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Lipotropes promote immunobiochemical plasticity
and protect fish against low-dose pesticide-induced
oxidative stress
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Abstract An experiment was conducted to evaluate the role
of different lipotropes in modulating immunity and bio-
chemical plasticity under conditions of sublethal low-dose
pesticide-induced stress in fish. Labeo rohita fish fingerlings
were divided in two sets with one set of fish continuously
exposed to low-dose endosulfan (1/10th of 96-h LC50) for
21 days, the other was unexposed, and both sets of fish were
fed with practical diets supplemented with either 2 % leci-
thin, 0.5 % betaine, or 0.1 % choline and compared against
unsupplemented diet. Low-dose endosulfan exposure had
adverse effects (P<0.05/P<0.01) on hematological profile
(erythrocyte count, hemoglobin, and hematocrit), serum pro-
tein (total protein, albumin, and globulin) and lipid profile
(cholesterol and triglyceride), anti-oxidative status (ascorbic
acid content of muscle, liver, brain, and kidney and activity
of anti-oxidative enzymes: catalase and superoxide dismutase),
neurotransmission (acetylcholinesterase activity in muscle and
brain), immunological attributes (WBC count, albumin to
globulin ratio, phagocytic activity, and serum cortisol), and
metabolic plasticity as revealed from enzyme activities (muscle
lactate dehydrogenase, liver and kidney glucose-6-phosphatase
dehydrogenase-G6PDH activity). Dietary lipotropes prevented
these effects completely or partially and the effects were
lipotrope dependent. Kinetics (maximum velocity value Vmax,
catalytic efficiency and Michaelis constant Km) of G6PDH
enzyme from crude extracts of liver and kidney indicated
inhibition due to endosulfan but lipotropes could protect

enzyme and showed a stabilizing effect. The supplements
also helped maintain integrity of histoarchitecture of the
hepatocytes in endosulfan-exposed fish to a great extent.
Feeding lipotropes to fish reared in endosulfan-free water
also improved hematological and serum protein and lipid
profiles and were immunostimulatory. In conclusion, dietary
lipotropes, especially betaine and lecithin at the levels used,
improve erythropoiesis, serum protein and lipid profile,
anti-oxidant status, immunocompetence, neurotransmission,
and protect the livers of L. rohita fingerlings even when
continuously exposed to low-dose endosulfan.
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Introduction

Aquatic pollution and water quality issues are important
global concerns in the twenty-first century. A Gallup poll
taken in 2009 revealed that pollution of drinking water is the
primary environmental concern in the U.S. (Saad 2009).
Two major sources of freshwater pollution are industries and
agriculture. Industrial waste-water contains numerous
chemicals. In many parts of the world, especially emerging
economies, these wastewaters are still untreated or undergo
only treatment that does not effectively remove the majority of
the pollutants present (Shao et al. 2006). Several million tons
of pesticides are used each year in agriculture (Bockstaller et
al. 2009), and subsequent run-off leads to contamination of
water resources in catchment areas of agricultural land. This
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causes continuous exposure of humans and biota to biologi-
cally active chemicals, which is a matter of a great concern.
Because of widespread aquatic pollution (Gilliom 2007), fish
living in polluted niches experience chronic stress.

While a little amount of stress within physiological limits
is vital for maintenance of normal life processes, it turns
from being physiological to being pathological if a high
dose of stress beyond the coping capability of an individual
is encountered. A small stress-induced alteration may have
significant effects on functional outcomes including disease
resistance. Animals living in polluted niches are natural
models of chronic oxidative stress conditions. Unfortunately,
there are enormous consequences and the cost associated with
pesticide-induced stress is decreased immunocompetence
leading to biodiversity loss. In India, out of the 46% of species
evaluated from 700 total freshwater fish species, 70 % are
threatened (Kumar et al. 2000). Uncovering new knowledge
in the prevention, detection, diagnosis, and treatment of oxi-
dative stress can lead to enormous benefits. Chronic stress
alters nutrient requirements and physiological response to
stress is modified by nutritional status. Studies in fish in this
regard can be used for resurrecting declining species under
controlled conditions while gaining some useful insights for
extrapolating the findings to other species.

Deficiencies of some vitamins, minerals, and other nutri-
tional components have been shown to reduce the immuno-
competence of fish (Bell et al. 1984; Hardie et al. 1990, 1991).
Current aquaculture practice is invariably associated with
various stresses which cause immunosuppression in fish
(Cruz et al. 1991). Lipotropes like lecithin, betaine, and cho-
line are nutritional supplements used in fish/animal feed hav-
ing methyl-donating properties, and there are reports in other
species (fowl) which indicate that methyl donors increase
resistance to several types of stress (Cook 1990). However,
information on role of methyl donors in the immunity of fish
and shellfish is scanty (Muona and Virtanen 1993).

Methyl groups are needed for many metabolic reactions
which transfer CH3 groups to DNA, RNA, protein, carnitine,
creatine, lipid, and many other important CH3-containing
metabolic compounds (Smolin 1989; Frontiera 1994).
Research on methyl group metabolism and regulation
has shown a significant relationship between methyl
donors, metabolism and disease. For example, interest
in the methylation of macromolecules has recently been
heightened by a growing body of evidence which sug-
gests deficiency of methyl groups in animals may lead
to undermethylation of DNA and concomitant activation
of oncogenes (Newberne et al. 1993). Methyl donors
like choline, betaine, and lecithin (phosphatidyl choline)
are metabolically interrelated.

Lecithin, a source of phospholipids, is a feeding attractant,
increases resistance to stress and can reduce the oxidation of
fat soluble vitamins. Betaine, being a compatible osmolyte,

increases the water retention of cells, replaces inorganic salts,
and protects intracellular enzymes against osmotically or
temperature-induced inactivation (osmoprotectant) (Yancey
et al. 1982). Choline is a precursor of betaine, acetylcholine
(neurotransmitter), and phosphatidylcholine. Choline is
also an important component of some plasmalogens,
sphingomyelins, and lecithin and acts as a source of
methyl groups, via betaine, for the synthesis of various
methylated metabolites. Choline deficiency has been
shown to produce poor growth and fatty liver (Ketola 1976;
Ogino et al. 1970; Griffin et al. 1994), renal hemorrhage
(Griffin et al. 1994), anorexia, and hemorrhagic areas in the
kidneys, liver, and intestine (Wilson and Poe 1988).

Labeo rohita is one of the most preferred freshwater
species among the Indian Major Carps in the Indian sub-
continent, contributing 80–90 % of the carp polyculture.
With changes in practice of agriculture and aquaculture, fish
are exposed to various stressors that can cause immunosup-
pression, decreased productivity, and also lead to species
decline. Hence, nutritional supplementation studies are a
promising area of research in the prevention of infectious
diseases of fish (Kumar and Dey 1988). This experiment
was designed to study the health beneficial properties of
metabolically related lipotropes in fish. We compared the
health of L. rohita fingerlings that were either unexposed
(control) or exposed to and continuously challenged with a
low dose of endosulphan (1/10th of 96-h LC50) but
supplemented with lecithin, betaine, and choline.

Materials and methods

Preparation of the diet

Four isoproteinous (34 % crude protein) and isocaloric
(3.7 kcal DE/g) practical diets were prepared by inclusion
of lipotropes (as supplements) such as 20 g/kg lecithin,
5 g/kg betaine, and 1 g/kg choline to the basal diet
(Table 1), which served as control. While choline (as choline
hydrochloride) (SD Fine Chemicals Ltd, Mumbai, India)
and betaine (as betaine hydrochloride) (HIMEDIA,
Mumbai, India) substituted wheat flour in the basal diet,
2 % soy lecithin (lipid) (HIMEDIA, Mumbai, India)
substituted oil component in the diet to add all dietary
components to 100 %. The supplements were of 99 %
purity. Betaine and choline were first dissolved in water
and incorporated along with a vitamin–mineral premix,
whereas lecithin was dissolved in oil. For formulation of
the pelleted diet, good quality fish meal, soybean meal,
sunflower meal, wheat flour, wheat bran, and sunflower oil
were procured from a local market. The dough was mixed
properly and was pelleted, air dried for some time and kept
in hot air oven at 60 °C until dry and was subsequently
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stored at 4 °C until required for feeding. The diets were the
same for both the experiments.

Ethics statement

The research undertaken complies with the current animal
welfare laws in India. The care and treatment of animals
used in this study were in accordance with the guidelines of
the Committee for the Purpose of Control and Supervision
of Experiments on Animals [Ministry of Environment and
Forests (Animal Welfare Division), Government of India]
on care and use of animals in scientific research. As the
experimental fish L. rohita is a commercially important and
not endangered fish, the provisions of the Government of
India’s Wildlife Protection Act of 1972 are not applicable
for experiment on this fish.

Fish and experimental design

Fingerlings of L. rohita were procured from Palgar Fish
Seed Farm (Maharastra, India), stocked in a circular tank
(1,000 L) after being given a prophylactic dip in KMnO4

solution (50 mg L−1) for 2 min. They were acclimatized for

a period of 15 days and fed with a basal diet containing 30 %
crude protein. A set of uniform fingerlings were distributed in
four distinct groups with three replicates of 12 fish in each
treatment, in plastic containers (60×40×47 cm) of 100-L
capacity, following a completely randomized design. This
set of fish was exposed to a sublethal concentration (1/10th
of 96-h LC50) of endosulfan for 21 days. The LC50 dose was
determined in the same set of fishes used for this study as
reported earlier (Muthappa et al. 2011). Another identical set
of fingerlings was distributed in four treatments with three
replicates in each (12 fish per replicate) and reared in normal
water (unexposed). The fish in four treatments in each set
were offered diets supplemented with three different
lipotropes or an unsupplemented control diet. Water exchange
was carried out manually every alternate day with the separate
addition of an estimated quantity of endosulfan to water to
be replenished so as to maintain fish exposure at 1/10th
level of LC50. Bore-well chlorine-free water was used for
rearing fishes. Experimental diets were fed twice daily
(0900 and 1700 hours) to approximate satiation. Round-
the-clock aeration was provided to all the containers from a
compressed air pump. The physiochemical parameters of
water analyzed every week following the standard methods
(APHA-AWWA-WEF 1998) were within the optimum
range as required for the L. rohita fingerlings. Water quality
parameters recorded during the study were as follows:
dissolved oxygen 6.5–7.8 mg L−1, temperature 26.4 to
28.7 °C (dissolved oxygen and temperature meter, Merck,
Germany), pH 7.5–8.6 (digital pH meter, Labindia,
Mumbai), negligible free carbon dioxide (titrimetric method);
total hardness 236–245 mg L−1 (carbonate hardness test kit,
Merck, Germany), ammonia 0.14–0.27 mgL−1 (at 635 nm by
phenate method), nitrite 0.001–0.005 mg L−1, and nitrate
0.02–0.07 mg L−1 (543-nm wavelength).

