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Abstract
This study is part of a large project carried out at the Cairo University, Egypt, and focused on assessing physiological and
biochemical changes in Aiolopus thalassinus under the influence of environmental pollution with heavy metals (Pb, Cd, Cu,
and Zn). The study aimed to investigate parameters related to maintaining redox balance, with particular emphasis on stage-,
sex- and tissue-dependent differences in H2O2 and glutathione (GSH) levels and activity of selected enzymes involved in
GSH metabolism. A noticeable increase in the concentration of H2O2 was found, especially in the gut of 5th instar nymphs
and females from the highly polluted site. An increase in GSH concentration was significant, especially in the gut of adult A.
thalassinus from the high polluted site. However, recycling of reduced form of glutathione in the gut by glutathione
reductase (GR) was relevant only for females from the high polluted site. Nymphs and females generally showed higher
glutathione S-transferase (GST) activity, especially in the gut. These stage- and sex-related differences can result from
different growth dynamic and various reproductive functions of nymphs and both sexes. The digestive track is in direct
contact with xenobiotics consumed with food. Nymphs are characterized by vigorous growth, they feed intensively, and their
development processes are associated with substantial oxygen consumption. Also, maintaining the antioxidant system at a
high level can be more important for females than males due to egg production over a long period. It appears that de novo
GSH synthesis is a favorable and cost-effective adaptation mechanism for A. thalassinus living in the high polluted site.
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Introduction

The problem of environmental pollution is an ever-burning
topic. The reason for such a great interest in this issue is
numerous changes that have occurred, as a result of human
activity, in almost all places on the Earth. Chemical com-
pounds have been introduced into the environment on an

unprecedented scale, which disrupts the natural processes
taking place in ecosystems. The effects of chemization are
felt by humans, as well as animals and plants, and they also
affect inanimate nature (Nriagu and Pacyna 1988; Nriagu
1996; Chary et al. 2008).

Heavy metals seem to be an essential part of pollution as
they are not biodegradable and can circulate in trophic
chains for decades (Nriagu 1996; Rani et al. 2019; Zhang
et al. 2020). Despite immense heavy metal pollution, many
organisms, displaying a number of compensation/adaptation
mechanisms, live and reproduce in areas heavily changed
by industrialization and urbanization. Many years of
research have allowed establishing species- and even
population-dependent, qualitative, and quantitative defense
strategies. They consist of avoiding contaminated food and/
or intensifying the removal of metals, binding with spe-
cialized proteins/peptides, and depositing them (in an
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inactive form) in tissues and organs. It has also been shown
that complex enzymatic systems can reduce heavy metals’
toxic effects (Augustyniak and Migula 2000; Łaszczyca
et al. 2004; Migula et al. 2004; Wilczek et al. 2004;
Augustyniak et al. 2009). However, the importance and
participation of particular detoxification enzymes in this
process is still an open problem.

Apart from a hormesis phenomenon, consisting of the
stimulating effect of low doses of metals, impairments of
physiological functions (including development and repro-
duction) are observed in organisms exposed to contact with
heavy metals (Łaszczyca et al. 2004). Underlying these
disturbances are processes taking place at the cell/organelle/
molecule level. There are basically two crucial mechanisms
explaining metal toxicity. The first is related to the inacti-
vation/damage of enzymes and other protein cell structures,
mainly through metals’ direct binding to their thiol groups.
The second mechanism is based on the stimulation of pro-
oxidative processes. Hence, increased production of reac-
tive oxygen species (ROS) increases oxidative stress in the
cell (Ercal et al. 2001; Valko et al. 2005; Khalid et al. 2020).
However, it should be remembered that ROS is also formed
in cells from molecular oxygen due to natural metabolism,
which is considered their endogenous source (Hermes-Lima
2004; Sena and Chandel 2012). Heavy metals, but also
drugs, pesticides, petrochemical-based products, and many
other chemicals are perceived as an exogenous source of
ROS in cells (Amado et al. 2006; Sureda et al. 2006; Dos-
Anjos et al. 2011).

