eppendorf tube. Seventy-five µl of the mixture of agarose and

cells were taken on comet slides. The comet slides were placed in dark for 10 min at 4°C to

solidify the gel. After 10 min, the slides were placed in lysis solution containing dimethyl

sulfoxide, for 30 min at 4°C. Then the excess solution was removed and the slides were placed

in alkaline solution to denature the DNA for 40 min at room temperature. After 40 min, the

slides were subjected to electrophoresis in tris borate electrophoresis buffer (TBE) with 1 volt/

cm current between the two electrodes for 10 min. After 10 min of electrophoresis, the slides

were fixed with 70% ethanol for 5 min. The slides were stained with syber green and air-dried.

Control comet slides were prepared along with the exposed cells comet slides. The whole

process was done under yellow light in order to minimize the UV light damage. The processed

slides were examined for DNA damage using an epifluorescent microscope (Olympus BX51

TRF, USA). Liver and kidney tissues of 3 fish were analyzed per treatment. In each of 3 fish,

a minimum of 75 individual cells per sample were screened, and a total of 225 individual cells

(triplicate) were examined per organ. The data were analyzed using a DELL computer equipped

with a DNA damage analysis software (Loats Associates Inc., USA).
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2.11. Histopathology

Liver and kidney tissues of control and Cr(VI)-treated fish were processed and evaluated

according the method described by Kerem et al [40], with few modifications. Dissected tissues

were washed in ice cold 0.9% sodium chloride solution, and subsequently fixed in 10%

formalin solution for 48 hr. After 48 hr, the tissues were transferred into 70% ethanol. After

three days, the organs were placed in cassettes and incubated in 50% alcohol for overnight.

Dehydration of the organs was accomplished by soaking in increasing alcohol percentages for

5 hr as follows: 70%, 90%, 95%, 95%, and 100% ethanol, xylene and lastly xylene: paraffin

mixture (1:1 ratio). The organs were incubated overnight in xylene: paraffin mixture at 65°C

in preparation for embedding (Tissue processor, Triangle biomedical sciences USA). On the

next day, the organs were embedded in paraffin and sectioned using an ultra microtome

(Olympus CUT 4055E, USA) to obtain sections of 5 µm in size. The sectioned tissues were

fixed on the microscope slides and air-dried for 24 hr. For each Cr(VI) concentration, three

fish were dissected, and triplicate slides were made; resulting in a total of 9 slides per treatment

and per organ. The slides were later stained with hematoxylin and counter stained with eosin.

The stained tissues were visualized under microscope and evaluated for changes in morphology

of Cr (VI) exposed tissues compared to the control.

Morphologies of liver and kidney tissues were evaluated as described by Kerem et al [40] using

Axiovert S-100, inverted light microscope (Carl Zeiss Micro Imaging Inc, Thornwood, NY).

The liver morphology was scored as follows: 0= normal, 1 = mild cellular disruption in less

than 25% of field area, 2 = moderate cellular disruption and hepato cellular vacuolation greater

than 50% of field area, 3 = extensive cell disruption, hepato-cellular vacuolation and condensed

nuclei (pycknotic) of hepatocytes in greater than 50% of field area, 4 = extensive cell disruption,

hepatocellular vacuolation, pycknotic and occasional central vein injury, and 5= extensive cell

disruption, multi central vein necrosis and degenerating of liver in more than 50% of field area.

The ‘cell disruption’ refers to the degree of central vein damage, hepato-cellular vacuolation,

tissue necrosis and number of pycknotic cells in the liver. Histopathology of kidney was

evaluated in terms of tubular injury. Tubular injury was defined as tubular dilation, tubular

necrosis, renal tubular separation, disintegration of tubules and glomerular necrosis.

Glomerular cells and all kinds of tubules damage were included in the scoring system: 0 = no

injury, 1= < 10% of injury, 2 = 10–25% of injury, 3 = 26 to 50 % of injury, 4 = 51–75% of

injury, and 5 = > 75% of injury.

2.12. Statistical Analysis

The data was analyzed using SAS 9.1 software and expressed as arithmetic mean ± standard

deviation. One way ANOVA and Dunnett test were performed to determine if there were

significant differences among and between treatment groups. Significant differences were

considered at p < 0.05.

