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Abstract: Xenobiotic Triclosan (TCS) is of great concern because of its existence in a variety of per-
sonal, household and healthcare products and continuous discharge in water worldwide. Excessive
use of TCS-containing sanitizers and antiseptic products during the COVID-19 pandemic further
increased its content in aquatic ecosystems. The present study deals with the cyto-genotoxic effects
and biochemical alterations in the hatchlings of Labeo rohita on exposure to environmentally relevant
concentrations of TCS. Three-days-old hatchlings were exposed to tap water, acetone (solvent con-
trol) and 4 environmentally relevant concentrations (6.3, 12.6, 25.2 and 60 ug/L) of TCS for 14 days
and kept for a recovery period of 10 days. The significant concentration-dependent decline in cell
viability but increase in micronucleated cells, nucleo-cellular abnormalities (NCAs) and DNA dam-
age parameters like tail length, tail moment, olive tail moment and percent of tail DNA after expo-
sure persisted till the end of recovery period. Glucose, triglycerides, cholesterol, total protein, albu-
min, total bilirubin, uric acid and urea (except for an increase at 60 ug/L) showed significant (p <
0.05) concentration-dependent decrease after 14 days of exposure. The same trend (except for tri-
glycerides, albumin and total bilirubin) continued till 10 days post exposure. In comparison to con-
trol, transaminases (alanine and aspartate aminotransferases) increased (p < 0.05) after exposure as
well as the recovery period, while a decline in alkaline phosphatase after exposure was followed by
a significant increase during the recovery period. The results show that the environmentally rele-
vant concentrations of TCS cause deleterious effects on the hatchlings of L. rohita.

Keywords: triclosan; environmentally relevant concentrations; L. rohita; hatchlings; cytotoxicity;
genotoxicity; biochemical alterations

1. Introduction

Excessive use of pharmaceuticals and personal care products (PPCPs) by the modern
population has loaded the aquatic ecosystems with xenobiotics [1]. PPCPs are a class of
emerging contaminants ubiquitously found in water and soil all over the world and cause
deleterious effects on humans and non-target organisms. Triclosan (TCS), a common an-
tibacterial and antifungal agent, is incorporated in a majority of household products such
as soap, shampoo, detergent, cleansing kits, chopping boards and containers. During the
COVID-19 pandemic, excessive use of TCS-containing sanitizers and handwash has fur-
ther increased its discharge into water bodies. One of the serious issues related to TCS is
its incomplete removal by the conventional waste water treatment plants [2]. Dhillon et
al. [3] reported concentrations of TCS in the range of 0.0014—40 ug/L in the surface water
of lakes, rivers and streams with direct input of raw waste water and in the range of 100-
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53,000 pg/kg dry weight in the sediments of fresh water bodies. The concentration of TCS
has been reported to be 3.8-5.16 ug/L in the Tamiraparani River of India [4]. However,
Nag et al. [5] detected TCS levels in the range of 1.1-9.65 ug/L in the surface water, 5.11-
50.36 ug/kg in the sediments and 13-1040 ug/kg in the fish of the Gomti River in India.
High concentrations of TCS have also been recorded in different fish species (91.1-589
ug/kg) of the Torsa River in India [6].

TCS is reported to cause varying degrees of toxicity in aquatic organisms such as
developmental abnormalities [7], behavioral alterations [8], hematological and histo-
pathological changes [9], endocrine disruption [10], oxidative stress [7,11] and tran-
scriptomic alterations [12,13]. Due to its antiseptic nature, it disturbs normal cell functions,
which leads to cytotoxic [14], clastogenic and aneugenic effects in organisms. Earlier stud-
ies have reported significant cytotoxic and genotoxic effects from TCS in Dreissena poly-
morpha [15], Oreochromis niloticus [16], embryos of Danio rerio [17], Pangasianodon hy-
pophthalmus [18,19], adult zebra fish [20] and Labeo rohita [9,13].

Of all the organisms, fishes are sensitive to even low levels of such xenobiotics in a
water body, as these may enter the fish body from water as well as food at the same time
and affect its normal physiology, biochemistry and metabolism [21-24]. Biochemical pro-
filing in fishes is consideredas an essential tool against environmental stress, as it provides
an early warning signal for the target organs of toxicity and health status of fish and
aquatic ecosystem [25]. TCS-induced significant biochemical changes have been reported
in zebra fish [26], Channa punctatus [27], Oreochromis niloticus [16], Labeo rohita [9] and Catla
catla [28]. Marked variations in biochemical parameters may ultimately cause harmful ef-
fects in both exposed fishes and consumers.

