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Abstract Increased use of pesticides worldwide has led
to damage not only to natural ecosystems but also to
nontarget species. This study assessed the effects of dif-
ferent concentrations of the herbicides atrazine, glyphosate,
and quinclorac on biochemical parameters, lipid peroxi-
dation, and survival in tadpoles of Lithobates catesbeianus
(bullfrog). Two hundred eighty-eight tadpoles were
acquired from a frog farm in the south of Brazil. All ani-
mals were kept in aquariums under controlled laboratory
conditions for 7 days and exposed to commercial formu-
lations of atrazine (5, 10, and 20 pg/L), glyphosate (36, 72,
and 144 pg/L), and quinclorac (0.05, 0.10, and 0.20 pg/L)
for 7 days thereafter. The concentrations used in this study
are similar to the levels of these herbicides found in natural
water bodies. After exposure, gill, liver, and muscle sam-
ples were removed from each animal for quantitation of
glycogen, total lipids, triglycerides, cholesterol, total pro-
teins, and lipid peroxidation. Atrazine, glyphosate, and
quinclorac exposure induced a significant decrease in lev-
els of glycogen and total lipids in gill, liver, and muscle.
Triglycerides levels in the gill increased after exposure to
glyphosate, and decreased after exposure to atrazine and
quinclorac; their levels in liver and muscle decreased on
exposure to all herbicides. Cholesterol and total protein
levels decreased in liver and muscle for all three
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herbicides. All tissues exhibited increased lipid peroxida-
tion after exposure to all herbicides. In conclusion, expo-
sure to the herbicides tested in this study induced
significant changes in biochemical parameters and
increased lipid peroxidation levels in tadpoles of L.
catesbeianus.

New technologies and the growth of the world population
have led to an expansion of global agribusiness. Around the
world 1.817 billion tons of grain are produced annually
(IGC 2012) leading to the consumption of an average 2.5
million tons of pesticides (Spadotto et al. 2010). This use of
agrochemicals has been increasing gradually during recent
decades. During the last 10 years alone, worldwide use of
agrochemicals increased 93 % (Carneiro et al. 2012) with
no attendant increase in arable land, i.e., a greater amount
of agricultural chemicals have been applied to the same
planting area (Spadotto 2006).

It is widely known that the use of pesticides is related to
economic, technical, and social factors (Midio and Martins
1997), but their indiscriminate use has caused severe
changes in the balance of ecosystems. Such changes have
influenced the flow of energy and the structure and function
of natural communities, thus modifying the physical and
biotic balance of these environments and causing impacts
in exposed individuals at the tissue and molecular levels
(Berti et al. 2009; Poleza et al. 2008). According to
Blaustein and Johnson (2003), the abusive use of agro-
chemicals is one of the factors that have contributed to the
degradation of habitats and the decrease of biodiversity in
aquatic environments, mainly due to the high potential for
leaching, persistence, and adsorption to organic matter
present in the soil as well as to the water solubility of these
chemicals (Moura et al. 2008).
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Atrazine, glyphosate, and quinclorac are currently the
most widely used herbicides worldwide (Dorfler et al.
1997; Howe et al. 2004; Galon et al. 2009). The mode of
action of these agricultural chemicals can include the
inhibition of photosynthesis or other enzyme-mediated
processes, such as inhibition of essential amino acid syn-
thesis and growth inhibition (Oliveira 2001; Relyea 2005;
Tomlin 1994).

Although herbicides target plant species, there is evi-
dence that these agricultural chemicals are also linked to
changes in amphibian communities. Exposure of these
animals to herbicides can induce direct effects, such as
mortality, and indirect effects, such as changes in bio-
chemical and physiological parameters (Ezemonye and
Tongo 2009). Excessive use of herbicides is one of the
factors described by Blaustein and Johnson (2003) as being
responsible for directly affecting the development, repro-
duction, and survival of amphibian populations around the
world.

Changes in biochemical parameters, such as an
increase in energy expenditure to detoxify the agro-
chemicals, can be one response after herbicide exposure.
In stressful conditions, such as pesticide exposure, glyc-
ogens can provide a reserve of internal energy, and their
levels can be quickly depleted (Alkahen 1996; Barton and
Iwama 1991; Becker et al. 2009; Chang et al. 2006;
Moyes and Schulte 2010; Salbego et al. 2010; Vutukuru
2005).

Lipids also can be a substrate for the production of
energy when extra fuel is required or induced by a stressor,
thus playing a vital role during biochemical adaptation
faced stressful conditions (Champe and Harvey 2006;
Gijare et al. 2011; Gurushankara et al. 2007; Honrubia et al
1993; Moyes and Schulte 2010; Zaya et al 2011).

In addition to lipids, triglycerides constitute the main
way of storing lipids, which play a vital role in the energy
reserves in animals. Exposure to toxic compounds can alter
the chemical function in triglycerides due to an increased
in energy demand, thus eading to decreased stored tri-
glycerides (El-Banna et al. 2009; Moyes and Schulte 2010;
Sawant and Varute 1973).

Cholesterol is an important constituent of cell mem-
branes, and after pesticide exposure, their levels typically
decrease, which may be due to an inhibition of cholesterol
biosynthesis or the use of fatty deposits as a source of
energy after increased energy demand (Aldana-Madrid
et al 2012; Champe and Harvey 2006; Ganeshwade 2012;
Shakoori et al 1996; Trabalon and Blais 2012).

Proteins may be decreased under stressful conditions and
consequent increased energy expenditure after exposure to
pesticides. This can occur due to an attempt to detoxify
toxic compounds, for increase ATP synthesis, or for the
formation of lipoproteins (Ganeshwade 2012; Khan et al.
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2003; Rambabu and Rao 1994; Ribeiro et al. 2001; Sak
et al. 2006; Salbego et al 2010; Sounderraj et al 2011).