3. Results

3.1. Antioxidant enzymes activities

The activity of catalase (CAT), superoxide dismutase (SOD), glutathione proxidase (GPx),

lipid peroxidation (LPO), metallothioneins (MT) and total protein levels were determined in

liver and kidney homogenates of control and Cr (VI) exposed fish for 96 h. Further, DNA

damage and histopathology of liver and kidney tissues were evaluated.

Fig. 1 A summarizes the CAT activity in liver and kidney of control and exposed fish. CAT

activity levels in liver were 1,329.03±197.52, 946.71±220.99, 885.01±282.03 and 825.04

±262.36 nmol/min/gram tissue for control, LC12.5, LC25 and LC50, respectively. The amounts

in kidney were 1012.93±186.18, 950.79±203.80, 839.55±43.35 and 834.2±152.39 nmol/min/
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gram tissue for control, LC12.5, LC25 and LC50, respectively. No significant differences in

CAT activity were observed between control and Cr (VI) treated fish. However, there was

slight decrease in the CAT activity of treatment groups compared to the control groups of liver

and kidney, and this decrease was concentration-dependent.

The SOD activity in liver and kidney of control and treated groups is presented in Fig.1B. SOD

activity levels in liver were 0.93±0.28, 1.51±0.26, 1.89±0.11 and 2.00±0.12 units/gram tissue

for control, LC12.5, LC25 and LC50, respectively. The amounts in the kidney tissue were 1.60

±0.12, 2.18±0.07, 2.15±0.05 and 2.22±0.12 units/gram tissue for control, LC12.5, LC25 and

LC50, respectively. In both the organs a concentration-dependent increase in SOD activity was

observed. Significant increases (p < 0.05) in the SOD activity of liver were observed in

LC50 and LC25 treatment groups compared to the control. Although increased SOD activity in

the liver was demonstrated in fishes under LC12.5 treatment, this increase was insignificant

(p > 0.05). On the other hand, the SOD activity in the kidney was significantly increased in all

the test concentrations. The SOD activity increase in the liver and kidney was time- and

concentration-dependent.

Fig. 1C shows the GPx activity in liver and kidney tissues of control and treated groups. GPx

activity levels in liver were 39.30±12.80, 37.15±7.20, 39.53±15.28 and 77.72±24.74 nmol/

min/gram tissue for control, LC12.5, LC25 and LC50, respectively. The amounts in kidney were

40.45±26.14, 73.56±26.75, 120.5±13.34 and 229.10±9.63 nmol/min/gram tissue for control,

LC12.5, LC25 and LC50, respectively. GPx activities of liver were increased in all the tested

concentrations compared to the control group. However, increase in the activity of GPx of liver

was significant (p < 0.05) only in the LC50 treatment group compared to the control. In the

kidney, the activity was increased significantly (p < 0.05) in both LC25 and LC50 exposed fish

groups compared to the control.

3.2. Lipid peroxidation

Lipid hydroperoxide (LHP) levels in liver and kidney tissues of control and treatment groups

are presented in Fig. 1D. In the liver, the levels were 7.84±2.14, 27.79±4.87, 31.68±4.9 and

55.55±7.93 µM for control, LC12.5, LC25 and LC50, respectively. The LHP levels in kidney

were 20.31±4.84, 55.78±4.7, 77.1±7.92 and 83.25±13.1µM for control, LC12.5, LC25 and

LC50, respectively. These levels were significantly (p < 0.05) increased in all treated groups

compared to the control fish; showing a concentration-dependent increase of hydro peroxides

in both organs.

3.3. Metallothionein content

Metallothionein (MT) profile in liver and kidney tissues of control and exposed fish is presented

in Fig. 1E. The MT levels in liver were 3.54±0.98, 6.82±1.20, 14.28±1.58 and 18.32±2.35 µg/

g tissue for control, LC12.5, LC25 and LC50, respectively. The MT levels in kidney were 5.32

±1.20, 8.42±2.43, 10.53±1.82 and 20.35±2.50 µg/g tissue for control, LC12.5, LC25 and

LC50, respectively. MT levels of both organs were significantly increased (p< 0.05) in LC25

and LC50 treatment groups compared to the controls. The increased activity in the LC12.5

treated group was insignificant (p > 0.05). However, the increase in MT levels was

concentration-dependent in both the organs

3.4. Total protein content

The proteins levels in liver and kidney tissues of the control and treatment groups are presented

in Fig. 1F. Total protein amounts in liver were 107.08±3.29, 113.87±4.95, 109.28±1.95 and