Blood collection

At the end of the experimental trial, sampling was carried
out for the analysis of the different blood parameters. The
sampling was performed 12 h after the last feeding. Three
fish from each replicate were anesthetised with clove oil
(50 μl L−1) and blood was collected from the caudal vein
using a syringe with EDTA as anticoagulant. The blood was
then transferred immediately to an Eppendorf tube
containing a pinch of dry EDTA powder and shaken gently
and kept at 4 °C. The blood was used for determination
of hemoglobin content, total erythrocyte, and leukocyte
count and for nitroblue tetrazolium (NBT) assay. For
serum, another three fish from each replicate were
anesthetised and blood was collected without anticoagu-
lant and allowed to clot for 2 h followed by collection of
straw-colored serum with a micropipette. All determina-
tions were performed within 24 h.

Table 1 Composition of basal diet

Ingredients Percent (%)

Soybean meal 45.5

Fish meal 10.00

Sunflower meal 10.00

Wheat flour 14.8

Wheat bran 10.00

Sunflower oil 4.00

Cod liver oil 2.00

CMC 1.00

Vitamin + mineral mixa 2.00

Vitamin B complexb 0.10

Vitamin Cc 0.10

Chromic oxide 0.50

CMC carboxyl methyl cellulose
a Composition of vitamin mineral mix (EMIX PLUS) (quantity/2.5 kg):
vitamin A 55,00,000 IU; vitamin D3 11,00,000 IU; vitamin B2

2,000 mg; vitamin E 750 mg; vitamin K 1,000 mg; vitamin B6

1,000 mg; vitamin B12 6 mcg; calcium pantothenate 2,500 mg; nico-
tinamide 10 g; choline chloride 150 g; Mn 27,000 mg; I 1,000 mg; Fe
7,500 mg; Zn 5,000 mg; Cu 2,000 mg; Co 450 mg; Ca 500 g; P 300 g;

L-lysine 10 g; DL-methionine 10 g; selenium 50 ppm; selenium
50 ppm; Satwari 250 ppm; (Lactobacillus 120 million units and yeast
culture 3,000 crore units)
b Composition of vitamin B complex (quantity per gram): thiamine
mononitrate 20 mg; riboflavin 20 mg; pyridoxine hydrochloride 6 mg;
vitamin B12 30 mcg; niaciamide 200 mg; Ca pantothenate 100 mg;
folic acid 3 mg; biotin 200 mcg
c Ascorbyl phosphate (SRL Ltd., Mumbai) as a source of vitamin C
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Hematology

Hematological parameters were studied in both the sets
of fish: unexposed and those exposed to endosulfan. The
hemoglobin percentage was determined by estimating
cyanomethemoglobin using Drabkin’s fluid (Qualigens,
India). Five milliliters of Drabkin’s working solution
were taken in a clean and dry test tube and 20 μl of
blood were added to it. The absorbance was measured
using a Nicolet Evolution 100 UV/vis spectrophotometer
(Thermo Electron Corp, Cambridge, UK) at a wavelength
of 540 nm. The final concentration was calculated by
comparing with standard cyanmethemoglobin (Qualigens,
India). The hemoglobin concentration was calculated as:
Hemoglobin (gm dL−1)=[OD (T)/OD (S)] [251/1,000]×60;
where OD (T)=absorbance of test and OD (S)=absorbance of
standard.

Total erythrocytes and leucocytes were counted in a
hemocytometer using erythrocyte and leucocyte diluting
fluids (Qualigens, India), respectively. Twenty microliters
of blood were mixed with 3,980 μl of diluting fluid in a
clean glass test tube. The mixture was shaken well to
suspend the cells uniformly in the solution. Then the
cells were counted using a hemocytometer. The following
formula was used to calculate the number of RBC and
leukocytes per ml of the blood sample: Number of cells
per milliliter=[Number of cells counted×dilution]/[Area
counted×depth of fluid].

Respiratory burst activity

Respiratory burst activity of phagocytes was quantified by
using the reduction of NBT to formazan as a measure of
superoxide anion (O2

−) production as described by Secombes
(Secombes et al. 1990) and modified by Stasiack and Bauman
(1996). In short, 50 μL of blood were placed in the wells of
microtiter plates and incubated at 37 °C for 1 h to facilitate
adhesion of cells. Then the supernatant was removed
and the loaded wells were washed three times in PBS.
After washing, 50 μl of 0.2 % NBT was added and was
incubated for a further 1 h. The cells were then fixed
with 100 % methanol for 2–3 min and again washed
thrice with 30 % methanol. The plates were then air
dried. Sixty microliters of 2N potassium hydroxide and
70 μl of dimethyl-sulphoxide were added into each well
to dissolve the formazan blue precipitate formed. The
OD of the turquoise blue-colored solution was then read
in an ELISA reader at 540 nm.

Serum proteins

Serum protein was estimated by Biuret method and BCG
dye binding method (Reinhold 1953) using the kit (total

protein and albumin kit, Qualigens Diagnostics). Albumin
was estimated by the bromocresol green binding method
(Doumas et al. 1971). The absorbance of the standard and
test was measured against a blank in a spectrophotometer at
630 nm. Globulin was calculated by subtracting the albumin
values from the total serum protein.

Serum lipids

Serum total cholesterol was measured using a commer-
cially available kit (Sigma-Aldrich, St. Louis, MO). In the
presence of cholesterol esterase in the reaction mixture,
the assay detects total cholesterol. In brief, serum and
reaction mixture (containing assay buffer, cholesterol
probe, cholesterol enzyme mix, and cholesterol esterase)
was mixed well and incubated at 37 °C at for an hour as
per manufacturer’s instructions. The absorbance of sam-
ples was measured at 570 nm against the reagent blank
value. Serum triglycerides were measured using commer-
cially available kit (Sigma-Aldrich), which is used for
quantitative enzymatic measurement of glycerol, true tri-
glycerides, and total triglycerides in serum at 540 nm. In
brief, 10 μl of water, glycerol standard and serum were
taken in three cuvettes containing 1 ml of triglyceride
working reagent. Readings were taken after incubations
as per protocol. The increase in absorbance due to the
formation the quinoneimine dye was measured at 540 nm,
which was directly proportional to the triglyceride con-
centration in the sample. The procedure for free glycerol
was similar except the reaction mixture contained 1 ml of
the triglyceride reagent blank instead of the working reagent.
The increase in absorbance at 540 nm due to the same-colored
compound is directly proportional to the glycerol concentra-
tion of the sample. True serum triglycerides were calculated
by subtracting the free glycerol concentration in the sample
from total triglycerides.

Estimation of ascorbate

Ascorbic acid was estimated from liver, brain, kidney, and
muscle by the method of Roe and Keuther (1943).
Following weighing, wet tissue was transferred to the test
tube containing 10 ml of chilled 6 % trichloro acetic acid.
The sample was then homogenized and activated charcoal
(200–300 mg) was added to the test tubes and mixed thor-
oughly. The solution was filtered using Whatman filter
paper (No. 42). Five ml of aliquot were taken in test tubes
and one drop of 10 % thio-urea solution and 1 ml of 2, 4
dinitrophenylhydrazine were added, and test tubes were then
transferred to an ice bath and 5 ml of 85 % H2SO4 was
added drop by drop. The test tubes were allowed to stand for
30 min after removing them from ice; the OD was taken at
540 nm against standard ascorbic acid.
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Estimation of cortisol

Cortisol in fish plasma was estimated by using radioimmuno-
assay (RIA or Coat-A-count) kit purchased from Immunotech
(Beckman Coulter Company) as per manufacturer’s instruc-
tions. The kit is intended for the quantitative direct determi-
nation of cortisol concentration. Samples and standards
were incubated in monoclonal antibody-coated tubes with
125I-labelled cortisol tracer. Each sample and standard was
pipetted into two tubes. After 1-h incubation at room
temperature (under horizontal shaking—400 rpm) the liquid
contents of the tubes were aspirated to the waste and the
radioactivity bound to the antibody was measured using a
gamma counter. Concentration of samples was obtained from
the calibration curve. Plasma cortisol was expressed as nano-
gram per milliliter.

Preparation of tissue homogenate and protein estimation

The tissues of the fish were removed carefully and were
weighed. Tissue homogenate was prepared with chilled
sucrose solution (0.25 M) in a glass tube using a Teflon-
coated mechanical tissue homogenizer. The tube was con-
tinuously kept in ice to avoid heating. The homogenate was
centrifuged at 5,000 rpm for 10 min at 4 °C in a cooling
centrifuge machine. The supernatant was stored at 4 °C until
use. A 5 % homogenate was prepared for muscle and liver.
Quantification of protein in the different tissues was carried
out using Lowry’s method (Lowry et al. 1951). Tissue
homogenate (0.1 ml) was taken and precipitated using
1 ml of 10 % TCA. The protein residue was obtained by
discarding the supernatant produced after centrifugation at
5,000 rpm for 20 min. The residue was dissolved in 0.5 ml
of 0.1 N NaOH. An amount of 0.1 ml of the dissolved
protein residue was used for further analysis. Alkaline copper
sulphate (5 ml) was added and left for 10 min. To this 1 N
Folin’s reagent was added and incubated for 30 min in the
dark. Reading was taken at 660 nm against the blank. Bovine
serum albumin was used as a standard.

Neurotransmitter enzyme activities

The acetylcholinesterase (AChE) enzyme (E.C.3.1.1.7) was
assayed according to the method of Hestrin (1949) modified
by Augstinasso (1957). Reaction mixture of AChE system
comprising 1.0 ml of M/15 phosphate buffer (pH 7.2), 1 ml
acetylcholine (4 mM, pH 4.0) substrate buffer mixture (1:9
dilution), and 0.2 ml of homogenate was incubated for
30 min at 37 °C. Alkaline hydroxylamine (2.0 ml) was
added to terminate the reaction. The solution was mixed
thoroughly and 1 ml of HCl (2:1) was added followed by
thorough mixing. Enzyme solution was then added to the
control tubes. The color was developed by addition of 1 ml

of FeCl3 (10 %) and OD was recorded at 540 nm after
thorough mixing. In this assay, mixing the solution in every
step was very essential to avoid trapping of air bubbles.