Lipid peroxidation, or oxidation of the lipid layer of the
cell membrane, is an important mechanism by which to
measure cell injury. Animals exposed to pesticides can
increase their levels of lipid peroxidation in tissues, thus
leading to a chemical damage and death cell (Al-Othman
et al. 2011; Champe and Harvey 2006; El-Banna et al
2009; Patil et al. 2009; Uchendu et al. 2012).

The choice of such biochemical parameters and levels of
lipid peroxidation is justified by the fact that the initial
effects of the presence of toxic compounds in an organism
manifests primarily through changes in biochemical levels
before morphological changes become visible. The moni-
toring of these biochemical responses can provide the
earliest warning signs before aspects such as morbidity and
mortality become visible in a population. In this way, the
effects of pollution in cellular metabolism and their con-
stituents can be considered as reliable indicators in moni-
toring levels of xenobiotics in the environment (Roy and
Hénninen 1993).

Within this context, the present work aimed to evaluate
the effects of commercial formulations of the herbicides
atrazine, glyphosate, and quinclorac on biochemical
parameters, such as total lipids, triglycerides, cholesterol,
total proteins, lipid peroxidation levels, and survival in
tadpoles of Lithobates catesbeianus exposed at concen-
trations cited in the literature as commonly found in
natural water bodies (Lambropoulou et al. 2002;
Marchezan et al. 2007; Paulino et al. 2012; Silva et al.
2003, 2009).

Materials and Methods

For the purposes of this study, 288 live tadpoles were
acquired from a commercial frog farm (Ranasul) in the
municipality of Imbé, state of Rio Grande do Sul, Brazil.
All tadpoles were 4 months of age and were in the larval
stage 26 according to Gosner (1960). The choice of indi-
viduals prioritized similar sizes, as recommended by Lan-
dis and Yu (2003), as well as the absence of limbs.

The animals were transported in air-filled plastic bags to
the Conservation Physiology Laboratory at Pontificia
Universidade Catélica do Rio Grande do Sul where they
were measured, weighed, and photographed individually.
The animals were randomly divided into a control group
(n = 24) and killed by the freezing method on arrival at the
laboratory for verification of initial conditions, and an
intervention group was made consisting of the remaining
animals. These animals were placed in 22 aquariums each
containing 12 L of water (n = 12), with constant aeration,
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a water temperature of 22 £+ 2 °C, pH 6.2 £ 0.3, and a
12-h light-to-dark cycle.

The tadpoles were fed (5 % of their biomass) once daily
with the same fish feed used in the commercial frog farm,
thus minimizing any effect of food stress. The acclimation
period was 7 days. On day 8 after the start of the experi-
ment, the herbicides were added to the aquarium water.
The introduction of liquid-formulation (atrazine and gly-
phosate) and powder-formulation herbicides (quinclorac)
was performed through the dissolution of agrochemical in
distilled water and added only once to the water of
aquariums in concentration to be used. The exposure period
was 7 days.

The experiment was performed in duplicate (two
aquariums for each group) with the aquariums subdivided
as follows for 7- and 14-day control groups each: atrazine
groups = concentrations of 5, 10, and 20 pg/L; glyphosate
groups = concentrations of 36, 72, and 144 pg/L; and
quinclorac groups = concentrations of 0.05, 0.10, and
0.20 pg/L. In these experiments, we used commercial
formulations of atrazine (Primdleo, 400 g/L; Syngenta),
glyphosate (Roundup Original, 360 g/L; Monsanto), and
quinclorac (Facet, 500 g/kg; Basf).

The chosen concentrations were based on mean values
found in natural bodies of water as cited by Lambropoulou
et al. (2002), Marchezan et al. (2007), Paulino et al. (2012),
and Silva et al. (2003, 2009). At the end of the 14-day
study period, all animals were killed by the freezing
method. The following structures were removed from each
animal by dissection in a glass Petri dish over ice: left and
right gills, liver, and muscle. Tissue specimens were then
used for biochemical analysis of the levels of glycogen,
total protein, lipids, cholesterol, and triglycerides as well as
evaluation of lipid peroxidation levels for the different
concentrations of pesticides.

The pesticides were applied only once at nominal con-
centrations. According to Paulino et al. (2012), the con-
centrations of atrazine found in nature do not follow a
pattern but occur in variations, and the contamination of
water bodies by atrazine occurs mainly in shallow and
water-covered areas (rivers and streams); however, in slow
aquatic systems, such as lakes and wetlands, these con-
centrations can be greater. Atrazine is not strongly adsor-
bed on sediments, and its low rate of hydrolysis and
photolysis can extend its presence in water resulting in
half-lives between 34.8, 174, 398, and 742 days at pH of
2.9,4.5, 6.0, and 7.0, respectively (Solomon et al. 1996). In
our work, we used pH of 7.4.

Glyphosate is characterized for being soluble in water,
nonpersistent in the environment, without potential for
bioaccumulation, and with potential for adsorption in soil
(Fernandes and Sarcinelli 2009). According Giesy et al.

(2000). The solubility of glyphosate in water is high, and
its half-life can range between 7 and 70 days; Quinclorac is
shown be persistent in water for <31 days after application
according Reimche et al. (2008). According to Rodrigues
and Almeida (1998), the half-life of quinclorac in water is
21 days. In the field, half-lives of quinclorac were reported
to be 18, 36, 44, 50, and 166 days in five different field
studies, respectively (McElroy 2006).

All research protocols used in this work were authorized
by the Pontificia Universidade Catdlica do Rio Grande do
Sul Animal Research Ethics Committee with registration
number CEUA 11/00250, as set forth in approval letter
number 157/11-CEUA, December 2011.

Biochemical Analysis

All experimental determinations in tissue specimens were
made by spectrophotometric methods, in quadruplicate,
and all results expressed as mg/g of tissue.