There is a well-documented relationship between the
presence of transition metals (such as Cu, Cr, Fe, Pb, V, Co,
Ni, and Mn) in cells and reactive oxygen species produc-
tion. These metals are extremely easy to enter redox reac-
tions in the cell. They can donate an electron to the O2

molecule and thus form a superoxide anion radical which
starts a cascade reaction leading to the formation of a highly
reactive and toxic hydroxyl radical. Moreover, transition
metals can participate in the Fenton reaction, which also
creates the hydroxyl radical (Ahmad 1995; Pardini 1995;
Valko et al. 2005; Khalid et al. 2020). In addition to metals
from the transition group, metals such as Cd and Ni are
common in highly polluted environments. They are not
transition metals and cannot directly contribute to the gen-
eration of free radicals in the cell. However, due to their high
affinity to –SH groups, Cd or Hg can displace transition
metals from complexes with proteins (e.g., with metal-
lothioneins) (Sato and Bremner 1993; Pérez-Zúñiga et al.
2019; Dong et al. 2020). Thus, the presence of an increased
level of metals in biological systems, also the non-
transitional ones, can cause changes in the catalytic capa-
city of enzymes, including these with antioxidant properties.

Common in the cell glutathione (GSH), a tripeptide
essential in enzymatic detoxification reactions, plays a key

role in maintaining optimal levels of ROS in the cell
(Bashandy et al. 2010; Foyer and Noctor 2005; Couto et al.
2016). GSH can bind heavy metals. On the one hand, this
process reduces the reactivity of metals in cells, but on the
other hand, it may indirectly affect the activity of enzymes
that use this tripeptide as a substrate. Such enzymes include,
among others, glutathione S-transferase (GST), catalyzing
the conjugation of the reduced form of GSH to xenobiotics,
and glutathione reductase, catalyzing the regeneration of the
reduced form of glutathione (Migula et al. 2004; Wilczek
et al. 2004; Perić-Mataruga et al. 2019).

Proteins manifesting glutathione S-transferase (GST)
activity are found in both plant and animal cells. The
enzyme activity is measured mainly in the cytosol but also in
microsomes and mitochondria. The function of glutathione
transferase is twofold. First of all, GST catalysis glutathione
conjugation with a broad group of exogenous and endo-
genous toxic compounds, which, as a result, are more soluble
in water and therefore easier to excrete. The second function
of glutathione transferase is to transport various hydrophobic
compounds. Thus, as a binding and transporting protein,
GST contributes to the inactivation and storage of many
ligands, including metals (Barrett 1995; Strange et al. 2000;
Strange et al. 2001; Ranson and Hemingway 2005).

The activity and tissue distribution of GST has been
studied in many species of insects, mainly in terms of
resistance to insecticides and the possibility of their meta-
bolism. High GST levels are believed to be the result of
resistance not only to insecticides, but also to drugs and
allelochemicals (Yu and Hsu 1993; Chen et al. 1995; Kriby
and Ottea 1995). Older studies show that, in the body of the
insect, such organs/tissues like gut, testes, fat body, and
Malpighian tubules are characterized by high GST activity.
In contrast, haemolymph and muscles show low or even no
GST activity (Kotze and Rose 1987, 1989; Lee 1991;
Konno and Shishido 1992; Lee and Berenbaum 1992).
Considering the level of GST activity in relation to the
developmental stage and age of insects, it can be noticed
that the activity of this enzyme increases with the age of the
nymphs, decreases in the pupal stage, and increases again
with age in adults (Cohen 1986; Kotze and Rose 1987;
Smirle and Winston 1988; Kotze and Rose 1989). Induction
of GST by various xenobiotics and compounds naturally
occurring in plants has been shown in many insect species
(Lalah et al. 1995; Wadleigh and Yu 1987; Lee 1991).
Heavy metals can also change the activity of this enzyme,
but the direction and intensity of these changes can vary,
depending on the species, pre-adaptation, and the coex-
istence of other toxic substances (Migula et al. 2004;
Łaszczyca et al. 2004; Augustyniak et al. 2009; Perić-
Mataruga et al. 2019)