The goal of the present study was to evaluate the cyto-genotoxicity and biochemical
toxicity of 4 environmentally relevant concentrations (6.3, 12.6, 25.2 and 60 pg/L) of TCS
to the hatchlings of an important food fish, L. rohita, after 14 days of exposure and 10-days
depuration period. The selected concentrations were 1/20, 1/10, 1/5and 1/2 of 96-h LCso of
TCS for the hatchlings already reported in our previous study [13], and the interaction of
fish with these levels of TCS is expected in nature. The selected concentrations were non-
lethal, and evaluation of the biochemical and genotoxicity parameters after extended ex-
posure to these concentrations had its own importance because of the absence of immedi-
ate visible signs of toxicity. Physiological similarity of fish with mammals, higher sensi-
tivity and susceptibility in their early stages to stress [11,29,30] and importance of fish in
the food chain of man make the results suitable for setting safety limits for food fish. To
the best of our knowledge, no study has reported the effect of sublethal concentrations of
TCS on the selected parameters in the early life stages of fish till date.

2. Materials and Methods
2.1. Chemicals

TCS, with the commercial name Irgasan (CAS 3380-34-5 and purity 297%), was pur-
chased from Sigma-Aldrich (Burlington, MA, USA), and a stock solution of 10 mg/mL was
prepared in acetone. All other chemicals used in the study were of analytical grade.

2.2. Test Organisms

Fertilized eggs of L. rohita were collected from the circular hatchery of the govern-
ment fish seed farm, Rajasansi, Amritsar. The embryos were transported in oxygenated
bags to laboratory and kept for hatching in plastic pools (10-L capacity) containing dechlo-
rinated tap water (pH 7.3-7.9 and temperature 25 + 1.2 °C). Three-days-old hatchlings
(total: 1200; 200/concentration with 5 replicates containing 40 hatchlings each) were ex-
posed to tap water (control), acetone (vehicle control) 6.3, 12.6, 25.2 and 60 pg/L TCS for
14 days. The highest concentration (60 pg/L) was LCo in our previous study [13]. The test
water was changed on alternate days after 1 h of feeding the hatchlings with boiled egg
yolk. After 14 days, pooled hatchlings from each replicate were used for cyto-genotoxicity
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[cell viability (10), comet (20) and micronucleus assays (20)] and biochemical studies (50),
and the remainingr were kept for 10 days in tap water to recover from the stress of TCS
exposure. The same tests were performed after recovery, and the number of hatchlings
used for the cell viability, comet, MN and biochemical studies were 6, 12, 12 and 30, re-
spectively. Average weight of the hatchlings after exposure and the recovery period were
2.0 and 3.4 mg, respectively.

2.3. Cell Viability Test

Hatchlings were homogenized in 500 puL of phosphate buffer saline (pH 7.4) and cen-
trifuged at 500x g for 10 min. Supernatant was discarded, and the pellet was resuspended
in 500 uL PBS and centrifuged again. After 3—4 consecutive centrifugations, the pellet was
resuspended in 100 uL PBS. Then, 5 uL of cell suspension and 24 uL of dye (100 pg/mL
ethidium bromide and 100 pg/mL acridine orange) were taken on a slide, covered with a
coverslip, scanned under a Nikon ECLIPSE E200 (Tokyo, Japan) fluorescent microscope
at 40x and photographed with Nikon D5300 camera. The viable cells appeared green, the
necrotic cells were red, and the apoptotic cells were yellow (Figure 1) as suggested by Er
et al. [31]. A total of 1500 cells/exposure group (500/replicate) were scored for this study.

Figure 1. Photographs showing viable cells (green), necrotic cells (red) and apoptotic cells (yellow).

2.4. Micronucleus Assay

Micronucleus assay was performed by the protocol of Sharma and Chadha [32] with
some modifications. Hatchlings were kept in 1 mL Carnoy’s fixative (6:3:1 ethanol:chloro-
form:acetic acid) for 1 h. The hatchlings were then kept in 25% acetic acid for 15 min,
homogenized and centrifuged at 500x g for 10 min. Supernatant was discarded, and cen-
trifugation was repeated 2-3 times after the addition of fresh 25% acetic acid. Finally, the
pellet was resuspended in 100 pL of acetic acid and smeared on a clean slide. The slide
was dried at room temperature and stained with 5% Giemsa for 30 min. The slides were
destained with distilled water, dried properly and scanned under an Olympus BX43 mi-
croscope at 100x magnification. A total of 1500 cells/treatment (500 per replicate) were
scored for the presence of micronuclei (MN) and nucleo-cellular abnormalities (NCAs).