105.68±2.90 mg/g tissue for control, LC12.5, LC25 and LC50, respectively. The total protein

levels in kidney were 124.57±2.61, 125.23±1.32, 124.56±0.5 and 124.91±1.62 mg/ g tissue

for control, LC12.5, LC25 and LC50, respectively. The proteins levels of liver were elevated in
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LC12.5, LC25 treatment groups and decreased in LC50 treatment group compared to the control

group. In kidney, the protein content was increased in all the treatment groups compared to the

control. However, the changes in proteins levels in liver and kidney of treatment group were

not significantly different (p> 0.05) from the control fish.

3.5. Genotoxicity

The profiles of DNA damage in liver and kidney of control and Cr (VI) treated fish are presented

in Fig. 2. The percentages of DNA damage in liver and kidney cells of all the treatments are

presented in Table 1. There was a concentration-dependent increase in percentage of DNA

damage with chemical exposure. In the liver, the DNA damage of LC50 treatment group was

significantly different from the control group. In the kidney, the DNA damage of LC50 and

LC25 were significantly different from the control. Both organs showed a concentration-

dependent increase in percentage of DNA damage (Fig. 3 & Fig. 4).

3.6. Histopathology

Fig. 5 presents the morphology of the liver of control and Cr (VI)-treated fish. Microscopic

examination of the control liver showed a normal structure with compactly arranged

hepatocytes. Sinusoids were scattered randomly all over the hepatocytes and the hepatocytes

had uniform morphology along with central vein. However, the fish exposed to LC12.5, LC25

and LC50 presented remarkable morphological alterations. Hepatocytes disruption and

hepatocellular vacuolation were observed in microscopic examination of LC12.5 exposed fish

liver. In addition to the LC12.5 alterations, pycknotic or karyomegaly (condensed nuclei) of

hepatocytes and partial disruption of central vein were observed in LC25 exposed fish liver. In

addition to the above alterations, degeneration of liver (atrophy) and central vein injury were

observed in LC50 exposed fish liver.

Treated and control kidney morphologies are presented in the Fig. 6. Microscopic examination

of the control fish kidney showed uniformly formed functional units called tubules and the

interstices of the tubules contain hematopoietic tissue. However, the kidney of LC12.5-,

LC25- and LC50-exposed fish showed morphological alterations. The kidney exposed to

LC12.5 showed tubular dilation and renal tubular separation, whereas the kidney exposed to

LC25 showed tubular necrosis, disintegration of tubules, degeneration of hematopoietic tissue

and esonophillic exudates. Further, in the kidney exposed to LC50, progressive dilation of

tubules, tubular necrosis, renal tubular separation, degeneration of hematopoietic tissue and

tubular lumen were observed. Table 2 represents the statistical data for liver and kidney

histopathology.

4. Discussion

In this study, we have investigated the oxidative stress, genotoxicity and histopathology of

liver and kidney of Goldfish, Carassius auratus, upon acute exposure to Cr (VI). The results

of this study clearly show that the fish experienced oxidative stress by modulating the

antioxidant enzyme activities, exhibited DNA damage and microscopic morphological changes

in the liver and kidney tissues.

4.1. Oxidative stress

The present study indicates that CAT activity decreased in both liver and kidney of fish exposed

to LC12.5, LC25 and LC50 compared to the control. However, this decrease is not significant.

Similar results were also reported in earlier studies from which the authors pointed out that the

inhibition of CAT activities may be associated with over production of superoxide anion

radicals [41,42]. In another study, Anguilla anguilla L exposed to chromium showed inhibition

of CAT activity due to the generation of CAT inhibitors [25]. The inhibition of CAT activity
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might also be due to the carbonylation of proteins [43,44] and the change of protein function

by lipid peroxidation products [45].

In the present study, SOD activity in liver and kidney of exposed fish was significantly elevated

in all the concentrations compared to the controls. It has been reported that elevated levels of

ROS induce antioxidant levels and as a part of an adaptive mechanism to oxidative stress SOD

activity will be elevated [46]. Similar findings reported earlier are in agreement of these

findings [47,17]. Thus, the increase in SOD activity observed in the current study suggests that

Cr (VI) is capable of inducing oxidative stress to the goldfish.