Glutathione reductase (GR) is responsible for maintain-
ing the proper level of reduced glutathione in cells. It is a
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ubiquitous and highly conserved enzyme. However, there
are reports that in some insect species activity of GR can
be negligible or even undetectable. In such cases, glutathione
reductase is replaced/assisted by a thioredoxin reductase
(Couto et al. 2016). Mockett et al. (1999) proved that over-
expression of glutathione reductase can extend survival in
transgenic Drosophila melanogaster under hyperoxia. When
Spodoptera litura larvae were exposed to phytochemicals:
indole-3-methanol (I3C), xanthotoxin, and rotenone (ROT),
there was an increase in oxidative stress accompanied by an
increase in GSH concentration. The authors of the study
conclude, however, that in phytochemical-treated larvae, de
novo glutathione synthesis occur and the intensification of
GR activity is irrelevant (Cen et al. 2020). GR activity was
also studied in aquatic insects. Sanz et al. (2017) examined as
many as 9 species of aquatic insects and found that the
activity of GR (as well as other enzymes involved in main-
taining the redox balance in cells) was dependent on feeding
habits (predators/non-exclusively predator species), duration
of life cycle and type of inhabited reservoir (permanent
streams with cold water/temporary streams with warm and
poorly oxygenated water). The activity of GR in the gut of
Lymantria dispar collected from polluted oak forests was
higher compared to insects collected from the unpolluted site.
Moreover, antioxidant enzyme activities and also amounts of
non-enzymatic parameters tended to be greater in the midgut
than in the brain of L. dispar. The authors postulate that
oxidative stress parameters clearly indicate the pollution of
the environment and have significant bioindicator potential
(Perić-Mataruga et al. 2019).

The results presented in this paper are part of a larger
project carried out at the University of Cairo, Egypt. The
project focuses on an extensive impact assessment of spe-
cific environmental heavy metal pollutants. The research
model is the grasshopper, Aiolopus thalassinus (Acrididae),
common in these areas. Like many other orthopteran spe-
cies, it is omnivorous, fecund, and capable of colonizing
new habitats. Its occurrence is extensive. The species is
found in Europe and Asia (except for their extreme northern
parts), Africa, and Australia. As a species relatively tolerant,
it is often found in areas strongly changed by human
activity. So far, we have shown that heavy metals pollutants
(Pb, Cd, Cu and Zn) enhance lipid peroxidation and influ-
ence the activity of superoxide dismutase (SOD), catalase
(CAT), ascorbate peroxidase (APOX), polyphenoloxidase
(PPO). This type of contamination also contributes to the
increase in DNA damage in A. thalassinus nymphs and
adults (Yousef et al. 2017; Abdelfattah et al. 2017; Yousef
et al. 2019). This study aimed to investigate selected para-
meters involved in maintaining redox balance in A. thala-
sinnus from areas contaminated with heavy metals. The level
of H2O2 in the tissues (gut, brain, thoracic muscles) of the
insects was measured. Glutathione (GSH) was chosen as a

non-enzymatic oxidative stress marker. Two enzymes closely
related to GSH, namely glutathione S-transferase (GST) and
glutathione reductase (GR), were also investigated.

Materials and methods

Study area

Insects were collected from four sites (control and three
experimental sites) with different levels of heavy metal pol-
lution. Three experimental areas (low, moderate, and high
polluted) were located along a branch of the Nile river at
Ismalia-Cairo road, at nearly 1, 3, and 6 km away from the
main source of contamination. The control site was located in
a semi-isolated area, approximately 32 km from the polluted
sites. The geographic coordinates for these sites were as
follows, control site: 30°1′48.76″N and 31°11′23.07″E, low
polluted site: 30°18′4.16″N and 31°23′39.62″E, moderate
polluted site: 30°16′33.44″N and 31°23′4.83″E, high polluted
site: 30°16′3.98″N and 31°22′6.68″E (Fig. 1). The main
source of pollution are Fertilizer and Chemical Industries
located in the research area. Heavy metals (Pb, Cd, Cu and
Zn) in the soil samples were analyzed according to standard
procedures and detailed results described by Yousef et al.
(2017). Metal accumulation factors in the soil collected from
the experimental sites were calculated in relation to the value
obtained for the control site (control values were set as 1).
The factors confirm that, in general, experimental plots were
located along pollution gradient (Table 1).

Samples

Aiolopus thalassinus is very common in Egypt. The species
is easy to breed, and its life cycle is fast. The animal’s size
is big enough to perform tissue preparation and collect an
adequate amount of material for research. This species has
been reared and their sex and stage were reliably identified
by specialist taxonomists from the Entomology Department,
Faculty of Science, Cairo University.