2.5. Comet Assay

Comet assay was performed according to the method of Singh et al. [33] with slight
modifications. Cell suspension was prepared by homogenizing approximately 40 mg of
hatchlings in 1 mL of PBS (pH 7.4). The glass slides were coated with 1% normal melting
point agarose 12 h prior to second layer. The second layer of 35 uL of the cell suspension
mixed with 120 pL of 0.5% low melting point agarose (LMPA) was applied over the base
layer and covered with a coverslip. Slides were again coated with 150 uL of 0.5% LMPA.
After complete gel solidification, slides were immersed in lysis buffer (pH 10) for 3 h at 4
°Cin dark. Then, the slides were subjected to electrophoresis for 20 min in electrophoresis
buffer at 300 mA and 20 V. Finally, the slides were neutralized with Tris buffer (pH 7.4)
for 15 min and stained with ethidium bromide. A total of 300 cells per exposure group
(100 per replicate) were scanned under a fluorescent microscope (Nikon ECLIPSE E200)
at 40x and photographed with a Nikon D5300 camera. Casp Lab software was used to
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evaluate the extent of DNA damage in the form of tail length (TL), tail moment (TM), olive
tail moment (OTM) and percent tail DNA (%TDNA).

2.6. Biochemical Changes

The hatchlings (100 mg) were homogenized in 1 mL of PBS (7.4) and centrifuged at
10,000 rpm for 25 min. The levels of glucose (Glu), triglycerides (TG), cholesterol (Chol),
total protein (TP), albumin (Alb), urea (U), uric acid (UA), total bilirubin (Tbili), alkaline
phosphatase (ALP), aspartate transaminase (AST) and alanine transaminase (ALT) were
estimated by a Benesphera Clinical Chemistry C71 analyzer, Pennsylvania, United States
(using Ebra Mannheim Kkits).

2.7. Statistical Analysis

One-way ANOVA was used to find out significance level (p < 0.05 and p < 0.01) be-
tween treatments, and f-test was used for comparing the exposure and recovery values.
Tukey’s HSD test was performed to obtain differences among the means. The results have
been presented as mean * SD. Statistical analysis was carried out with the help of SPSS
version 16.0.

3. Results
3.1. Cytotoxicity

There was a significant (p < 0.01) concentration-dependent reduction in the frequency
of viable cells after exposure as well as the recovery period (Table 1). The decline at 6.3,
12.6,25.2 and 60 pg/L was 4.9, 6.3, 14.43 and 17.82% after exposure and 1.42, 6.96, 8.69 and
12.65% after the recovery period, respectively. The necrotic and apoptotic cell frequencies,
on the other hand, increased significantly (p < 0.01) in a concentration-dependent manner
after exposure and recovery. After 14 days of exposure, the increase at 6.3, 12.6, 25.2 and
60 pg/L was 34.28, 45.71, 116.14 and 151.43% for the necrotic cells and 83.40, 102.43, 199.59
and 223.89% for the apoptotic cells, respectively. Percent increase over control after recov-
ery was 9.61, 28.09, 47.45 and 91.12% for necrotic cells and 14.74, 104.67, 109.58 and
122.85% for the apoptotic cells at 6.3, 12.6, 25.2 and 60 ug/L, respectively. After recovery,
percentage of viable and apoptotic cells increased significantly (p < 0.01) over exposure
values only at 60 and 12.6 pg/L, respectively, while that of necrotic cells declined signifi-
cantly only at the highest concentration.

Table 1. TCS-induced variation in viable, necrotic and apoptotic cells during the exposure and recovery period.