Antioxidant enzyme activities

Catalase activity was estimated according to the method of
Takahara et al. (1960). To 2.45 ml of phosphate buffer
(50 mM, pH 7.0), 50 μl of the tissue homogenate was added
and the reaction was started by the addition of 1.0 ml of
H2O2 solution. The decrease in absorbance was measured at
240 nm at 30-s intervals for 2 mins. The enzyme blank
was run simultaneously with 1.0 ml of distilled water
instead of hydrogen peroxide. The enzyme activity was
expressed as n moles of H2O2 decomposed per minute
per milligram protein

Superoxide dismutase (SOD) activity was estimated by
the method of Misra and Fridovich (1972). The assay is
based on the oxidation of epinephrine-adrenochrome transi-
tion by the enzyme. The reaction mixture consisted of 50 μl
of sample, 1.5 ml phosphate buffer, and 0.5 ml epinephrine.
The solutions were mixed well and immediately read for the
change in optical density at 480 nm for 2 mins in a
Shimadzu—UV spectrophotometer. One unit of SOD activity
was the amount of protein required to give 50 % inhibition of
epinephrine auto oxidation.

Enzyme of carbohydrate metabolism

The lactate dehydrogenase (LDH; E.C. 1.1.1.27) activity
was assayed by the method of Wroblewski and Ladue
(1955). The total 3 ml of the reaction mixture was composed
of 2.7 ml of 0.1 M phosphate buffer (pH 7.5), 0.1 ml of
NADH solution (2 mg NADH dissolved in 1 ml of phos-
phate buffer solution), 0.1 ml of tissue homogenate, and
0.1 ml of sodium pyruvate. The reaction was started after
addition of substrate sodium pyruvate. The OD was
recorded at 340 nm at 30-s intervals. The enzymatic activity
was expressed as units per milligram of protein per minute
at 25 °C where 1 unit was equal to Δ0.01 OD/min.

Enzyme of pentose phosphate pathways

The G6PDH (E.C.1.1.1.49) activity in different tissues was
assayed by the method of DeMoss (1955). The total 3 ml of
the reaction mixture was composed of 1.5 ml of 0.1 M Tris
buffer (pH 7.8), 0.2 ml of 2.7 mM NADP, 0.1 ml of tissue
homogenate, 1.05 ml of distilled water, and 0.1 ml of 0.02 M
glucose-6-phosphate (G6P). The reaction was started by
adding G6P as substrate. The OD was recorded at 340 nm at
15-s interval against distilled water. The G6PDH activity was
expressed as units per milligram of protein per minute. One
unit was equal to Δ0.01OD/min/ml at 25 °C.
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Transminases providing gluconeogenic substrates

The aspartate aminotransferase (AST; E.C.2.6.1.1) activity
was assayed in different tissue homogenates as described by
Wooten (1964). The substrate was composed of 0.2 M D,L-
aspartic acid and 2 mM α-ketoglutarate in 0.05 M phosphate
buffer (pH 7.4). In the experimental and control tubes,
0.5 ml of substrate was added. The reaction was started by
adding 0.1 ml of tissue homogenate. The assay mixture was
incubated at 37 °C for 60 min. The reaction was terminated
by adding 0.5 ml of 1 mM 2, 4 dinitrophenyl hydrazine
(DNPH). In the control tubes, the enzyme source was
added after DNPH solution. The tubes were held at
room temperature for 20 min with occasional shaking.
Then 5 ml of 0.4 ml NaOH solution was added, and the
contents were thoroughly mixed. After 10 min, the OD
was recorded at 540 nm against blank. The procedure
adopted for alanine aminotransferase (ALT; E.C.2.6.1.2)
activity was the same as used for AST activity except
the substrate was composed of 0.2 M D,L-alanine instead of
aspartic acid.

Enzyme of energy metabolism

The ATPase activity (E.C. 3.6.1.3) was assayed according to
the method of Post and Sen (1967) with minor modification.
The reaction mixture was composed of 1.0 ml of 0.1 M
Tris–HCl buffer (pH 7.8), 0.1 ml of 100 mM NaCl, 0.1 ml of
20 mM KCl, 0.1 ml of 3 mM of MgCl2, 0.5 ml of 5 mM
ATP, and 0.1 ml homogenate. The mixture was incubated
for 15 min and the reaction was terminated by the addition
of 1 ml 10 % TCA. After centrifugation, 2.0 ml of superna-
tant was processed for estimation of inorganic P by the
method of Fiske and Subbarow (1925).

Kinetics of G6PDH

Kinetics study for the liver and kidney G6PDH enzyme
was done to know the effect of exposure of fish to sub-
lethal concentration of pesticide, and the protective
effects of lipotropes. Crude extract prepared as men-
tioned above was used for the kinetic study. The assay
was done by the method of De Moss (1053) by mea-
suring the reduction of NADP at 340 nm. The range of
substrate concentration used was 0.05, 0.1, 0.5, 1.0 and
3.0 mM of glucose 6 phosphate. All assays were
performed at temperature 25±0.05°C. The data were
analyzed by nonlinear regression methods described by
the Michaelis–Menten equation: V=Vmax[S]/(Km+[S]).
The nonlinear plot was constructed with the aid of
computer a program (Prism 5). The catalytic efficiency
was determined at saturating substrate concentration and
is given as: Catalytic efficiency=Vmax/Km.

Histology

Liver tissue samples were fixed in neutral buffered formalin,
embedded in paraffin wax, cut at 5 mm, and sections were
stained by hematoxylin and eosin (H&E) as described by
Roberts (1989).

Statistical analysis

Effects of diets in unexposed or endosulfan exposure con-
ditions were analyzed by one-way ANOVA independently.
Post hoc tests were carried out using Duncan’s multiple
comparison procedures, if there were significant differences.
Student’s t test was performed to assess the significance
between means of two corresponding treatments or while
comparing mean in exposed group with unexposed control.
All the statistical analyses were performed using statistical
software, SPSS version 11.0 for Windows.

Results

Hematology

Hematological profiles of the unexposed and endosulfan-
exposed sets of fish are given in Table 2. Fish from the
unexposed set revealed significant improvement in RBC
(P=0.06), hemoglobin (Hb) content (P<0.05), hematocrit
(Hct) (P<0.01) in soy lecithin and either betaine or choline-
fed group. Comparison of the unexposed and endosulfan-
exposed control fish revealed that RBC (P<0.01), hemoglo-
bin content (Hb) (P<0.01), and haematocrit (Hct) (P<0.05)
values were significantly reduced by endosulfan exposure.
Endosulfan-exposed but lipotrope-fed fish had RBC count
improved (P<0.05) over endosulfan-exposed diet-controlled
group, but still the values were lower (P<0.01) than
unexposed control fish. While the Hb and Hct content in
lecithin-fed endosulfan-exposed fish was on par with
unexposed control (P>0.05), the values were lower for groups
fed with betaine and choline (P<0.05). Comparison of the
corresponding lipotrope-fed fish revealed that endosulfan-
exposed fish had lower RBC, Hb and Hct (P<0.01) than
unexposed counterparts.

Serum protein and lipid profile

Serum protein and lipid profiles of the fish are given in
Table 3. Fish from the unexposed set fed with lecithin and
betaine had increased serum total proteins, and increased
globulin for lecithin-fed fish. Albumin was not affected by
lecithin and betaine but choline decreased it compared to
unexposed control. Comparison of the unexposed and
endosulfan-exposed control fish revealed that serum total
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protein and globulin were decreased (P<0.01) but albumin
was increased (P<0.01) with endosulfan exposure.
Endosulfan-exposed but lipotrope-fed fish had unaffected
serum albumin (P>0.05) but significantly increased total
protein and globulin than the endosulfan-exposed control
group. The levels of total protein (in choline and lecithin-fed
fish), albumin (in all lipotropes) and globulin (in lecithin)
were even higher in supplemented groups than unexposed
control fish. Comparison of unexposed and exposed
lipotrope-fed fish revealed that endosulfan-exposed fish
had lower serum globulin (in all lipotropes fed) and
lower total protein (P<0.01) (in lecithin and betaine),
with increased albumin in betaine and choline-fed fish
than in corresponding unexposed fish. With regard to
serum lipids in unexposed fish, all lipotropes decreased cho-
lesterol (P<0.01) and increased triglyceride (P<0.01). Serum
cholesterol and triglyceride were decreased (P<0.01) with

endosulfan exposure compared to unexposed fish fed with
control diet. However, endosulfan-exposed lipotrope-fed fish
had significantly increased TG (P<0.01) and decreased cho-
lesterol (only in lecithin) than the endosulfan-exposed control
group. However, in none of the supplemented endosulfan-
exposed groups could this increase in TG restore values to
be on par with the unexposed control. Comparison of
unexposed and endosulfan exposed but lipotrope-fed fish
revealed that serum TGwas lower in exposed than unexposed
fish. Serum cholesterol was lower in the betaine-fed group but
was same in soy lecithin and choline-fed exposed fish.

Ascorbic acid content of tissues

The ascorbic acid content of different tissues of fish
unexposed and exposed to stressful conditions is given in
Fig. 1. Ascorbic acid content of muscle, liver, brain, and

Table 2 Hematological profile of fish on 21-days continuous exposure to nonlethal dose of endosulfan (1/10 dose of LC50) against unexposed
control and fed with diets containing lecithin, betaine, and choline during experimental period

Parameter Exposure Soylecithin Betaine Choline Control P

RBC (106 cells/mm3) Control 2.69c±0.09 2.05b±0.14 2.15b±0.05 1.74a±0.01 0.06

Endosulfan 1.61c##,**±0.01 1.46b##,**±0.04 1.58bc##,**±0.02 1.39a**±0.05 <0.05

Hemoglobin (g/dl) Control 11.55b±0.45 10.05ab±0.65 9.85ab±0.75 8.15a±0.15 <0.05

Endosulfan 7.72c**±0.12 6.80b#,**±0.10 7.61c#,**±0.11 5.85a**±0.15 <0.01

Hematocrit (%) Control 29.10c±0.80 19.30a±0.10 23.35b±0.15 18.50a±0.60 <0.01

Endosulfan 17.35c**±0.15 14.75b#,**±0.25 15.45b#,**±0.45 13.35a**±0.35 <0.01

Mean values in the same row (one-way ANOVA) with different lowercase letters (a, b, c, d) differ significantly.