Adult (males and females) and 5th instar of grasshoppers,
Aiolopus thalassinus, were collected with a sweep-net from
all sites. The insects were transported to the laboratory in
small muslin cages (30 × 30 × 30 cm), approximately 25
insects per cage. At the laboratory, insects were immedi-
ately anaesthetized on ice and dissected to isolate the brain,
thoracic muscles, and gut, and then tissues were stored at
−20 °C for further analysis.

Biochemical assays

Samples of tissues from all groups were homogenized in
5 mL of ice-cold phosphate buffer (0.05 M, pH 7.0) in a
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mortar (10 strikes/15 s). Homogenates were filtered and
centrifuged at 10,000 rpm for 10 min at 4 °C to obtain a
submitochondrial fraction. Supernatants were used for fur-
ther analysis.

Hydrogen peroxide (H2O2) concentration in the samples
was determined spectrophotometrically according to the
method of Junglee et al. (2014). The absorbance of the
reaction mixture was measured at 390 nm. The H2O2 con-
tent was calculated based on H2O2 standard curve, and the
results were expressed in ppm.

Glutathione content (GSH) was measured using the
method of Allen et al. (1984). In this method, GSH reacts
with DTNB (5,5′-dithiobis (2-nitrobenzoic acid), and the
reaction products are 5-thio-2-nitrobenzoic acid (TNB) and
oxidized glutathione (GSSG). The concentration of produced
TNB was measured spectrophotometrically at 412 nm. The
GSH content was determined using GSH standard curve, and
the results were expressed in μg/mg protein.

The activity of GR was determined according to Carlberg
and Mannervik (1985). The enzyme is catalyzing the
HADP-dependent reduction of glutathione disulfide
(GSSG) to glutathione (GSH). Consumption of NADPH
during the reaction was measured as the absorbance change

at 340 nm, and GR activity was expressed as OD/μg pro-
tein/min.

Glutathione-S-transferases activity (GST) was measured
according to Seyyedi et al. (2005) using 1-chloro-2, 4-
dinitrobenzene (CDNB) as a substrate. In the reaction,
catalyzed by GST, glutathione (GSH) conjugates with
CDNB. The concentration of the complexes was measured
spectrophotometrically at 340 nm. The results were in OD/μg
protein/min.

The samples’ total protein concentration was determined
according to the method of Bradford (1976), using Coo-
massie Brilliant Blue (CBB). The OD of the protein sample
was measured at 595 nm against a blank. Bovine serum
albumin (BSA) fraction V (Sigma-Aldrich) dissolved in
0.15M NaCl was used as a protein standard.

All the measurements were performed in three indepen-
dent homogenates (each homogenate was a pool of tissues
isolated from five insects).

Biochemical analysis was also performed using A. tha-
lassinus reared under laboratory conditions (temperature:
28.0 ± 1.0 °C; photoperiod L:D 12:12; humidity: 45–55%)
for a few generations (negative control) to compare with
results obtained for animals collected from the control site.
The results for the negative control did not differ from those
obtained for insects from the control site.

Statistical analysis

Results are presented as means ± SE values as in the figures.
To determine the statistical significance of differences between
sites (control, low, medium, and high polluted) or tissues
(brain, thoracic muscles, and gut) or sex/developmental stage

Table 1 Metal accumulation factors (Pb, Cd, Cu, Zn) in the soil
collected from the experimental sites in relation to control site values
set as 1

Site Pb Cd Cu Zn

Low polluted 0.60 1.00 0.54 1.62

Moderate polluted 1.60 0.16 0.99 1.81

High polluted 14.00 20.00 1.45 11.83

Fig. 1 Study area location. Red spots represent the location of sampling sites
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(male, female, 5th instar of A. thalassimus), the
Kruskal–Wallis non-parametric median test (p < 0.05) was
used. Generalized Estimating Equation (GEE) to examine the
effect of metal concentration, type of tissue, sex, or interac-
tions of these variables on measured parameters (H2O2 or GSH
concentration, GR or GST activity) was used. Correlations
between the concentration of metals inn soil and the bio-
chemical parameters were calculated based on Pearson’s
regression analysis using multiple regression models. All sta-
tistical analyses were performed using IBM SPSS Statistics for
Windows (Version 17.0. Armonk, NY: IBM Corp.).