Treatment Viable Cells (%) Necrotic Cells (%) Apoptotic Cells (%)
Control E 90.53 +0.11 ¢ 7.00+£0.53 2 247 £0.42 -
R 89.07 £0.64 * 6.87+0.42p 4.07+0.23p
Acetone E 90.67 +0.90 ¢ 7.13+0.50 220+0.40-
R 89.00 £0.40 * 7.07+030p 393+042p
E 86.07 +1.51 ¢ 9.40+1.11 4 4.53+0.50°
6.3 ug/L
R 87.80+0.35 7.53 +0.50 ra 4.67+0.30p
12.6 gL E 84.80+0.60 ° 10.20+0.40°® 5.00 £ 0.53
R 82.87+1.944 8.80 +1.44 pa 8.33+0.50 4
252 g/l E 7747 £1.92°b 15.13 £ 1.40¢ 740+0.53 ¢
R 81.33 £2.054 10.13+1.55 4 8.53+0.50 ¢
E 74.40+1.832 17.60+1.44 4 8.00+£0.40 ¢
60 ug/L
R 77.80+1.05p 13.13+1.33 ¢ 9.07+0.30 1
Exposure F 78.77 ** 57.49 ** 74.47 **
Recovery F 40.21 ** 15.25 ** 117.10 **

Values are mean + SD, n = 3, and different alphabets represent significant (p < 0.01) differences within the treatments after

exposure (E) (a—d) and recovery (R) (p-1). ** represents 1% significance level.
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3.2. Micronucleus Assay

Frequency of MN and NCA increased significantly (p < 0.01) in a concentration-de-
pendent manner after the exposure and recovery period. After depuration, the frequency
of NCA was also significantly (p < 0.01) higher than the respective exposure values (Table
2). After 14 days of exposure, only micronuclei, binucleated cells and nuclear fragmenta-
tion were observed, but after recovery, along with these, blebbed nuclei, notched nuclei,
nuclear buds, deformed nuclei, vesicle formation, extrusion of nuclei, ghost cells, sticki-
ness, cytoplasmic bridges, vacuolation and lytic or necrotic cells were prominent (Figure
2). The maximum increase over control was observed in the frequency of cells with nu-
clear fragmentation (4.39-fold) and binucleated cells (2.05-fold) after 10 days of recovery
at the highest concentration. The increase over control in MN and NCA frequencies at the
highest concentration was 5.45- and 3.46-fold, respectively, after exposure, while it was
6.36- and 4.79-fold, respectively, after recovery.

Table 2. TCS-induced variation in micronucleated cells (MN) and nucleo-cellular abnormalities
(NCAs) during the exposure and recovery period.

Treatment MN (%) NCA (%)
Control E 033+0.112 127 £0.30 2
ontro R 047 +0.11 P 1.60+0.20 P
Acctone E 033+0.117 1.20+0.202
R 0.40 +0.20 » 147 £0.30
E 0.80 + 0.20 = 1.80 £0.20
6.3 ug/L R 1.27+0.30 4 3.53+0.30 9
E 1.13 £ 0.30 b 267+030°
A R 1.93+0.30 587 +0.50
E 1.53+030 413050
B R 230+030" 6.73+0.42
E 213+0304 5.67 050 4
60 pg/L R 346+ 0415 927 +0.425
Exposure F 26.00 ** 7413 **
Recovery F 49.43 ** 208 **

Values are mean + SD, n =3, and different alphabets represent significant (p < 0.01) differences
within the treatments after exposure (E) (a—d) and recovery (R) (p-s). ** represents 1% significance
level.
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Figure 2. TCS-induced nuclear and cellular abnormalities during the exposure and recovery period: normal cell (a), mi-
cronucleus (b), binucleated or dacrocyte (c), blebbed nucleus (d), nuclear notch (e), deformed nucleus (f), nuclear bud (g),
extrusion nucleus (h,i), ghost cell and nucleoid (j), nuclear fragmentation (k), vesicle formation (1), vacuolation (m), stick-

iness (n), cytoplasmic bridge (o), chain of cells (p) and lytic or necrotic cells (q,r). cy = cytoplasm and nu-nucleus.

3.3. Comet Assay

TCS-induced significant (p < 0.01) concentration-dependent DNA damage in the
form of increased TL, TM, OTM and TDNA (Table 3, Figure 3). At the highest concentra-
tion of TCS, the increase over control after 14 days was 0.78-fold for TL, 1.98-fold for TM,
1.22-fold for OTM and 0.81-fold for TDNA, while after recovery, it was 0.41-, 0.90-, 0.50-
and 0.47-fold for TL, TM, OTM and TDNA, respectively. Compared with the 14-days val-
ues, a significant (p < 0.05) decrease was observed in all the parameters after recovery. The
decline for TL, TM and OTM was significant (p < 0.05) at all concentrations, but for TDNA,
it was significant (p < 0.05) at 25.2 and 60 ug/L only.