Glycogen

Glycogen was extracted by Van Handel’s method (1965)
and quantified as glucose after acid hydrolysis (HCI) and
neutralization (Na,CO;) using a commercial Glucose
Oxidase Kit (Labtest).

Total Proteins

Total protein concentration was determined by the colori-
metric biuret method. The intensity of the color formed is
proportional to the total protein concentration in the sam-
ple. Again, a commercial kit was used (Total Proteins Kit,
Labtest).

Lipids, Triglycerides, and Cholesterol

Lipids, triglycerides, and cholesterol were extracted using
the chloroform:methanol method (2:1) (Folch et al. 1957).
Lipids were determined through the specific sulfo-phos-
pho-vanillin reaction (Frings and Dunn 1970). Triglycer-
ides were determined using the commercial Triglycerides
GPO-ANA Kit (Bio-Diagnostic) through the lipoprotein
lipase method, whereby triglycerides are hydrolyzed, thus
resulting in the release of glycerol, which is then converted,
oxidized, and catalyzed by glycerophosphate. The reaction
produces a violet color where the intensity is proportional
to the concentration of triglycerides in the sample. Cho-
lesterol was determined with the Liquiform Kit (Labtest)
using the enzymatic colorimetric method for the determi-
nation of total cholesterol in the sample with ready-for-use
liquid reagent.
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Measurement of Lipid Peroxidation

Lipid peroxidation activity was measured using the thiobar-
bituric acid-reactive substances (TBA-RS) technique, which
consists of heating the sample in the presence of thiobarbituric
acid under acidic conditions and measuring the formation of a
color product (Buege and Aust 1978). The method used was as
follows: 150 pl of 10 % trichloroacetic acid, 50 pl of
homogenized tissue, 100 pl of 0.67 % TBA, and 50 pl of
distilled water were added to a test tube (total vol-
ume = 350 pl). The tube was shaken, incubated at 100 °C for
15 min, and cooled for 10 min. Then 300 pl of n-butyl alco-
hol was added to the sample for extraction of the colored
product from aqueous solution. Tubes were shaken for 45 s
and centrifuged for 10 min at 3000 rpm. The supernatant was
added to the spectrophotometer cuvette and read at 535 nm.
The concentration was expressed in nmol/mg of protein.

Statistical Analysis

The Kolmogorov—Smirnov test for normality, Levene’s test
for homogeneity, and one-way analysis of variance fol-
lowed by Bonferroni correction were used for comparison
between the different experimental groups. The significance
level was set at 5 %. Statistical analyses were performed
using the SPSS Statistics 17.0 for Windows (Zar 1996).

Results
Gills
Glycogen

All herbicides, at different concentrations, were associated
with significant depletion in levels of glycogen in gill. Ani-
mals exposed to atrazine [X all concentrations = 28 mg
glycogen/g ww (ww)], glyphosate (X all concentra-
tions = 27 mg glycogen/g ww), and quinclorac (X all con-
centrations = 24 mg glycogen/g ww) showed a decrease of
97-98 % compared with the 7- (X = 1.513 mg glycogen/g
ww) and 14-day control groups (X = 998 mg glycogen/g
ww). The 14-day control group also exhibited a decrease of
approximately 34 % in gill glycogen levels in relation to the
7-day control group (Fig. 1a).

Total Lipids

Total lipid levels were decreased after exposure to all con-
centrations of atrazine (X all concentrations = 0.133 mg total
lipids/g ww). The decrease was 44 % in relation to the 7-day
(X = 0.239 mg total lipids/g ww) and 36 % in relation to the
14-day control group (X = 0.209 mg total lipids/g ww). Only
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the highest concentration of glyphosate (X = 0.187 mg total
lipids/g ww) was associated with a decrease in lipid levels, a
22 and 10 % decrease in relation to the 7-day and 14-day
control groups, respectively. Quinclorac (X all concentra-
tions = 0.164 mg total lipids/g ww) was associated with a
31 % decrease in lipid levels in gill tissue, at all concentrations
of the herbicide, in relation to the 7-day control group. Only
the highest concentration (X = 0.132 mg total lipids/g ww)
was associated with a decrease (of 37 %) in lipid levels
compared with the 14-day control group. A 12 % decrease
was observed between the 7- and 14-day control groups
(Fig. 1b).

Triglycerides

Only the lowest concentrations of atrazine (X all concen-
trations = 0.083 mg triglycerides/g ww) were associated
with a decrease in triglyceride levels. Compared with the 7-
day control group (X = 0.113 mg triglycerides/g ww), this
was a 26 % decrease, and it was 34 % in relation to the 14-
day control group (X = 0.125 mg triglycerides/g ww).
Glyphosate (x all concentrations = 0.162 mg triglycerides/
g ww) was associated with a 43 % increase in triglyceride
levels in gill for the lowest concentrations of the herbicide
compared with the 7-day control group and a 30 %
increase in relation to the 14-day control group. Quinclorac
(X = 0.090 mg triglycerides/g ww) produced a 28 %
decrease in triglyceride levels, but only at the highest
concentration of herbicide and compared with the 14-day
control group. There was no significant difference between
the control groups (Fig. 1c¢).

Cholesterol

There was no significant change in cholesterol levels in gills of
animals exposed to atrazine (X all concentrations = 0.088 mg
cholesterol/g ww), glyphosate (X all concentrations =
0.147 mg cholesterol/g ww), or quinclorac (X all concentra-
tions = 0.053 mg cholesterol/g ww) in relation to the 7-day
(X = 0.217 mg cholesterol/g ww) or 14-day control group
(X = 0.221 mg cholesterol/g ww) (Fig. 1d).