Data expressed as mean±SE, N=3

*P<0.05, **P<0.01—comparison of unexposed vs. corresponding endosulfan-exposed group
#P<0.05, ##P<0.01—indicates significant differences between endosulfan-exposed and methyl donor-fed and unexposed control fish

Table 3 Serum protein and lipid profile of fish on 21-days continuous exposure to nonlethal dose of endosulfan (1/10 dose of LC50) against
unexposed control and fed with diets containing lecithin, betaine, and choline during experimental period

Parameter Exposure Soylecithin Betaine Choline Control P

Total protein (g/dl) Control 4.97b±0.11 4.70b±0.22 2.97a±0.16 2.89a±0.03 <0.01

Endosulfan 3.62c##,**±0.11 3.03b**±0.16 3.05b#±0.03 2.24a**±0.08 <0.01

Albumin (g/dl) Control 0.87b±0.03 0.88b±0.05 0.63a±0.01 0.94b±0.01 <0.01

Endosulfan 1.18#±0.18 1.46#±0.08** 1.39##±0.09** 1.41±0.04** NS

Globulin (g/dl) Control 4.11b±0.13 3.82b±0.27 2.34a±0.17 1.95a±0.04 <0.01

Endosulfan 2.45c##,**±.07 1.57b#,**±0.08 1.66b**±0.12 0.84a**±0.12 <0.01

Cholesterol (mg/dl) Control 67.41a±6.91 103.43b±6.58 93.49ab±1.62 173.12c±10.53 <0.01

Endosulfan 53.49a##±7.93 82.6ab##,**±2.92 88.94b##±1.48 105.68b**±0.13 <0.05

Triglyceride (mg/dl) Control 161.39d±3.8 107.69b±2.57 129.8c±4.55 93.14a±2.31 <0.01

Endosulfan 77.92c#,**±2.45 57.22b#,**±3.04 53.98b#,**±3.73 39.27a**±3.45 <0.01

Mean values in the same row (one-way ANOVA) with different lowercase letters (a, b, c, d) differ significantly

Data expressed as mean±SE, N=3

*P<0.05, **P<0.01—comparison of unexposed vs. corresponding endosulfan-exposed group
#P<0.05, ##P<0.01—indicates significant differences between endosulfan-exposed and methyl donor-fed and unexposed control fish
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kidney from the unexposed set of fish were unaffected by
dietary supplements (P>0.05). Endosulfan exposure signifi-
cantly decreased (P<0.01) the ascorbic acid content of mus-
cle, liver, brain, and kidney tissues in the unsupplemented
(control) group. However, compared to endosulfan-exposed
control, significantly higher ascorbic acid content in muscle
and brain (P<0.05) and kidney (P<0.01) in lecithin and
betaine-fed groups and in liver (P<0.05) of all three
lipotrope-fed fish was observed. However, lipotropes could
not restore ascorbic acid content in these tissues on par with
unexposed control fishes. A comparison of corresponding
unexposed and endosulfan-exposed fish fed with respective
supplements revealed that ascorbic acid content of all tissues
in endosulfan-exposed fish was significantly depleted
(P<0.01). Unlike in the unexposed set of fish, where catalase
activity in liver and muscle were unaffected (P>0.05), cata-
lase in the muscle of fish fed with lecithin (P<0.05) and in the
liver of fish fed with lecithin and betaine was lowered com-
pared to endosulfan-exposed control. In the endosulfan-
exposed and lecithin and betaine-fed fish activity of muscle
SOD (P<0.05) and liver SOD (P<0.06) was significantly
reduced. Comparison of the unexposed and endosulfan-
exposed fish from corresponding groups revealed that muscle
catalase activity was enhanced but liver catalase activity was
reduced (P<0.05 or P<0.01).

Anti-oxidant enzyme activities

Tissue anti-oxidative status in terms of catalase and superoxide
dismutase activity is given in Fig. 2. Feeding of lipotropic

compounds had no effect (P>0.05) on catalase activity in liver
and muscle in the unexposed set of fish. Endosulfan exposure
increased catalase activity in the muscle (P<0.01), and lecithin
helped restore activity which was on par with unexposed
controls. Endosulfan exposure had no effect on catalase in
liver (P>0.05) and activities were comparable in exposed
and unexposed controls. However, betaine and lecithin
reduced (P<0.05) catalase activity in the liver compared to
endosulfan exposed control. Nonetheless, catalase activity in
the liver in each methyl donor-fed group was not significantly
different from unexposed control fish. The activity of muscle
catalase in endosulfan-exposed fish fed with lipotropes was
less (P<0.05 or P<0.01) than corresponding methyl donor-
fed unexposed fish. Choline and betaine had no influence on
liver catalase, while soy lecithin reduced activity in
endosulfan-exposed group than corresponding unexposed
group. The activity of SOD in liver was increased due to
endosulfan exposure (P<0.05), and although lecithin and
betaine feeding lowered it significantly, it could not be restored
at par with unexposed control. While SOD activity in muscle
was unaffected by endosulfan exposure, lecithin and betaine
lowered it significantly (P<0.05).

Neurotransmitter acetylcholine esterase activity

Activity of AChE in two tissues of unexposed and endosufan-
exposed fish and fed with lipotropes containing diet is
given in Fig. 3. While AChE activity in brain and liver
from unexposed set of fish were unaffected by the dietary
supplements (P>0.05), AChE activity was lowered (P<0.01)

Fig. 1 Ascorbic acid content of
different tissues of fish following
21-days continuous exposure to
nonlethal dose of endosulfan
(1/10 dose of LC50) against
unexposed control and fed
with diets containing lecithin,
betaine, and choline during
experimental period. Mean
values in the same set (one-
way ANOVA) with different
superscript letters (a, b, c, d)
differ significantly. * P<0.05,
**P<0.01—comparison of
unexposed vs. corresponding
endosulfan-exposed group.
AP<0.05 and BP<0.01—indicates
significant differences between
endosulfan-exposed and methyl
donor-fed and unexposed control
fish. Data expressed as mean±
SE, N=3
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by endosulfan exposure (controls compared), but all lipotropes
significantly elevated (P<0.05) AChE activities in both the
tissues. This increase in AChE activity in brain in all
lipotrope-fed groups and in muscle of exposed fish fed with
betaine and lecithin brought activities at par with unexposed
unsupplemented control fish (P>0.05). Comparison of cor-
responding unexposed and endosulfan-exposed fish fed
with lipotropes showed no effects on activity of brain
AChE activity but AChE activity in muscle of lipotrope-
fed endosulfan-exposed fish was lower than corresponding
unexposed fish (P<0.05 or P<0.01).

Immunological response and serum cortisol

The immunological response of fish fed with lipotropes under
unexposed and endosulfan-exposed conditions is given in
Fig. 4. Increased (P<0.05) WBC count and respiratory burst
(in lecithin and betaine) and decreased A/G ratio (P<0.05)
(in all three lipotropes) in unexposed fish were noticed.
Endosulfan exposure significantly (P<0.01) decreased
WBC count and increased A/G ratio in fish (controls
compared). This decrease in WBC due to endosulfan
exposure was not rectified by any lipotropic compound
supplement (P>0.05), but phagocytic activity (as indicated
by NBT reduction scores) and A/G ratio were significantly
(P<0.05) improved by lipotropes in endosulfan-exposed
fish. While all lipotropes could restore phagocytic activity,
only lecithin did this in endosulfan-exposed fish on par
with unexposed controls (P>0.05). Comparison of corre-
sponding treatments in unexposed and endosulfan-exposed

groups indicated decreased WBC count (P<0.01) and
increased A/G ratio in lecithin-fed (P<0.05), betaine-fed,
and choline-fed (P<0.01) groups and decreased NBT in
lecithin-fed (P<0.05) and betaine-fed (P<0.01) fish. The
stress hormone cortisol was decreased (P<0.05) in methyl
donor supplemented groups compared to the unsupplemented
endosulfan-exposed group.

Metabolic enzyme activities

Biochemical plasticity in terms of changes in the activity of
enzymes involved in carbohydrate (anaerobic) metabolism
(LDH), gluconeogenic enzymes (ALT, AST), enzymes of
the pentose phosphate pathways (glucose 6-phosphate
dehydrogenase), and enzymatic markers of general ener-
getics (ATPase) are given in Table 4. There were no
significant differences in the activity of LDH in liver
and muscle tissues in either the unexposed group or the
group exposed to endosulfan and fed with lipotropes.
While LDH was reduced in the liver of choline-fed fish
(P<0.05), it was increased in the muscle of endosulfan-
exposed control and in betaine- and lecithin-fed fish.
While liver LDH was unaffected, muscle LDH activity was
enhanced (P<0.01) due to endosulfan exposure and this
remained unaffected by feeding lipotropes consequently, but
the activity in lipotrope-fed groups was higher than in
unexposed controls (P<0.05). Among the lipotropic
compound-fed groups, liver LDH was lowered (P<0.05) in
choline-fed fish and muscle LDH was increased (P<0.01) in
the choline and betaine-fed groups with endosulfan exposure
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Unexposed Endosulfan ExposedFig. 2 Activities of anti-oxidant
enzymes catalase and superoxide
dismutase (SOD) of different
tissues of fish following 21-days
continuous exposure to nonlethal
dose of endosulfan (1/10 dose of
LC50) against unexposed control
and fed with diets containing
lecithin, betaine and choline
during experimental period mean
values in the same set (one-way
ANOVA) with different
superscript letters (a, b, c, d) differ
significantly (P<0.05). *P<0.05,
**P<0.01—comparison of
unexposed vs. corresponding
endosulfan-exposed group.
AP<0.05, BP<0.01—indicates
significant differences between
endosulfan-exposed and methyl
donor-fed and unexposed control
fish. Data expressed as mean±
SE, N=3
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compared with corresponding unexposed groups. Liver ALT
and ASTactivities were unaffected by methyl donor feeding in
both the unexposed and exposed sets, as was also the case for
muscle AST. While muscle ALT was higher (P<0.05) in the
choline-fed unexposed group, endosulfan exposure had no
effect on its activity (unexposed vs. exposed control). While
muscle ALT activity in the betaine-fed groups was on par with
each other, the activity in lecithin- and choline-fed exposed
groups was higher than unexposed control. Endosulfan-
exposed choline-fed (P<0.05) and lecithin-fed (P<0.01) fish

had higher muscle ALT than corresponding unexposed groups.
The activity of G6PDH in muscle was not influenced by the
feeding of methyl donors in unexposed or stress-exposed
groups (P>0.05). However, the activity in fish exposed and
fed with choline was reduced compared to unexposed controls.
G6PDH in muscle in endosulfan-exposed groups was less in
betaine- and choline-fed groups than in corresponding
unexposed groups. The activity of G6PDH in liver was in-
creased in the lipotrope-fed unexposed fish (P<0.05).
Moreover, endosulfan exposure decreased (P<0.01) G6PDH