Table 3. TCS-induced variation in tail length (TL), tail moment (TM), olive tail moment (OTM) and percent tail DNA
(TDNA) after the exposure and recovery period.

Treatment TL (um) ™ O™ TDNA (%)
Control E 22.36 +0.58 a 1.82 +0.08 2 3.53+0.222 7.26+0.17 2
R 21.71+0.61p 1.90+0.127 3.39+£0.04p 7.68 £0.20p
E 23.16 +0.67 2 1.90 +0.07 2 3.76 +0.13 2 7.39+0.03
Acetone
R 21.68 +0.42r 1.85+0.12» 3.43+0.31p 7.56+0.25p
63 pg/L E 29.17 £0.34 b 2.64+0.13°b 4.48 +0.09 b 8.37+0.10 "
R 23.20 £ 0.56 pa 1.91+0.04r 3.44 +0.167 7.77+0.35¢p
12.6 pg/L. E 30.70+1.14% 320+0.11¢ 498 +0.14 < 9.50+0.31¢
R 2487 +1.11 ar 2.37£0.15 P4 3.79+0.31p 8.64+£0.427p
252 pglL E 35.36 £0.60 © 4.18+0.254 6.22+0.254d 11.14+0.24 4
R 26.82+095r 2.60+0.194 4.05+0.15p 8.77+0.25p
E 3956+1.714d 542 +0.17 ¢ 7.84+0.16¢ 13.18 £+ 0.58 ¢
60 pg/L. R 30.73+ 092 3.61+0.44+ 5.08+ 0.65 ¢ 11.29 +0.95 4
Exposure F 148.99 ** 267.43 ** 268.9 ** 184.08 **
Recovery F 57.30 ** 30.34 ** 11.21 ** 25.70 **

Values are mean + SD, n = 3, and different alphabets represent significant (p < 0.01) differences within the treatments after

exposure (E) (a—e) and recovery (R) (p-s). ** represents 1% significance level.
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Figure 3. TCS-induced DNA damage during the exposure and recovery period. ND =no damage; MD = mild damage; SD
= severe damage.

3.4. Biochemical Changes

Values of all the parameters for solvent control were non-significantly different from
control. TCS caused concentration-dependent alterations in the biochemical parameters
after exposure, and the stress prolonged till the end of recovery period (Figures 4 and 5).
Decline was observed in Glu, Chol, TP, UA and U (except for an increase at 60 pg/L after
exposure) after exposure as well as the recovery period. On the other hand, decline in TG,
Alb, Thili and ALP after exposure was followed by an increase after recovery, while AST
and ALT increased after exposure and recovery.

mExposurs ORecovery mExposure DRecovery mExposure DRecovery

o

Control ~ Acstone 6.3 126 252 60 Control  Acstone 6.3 126 252 60 Control ~ Acstone 6.3 126 252
|Z| Concentration (ug'L) EI Concentartion (ug'L) Concentration (ug'L)

@Exposure ORecovery BExposurs ORecovery BExposure ORecovery

0
Control ~ Acstone 6.3 126 252 60 Control ~ Acstone 63 126 252 60

Control ~ Acetone 6.3 126 252 60

E Concentration (ug/L) EI Concentration (ug/L) Concentration (ug/L)

Figure 4. TCS-indued variation in the contents of glucose (a), triglycerides (b), cholesterol (c), total protein (d), albumin
(e) and urea (f) in the hatchlings of L. rohita after the exposure and recovery period. Values are mean + SD, n = 3, and
different alphabets represent significant (p < 0.05) differences within the treatments after exposure (a—c) and recovery (p-

r).
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Figure 5. TCS-induced variations in the contents of uric acid (a) and total bilirubin (b) and activity of ALP (c), AST (d) and
ALT (e) in the hatchlings of L. rohita after the exposure and recovery period. Values are mean + SD, n = 3, and different
alphabets represent significant (p < 0.05) differences within the treatments after exposure (a—c) and recovery (p-s).

3.4.1. Glucose

Decline over control in Glu was significant (p < 0.01) only at 60 ug/L after exposure
but at all the concentrations after 10 days of recovery. Although there was an increase over
the exposure values in the level of Glu after recovery,but it was much less than that of
control. At the highest concentration of TCS, decline over control was 35% after exposure
and 41% after recovery.