Total Proteins

There was no significant changes in total protein levels in
gills of animals exposed to atrazine (X all concentra-
tions = 0.156 mg protein/g ww); for the greater concen-
trations (72 and 144 ng/L) of the herbicide glyphosate
(X = 0.054 and 0.061 mg protein/g ww, respectively) and
for all concentrations of quinclorac (X all concentra-
tions = 0.068 mg protein/g ww), these levels decreased 19,
22, and 24 %,, in relation to the 7-day group (X = 0.278 mg
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Fig. 1 (a—f) Levels of glycogen, total lipids, triglycerides, choles-
terol, total proteins, and lipid peroxidation in gills of tadpoles of L.
catesbeianus exposed to different concentrations of the herbicides
atrazine, glyphosate and quinclorac (Cont Controls, A Atrazine,

GROUPS

G glyphosate, Q quinclorac). Results are expressed as mean (&) SE.
The number 1 under the error bar represents a significant difference
compared with the 7-day control group, and the number 2 represents
this difference with respect to the 14-day control group (p < 0.05)
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protein/g ww) and the 14-day control

(X = 0.281 mg protein/g ww) (Fig. le).

groups

Lipid Peroxidation

Exposure to atrazine led to an average increase of 183 % in
lipid peroxidation levels (X all concentrations = 51 nmol
TBARS/mg protein) compared with the 7-day control
group (X = 18 nmol TBARS/mg protein) and a 219 %
increase in relation to the 14-day control group
(X = 16 nmol TBARS/mg protein). In the glyphosate
group, lipid peroxidation (X all concentrations = 120 nmol
TBARS/mg protein) was 567 % greater in relation to the 7-
day control group and 650 % greater in relation to the 14-
day control group. The quinclorac group (X all concentra-
tions = 190 nmol TBARS/mg protein) appeared to be
most impaired in terms of increased lipid peroxidation:
Levels were 955 % greater in relation to the 7-day control
group and 1,087 % greater compared with the 14-day
control group. There was no significant difference in lipid
peroxidation levels between the two control groups

(Fig. 1f).
Liver
Glycogen

As in gills, exposure to all herbicides at all concentrations
was associated with a decrease in glycogen levels in the
liver. With atrazine (X all concentrations = 113 mg gly-
cogen/g ww), this was a 95 % decrease compared with the
7-day control group (X = 2.145 mg glycogen/g ww) and a
91 % decrease in relation to the 14-day control group
(X = 1.250 mg glycogen/g ww). Glyphosate (X all con-
centrations = 96 mg glycogen/g ww) was associated with
a 96 % decrease in relation to the 7-day control group and a
92 % decrease in relation to the 14-day control group.
Quinclorac (X all concentrations = 56 mg glycogen/g ww)
was associated with the most marked decrease in glycogen
levels: a 97 % decrease in relation to the 7-day control
group and a 95 % decrease compared with the 14-day
control group. Furthermore, there was a 41 % decrease in
glycogen levels in the 14-day compared with the 7-day
control group (Fig. 2g).

Total Lipids

Atrazine (X all concentrations = 0.218 mg total lipids/
g ww) produced an 89 % decrease in total lipids in relation
to the 7-day control group (X = 1.930 mg total lipids/g
ww) and a 91 % decrease in relation to the 14-day control
group (X = 2.387 mg total lipids/g ww). Glyphosate (X all
concentrations = 0.260 mg total lipids/g ww) and
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quinclorac (X all concentrations = 0.271 mg total lipids/g
ww) induced an 86 % decrease in relation to the 7-day
control group. Glyphosate exposure induced an 89 %
decrease, and quinclorac exposure and 87 % decrease, in
total lipid levels in liver compared with levels found in the
14-day control group. There was no significant difference
between the 7-dayand 14-day control groups (Fig. 2h).

Triglycerides

All concentrations of atrazine (X all concentra-
tions = 0.035 mg triglycerides/g ww) and glyphosate (X all
concentrations = 0.034 mg triglycerides/g ww) were
associated with a 92 % decrease in liver triglyceride levels
in relation to the 7-day control group (X = 0.417 mg tri-
glycerides/g ww) and a 94 % decrease in relation to the 14-
day control group (X = 0.618 mg triglycerides/g ww).
Quinclorac (X = 0.029 mg triglycerides/g ww) was asso-
ciated with a 93 % decrease compared with the 7-day
control group and a 95 % decrease in relation to the 14-day
control group. There were no significant differences
between the control groups (Fig. 2i).

Cholesterol

Unlike in gills, cholesterol levels in the liver decreased
after exposure to herbicides. Atrazine (X all concentra-
tions = 0.083 mg cholesterol/g ww) produced an 81 %
decrease in liver cholesterol levels compared with levels
found in the 7-day control group (X = 0.433 mg choles-
terol/g ww) and an 88 % decrease compared with levels
found in the 14-day control group (X = 0.676 mg choles-
terol/g ww). Glyphosate (X all concentrations = 0.108 mg
cholesterol/g ww) produced 75 and 84 % decreases in
relation to the 7-day and 14-day control, respectively.
Exposure to quinclorac (X all concentrations = 0.098 mg
cholesterol/g ww) led to a 77 % decrease in liver choles-
terol levels in relation to the 7-day control group and an
85 % decrease in relation to the 14-day control group.
There was no significant difference between the control

groups (Fig. 2j).
Total Proteins

Again, unlike in gills, total protein levels in the liver
decreased in response to herbicide exposure. Atrazine
exposure (X all concentrations = 0.128 mg protein/g ww)
produced a decrease of 59 and 52 % in relation to the 7-day
(X = 0.313 mg protein/g ww) and 14-day control s
(X = 0.269 mg protein/g ww), respectively. In the gly-
phosate group (X all concentrations = 0.104 mg protein/g
ww), the decrease was 67 % in relation to 7-day controls
and 61 % in relation to 14-day controls. In the quinclorac