Fig. 4 Immunological attributes of fish following 21-days continuous
exposure to nonlethal dose of endosulfan (1/10 dose of LC50) against
unexposed control and fed with diets containing lecithin, betaine, and
choline during experimental period. Mean values in the same set (one-
way ANOVA) with different superscript letters (a, b, c, d) differ significant-
ly. *P<0.05, **P<0.01—comparison of unexposed vs. corresponding

endosulfan-exposed group. AP<0.05, BP<0.01—indicates significant dif-
ferences between endosulfan-exposed andmethyl donor-fed and unexposed
control fish. Serum cortisol values compared with value (85.88±2.11)
estimated by RIA method in our lab from same species and same size fish
reared in the water procured from the same source and fed with balanced
diet (Akhtar et al. 2010). Data expressed as mean±SE, N=3

Fig. 3 Activities of acetylcholine esterase (AChE) activity in brain and
muscle tissues of fish following 21-days continuous exposure to
nonlethal dose of endosulfan (1/10 dose of LC50) against unexposed
control and fed with diets containing lecithin, betaine and choline
during experimental period. Mean values in the same set (one-way

ANOVA) with different superscript letters (a, b, c, d) differ significantly.
*P<0.05, **P<0.01—comparison of unexposed vs. corresponding
endosulfan-exposed group. AP<0.05, BP<0.01—indicates significant
differences between endosulfan-exposed and methyl donor-fed and
unexposed control fish. Data expressed as mean±SE, N=3
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in liver and there was no effect of lipotropes on its activity in
endosulfan-exposed fish. Consequently, the activity of
G6PDH in the liver of fish fed with lipotropes was less than
in unexposed control. G6PDH in the liver in endosulfan-
exposed, lipotrope-fed groups was lower (P<0.01) than in
corresponding unexposed groups. Compared to unexposed
controls, endosulfan exposure decreased G6PDH in the
kidneys. Lipotrope supplementation improved this activity
to a significant extent (Fig. 5), but could not restore it. The
overall cellular energetic picture in terms of ATPase activity
revealed that ATPase activity was not influenced by feeding
lipotropes to unexposed fish nor was it affected by endo-
sulfan exposure. The ATPase in the liver of unexposed fish
was not affected by lipotropes feeding (P>0.05). Endosulfan
exposure had no significant effect on liver ATPase (unexposed
vs endosulfan-exposed control), though it decreased liver
ATPase slightly. However, all endosulfan-exposed but
lipotrope-fed groups had liver ATPase activity similar to
unexposed controls. The ATPase levels in the liver of
endosulfan-exposed groups fed with lecithin was higher

(P<0.05) and in those fed with choline was lower (P<0.05)
than in corresponding unexposed groups.

Enzyme kinetics assay

The G6PDH enzyme kinetic parameters in liver and kidney are
given in Tables 5 and 6 and the respective nonlinear regression
curves (Michaelis–Menten) are given in Figs. 6 and 7. In liver
tissue, there was significant (P<0.05) decrease in the Vmax

and increase in Km values in the endosulfan-treated fish
compared to the untreated controls; however, lipotropes
helped protect enzyme activity in endosulfan-exposed fish
with significant effects on improvement of Km and Vmax

values. The catalytic efficiency of the enzyme was reduced
in the fish exposed to pesticide. However, among lipotropes,
only lecithin helped improve catalytic efficiency of G6PDH
in the liver. In kidney tissue, lipotropes also helped bring
the Vmax value in endosulfan-exposed groups on par with
unexposed controls, which was decreased (P<0.05) with
sublethal exposure. The decreased (P<0.05) catalytic

Table 4 Metabolic enzyme activities in different tissues of fish on 21-days continuous exposure to nonlethal dose of endosulfan (1/10 dose of LC50)
against unexposed control and fed with diets containing lecithin, betaine and choline during experimental period

Enzyme Exposure Soy lecithin betaine Choline Control P

Liver LDH Control 605±111.9 565±104.6 616±35.64 456±52.75 NS

Endosulfan 485±66.16 406±4.14 466*±19.56 587±32.38 NS

Muscle LDH Control 647±65.9 597±43.06 612±134.9 711±18.6 NS

Endosulfan 870#±93.67 1,040#,**±59.21 1,112#,**±10.91 1,011**±52.8 NS

Liver ALT Control 10.68±0.83 14.07±3.31 10.22±0.03 10.13±1.99 NS

Endosulfan 6.18*±1.08 6.56±0.69 8.17±0.88 7.22±0.55 NS

Liver AST Control 41.72±0.48 49.44±6.07 42.35±14.16 42.97±4.13 NS

Endosulfan 55.09*±3.23 40.37±7.21 45.11±3.79 42.75±2.70 NS

Muscle ALT Control 4.95a±0.32 7.21b±0.20 7.3c±0.80 5.37ab ±0.65 <0.05

Endosulfan 15.30##,**±0.61 12.21±2.51 16.32##,*±1.96 11.55±2.62 NS

Muscle AST Control 56.60±5.20 56.47±3.04 67.09±10.12 61.26±3.67 NS

Endosulfan 62.43±8.03 52.84±8.53 62.69±10.59 64.38±2.41 NS

Liver G6PDH Control 97.88b±12.79 87.89b±8.00 88.86 b±10.56 41.46a±6.15 <0.05

Endosulfan 7.99c#,**±0.75 7.95c#,**±0.89 6.08b#, **±1.66 2.0a**±0.26 <0.05

Muscle G6PDH Control 1.63±0.13 2.16±0.25 1.86±0.11 1.74±0.15 NS

Endosulfan 1.89±0.46 1.05*±0.28 0.63##,**±0.14 1.50±0.44 NS

Liver ATPase Control 1.52±0.08 1.86±0.08 1.52±0.09 1.54±0.35 NS

Endosulfan 2.56c*±0.26 1.85bc±0.19 1.25ab*±0.02 0.79a±0.01 <0.01

Muscle ATPase Control 1.22±0.07 1.29±0.09 1.45±0.11 1.39±0.19 NS

Endosulfan 1.22±0.07 1.26±0.09 1.45±0.11 1.40±0.19 NS

ALT specific activities expressed as n moles of sodium pyruvate released/min/mg protein, AST specific activities expressed as n moles of
oxaloacetate released/min/mg protein, LDH specific activity expressed as unit per minute per milligram protein, ATPase microgram phosphorus
released/min/mg protein at 37 °C, G6PDH specific activities expressed as Δ0.01 OD/min/mg protein

Mean values in the same row (one-way ANOVA) with different lowercase letters (a, b, c, d) differ significantly

Data expressed as mean±SE, N=3

*P<0.05, **P<0.01—comparison of unexposed vs. corresponding endosulfan-exposed group
#P<0.05; ##P<0.01—significant differences between endosulfan-exposed and methyl donor fed and unexposed control fish
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efficiency due to endosulfan exposure was improved with
lecithin only.

Liver histology

Liver sections of L. rohita fingerlings from the group that was
exposed to endosulfan but fed with the control diet (without
any supplementation) showed extensive vacuolation and
marked disruption of cordal arrangements of hepatocytes
(Fig. 8a). But a protective effect from betaine- and lecithin-
based diets was visible, although mild disarray of hepatic
cords and moderate vacuolation was noticed (Fig. 8b, c).
Liver sections of unexposed fish fed with lipotropes were
similar to those of unexposed controls (figure not given).

Discussion

Endosulfan is an organochlorine pesticide, and organochlo-
rines are known to cause oxidative stress (Videla et al.
1990). We used methyl donors to counter the oxidative
stress of low-dose endosulfan. Methyl donors have impor-
tant functions in the biological synthesis of important com-
pounds and in methylation of genes, proteins and other
moieties. The importance of methylation of genes in
stress-modulating hypothalamo-pitutary circuitry such as

the neuropeptide corticotrophin-releasing factor (Elliot et
al. 2010) and immune system (Suarez-Alvarez et al. 2012)
in stress modulation is being increasingly realized.
However, literature on applied nutrition studies employing
lipotropes (methyl donors) in stress context is scarce.
Suggested requirements in freshwater fish for soy lecithin
(phospholipid), betaine and choline are 20 g/kg (Geurden et
al. 1995; 1997), 1 to 2 g/kg (Przyby et al. 1999; Wu and
Davis 2005), and 1 to 3 g/kg (NRC 1993; Ogino et al. 1970;
Kasper et al. 2000) respectively. Thus, selection of dietary
supplement levels was based on our assessment of culture
conditions, literature on the subject and the context of the
study. Moreover, the compounds have metabolic interrela-
tionships. Choline is a precursor of betaine, acetylcholine
and phosphatidylcholine. Low-dose endosulfan has an in-
hibitory role in phospholipid biosynthesis and different
component of phospholipids are highly impacted in endo-
sulfan toxicity in fish (Singh and Singh 2006) and animals
(Goldbergen et al. 1964). Thus, supplementation of lecithin,
which contains 20 % each of phosphatidylcholine,
phosphatdylinositol, and phosphatidylethanolamine is very
appropriate in endosulfan-induced oxidative stress. The ben-
efits of lecithin are especially pronounced in the diets of
young aquatic species as in early life stages the digestive
tracts have a very limited ability to synthesize adequate
quantities of phospholipid to enhance growth and survival.