3.4.2. Cholesterol and Triglycerides

Chol declined significantly (p < 0.01) over control after exposure and recovery, while
decline in TG (p <0.01) after exposure was followed by an increase (p <0.01) after recovery.
In the recovered hatchlings, levels of both TG (except for a significant decline at control
and solvent control) and Chol increased significantly (p < 0.05) compared with the 14d
values. Decline in Chol over control after recovery was lower compared with the exposure
values at 6.3, 12.6 and 25.2 ug/L but the same at 60 ug/L (26%). Decline in TG after expo-
sure (32%) was followed by an increase (55%) over control after recovery at the highest
concentration.

3.4.3. Total Protein and Albumin

TP showed a significant (p < 0.01) decline over control after exposure and recovery,
while decline (p <0.01) in Alb after exposure was followed by an increase (p < 0.01) after
recovery. The recovery values of both TP and Alb were more than their respective expo-
sure values. At the highest concentration, TP declined over control by 44% and 16% after
exposure and recovery, respectively, while Alb declined over control by 46% after expo-
sure but increased by 43% over control after recovery.

3.4.4. Urea, Uric Acid and Total Bilirubin

U (except for a significant increase at 60 pig/L) and UA declined significantly (p <0.01)
over control after exposure and recovery, while decline (p < 0.01) in Tbili after exposure
was followed by an increase over control (p < 0.01) after recovery. Recovery values of U
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and Thili (except for a decline in control and solvent control) were greater than the expo-
sure values. However, UA after recovery was significantly (p < 0.05) lower than the expo-
sure level at all the concentrations.

3.4.5. ALP, AST and ALT

A significant decline (p < 0.01) over control in ALP after exposure was followed by a
significant increase (p < 0.01) after recovery. At 60 pg/L, it declined by 77% after exposure
but increased by 62% after recovery. AST and ALT were significantly (p < 0.01) induced
by TCS during exposure as well as recovery period. At the highest concentration, increase
over control in the activity of AST and ALT after recovery was much higher (190 and
124%, respectively) than the exposure (1.5 and 62%, respectively). However, in compari-
son with the exposure levels, AST (except for a significant rise at 60 pg/L) and ALT
showed decline (significant only at control 12.6 and 25.2 ug/L), while the activity of ALP
increased significantly (p < 0.01) at all concentrations after recovery.

4. Discussion

PPCPs are found in majority of water bodies [34], so understanding the adverse ef-
fects of the environmentally relevant concentrations of these toxicants on aquatic organ-
isms seems to be an integral component of environmental monitoring and management.
Monitoring their effects on food fishes is very pertinent, as contaminated fish pose a direct
threat to consumers, especially humans. The cyto-genotoxic effects of the selected concen-
trations of TCS were clearly visible from a concentration-dependent increase in the fre-
quency of necrotic and apoptotic cells and the elevation of MN, NCA and comet parame-
ters. Cyto-genotoxicity of TCS seems mainly due to the formation of crosslinks by the
chemical with DNA and the intercalating nature of its metabolites like 2, 8-dichlorodi-
benzo-P-dioxin [35]. Martin et al. [36] suggested that the main reason behind apoptosis
caused by a xenobiotic is the activation of endogenous nucleases and the formation of
oligonucleosomal fragments of DNA. The fragmentation of DNA is directly associated
with an increase in the frequency of apoptotic cells [37], as is clear from the concentration-
dependent increase in nuclear fragmentation and cell lysis during the depuration period.

TCS-induced stress is reported to elevate expression of caspase 3 and Bax in the neu-
ral stem cells of rats [38] and that of caspases (8, 9 and 3) and fas receptors in the neocor-
tical neurons of Swiss mice [39]. Caspase 8 initiates exogenous pathway, while caspase 9
initiates endogenous pathway of apoptosis in stressed cells. TCS causes concentration-
dependent membrane disruption, cell lysis and inhibition of protein synthesis, as sug-
gested by Schweizer [14]. This directly supports our observations, and it could be the pos-
sible cause of cytotoxic effect of TCS. When defense system of a cell is unable to repair
severe DNA damage, the damaged cell undergoes necroptosis or necrosis. In the present
study, decreased cell viability and increased necrotic and apoptotic cell frequency in the
hatchlings were supported by the results of Parenti et al. [17], who observed that 1 pg/L
TCS for 120 h significantly decreased cell viability and increased necrotic cell frequency
in the embryos of Danio rerio. Our study is also corroborated by Binelli et al. [15], who
observed that exposure of 1, 2 and 3 nM TCS for 96 h caused a dose-dependent increase
in apoptotic cell frequency in the hemocytes of zebra mussel. Decreased cell viability and
increased apoptotic cell frequency were also reported in hepatocyte cell lines of zebra fish
after 24 h of exposure to 0.5, 1 and 2 mg/L TCS [40].