Arch Environ Contam Toxicol (2014) 66:415-429

421

LIVER

9 2500 GLYCOGEN
£
2 2,000 ;
H
$ 15001 ;
o
=
& 1,000 -
[
s
D 0,500 -
g 12 1212 12 10 212
T 1,2 12 ’
0,000 . - .
& oY o SO «
oy QQ\ Qq,QQ /\‘LQ > PP o>
N &3 > S ¢
GROUPS
I 0800 - TRIGLYCERIDES
S 0,700 |
[
2 0,600
[
2 0,500 A
o
2 0,400
S
S 0,300 -
o
>
S 0200 1
o 0,100
£
0,000 A 1 3
A ~ N~ Vi NI\ N
& \ \ \ \ \ A\ ANPANGAN N
P F& (;, SRS C
GROUPS
K 0.400- TOTAL PROTEINS
= 0,350 1
=
o
3 0,300 1
H
@ 0,250 4
H
@ 0,200
E 1,2
@ 0,150 A 12 %42 1,2
o i 1,2
S 0,100 1 ',|| 1“2 1,2 12 4,
g II' ..II |
0,050 YR
YN
0,000 —
Sy oY g8y X
S QQ QQ ) QQ qu\\} 93‘} SO é\
P SO LAY PO P S
T PO S’ o
GROUPS

Fig. 2 (g-1) Levels of glycogen, total lipids, triglycerides, choles-
terol, total proteins, and lipid peroxidation in liver of L. catesbeianus
tadpoles exposed to different concentrations of herbicides atrazine,
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group (X all concentrations = 0.077 mg protein/g ww), the
decrease was 75 % in relation to the 7-day control group
and 71 % in relation to the 14-day control group. There
was no significant difference in protein levels between the
control groups (Fig. 2k).

Lipid Peroxidation

In liver tissue, lipid peroxidation increased after exposure
to herbicides. In atrazine-exposed animals (X all concen-
trations = 88 nmol TBARS/mg protein), levels showed an
average increase of 418 % in relation to the 7-day control
group (X = 17 nmol TBARS/mg protein) and 487 % in
relation to the 14-day control group (X = 15 nmol TBARS/
mg protein). In glyphosate-exposed animals (X all con-
centrations = 114 nmol TBARS/mg protein), levels
increased 571 % in relation to the 7-day control group and
660 % in relation to the 14-day control group. In the
quinclorac group (X all concentrations = 248 nmol
TBARS/mg protein), levels increased 1,359 % compared
with the 7-day control group and 1,553 % in relation to the
14-day control group. The highest concentration of
quinclorac was associated with the highest increase in lipid
peroxidation levels. There was no significant difference
between the control groups (Fig. 21).

Muscle
Glycogen

All herbicides were associated with significant glycogen
depletion in muscle of exposed animals. In the atrazine
group (X all concentrations = 10 mg glycogen/g ww),
muscle glycogen levels showed a 97 % decrease in relation
to the 7-day control group (X = 347 mg glycogen/g ww)
and a 96 % decrease in relation to the 14-day control group
(X =271 mg glycogen/g ww). In glyphosate-exposed
animals (X all concentrations = 15 mg glycogen/g ww),
the decrease was 96 % in relation to the 7-day control
group and 94 % in relation to the 14-day control group, and
in quinclorac-exposed animals (x all concentra-
tions = 08 mg glycogen/g ww), there were 98 and 97 %
decreases in relation to the 7- and 14-day control groups,
respectively. The 14-day control group also showed a 22 %
decrease in glycogen levels in relation to the 7-day control
group (Fig. 3m).

Total Lipids
Atrazine-exposed animals (X all concentrations =
0.052 mg total lipids/g ww) exhibited an 87 % decrease in

total lipid levels in relation to those in the 7-day control
group (X = 0.387 mg total lipids/ g of ww) and an 83 %
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decrease in relation to the 14-day control group
(X = 0.310 mg total lipids/g ww). Glyphosate (X all con-
centrations = 0.075 mg total lipids/g ww) was associated
with 81 and 76 % decreases in relation to the 7- and 14-day
control groups, respectively. In quinclorac-exposed ani-
mals (X all concentrations = 0.062 mg total lipids/g ww),
there was an 84 % decrease in relation to the 7-day control
group and an 80 % decrease in relation to the 14-day
control group. Furthermore, the 14-day control group
showed a 20 % decrease in total lipid levels in relation to
the 7-day control group (Fig. 3n).

Triglycerides

Herbicides produced a decrease in triglyceride levels only
in relation to the 7-day control group (x = 0.140 mg tri-
glycerides/g ww). In atrazine-exposed animals (X all con-
centrations = 0.032 mg triglycerides/g ww), this decrease
corresponded to 77 %, in the glyphosate group (X all
concentrations = 0.048 mg triglycerides/g ww) to 66 %,
and in the quinclorac group (X = 0.039 mg triglycerides/g
ww) to 72 %. There was no significant difference between
the 7- and 14-day control groups (Fig. 30).

Cholesterol

All herbicides produced a decrease in cholesterol levels in
muscle tissue. Atrazine (X all concentrations = 0.037 mg
cholesterol/g ww) induced an 81 % decrease in relation to
the 7-day control group (X = 0.197 mg cholesterol/g ww)
and a 76 % decrease in relation to the 14-day control group
(X = 0.153 mg cholesterol/g ww). In glyphosate-exposed
animals (X all concentrations = 0.048 mg cholesterol/g
ww), the decrease was 76 % in relation to the 7-day control
group and 69 % in relation to the 14-day control group. In
the quinclorac group (X all concentrations = 0.041 mg
cholesterol/g ww), there was a 79 % decrease in relation to
the 7-day control group and a 73 % decrease in relation to
the 14-day control group. There was no significant differ-
ence between the control groups (Fig. 3p).