Both the sets of fishes in the present study, unexposed
and exposed to low dose of endosulphan, exhibited stimu-
lated erythropoiesis in methyl donor-supplemented groups
that was manifested in the form of higher RBC count, Hb
concentration, and Ht level. Erythropoietic properties of
lecithin have been reported previously (Rehuluka and
Minarik 2003). Fernandes et al. (2010) reported no effect
from feeding 0.12 % choline on the hematic response of
Nile tilapia fed with diets supplemented with choline and
subjected to a stimulus of 17 °C temperature. Decreased Hb
level due to 5.5 ppm Arsenic (through water) was improved
with 50 g excess methionine alone or 25 g methionine+25 g
betaine per 100 kg of feed in poultry without effect on total
erythrocytes (Halder et al. 2009). The remarkable capacity
of methyl donors, especially lecithin, to normalize the
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Fig. 5 Glucose-6-phosphate dehydrogenase activity in kidney of L.
rohita fingerling following 21-days continuous exposure to nonlethal
dose of endosulfan (1/10 dose of LC50) against unexposed control and
fed with diets containing lecithin, betaine and choline during experi-
mental period. Mean values with different superscript letters (a, b, c, d)
differ significantly (one-way ANOVA)

Table 5 Kinetics parameters of G6PDH in liver of L. rohita fingerling on 21-days continuous exposure to nonlethal dose of endosulfan (1/10 dose
of LC50) against unexposed control and fed with diets containing lecithin, betaine and choline during experimental period

Michaelis–Menten Endosulfan exposed Control

Lecithin Betaine Choline Control

Vmax 40.43c±3.89 45.81c±3.76 29.81b±3.01 13.69a±1.08 74.23d±5.29

Km 1.75b±0.15 4.23d±0.40 3.56d±0.23 2.63c±0.24 0.77a±0.06

Catalytic efficiency 23.15b±1.98 10.82a±0.97 8.37a±0.66 5.21a±0.33 95.92c±7.91

Values in the same row with different lowercase letter differ significantly (P<0.05), data expressed as mean±SE, N=3
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decreased Hb resulting from low doses of pesticide is not
reported in literature. RBC and Hb are related to the oxygen-
carrying capacity of the blood.

The concentration of total protein in blood serum is used
as a basic index for the health status of fish (Mulcahy 1971).
Increases in the serum protein, albumin, and globulin levels
are thought to be associated with a stronger innate response
in fishes (Wiegertjes et al. 1996). In fish reared in normal
water (unexposed fish), lecithin- and betaine-fed groups had
higher total protein and globulin than the control. But in
fishes exposed to endosulfan, all three methyl donors
resulted in increase in total protein and globulin.

Phosphatidylcholine (PC) in lecithin is linked to cholesterol
because of their role in lipid metabolism. PC is a structural
component of the enzyme lecithin-cholesterol acyltransferase
which is synthesized in the liver and converts free cholesterol
into cholesterol esters for transport by lipoproteins (Sealey et
al. 2001). PC appears to be crucial in the formation of very
low-density lipoproteins (VLDL) during the intestinal absorp-
tion of neutral lipids and thus increases the amount of energy
available for growth (Field and Mathur 1995). Lipotrope-
supplemented unexposed fish were found to have (p<0.01)
lower serum cholesterol and higher triglyceride (TG) levels.
But following endosulfan exposure, only the lecithin supple-
ment lowered cholesterol with the TG trend being similar to
that in unexposed fish. Significantly lower cholesterol in
endosulfan-exposed groups indicates a possibility for choles-
terol processing and breakdown after transportation to the

liver. Field and Mathur (1995) reported that lecithin did not
consistently affect plasma, liver cholesterol, and TGs though
there was a change in phospholipid levels. TG-rich lipopro-
teins (VLDL and chylomicrons) are components of the innate,
nonadaptive immune defensemechanism and the link between
the innate immune defensemechanism and lipid metabolism is
underappreciated. Production of TG-rich lipoproteins (which
is normally cytokine mediated) is an indication of an improved
host immune response under given circumstances (Barcia and
Harris 2005). Thus, the better serum lipid profile of the fish
given dietary lipotropes complements the better immune status
of the fish. While a study on nonspecific immune stimulation
with vitamin C (L-ascorbic acid) was accompanied by a de-
crease in total cholesterol and triglyceride in red sea bream,
Pagrus major (Ren 2008), in another similar study with vita-
min C in cobia fish triglyceride was found to increase along
with enhanced immune status (Zhou et al. 2012).

Ascorbic acid, popularly known as vitamin C, plays an
important role in protection and has a number of biological
functions. In addition to the normal function of collagen
synthesis, it helps in preventing peroxidation in cells as an
antioxidant, helps in metabolism of steroids, takes part in
detoxification processes and may alter cellular function.
Ascorbate is the most abundant hydrophilic antioxidant, with
a low reduction potential in the body fluids combating free
radicals and protecting biomembranes from peroxidative
damage induced by pollution (Skŕivan et al. 2012). There

Table 6 Kinetics parameters of G6PDH in kidney of L. rohita fingerling on 21-days continuous exposure to nonlethal dose of endosulfan (1/10
dose of LC50) against unexposed control and fed with diets containing lecithin, betaine and choline during experimental period

Michaelis–Menten Endosulfan exposed Control

Soylecithin Betaine Choline Control

Vmax 5.75b±0.55 5.89b±0.39 4.15ab±0.03 2.97a±0.03 5.23b±0.04

Km 0.14a±0.01 0.44b±0.03 0.46b±0.02 0.20a±0.01 0.38b±0.01

Catalytic efficiency 40.63b±2.86 13.34a±1.21 9.04a±0.53 15.14a±0.76 13.45a±1.28

Values in the same row with different lowercase letter differ significantly (P<0.05), data expressed as mean±SE, N=3

Lecithin
Betaine
Choline
Endosulfan exposed unsupplemented
Unexposed control

Fig. 6 Effect of lipotropes on the kinetics of glucose-6-phosphate
dehydrogenase in the liver of L. rohita fingerlings exposed to
sub-lethal concentration of endosulfan and a control not exposed
to pesticide

Lecithin
Betaine
Choline
Endosulfan exposed unsupplemented
Control

Fig. 7 Effect of lipotropes on the kinetics of glucose-6-phosphate
dehydrogenase in the kidneys of L. rohita fingerlings exposed to
sub-lethal concentration of endosulfan and a control not exposed
to pesticide

Lipotropes protect fish against stress 73



is considerable evidence demonstrating the depletion of
antioxidants like ascorbic acid and glutathione in living
organisms subjected to oxidative stress. However, the for-
mer matters most as needs to be replaced through dietary
supplementation. Evidence of the loss of ascorbic acid
under oxidative stress from endosulfan comes from direct
estimation of ascorbic acid content of the brain and kidneys
in fish exposed to low-dose endosulfan and subsequent
replenishment through dietary vitamin C supplementation
in spotted murrel fish, Channa punctatus. It was also
shown to be rapidly depleted in fish subjected to sub-
lethal levels of organic and inorganic substances (Heath
1995), which was also found in this study after low-dose
endosulfan exposure. Thomas et al. (1982) reported a 50 %
drop in ascorbate levels in hepatic tissue after 6 h of
cadmium exposure, and continued exposure resulted in
more or less steady depletion. This indicates that ascorbate
might have been used up for detoxification processes or for
preventing peroxidation of cells (Winston and Diguilo
1991) in endosulphan-exposed fishes. So this might have
caused a reduction in ascorbate content in all the organs.
The increased use of ascorbate for detoxification of
polychlorinated biphenyl Aroclor in brook trout fry caused
a functional deficiency of ascorbate (Mauck et al. 1978).
Competition for vitamin C between collagen metabolism in
bone and microsomal mixed-function oxidase for detoxifi-
cation would also decrease vitamin C (Mehrle et al. 1982).
Ascorbic acid levels in all the tissues of endosulfan-
exposed fish were higher in the lecithin- and betaine-
supplemented groups than in endosulfan-exposed controls;
however, this could not bring ascorbate content on par with
unexposed controls. This indicates that lipotropes help con-
serve to some extent ascorbate content of tissues during stress.
There are no reports to substantiate these observations.

Oxidative stress results when antioxidant defenses are over-
come by pro-oxidant forces and reactive oxygen species are
not adequately removed (Sies et al. 1986). Living organisms
are protected from reactive oxygen species by several defense
mechanisms, such as the antioxidant enzymes SOD, catalase,
glutathione peroxidase (GSH-Px), glutathione-s-transferase
(GST), and glutathione reductase (Paulino et al. 2012), and
hormones like melatonin (Sabrina et al. 2011), etc. Catalase
and SOD are considered the first line of defense against
oxygen toxicity. SOD constitutes the primary defense against
the toxic effects of superoxide radicals generated in mitochon-
dria and peroxisomes in aerobic organisms. SOD catalyses the
transformation of superoxide radicals to H2O2 and O2 and is
the first enzyme to cope with oxiradicals (Kappus 1985;
Kohen and Nyska 2002). Catalase is a peroxisomal enzyme
that facilitates the removal of hydrogen peroxide, which is
metabolized to molecular oxygen (O2) and water (van der
Oost et al. 2003). The significant increase in the liver SOD
and muscle catalse activities in this study may be meant to
scavenge the overproduction of superoxide anions under the
oxidative stress induced by low-dose endosulfan. Akhtar et al.
(2010) reported significantly increased SOD in the gills and
liver of fish given diets deficient in pyridoxine and which were
exposed to the same level of the same endosulfan as used in
this study. When pyridoxine in the diet of the endosufan-
exposed group was on par with control, SOD levels in the
gills were higher, but not in the liver. Regardless of the regular
dietary level of pyridoxine, catalase was unaffected in the gills,
but was reduced in the liver of fish exposed to endosulfan.
There are numerous other reports supporting our findings. Hu
et al. (2008) also reported increased SOD in the liver in
response to exposure to endosulfan. Significant increase in
the SOD enzyme activity occurred in fish gonads following
chlorpyriphos exposure (Oruc 2010; Yonar et al. 2012). In