Lipid hydroperoxides are the products of saturated and unsaturated lipids resulting from

oxidative injury. Assessment of oxidative damage by measuring the hydro peroxides levels is

a novel and direct method compared to the traditional, indirect calorimetric assessment of

malonaldehyde (MDA) and 4-hydroxynonenal (4-HNE). The hydroperoxide levels were

increased in all test concentrations compared to the controls of liver and kidney. The results

of present study clearly suggest that the fish group were subjected to oxidative stress because

of the lipid peroxidation in response to ROS generation [16]. On the other hand, less effective

antioxidant defense mechanism against the ROS may lead to the increase of lipid peroxidation

[25], which can be considered as one of the biomarkers for cell death [48,49].

GPx enzyme exhibits pivotal role in protection of animals from oxidative damage by reducing

lipid hydro peroxides to alcohols. The activity of GPx increased significantly in higher test

concentrations in liver and kidney suggesting elevated levels of hydro peroxides in liver and

kidney. The results are corroborated with the previous findings [25,42]. Induction of GPx was

more in kidney compared to the liver; which could be due to the higher production of lipid

hydro peroxides by superoxide radicals (O2 −) in the kidney. Previously it has been reported

that the kidney is the primary organ of Cr (VI) toxicity in fish [24].

Metallothioneins (MT) are low molecular weight metal binding proteins induced as a part of

defense mechanism against metals. In the present study, the levels of MT were elevated in a

concentration-dependent manner in liver and the kidney of Cr (VI) exposed fish. Induction of

MT could be result from direct activation of metal responsive elements (MRE), indirect

displacement of other bound metals of MRE by intracellular ligands or activation of antioxidant

responsive elements [50,51]. Roberts et al [17] have reported similar findings of significant

MT induction from an investigation of the sub-lethal effects of Cr (VI) to Rainbow trout.

Though the total protein content in liver and kidney was altered, the changes in protein levels

were insignificant when compared to the control fish. The alterations in the protein levels might

be due to the adaptation of the animals to metal stress. Our data supported by previous reports

[52] have shown the decrease of total protein content in fish exposed to Cr (VI). Decreased

rate of protein synthesis, utilization for energy or secreted mucous proteins could alter the

protein levels in animals under metallic stress [12,53].

4.2. Genotoxicity

The present study clearly showed that the Cr (VI) is genotoxic to the goldfish. DNA damage

was observed in liver and kidney cells of all the fish exposed to Cr (VI) in a concentration-

dependent manner. The DNA damage at higher test concentrations in the liver and kidney could

be due to the elevated levels of hydroproxides in both the tissues compared to their controls,

respectively. Induction of ROS under metallic stress could attack the DNA and damage its

integrity. Our present study results are corroborated with the previous reports [25]. In another

study, medaka fin cell lines exposed to Cr (VI) to examine the genotoxic potentials, have

demonstrated DNA double strand breaks and chromosome damage in a concentration-

dependent manner [6]. In a particular study, Abbas et al [54] studied the genotoxic potential

of Cr (VI) in Orechromis spp. The fish were exposed to sub lethal concentrations (43.7 mg/L)

Velma and Tchounwou Page 9

Mutat Res. Author manuscript; available in PMC 2011 April 30.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



of Cr (VI) for 24 and 96h. The results showed polymorphic bands in long time exposed fish

whereas no polymorphic bands in short time exposed fish. Additional studies have reported

the genotoxic potential of Cr (VI) in Pimephales promelas, the fathead minnow, based on the

induction of micronucleus in erythrocytes [26].