Total Proteins

The total protein content of muscle tissue in animals
exposed to atrazine (X all concentrations = 0.191 mg
protein/g ww) was 53 % lower in relation to the 7-day
control group (X = 0.411 mg protein/g ww) and 58 %
lower in relation to the 14-day control group
(X = 0.451 mg protein/g ww). With glyphosate (X all
concentrations = 0.115 mg protein/g ww), the decrease
was 72 % compared with the 7-day control group and 74 %
in relation to the 14-day control group. With quinclorac (X
all concentrations = 0.128 mg protein/g ww), the decrease



Arch Environ Contam Toxicol (2014) 66:415-429 423
MUSCLE
m GLYCOGEN n TOTAL LIPIDS
0,450 - 0,450 1
= 0400 1 £ 0400 ;
K=y °
g 0.350 1 2 0,350 -
-g 0,300 1 g 0,300 1
o 0,250 1 2 0250 A
S 0,200 ; € 0,200 1
2 «
8 0,150 2 0,150 -
= ° 1,2 1,2
S 0,100 1 S 0,100 A 121212 12 12 L5,
(=2 , ” 3 B H H
5 0,050 , 212 121212 2 0,050 E::, :::E i
0,000 - 0,000+l — — el
A Vv % % » A % VoA A »
A QQ\VQQ\VQQ\\/ Q&/Q&\/ ch S ch ch &'\ ég Q‘S\/Q&VQ&V QQ’\\/QQ\\/ ch \}Q\ Q,s ch &'\
€ L Ll BN F S PP L PO &
Pr Y 0y P ¥ v 0o XS
GROUPS GROUPS
TRIGLYCERIDES CHOLESTEROL
O o150 4 P
- _ 0,250 -
S 0,160 - £
© 2
2 0,140 @ 0,200 1
5 H
2 0,120 Z
o 2 |
< 0100 1 o 0,150
S 0,080 S
= 1 9] ]
8 0,060 A 1 . 1 D 0,100 1.2 1.2
Z‘ 1 1 || 1 2 1 2 1,2 ’ 1 2 3
D 0,040 - 1 it 1 [ 1,2 1,2 ’ 12 o 1.2
= N N Iy G 0,050 A =
| = i
g 0,020 I|'| '|'| M g 'p:l '1: .:-:
0,000 A —ul il , , bl W
PV NI Y N P AT NSV VUV
& o %Q‘z?\}q @Q?\%Q?\w\? BN & BN Q@Q@Q@ Q)Q&q, &u"& @Q%\%Q R &
v M &S O P P et S
GROUPS GROUPS
TOTAL PROTEINS r LIPID PEROXIDATION
q 0,500 - 250 -
. 0450 1 -
S 0,400 T 2001
[ [
2 0,350 - g
® i =4 i
2 0,300 2 150
o 0,250 )
= o
'S 0,200 A < 100 A
2 P
2 0,150 - =
o °
0,100 g 501
£ c
0,050 -
0,000 A " 04
Y v Qv NN Ng
ENRCRS b@b\@w@ Q@Qc?\o‘%o e S s
© TR PO PP J ©

GROUPS

Fig. 3 (m-r) Levels of glycogen, total lipids, triglycerides, choles-
terol, total proteins, and lipid peroxidation in the muscle of Lithobates
catesbeianus tadpoles exposed to different concentrations of herbi-
cides atrazine, glyphosate and quinclorac (Cont Controls, A Atrazine,
G glyphosate, Q quinclorac). Results are expressed as the mean (+)
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SE. The number 1 under the error bar represents a significant
difference compared with the control group at 7 days, and the number
2 represents this difference with respect to the control at 14 days
(p < 0.05)
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was 69 and 72 % in relation to the 7- and 14-day control
groups, respectively. The 14-day control group showed a
10 % increase in muscle protein levels in relation to the
7-day control group (Fig. 3q).

Lipid Peroxidation

All herbicides were associated with a significant increase in
lipid peroxidation in muscle tissue. In atrazine-exposed
animals (X all concentrations = 66 nmol TBARS/mg pro-
tein), levels showed a 214 % increase in relation to the 7-
day control group (X = 21 nmol TBARS/mg protein) and a
500 % increase in relation to the 14-day control group
(X = 11 nmol TBARS/mg protein). In the glyphosate
group (X all concentrations = 129 nmol TBARS/mg pro-
tein), levels increased 514 % in relation to the 7-day con-
trol group and 1,072 % in relation to the 14-day control
group. As in other tissues, quinclorac (X all concentra-
tions = 148 nmol TBARS/mg protein) appears to have
caused the most marked lipid peroxidation response with
exposed animals showing a 604 % increase in levels in
relation to 7-day controls and a 1,245 % increase in rela-
tion to 14-day controls. There was no significant difference
in lipid peroxidation levels between the two control groups
(Fig. 3r).

Weight, Size, and Survival

All animals gained weight and increased in size during the
experiment period. The weight gain observed in control
groups 7 and 14 days was 22 and 18 %, respectively. In the
atrazine group, the average weight gain was 14 %, in the
glyphosate group was 33 %, and in the quinclorac group
was 20 % (Fig. 4s). The increase in size was 2 and 10 % in
the 7- and 14-day control groups, respectively. In the
atrazine group, the average size increase was 20 %, in the
glyphosate group was 17 %, and in the quinclorac group
was 13 % (Fig. 4t).

Survival in the 7-day and 14-day control groups was 96
and 83 %, respectively. In the atrazine group, average
survival was 91 %, in the glyphosate group was 93 %, and
in the quinclorac group was 100 %, i.e., there was no
mortality in quinclorac-exposed animals (Fig. 4u).

There was no significant variation in pH or in dissolved
oxygen in water during the experiment period. Before the
introduction of pesticides, aquarium water was approxi-
mately 7.2 in the control, atrazine, glyphosate, and
quinclorac groups; after exposure, pH was approximately
7.3 in the glyphosate group and 7.4 in the control, atrazine,
and quinclorac groups. Before introduction of the herbi-
cides, the level of dissolved oxygen in water was 6.9 mg/L
in the control and quinclorac aquariums, 6.8 mg/L in the
atrazine aquariums, and 6.6 mg/L in the glyphosate
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aquariums. After addition of the herbicides to the water, the
value of dissolved oxygen was 7.0, 7.3, 6.2 mg/L, and
6.6 mg/L in the control, atrazine, glyphosate, and quincl-
orac groups, respectively.