Results

H2O2 concentration in the tissues

In the control groups, the lowest concentration of H2O2 was
found in the brain of females and males as well as in the
muscles of the 5th instar of A. thalassinus. The influence of
the polluted environment, manifesting by an increase in the
concentration of H2O2, was observed in the gut (Fig. 2). The
highest concentration of hydrogen peroxide was found in the
gut of females and 5th instar of grasshoppers from the most
polluted site. For males from high polluted site, H2O2 con-
centration was also high, but the highest value for this sex
group of insects was found in the muscles from the low
pollution site. No differences were found in the content of
H2O2 between the brain and muscles of males from moderate
as well as high polluted sites. Concentration of hydrogen
peroxide was similar in the thoracic muscles and the gut of
females from control group as well as in the brain and the gut
of 5th instar of A. thalassinus form control and moderate
polluted site. Moreover, the difference in values of the para-
meter was insignificant in: the muscles of males and nymphs
from the control group; the gut of males and females from the
low polluted site; the brain of males and females from a
moderately polluted site; the brain of males and nymphs from
the highly polluted site; and the gut of females and nymphs
from a high polluted site. The remaining differences between
tissues, sex/developmental stage, and sites were statistically
significant. Noteworthy is increase in the concentration of
H2O2 in the thoracic muscles and in the gut of the nymph that
was proportional to the pollution level of the sites. The ana-
lysis of correlation between pollution of the sites and H2O2

concentration in the tissues revealed the most significant
relationships in the gut. Moreover, in the nymphs, this rela-
tionship was significant for all analyzed tissues (Table 2).

GSH concentration in tissues

For adults, the highest concentration of GSH was found in
the gut of individuals from the most polluted site, for

Fig. 2 Hydrogen peroxide (H2O2) concentration, expressed as means
± SE values in the brain, thoracic muscles, and gut of males
(a), females (b), and 5th instar (c) of Aiolopus thalassinus collected
from sites with different pollution level. Mean values marked with
the same small letters—no significant differences among control and
polluted sites. Mean values marked with the same capital letters—no
significant differences among tissues. *—no significant differences
among males, females, and 5th instar in each case separately
(Kruskal–Wallis, p < 0.05)
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which the median values were significantly higher than
those found in the control insects. Moreover, females’
median was almost two-fold higher compared to the
median for males (Fig. 3). Concentration of GSH in the
gut of males from low and moderate polluted sites was
similar and significantly lower than the value found in the
gut of insects from the control group. Relatively low
median values of GSH were found in the tissues of both
males and females from moderate polluted site. In the case
of 5th instar of A. thalassinus, the highest concentration of
GSH was found in the brain of individuals from moderate
and also low polluted sites (Fig. 3c). These values were
significantly higher than the control value. On the con-
trary, the nymphs from the high polluted site had sig-
nificantly lower concentration of GSH in the brain
compared to the insects from the control site. Moreover,
the value of this parameter in the nymph gut was not
strongly dependent on the degree of site contamination.
Median GSH concentration in the nymph’s gut from
control, moderate and high polluted sites were homo-
geneous (Fig. 3c). Males and nymphs from the control site
did not differ in terms of GSH concentration in the brain
and in the gut. Males from the low polluted site had
similar GSH concentration in the brain to the nymphs
from this site. Moreover, females from the moderate
polluted site and the nymphs from this site did not differ
in terms of GSH concentration in the muscles and in the
intestine. High positive correlation was found between the
degree of pollution of the sites and the concentration of
GSH in the muscles of female and nymphs, and a slightly
lower, but also statistically significant, in the gut of males
and also nymphs (Table 2).