4.3. Histopathology

Microscopic examination of organs to evaluate the toxic effects of contaminants has become

a vital tool in detecting early effects on morphology. Also it has been used as a biomarker to

evaluate the toxicity of various pollutants [55,56]. In the present study, the liver of Cr (VI)

exposed fish showed distorted hepatocytes with vacuolation. It has been reported that toxicant

exposed liver show vacuolation because of the excessive accumulation of fat in the cytoplasm

[57]. Pycknotic (karyomegaly) is the state of condensed nuclei present in the hepatocytes; it

might be due to the deposition of lipids and glycogen [58]. In the present study, the sections

of the liver exposed to higher Cr (VI) concentrations, showed remarkable damage of the central

vein was because of the infiltration of neutrophils and lymphocytes. Degeneration of liver

tissue and necrosis of central vein could be due to the accumulation of neutrophils and

lymphocytes. Similar results have been found from studies of African catfish exposed to fuel

oil for 14 days [59]. Lipid peroxidation is the primary source for tubular dilation, and

disintegration tubules. Our results are corroborated by the similar findings of kidney pathology

in Chinook salmon exposed to aqueous chromium [24]. The generation of ROS as a result of

chromium exposure leads to the peroxidation of unsaturated fatty acids in the cell membranes

and development of necrosis [60–62]. In our study, degeneration of tubular epithelial cells and

tubular necrosis was observed at higher concentrations of Cr (VI) exposure. This may be due

to the accumulation of inflammatory cells associated with chromium toxicity [63]. Epithelial

degeneration of tubule was earlier reported in fish exposed to higher doses of antibiotics [64,

65].

4.4. Organ specificity

We made an attempt to assess the organ specific toxic effects of Cr (VI) in goldfish liver and

kidney for acute exposure. Organ specificity depends on the bioaccumulation of toxicants and

defensive mechanism of the particular organ [25]. The organ-specific Cr (VI) toxicity data in

fish is scarce.

The results from our studies indicated that CAT activity was altered in both liver and kidney

compared to the controls. However, neither organs antioxidant levels showed significant

change to the Cr (VI) exposure. On the other hand, the SOD activity was found to be elevated

in both organs and the antioxidant levels were significantly higher in kidney compared to the

liver. A similar pattern of GPx levels induction was observed in liver and kidney showing organ

specific toxicity. These antioxidant profiles showed more resistance to Cr (VI)-induced ROS

in liver and less in kidney; it could be due to the differential antioxidant defensive capacity of

liver and kidney. Also, the toxicant exposed fish showed adaptability to the metal contaminated

environment by inducing MT levels and altering total protein content in the liver and kidney.

However, the MT induction was more in kidney compared to the liver. This could be due to

the more accumulation of the metal in the kidney.

The differential toxicity of Cr (VI) in liver and kidney was further evidenced with the ROS

induced lipid peroxidation, genotoxicity and histopathology. The lipid hydro peroxides levels,

degree of DNA damage and microscopic morphological changes were observed more in the

kidney compared to the liver. The organ-specific toxic potential of Cr (VI) can be due to the

differential sensitivity of liver and kidney cells, which may be due to the differential expression

of receptors and cellular components that interact with the metal and metal-produced ROS.

Also, it has been reported that oxidative stress interferes with cell cycle check points and alters
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the process of cell division [66]. Because the kidney is a blood-forming organ, cell division

may be more active in this tissue; making it more susceptible to oxidative stress than the liver

which is primarily involved in the biotransformation of xenobiotic compounds.

5. Conclusions

The current study demonstrates that the Cr (VI) induced oxidative stress, genotoxicity and

histopathological effects in goldfish liver and kidney at all the tested concentrations for 96h

exposure. As a result of oxidative stress, the antioxidant enzyme levels were significantly

modulated in both organs in a concentration-dependent manner. Cr (VI) induced significant

DNA damage in goldfish liver and kidney cells leading to believe that the elevated levels of

antioxidants were inadequate to combat the high level of ROS generated.

Also, significant morphological changes were observed in liver and kidney tissues of exposed

fish. These changes included distorted hepatocytes with vacuolation, karyomegaly,

degeneration of liver tissue and necrosis of central vein in the liver, and tubular dilation and

disintegration of tubules in the kidney. However, the induced histopathological effects were

significantly higher at higher test concentration; it might be attributed to the higher

accumulation of Cr and inflammatory reactions in the tissues as a result of oxidative stress and

lipid peroxidation leading to tubular dilation and kidney disintegration. Hence, Cr (VI)

specifically altered the morphology and physiology of the kidney. Further, the subtle effects

seen at low concentrations suggest that kidney is more sensitive to Cr (VI) toxicity.
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Fig. 1.

A. Catalase activity in Carassius auratus liver and kidney exposed to various concentrations

of Cr (VI) for 96h. Each point represents a mean value and standard deviation of three

replicates.