d

b

c

a

Fig. 8 Liver section (H&E,
×40) of L. rohita fingerlings
from a group that was: a control
(unexposed) and fed with control
diet with normal hepatic tissue
structure; b exposed to
endosulfan and fed with control
diet showing extensive
vacuolation and marked
disruption of cordal
arrangements of hepatocytes;
c exposed to endosulfan and fed
with betaine diet showing mild
disarray of hepatic cords and
moderate vacuolation; d exposed
to endosulfan and fed with
lecithin diet showing mild
disarray of hepatic cords and
moderate vacuolation
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studies by Matos et al. (2007) on carbaryl (an organochlorine
pesticide) at sublethal toxicity, compared to control, liver SOD
activity was decreased up to the 14th day but increased on 21st
day while catalase remained significantly decreased from
days 7 through 21. Studies involving propiconazole (Li et al.
2010) found significantly increased activity of catalase in
treated fish at the 7th day but decreased at the 20th day, and
SOD was likewise decreased at the 20th day. During 40 days
of exposure to 1/5th level of LC50 of atrazine, chlorpryrifos,
or a combination of the two, Xing et al. (2012) found a
decrease in catalase, SOD, and GSH-Px in the brain and
kidneys, but exposure to 1/50th level of LC50 of atrazine
had no effect on catalase activities in brain and kidney.
Furthermore, 1/50th level of LC50 dose of chlorpyriphos
alone or in a mixture of atrazine and chloripyriphos led to a
decrease not only of catalase but also SOD in the brain and
kidneys. However, GSH activity was increased in fish exposed
to 1/50th level of LC50 dose of either of pesticides or combi-
nations. Paulino et al. (2012) evaluated the impact of
subchronic (14 days) exposure to environmentally realistic
atrazine concentrations (2, 10, and 25 μg L−1) on the gills of
Prochilodus lineatus. Subchronic exposure to atrazine at 2 or
25 μg L−1 did not change the activities of GST, SOD, CAT, or
GSH-Px or the concentrations of GSH and LPO; however,
subchronic exposure to 10 μg L−1 increased the activity of
GST, SOD, and CAT and the LPO level. In male mice,
the oxidative stress of a sublethal dose (1/10 LD50) of
imidacloprid revealed increased lipid peroxidation level,
increased liver catalase, increased liver SOD, increased
liver GSH-Px, and increased liver GST (El-Gendy et al.
2010). Sometimes animals may be in stress but may have
normal lipid peroxidation and antioxidant enzyme profiles.
In one such study, Miller et al. (2007) noticed higher
cortisol levels but normal lipid peroxidation levels and
hepatic antioxidant (glutathione peroxidase) enzyme levels
following 30 days of exposure to waterborne selenite.

The above facts indicate that the anti-oxidative stress
response is a complex phenomenon and the cumulative
animal response per se is an outcome of the actions of
several enzymes, hormones and the body’s defense mecha-
nisms aimed at reducing stress. However, the activity of a
specific antioxidant enzyme may be enhanced, inhibited or
remain unchanged under pesticide stress depending on the
intensity and the duration of the stress applied, type of
tissue, sex of species, physiological profile, and season as
well as the susceptibility of the exposed species to the
stressor. While one anti-oxidant enzyme among the circuitry
of anti-oxidant enzymes may be downregulated, another
enzyme may be upregulated and vice versa. Accordingly,
Vega-Lopez et al. (2008) observed four characteristic of
patterns of the oxidative stress response, a complex phe-
nomenon, in Girardinichthys viviparus fish: (1) increased
lipid peroxidation (LPOX), depressed SOD, and increased

catalase; (2) an increase in all three biomarkers; (3) reduced
LPOX, unchanged SOD, and increased catalase; (4) increased
LPOX and depressed SOD and catalase. Thus, increased SOD
in liver and catalase in muscle tissue, or unchanged SOD in
muscle and catalase in liver along with increased cortisol
concurs with the findings of others.

Feeding lipotropes under low-dose pesticide toxicity par-
tially or completely reversed the activities of SOD, catalase
and other enzymes in this study. This decrease in SOD and
catalase activity can be attributed to the inhibition of super-
oxide radical formation or enhancement of the free radical
scavenging activity by other moieties in body. Lipotropes
used in the studies also had methyl donor properties and
methylation of genes is known to reduce stress. Widespread
dynamic DNA methylation including methylation of genes
involved in defense mechanims in response to biotic stress
has been observed in Arabidopsis thaliana (Dowen et al.
2012). Methylation of genes in stress-modulating limbic–hy-
pothalamic–pituitary–adrenal circuitry such as the neuropep-
tide corticotrophin-releasing factor (Elliot et al. 2010), oxytocin
and brain-derived neurotrophic factors (Unternaehrer et al.
2012), and the immune system (Suarez-Alvarez et al. 2012)
has been observed. In animals, methylation of FOXO3 reduces
oxidative stress-induced and neuronal apoptosis (Xie et al.
2012). The effect of lipotrope-feeding on the modulation of
some of the anti-oxidant enzyme profiles was observed. Such a
protective effect in terms of restoring anti-oxidant enzymes
activities has been noted by feeding pyridoxine for endosulfan-
induced toxicity in fish (Akhtar et al. 2010), propolis feeding
for chlorpyrifos toxicity in fish (Yonar et al. 2012), vitamin C
(200 mg/100 g feed) feeding for sublethal chlorpyriphos
toxicity in fish (Ozkan et al. 2012) and vitamin C
(200 mg/kg bw) in sublethal (1/10th of LD50) toxicity of
imidacloprid in mice (El-Gendy et al. 2010).

AChE is one of the most widely-used enzymes as a
biomarker for environmental pollution. Coppage and
Mathews (1975) opined that the correlation between the
extent of inhibition of AChE activity and mortality could
be used as a diagnostic tool, and they felt that the greater
extent of inhibition of brain AChE caused by sub-lethal
exposure of organophosphate compounds facilitate early
detection of pollution by anti-AChE compounds. In general,
fish can tolerate about 70–80 % inhibition of AChE activity
before death. Devaraj et al. (1991) observed 80 % inhibition
of AChE in Oreochromis mossambicus with behavioural
changes like sluggish movement, loss of balance, etc., but
without any mortality. According to them, this may be due
to maximum inhibition of AChE activity in the cerebellum,
since the cerebellum controls muscular coordination and
any change in its activity causes changes in the behavior
of the organism. Das (1997) reported significant reduction
(75.43 %) of AChE activity in brain tissue upon endosulfan
(1/10 LC50) exposure over a period of 45 days. Although
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AChE levels in the brain and muscle in endosulfan-exposed
fish in this study were decreased, methyl donor supplemen-
tation significantly improved AChE activity in the stressed
and exposed fish to the extent that AChE activity in the
brain of fish fed with all three lipotropes and activity in
betaine- and lecithin-fed fish was on par with unexposed
control fish.

Several parameters like leukocyte (WBC) count, phagocytic
activity, albumin:globulin ratio, and serum cortisol are indica-
tors of improved immunocompetence. Leukocytes have a role
in nonspecific or innate immunity (Roberts 1978). The number
of circulating lymphocytes in peripheral blood is an index of
the functional ability of lymphoid organs and lymphocytes are
the main agents of immunogenic response in animals. It is
generally accepted that fish phagocytes are able to generate
superoxide anion (O2

−) and its reactive derivatives (i.e., hydro-
gen peroxide and hydroxyl radicals) during a period of intense
oxygen consumption called the respiratory burst (Rehulka and
Minarik 2003). Increased respiratory burst activity can be
correlated with increased pathogen-killing activity of phago-
cytes (Sharp 1993) and hence a better immunity. The
nonspecific cellular immune response is often reported as a
function of macrophage activity such as phagocytosis and
chemotaxis. In the present study, the respiratory burst activity
of phagocytes was measured by reduction of NBT by intracel-
lular superoxide radicals produced by leucocytes. Decreased
serumA/G ratio implies an increased quantity of immunoglob-
ulins in blood. Cortisol produced in response to activation of
the hypothalamus–pituitary–interrenal axis, the functional
analogue of the mammalian hypothalamus–pituitary–adrenal
axis, is the major steroid in stress physiology and is
produced in response to various stressors (Mommsen et
al. 1999; Wendelaar Bonga 1997). Stress often inhibits
immune responses. Increased cortisol reduces the number
of circulating B-lymphocytes and decreases the antibody
response after immunization in vivo (Verburg-van Kemenade
et al. 1999); cortisol inhibits inflammatory cytokine expression
in vitro (Saeij et al. 2003). Cortisol and lipopolysacharide
synergistically stimulate the expression of interleukin 1β
(IL-1β) mRNA in head kidney phagocytes (Engelsma et
al. 2003).

Significantly (P<0.01) decreased WBC count and in-
creased A/G ratio and lowered respiratory burst (substantial
but nonsignificant) and serum cortisol in exposed fish clearly
indicated that endosulfan even at sublethal doses was immu-
nosuppressive in fish. This agrees with Girón-Pérez et al.
(2008) who reported decreased phagocytic activity. Akhtar
et al. (2010) also reported decreased phagocytic activity, in-
creased A/G ratio, increased cortisol and reduced survival in
response to bacterial challenge (17 % less than control).
However, complete prevention of this endosulfan-induced
decrease in phagocytic activity (NBT/respiratory burst) and
increased cortisol (by all lipotropes) and increase in A/G ratio

(in lecithin) and partial prevention as exhibited with improved
A/G ratio in choline- and betaine-supplemented fish indicated
that lipotropes have immunostimulatory properties.
Immunostimulants can increase the nonspecific immunity by
either increasing the number of phagocytes or activating
phagocytosis and respiratory burst (Shoemaker and Klesius
1997). Compared to endosulfan-exposed control, there was
significant increase in respiratory burst in exposed but
lipotrope-fed fish which attests to this fact. Lipotropes like
methionine and betaine have been found to possess
immunomodulating properties in chicks (Hess et al. 1998;
Klasing et al. 2002). Their importance in immune responses
may be due to their role in DNAmethylation occurring during
immune recognition and antibody production (Sano et al.
1988; Bestor 1993). In addition, the metabolic product of
betaine, dimethylglycine has been shown to enhance both
the humoral and cell-mediated immune responses in humans
(Graber et al. 1981) and in mice (Reap and Lawson 1990),
although the mechanisms of the effect are unknown. Klasing
et al. (2002) has also demonstrated a modulatory effect of
dietary betaine on the pathogenesis of Eimeria acervulina
infection in chicks and attributed the protective effect of beta-
ine to enhancement of monocyte chemotaxis and nitrous oxide
production by heterophils and macrophages. Whether betaine
exerts similar effect in fish is not established. However, WBC
count in endosulfan-exposed fish was similar (P>0.05).