Discussion

According to Alkahen (1996), Ganeshwade (2012), and
Salbego et al. (2010), nontarget aquatic animals exposed to
pesticides can bioaccumulate these toxic compounds in
different tissues, which leads to damage, biochemical
changes, and increased energy expenditure in an attempt to
detoxify the agrochemical. We found similar response
patterns in this study despite the use of very low concen-
trations of all tested herbicides.

The decreases in glycogen levels in gills, liver, and
muscle as well as the decrease in total lipid levels in gills
and muscle in the 14-day control group compared with the
7-day control group may in fact be due to the availability of
food. Unlike the patterns found in a frog farm, where
animals are housed in large tanks and fed ad [libitum, all
food was controlled in this experiment, thus leading to
greater competition between individuals due to limited
aquarium space and, consequently, lower overall food
intake.

In all tissues (gills, liver, and muscle), glycogen levels
were severely depleted after exposure to all herbicides and
at all concentrations. These decreases accounted to a
depletion of >90 % of stores of this polysaccharide. A
similar response in glycogen levels in tadpoles has been
described by Ezemonye and Ilechie (2007) and Ezemonye
and Tongo (2009) after exposure to the pesticides atrazine
and basudin.

Glycogen plays an essential role in energy balance
because it provides a reserve of internal energy (Moyes and
Schulte 2010). Stressful situations during which homeo-
stasis is threatened or disturbed, such as pesticide exposure,
lead to induction of physiological responses (Barton and
Iwama 1991). Response to this stress consists of a rapid
depletion of glycogen levels to meet increased energy
demands and assist the metabolic processes involved in the
detoxification of pollutants (Alkahen 1996). Furthermore,
glycogen can also be used for the of glycoproteins and
glycolipids, which are essential constituents of the cell and
its membranes (Vutukuru 2005).

The cost of resistance to a toxic compound entails
greater energy demand to repair the adverse effects caused
by stress. To meet this increased energy demand, glycogen
can be rapidly catabolized due to its easy availability to
produce energy, thus producing massive depletion of tissue
glycogen reserves (Becker et al. 2009; Chang et al. 2006;
Salbego et al. 2010; Vutukuru 2005).
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In the gills, lipid levels decreased at all concentration of
atrazine and quinclorac, but only at the highest concen-
tration of glyphosate. In liver and muscle, total lipid levels
decreased after exposure to all herbicides, more markedly
in these tissues than in the gills.

Lipids are the body’s main source of energy. Lipids can
act as a substrate for the production of energy when extra
fuel is required; they are released to meet the increased
demand for energy induced by the stressor. Therefore,

lipids play a vital role during biochemical adaptations of
animals faced with stress conditions. Cells can oxidize fatty
acids to increase energy production in response to
increased demand, and lipids may be diverted to other
metabolic functions essential to the survival of animals
faced with a stressful situation (Champe and Harvey 2006;
Gijare et al. 2011; Moyes and Schulte 2010).

The decrease in total lipid levels observed in this study,
particularly in liver and muscle, in tadpoles exposed to
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different concentrations of herbicides may also be related
to the use of lipids in cell repair and in the organization of
these tissues for the formation of lipoproteins, which are an
important constituent of cell membranes and organelles.

According to Zaya et al. (2011), exposure to herbicides
such as atrazine can increase energy demand and decrease
lipid stores, thus altering metabolism and/or lipid mobili-
zation in aquatic animals. This disruption of the lipid
energy balance in tadpoles may be due to the massive
energy required for detoxification and excretion of the
herbicide. A similar decrease in lipid levels was also
observed by Gurushankara et al. (2007) and Honrubia et al.
(1993) in adult frogs and in tadpoles after exposure to
pesticides.

In our experiment, triglyceride levels decreased in the
gills of animals exposed to lower concentrations of atrazine
and to the highest concentration of quinclorac. In gly-
phosate-exposed animals, however, these levels increased
at lower concentrations. In liver and muscle tissue, tri-
glyceride levels were decreased after exposure to all three
herbicides in all concentrations.

The response pattern of lipid and triglyceride levels
differed between the tissues studied in the present experi-
ment. Gills exhibited low-intensity depletion of these
energy reserves, probably to preserve their osmoregulatory
and respiratory capacity.

Triglycerides constitute the main way of storing lipids,
which play a vital role as energy reserves in animals
(Moyes and Schulte 2010). Exposure to toxic substances,
such as pesticides, can cause harmful effects on living
organisms and induce oxidation and alterations of the
chemical function of triglycerides (El-Banna et al. 2009).
In situations of increased energy demand, animals can
obtain energy through lipids stored as triglycerides (Landys
et al. 2005), and tadpoles seem to use lipids, especially
stored triglycerides, as an endogenous energy source (Sa-
want and Varute 1973).

The decrease in total lipid levels exhibited by Rana
perezi tadpoles in response to pesticide exposure might
affect triglyceride synthesis and may explain the decrease
of these levels in animals exposed to atrazine and quincl-
orac (Honrubia et al. 1993). A similar strategy was prob-
ably verified in this study for the same pesticides, including
glyphosate, in liver and muscle tissue of L. catesbeianus
tadpoles.

Yet another pathway of response to the stress of pesti-
cide exposure involved increases in triglycerides levels,
which may be due to an increase in food intake (Aldana-
Madrid et al. 2012; Montgomery et al. 2008; Moyes and
Schulte 2010). Animals exposed to glyphosate showed this
pattern in gill tissue and by increasing their weight more
than other groups, including the control groups (Figs. lc,
4s).
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The greater levels of triglycerides in gills and decreased
levels of triglycerides in other tissues in glyphosate-
exposed animals may be attributable to decreased oxygen
consumption in an attempt to maintain optimal gill func-
tion, thus reallocating energy to this vital organ of survival
in aquatic animals as a response to herbicide toxicity
(Chang et al. 2006). Paunescu and Ponepal (2011) reported
increased triglyceride levels in adult frogs exposed to
glyphosate.