B. SOD activity in Carassius auratus liver and kidney exposed to various concentrations of

Cr (VI) for 96h. Each point represents a mean value and standard deviation of three replicates.

*indicates significantly different from the control according to Dunnett’s multiple comparison

test.

C. Glutathione peroxidase activity in Carassius auratus liver and kidney exposed to various

concentrations of Cr (VI) for 96h. Each point represents a mean value and standard deviation
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of three replicates. *indicates significantly different from the control according to Dunnett’s

multiple comparison test.

D. Hydro peroxides levels in Carassius auratus liver and kidney exposed to various

concentrations of Cr (VI) for 96h. Each point represents a mean value and standard deviation

of three replicates. *indicates significantly different from the control according to Dunnett’s

multiple comparison test.

E. MT levels in Carassius auratus liver and kidney exposed to various concentrations of Cr

(VI) for 96h. Each point represents a mean value and standard deviation of three replicates.

*indicates significantly different from the control according to Dunnett’s multiple comparison

test.

F. Total protein levels in Carassius auratus liver and kidney exposed to various concentrations

of Cr (VI) for 96h. Each point represents a mean value and standard deviation of three

replicates.
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Fig. 2.

Profile of DNA damage in Carassius auratus liver and kidney exposed to various

concentrations of Cr (VI) for 96h. Each point represents a mean value and standard deviation

of three replicates. *indicates significantly different from the control according to Dunnett’s

multiple comparison test.
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Fig. 3.

Comet assay SYBR images of DNA damage profile in Carassius auratus liver cells exposed

to Cr (VI) for 96 h. A= Control, B= LC12.5, C= LC25 and D= LC50. The comet assay was

performed as described in the Materials and Methods section.
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Fig. 4.

Comet assay SYBR images of DNA damage profile in Carassius auratus kidney cells exposed

to Cr (VI) for 96 h. A= Control, B= LC12.5, C= LC25 and D= LC50. The comet assay was

performed as described in the Materials and Methods section.
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Fig. 5.

Histopathological evaluation of Carassius auratus liver exposed to Cr (VI) for 96 h. A= Control

(CV= Central vein, HP=Hepatocytes); B= LC12.5 exposed liver (CV= Central vein, HPV=

Hepato cellular vacuolation); C= LC25 exposed liver (CV=Central vein, CVD= Central vein

damage, HPV= Hepato cellular vacuolation and PC=Pycknotic); and D= LC50 exposed liver

(CV=Central vein, CVD= Central vein damage, NC= Necrosis and PC=Pycknotic). H & E

Staining 1000 X.
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Fig. 6.

Histopathological evaluation of Carassius auratus kidney exposed to Cr (VI) for 96h. A=

Control (T= Tubule, HP= Hematopoietic tissue), B= LC12.5 exposed kidney (DT=Dilated

tubule), C= LC25 exposed kidney (DT=Dilated tubule, DE= Degeneration of epithelial cells,

GN=Glomerular necrosis) and D= LC25 exposed kidney (DT=Dilated tubule, DE=

Degeneration of epithelial cells, TN=Tubular necrosis, GN=Glomerular necrosis). H & E

staining 1000 X.
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Table 1

Percentages of DNA damage in liver and kidney of Carassius auratus exposed to Cr (VI) for 96h. The evaluation

was done as described in the Materials and Methods section. Each point represents a mean value and standard

deviation of 3 replicates.

DNA Damage (%) Control LC12.5 LC25 LC50

Liver 3.6±2.0 17.3±8.0 24.4±11.0 39.4±17.8*

Kidney 2.9±3.0 8.5±5.0 46.1±18.0* 60.9±13.4*

*
indicates significantly different from the control according to the Dunnett’s multiple comparison test.
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Table 2

Histopathological evaluation of Carassius auratus liver and kidney exposed to Cr (VI) for 96h. The evaluation

was done as described in the Materials and Methods section. Each point represents a mean value and standard

deviation of nine values per sample.

Control LC12.5 LC25 LC50

Liver damage 0.00±00 0.62±0.42 1.65±1.20 3.07±1.26 *

Kidney damage 0.00±00 1.10±0.80 2.20±0.94 3.00±1.50*

*
indicates significantly different from the control according to the Dunnett’s multiple comparison test.
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