The clastogenic pollutants increase the mutation frequency in DNA, which leads to
different types of nuclear and cellular abnormalities which can be easily observed with
the help of MN assay. Micronuclei are the chromosomal fragments or the lagging chro-
mosomes formed due to improper segregation of chromosomes during cell division or
due to mitotic failure [41,42]. It has been highlighted that TCS disturbs genetic balance by
blocking cytokinesis of normal cells, which may lead to carcinogenesis [43]. We also ob-
served a concentration-dependent increase in binucleated cells during the post exposure
period. TCS induces formation of reactive oxygen species that cause deleterious effects on
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nucleic acids and macromolecules [44], and this could be the probable reason for the
greater increase in the MN and NCA frequencies during the post exposure period in the
present study. Our results are consistent with the results of Binelli et al. [15], Emery [45],
Vijitha et al. [16] and Paul et al. [18,19]. An increase in nuclear abnormalities has also been
reported in blood cells of gold fish after exposure to 0.1399, 0.2798 and 0.5596 mg/L TCS
for 14 days [46] and in Clarias gariepinus after 14 and 28 days of exposure to 0.30 and 1.60
mg/L TCS [47].

Comet assay is a simple, rapid and sensitive tool to evaluate the extent of DNA dam-
age. Concentration-dependent increase in DNA damage in the present study was directly
proportional to the increased frequency of apoptotic and necrotic cells during exposure
as well as in the recovery period. TCS promotes the production of reactive oxygen species
which break the crosslinks between DNA histones and DNA strands and cause DNA
damage [19]. It has also been observed to alter DNA methylation and transcription of his-
tone methyltransferases in the early life stages of zebra fish [48], which could be the pos-
sible reasons behind the dose-dependent increase in DNA damage in our study. The gen-
otoxic potential of TCS has been reported in Driessena polymorpha [15], Tetrahymena ther-
mophila [49], Eisenia fetida [50,51], Carassius auratus [46], Danio rerio [17], Pangasianodon hy-
pophthalmus [18,19] and L. rohita [13]. Our results are supported by Hemalatha et al. [9]
and Gyimabh et al. [20], who reported significant DNA damage in L. rohita after exposure
to 0.039 and 0.078 mg/L TCS for 7, 14, 21, 28 and 35 days and in the liver of zebrafish after
exposure of 50, 100 and 150 pg/L TCS for 30 days, respectively.

Glucose monitoring is highly preferred in ecotoxicological studies because it indi-
cates the physiological health of an organism. The significant decline in glucose content
after exposure and recovery period might be attributed to an enhanced rate of glycolysis
in the hatchlings under the stress of TCS. Rapid utilization of glucose to compensate for
high energy demand during oxidative stress might be the possible reason behind the de-
crease in glucose level [52]. Similarly, Hemalatha et al. [9] observed a significant decline
in glucose levels of L. rohita after 35 days of exposure to 39 and 78 ug/L TCS. Hypoglyce-
mia has also been reported in C. punctatus under the stress of monocrotophos [21] and
malathion [53]. Chol and TG are essential components of the cell membrane and im-
portant energy sources. These are also involved in cell signaling and molecular recogni-
tion pathways [54]. The probable cause of reduced Chol and TG levels in the present study
seems to be malnutrition, low absorption and improper biosynthesis, as suggested by
Hatami et al. [55]. Not only during exposure, but even during the recovery period, the
TCS-exposed hatchlings ate much less, and their weight was also lower compared with
the control hatchlings. TCS impairs lipid metabolism [56], which could be the possible
reason for decrease in TG and Chol levels in exposed hatchings. Agrahari et al. [21] sug-
gested that the accumulation of pesticides in fish tissues may inhibit the synthesis of Chol.
The decline in TG content could also be corelated with its mobilization to meet the con-
stant energy demand and utilization in membrane biogenesis under stress [54,57]. The
increased concentration of TG after recovery may be attributed to nephritic syndrome and
metabolic disorders [58,59]. Similar results were reported in C. punctatus after 21 days of
exposure to 200 and 400 pg/L paraquat [60] and 25 and 50 pg/L chlorpyrifos [55].