In our experiment, only in gills were cholesterol levels
unchanged after herbicide exposure. In liver and muscles,
cholesterol levels decreased compared with those of con-
trol animals. This pattern of change in cholesterol and
triglyceride levels appears to reflect an attempt at preser-
vation of gill function, thus ensuring the survival of ani-
mals due through a physiological adaptation to
agrochemical exposure.

According to Champe and Harvey (2006) and Trabalon
and Blais (2012), cholesterol plays an important role as a
constituent of cell membranes, and its levels typically
decrease after exposure to pesticides (Aldana-Madrid et al.
2012). This decrease in cholesterol levels may be due to an
inhibition of cholesterol biosynthesis or to the use of fatty
deposits as a source of energy in response to increased
demands due to the stress caused by agrochemical expo-
sure (Ganeshwade 2012). A decrease in cholesterol levels
also was observed by Shakoori et al. (1996) in fish exposed
to pesticides. According to the investigator, this decrease in
cholesterol levels may be due to use of fatty acid reserves
for energy purposes.

The concentrations of total proteins in the gills were not
significantly altered by exposure to atrazine and for the
lowest concentrations of glyphosate. Conversely, in gills at
the greatest concentrations of glyphosate and for all con-
centrations of quinclorac, and in liver and muscle at all
three concentrations of atrazine, glyphosate, and quincl-
orac, a decrease was evident after exposure to these
herbicides.

According to Salbego et al. (2010), exposure to herbi-
cides can increase energy expenditure in an attempt to
detoxify these toxic compounds, thus altering metabolism
and leading to low protein levels, which may indicate the
mobilization of protein to increase its degradation into
amino acids to feed the tricarboxylic acid cycle and
increase adenosine triphosphate synthesis, thus satisfying
the high energy demands of cells exposed to toxic stress
(Ganeshwade 2012).

A pattern of decreased protein levels can indicate
physiological acclimatization to high energy demands to
compensate for the stress caused by pesticide exposure, or
it may reflect a mechanism of formation of lipoproteins,
which will be used to repair damaged organelles, cells, and
tissues (Rambabu and Rao 1994; Ribeiro et al. 2001; Sak
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et al. 2006). Khan et al. (2003) and Sounderraj et al. (2011)
also reported decreased protein levels in adult frogs after
exposure to pesticides.

Although lipid peroxidation levels increased in response
to exposure to all herbicides, at all concentrations and in all
tissues analyzed, quinclorac appears to be the most dam-
aging of the three herbicides.

Lipid peroxidation, or oxidation of the lipid layer of the
cell membrane, is one of the main mechanisms of cell
injury due to high concentration of polyunsaturated fatty
acids in cells (El-Banna et al. 2009). The oxidative
destruction of lipids by means of lipid peroxidation appears
to be an inevitable process in tissue injury (Al-Othman
et al. 2011).

Animals exposed to pesticides can exhibit increased
levels of lipid peroxidation in tissues, which caning turn
lead to chemical damage and cell death (Al-Othman et al.
2011; Champe and Harvey 2006; Uchendu et al. 2012).
According to Patil et al. (2009), pesticides have been
shown to initiate and increase lipid peroxidation in bio-
logical membranes in experimental animals exposed to
these chemicals, thus leading to changes in the function,
structure, and fluidity of cell membranes.

Some investigators have reported increased lipid per-
oxidation in response to herbicide exposure. Modesto and
Martinez (2010) and Lajmanovich et al. (2010) reported
that exposure to glyphosate may increase lipid peroxidation
in tadpoles; Kadry et al. (2012) reported increased lipid
peroxidation in fish exposed to atrazine; and Menezes et al.
(2012) noted that quinclorac can increase levels of lipid
peroxidation in fish exposed to this pesticide.

In this study, it was found that although the levels of
lipid peroxidation had strongly increased due to herbicide
exposure, there was not a decrease in survival of these
animals. This fact can be explained possibly by increased
activity of antioxidant defenses and inhibition to the effects
caused by increased lipid peroxidation, thus leading con-
sequently to greater chances of survival of these individ-
uals (Barreiros et al. 2006; Blokhina et al. 2003). However,
there have been few studies on increased lipid peroxidation
in animals exposed to the herbicides tested herein, partic-
ularly quinclorac, which induced the most damage to lipid
membranes in relation to the other two herbicides.

Although the present work was performed using con-
centrations of commercial formulations of atrazine, gly-
phosate, and quinclorac commonly found in natural water
bodies, and these concentrations did not cause high mor-
tality among exposed tadpoles, we found that all three
herbicides can alter biochemical parameters and induce
lipid peroxidation in these animals. The same pattern of
response to exposure, i.e., an intense decrease in levels of
all metabolites (glycogen, total lipids, triglycerides, cho-
lesterol, and total proteins) in liver and muscle, was

observed with all three herbicides, although only glycogen
and total lipid levels decreased in gills, with changes in the
other metabolites (triglycerides, cholesterol and total pro-
teins) varying depending on the herbicide.

Such changes in the metabolism of tadpoles exposed to
these pesticides may be linked to unsuccessful develop-
ment, metamorphosis, and reproductive patterns in
amphibians. On the basis of these results, we suggest that
increased use of agrochemicals may be an important factor
in the decrease of amphibian diversity and abundance
worldwide. Nevertheless, it bears stressing that this was the
pattern of response exhibited by the species L. catesbeianus
under laboratory conditions. In the field, or in other species,
response patterns may be distinct.
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