Stress is an energy-demanding process, and the animal
has to mobilize energy substrates to metabolically cope with
stress (see review Iwama 1998). The production of glucose
during stress assists the animal by providing energy sub-
strates to tissues such as brain, gills, and muscles in order to
cope with the increased energy demand. The liver is the
main site of glucose production, which is achieved by gly-
cogenolysis and/or gluconeogenesis. Cortisol has been
shown to increase glucose production in fish and plays
an important role in long-term maintenance of glucose
post-stress in fish (see review Iwama 1998). The extent,
magnitude, and direction of biochemical/metabolic
changes to compensate for increased energetic demand
(glucose production) in response to low-dose environ-
mental stress decide how an animal will perform or
perish in the hostile environment. The unique biochemical
plasticity of fish, in terms of changes in activity of enzymes
involved in anaerobic metabolism of carbohydrates
(LDH), transaminases in amino acid metabolism providing
gluconeogenic substrates (ALT and AST), enzymes of pentose
phosphate pathways (G6PDH), and enzymemarkers of general
energetics (ATPase) and controlling hormone cortisol, was
revealed in fish exposed to low-dose pesticide. During stress,
protein catabolism increases to supply more glucose (energy)
via upregulation of AST and ALT, which play role in gluco-
neogenesis via a transamination reaction. So, we used these as
markers along with several others.
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The activity of the LDH (terminal glycolytic enzyme) and
ALT (tranaminase providing gluconeogenic substrate) in liver
and muscle was differentially regulated in endosulfan-
exposed groups.While LDH and ALT in the liver was reduced
in one of the group in the exposed set, it was upregulated in the
muscle in one of the group in the endosufan-exposed set, with
other groups being unaffected. This is because liver and
muscle have different functions and the latter has limited
energy sources. Increased LDH activity on the 21st day in
fish exposed to a sublethal dose (1/10th of 96-h LC50) of
arsenic trioxide (Lavanya et al. (2011) and distillery effluent
(Ramakritinan et al. 2005) has been shown. Such an increase
is result of significantly depleted (P<0.01) energy sources like
total carbohydrates and glycogen in muscle, liver, and brain
after 21 days, which was also evident from increased lactate in
fish exposed to 1/10th of a sublethal (1/10th of 96-h LC50)
toxic dose (Ramakritinan et al. 2005). Chronic exposure of
fish to stressors affects the energy requirements by changing
anaerobic oxidation. This was indicated by elevated LDH
activity in muscle, indicating a shift towards anaerobic
metabolism (utilizing stored metabolites like glycogen)
during sublethal intoxication (Ellis 1937). Skeletal muscle
has high energy demands, and to fulfill this demand, the
activity of the gluconeogenic substrate-providing enzyme,
ALT, must have been increased. Our observation also
agrees with Sarma et al. (2009), who reported no variation
in the liver but decreased LDH in the muscle of fish
exposed for 90 days to a similar dose of endosulfan as
used in this study. They also found variations in anaerobic
metabolism governed by nutritional status.

In this study, exposure to endosulfan for 21 days had no
significant effect on ALTand ASTactivity in muscle and liver
(controls compared). Muscle ALTwas higher in numerical but
not statistical terms in endosulfan-exposed groups than in the
unexposed groups, but muscle ALT in choline- and lecithin-
fed endosulfan groups was higher than in unexposed groups.
Akhtar et al. (2010) reported significantly elevated ALT and
AST in muscle (but no effect on ALT and AST in liver) in the
same species of fish exposed to the same dose of endosulfan
during a 60-day study and fed with a standard control diet, but
higher pyridoxine in the diet prevented this effect. In another
study on sublethal chlorine exposure, while liver and muscle
ALT activity on the 14th day at 26 °C was unaffected, AST
activity was decreased and on 21st day both ALT and AST
were decreased (Verma et al. 2007). Sarma et al. (2009)
reported unaffected liver AST but decreased muscle AST
and liver AST and ALT in fish exposed to a similar dose of
endosulfan, the effect which could be prevented by high
protein or vitamin C feeding. Thus influence on transaminases
providing gluconeogenic substrates is the sum total of overall
metabolic energetic demand and environment, and fish
attempts to supply that by modulating enzymatic activities
and micronutrient content.

ATPase enzyme is associated with the active transport of
Na+ and K+ in cells (Skou 1975) and is also essential for the
integrity of the cellular membrane and for the stabilization
of branchial permeability (Isai and Masoni 1976). In the
present study, the endosulfan exposure reduced ATPase
activity in the liver almost by half, but methyl donor feeding
in endosulfan-exposed fish improved this, with betaine and
lecithin groups having ATPase activities on par with
unexposed control. Thus, methyl donors protect ATPase
activity. Similar protective effects of vitamin C, high protein
(Sarma et al. 2009), and pyridoxine (Akhtar et al. 2010)
were noticed in sublethal endosulfan toxicity.

Glucose-6-phosphate dehydrogenase (D-glucose-6-
phosphate: NADP+oxidoreductase EC 1.1.1.49; G6PD)
catalyzes the first and rate-limiting step of the pentose
phosphate pathway, an important source of cellular reduced
nicotinamide adenine dinucleotide phosphate (NADPH)
which is essential for many types of biosyntheses as well as
DNA/RNA synthesis and three to seven carbon sugars or
sugar phosphates for many other uses (Carvalho et al. 1993;
Kletzien et al. 1994). NADPH is used to generate the reduced
glutathione and thioredoxin that are primary sources of
reducing power for antioxidant reactions. Thus, NADPH
participates in cell membrane protection and detoxification
of xenobiotics in hepatic and other cells through the
gluthatione reductase–peroxidase system and mixed func-
tion oxidases (Barroso et al. 1999; Diez-Fernandez et al.
1996). Decreased G6PDH activity in the liver of fish from
endosulfan-exposed groups compared to the unexposed
group is an indication that endosulfan had an inhibitory
effect on the active site of G6PD enzyme in the liver, a
dynamic metabolic organ. This inhibition might reduce pro-
duction of NADPH (Beutler 1994), compromising antioxidant
defense mechanisms (Reznick et al. 1998) as NADPH plays
an important role in regeneration of reduced glutathione.
Decreased G6PDH activity in fish due to sublethal endosulfan
exposure (Tripathi and Verma 2004) and sublethal endosulfan
and disulfoton exposure (Arnold et al. 1995) and in rats in
21 days of exposure to atrazine (Singh et al. 2011 and
references therein) in addition to other chemicals has been
observed. However, Akhtar et al. (2012) found increased
G6PDH activity in fish exposed to sublethal doses of
endosulfan for 60 days. Findings of Verma et al. (2007)
based on estimation of G6PDH activity on 14th and 28th
day following exposure of fish to an oxidative agent
(chlorine) at four temperatures indicates that G6PDH activity
probably increases initially for a few days but subsequently
decreases. Thus, fish attempt to supply NADPH for anabolic
processes, but subsequently the cellular machinery are
exhausted upon longer-duration exposure. NADPH produced
in the pentose phosphate pathway is also required by NADPH
oxidase for producing superoxide anions for destroying
phagocytosised material. Therefore, the enzyme activity is
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expected to increase with increased phagocytosis (Das et al.
2002). This was also reflected in the activities of free radical
scavengers like catalase and SOD. The increased concentra-
tion of cortisol is also reported to inhibit the activity of
G6PDH in fish (Tripathi and Verma 2004; Verma et al.
2007). The G6PDH activity also corresponds with the cortisol
level, which was high in the control.

The inhibition of G6PDH in the liver was reflected in
reduced maximum velocity values (Vmax) and catalytic effi-
ciency and increased Michelis constants (Km). A reduced Vmax
and increase in Km value reflects the mixed competitive-
noncompetitive nature of endosulfan. Mishra and Shukla
(1997) have reported a mixed competitive-noncompetitive na-
ture of endosulfan inhibition on LDH activity in Clarius
batrachus. Similarly, the enzymewas inhibited in kidney tissue
in endosulfan-exposed groups which was reflected in reduced
Vmax,Km, and catalytic efficiency of enzyme from crude extract
during the kinetic study. While there was a significant increase
in G6PDH activity in the livers of groups of fish fed with a
methyl donor-supplemented diet compared to the endosulfan-
exposed control, the activity could not be restored on par with
unexposed control, and similar effects were observed on Vmax,
Km, and catalytic efficiency values in endosulfan-exposed but
lipotrope-fed groups in liver tissue. A similar protective effect
of lipotropes on G6PDH enzyme activity in the kidneys was
noticed. In endosulfan-exposed fish, all lipotropes restored
Vmax values, betaine and choline resored Km and catalytic
efficiency was higher in lecithin-fed fish.

Liver tissue from fish fed with control and experimental
diets did not show any discernible changes. Histology rep-
resents a useful tool to assess the degree of pollution, par-
ticularly for sub-lethal and chronic effects. Necrosis, cordal
disarrangement, cytoplasmic disintegration, and individual-
ization of hepatocytes were major damages seen in the livers
of fish exposed to different pesticides (Urdaneta 1989; John
et al. 1993). In the present experiment, after exposure to
sub-lethal levels of pesticide for 21 days, there were marked
changes in liver histology of the fish fed with the control
diets with extensive vacuolation and marked disruption of
cordal arrangement of the hepatocytes. However in the
lecithin- and betaine-fed groups, the changes were mild
compared to the control. There was mild disarray of hepatic
cords with moderate vacuolation. This indicates the protec-
tive role of lecithin and betaine in the liver tissue and was
also supported by the various biochemical, enzymatic, and
immunological parameters discussed earlier.

Conclusions

Results of improved erythropoiesis, serum protein and lipid
profile, anti-oxidant status, immunocompetence, nerve trans-
mission, and protection of hepatic tissue of L. rohita fingerlings

fed with dietary lipotropes even when continuously challenged
with low-dose pesticide stress indicates that dietary lipotropes
promote immunobiochemical plasticity and protect fish against
low-toxicity dose stress in fish. Some of these properties can be
attributed to stabilization of functionality of cellular proteins as
noticed from kinetics of metabolic enzymes.
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