Proteins are the important biomolecules that play a critical role in almost all the struc-
tures and functions of living organisms [61]. The depleted protein content in the present
study may be due to proteolysis as a result of elevated energy demand for maintaining
homeostasis, tissue repair and detoxification reactions during stress. Previous reports also
showed that TCS significantly decreased the protein content in C. punctatus [27], Oreo-
chromis niloticus [16] and Oreochromis mossambicus [62]. Alb is the most dominant plasma
protein having storage and transport functions [63]. A decline in Alb after exposure may
be attributed to cellular destruction, liver necrosis and the impairment of protein synthesis
machinery [18]. Our finding is corroborated by Bera et al. [64], who reported a decrease
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in serum Alb in P. hypophthalmus on exposure to TCS. However, an increase in Alb is sug-
gested due to liver damage [65], and this could be the underlying cause for the observed
increase in Alb after the recovery period.

AST and ALT are important transaminases that act as crucial links between protein
and carbohydrate metabolism and the mobilization of amino acids for gluconeogenesis
[9]. Increased activity of AST and ALT after exposure and recovery period suggests en-
hanced transamination for the channeling of amino acids in the citric acid cycle [55]. The
liver is the main site for detoxification and removal of xenobiotics, so a high concentration
of transaminases is found in hepatocytes. Hepatic injuries and disruption of the cell mem-
brane by xenobiotics elevate the activity of AST and ALT [55,66,67]. Enhanced activity of
transaminases after TCS exposure has also been reported in L. rohita and Catla catla [9,28]
and in embryos of L. rohita, Cyprinus carpio, Ctenopharyngodon idella and Cirrhinus mrigala
[11,68]. ALP is an important enzyme present in the liver and cellular membranes and
plays a key role in detoxification and membrane transport. The cells that line the bile duct
of liver produce this enzyme [69]. The declined activity of ALP after exposure could be
due to disruption of the plasma membrane, the inability of ion exchange channels to func-
tion and liver necrosis [55]. Exposure to TCS for 14 days and chlorpyrifos for 21 days was
observed to significantly decrease the activity of ALP in catfish Pseudoplatystoma magdale-
niatum [70] and C. carpio [55], respectively. However, increased ALP activity after recovery
indicates damage to bile ducts [71]. During oxidative stress, rapid mobilization of metab-
olites and necrosis of cells can be linked with enhanced ALP activity [72], which directly
supports our observations of a consecutive concentration-dependent increase in ALP ac-
tivity and necrotic cells during exposure and recovery period.

U and UA are the final catabolic products of protein and purines, respectively, and
their contents indicate the renal functioning of the organism [73]. Pesticidal exposure is
suggested to cause various histopathological changes in the kidneys of fish (e.g., glomer-
ular lesions, reduced nephron numbers, necrosis of hematopoietic tissue and degenera-
tion of renal tubules) [74]. These could be the reasons for the declined contents of U and
UA in the hatchlings in the present study. Hemalatha et al. [9] reported that TCS induced
shrinkage of glomeruli and necrosis of renal tubules in L. rohita. The decline in U and UA
in the present study could also be attributed to the inability of the liver to metabolize
proteins and synthesize purines, respectively, as suggested by Adamu and Kori-Siakpere
[75]. It seems that defects in renal reabsorption could have caused an increase in U at the
highest concentration of TCS. The depletion of Tbili after exposure also indicates hepatic
dysfunction, because bilirubin is a predominant hepatic pigment formed from the break-
down of heme and porphyrin rings [76]. A decline in Thili content has also been reported
in fresh water fish C. punctatus after exposure to malathion [53]. The significant elevation
in Tbili after recovery could be due to obstructions in bile ducts and liver damage, as sug-
gested by Jyoti and Narayan [77].

5. Conclusions

It is concluded that sublethal concentrations of TCS induced cyto-genotoxicity and
biochemical alterations in the hatchlings of L. rohita. TCS showed long-lasting effects, as
the toxicity persisted till the end of the recovery period. The data clearly show that TCS
disrupts the cellnuclear membranes and normal functioning of cell. It altered the levels of
biochemical constituents by inducing hepatic and renal toxicity. Collectively, these
changes may become the underlying cause for altering fish diversity of the natural eco-
systems in the long run.
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