GR activity

Glutathione reductase (GR) activity was generally lower in
males compared to females and also to 5th instar of A.
thalassinus. The lowest activity of this enzyme was found
in the gut of males from the control site. The highest
values of the median GR were found in the muscles and
brain of males from the low polluted site. Also, high
activity of the studied enzyme occurred in the gut of males
from low and moderate polluted sites. In males from the
high polluted site, the GR activity in the gut was lower
than in the individuals from the other two experimental
sites, but still higher than in the control individuals
(Fig. 4a). Females from the control site were characterized
by relatively low GR activity, with the lowest median
values were found in the brain. Females from the high
polluted site showed the highest values of GR activity in
the gut and in the muscles. These values were much higher
compared to females from other sites. GR activity in
females from low and moderate polluted sites was inter-
mediate (Fig. 4b). Very high GR activity was found in the
muscles (as well as in the brain and gut) of the nymph from
a low polluted site. Compared to these values, the nymph
from the control site as well as the site with high pollution
showed low GR activity. GR activity in the control groups
of males, females and nymphs was relatively low. More-
over, in males and in nymphs (but not in females) a ten-
dency can be observed: the higher the contamination of the
site, the lower the GR activity (Fig. 4). This tendency is
confirmed by the analysis of the correlation between the
degree of pollution and GR activity, which revealed a
significant negative correlation in all male and larval

Table 2 Pearson’s correlation coefficient between metal concentration and: hydrogen peroxide (H2O2) concentration, glutathione in reduced form
(GSH) concentration, glutathione reductase (GR) and glutamine-S-transferase (GST) activity in brain, thoracic muscles and gut of males, females
and 5th instar of Aiolopus thalassinus

Parameter Brain Thoracic muscles Gut

Sex Regression equation r Regression equation r Regression equation r

H2O2 Male y= 3.35x2− 12.95x+ 16.90 −0.21 y= 4.1x2− 15.4x+ 18.91 −0.40 y= 2.21x2− 9.81x+ 16.10 0.50

Female y= 0.74x2− 2.31x+ 5.77 −0.59 y=−1.60 ln (x)+ 6.25 0.51 y= 1.85x2− 10.65x+ 22.10 0.92**

Nymph y= 0.31x2+ 0.31x+ 7.11 −0.88** y=−1.15x2+ 2.15x+ 10.71 0.95** y= 0.51x2− 5.81x+ 18.61 0.97**

GSH Male y= 2.6x2− 19.2x+ 40.8 0.13 y= 2.1x2− 12.3x+ 22.4 −0.62 y= 2.5x2− 22.6x+ 54.3 0.85**

Female y= 2.8x2− 19.3x+ 48.6 −0.12 y=−0.06x2− 3.2x+ 31.4 0.95** y= 6.8x2− 55.2x+ 121.5 0.65

Nymph y=−2.3x2− 18.1x− 4.3 −0.58 y=−0.08x2− 1.4x+ 24.9 0.94** y=−0.17x2+ 0.35x+ 16.9 0.86**

GR Male y= 3.0x2− 11.0x+ 20 −0.70* y= 1.1x2− 3.1x+ 7 −0.89** y=−0.9x2+ 8.3x+ 2.6 −0.82**

Female y= 2.2x2− 15.4x+ 31.2 −0.04 y= 5.1x2− 39.1x+ 86 0.37 y= 2.8x2− 24.8x+ 81 0.83**

Nymph y= 1.4x2+ 3.1x+ 13.4 −0.96** y= 5.6x2− 24.0x+ 64.4 −0.84** y= 1.3x2− 0.4x+ 11 −0.94**

GST Male y= 5.0x2− 17.6x+ 94.6 −0.89** y= 3.1x2− 18.1x+ 131 −0.57 y= 12.9x2− 74.7x+ 188.8 −0.60

Female y= 5.6x2− 31.4x+ 125.8 −0.59 y= 18.7x2− 146.9x+ 395.2 0.51 y=−18.1x2+ 123.5x+ 67.6 0.15

Nymph y= 9.4x2− 81.2x+ 203.8 0.80** y= 1.4x2− 24.2x+ 327.8 0.90** y= 7.7x2− 61.3x+ 405.6 0.57

*or ** significant differences between metal concentration and a given parameter
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tissues tested. In females, this correlation is positive and
significant only in the gut (Table 2).

GST activity

Glutathione S-transferase (GST) activity in insects from the
control group was relatively low. In the case of both males
and females from control site, no differences were found

between the examined tissues. In the control nymphs, the
GST activity was homogeneous in the muscles and the gut
and significantly lower in the brain. In males, females and
nymphs from the high polluted site, GST activity was sig-
nificantly higher compared to insects from the control group
(Fig. 5). Only one exception to this rule occurred in the
brain of females, where the values for control and high
polluted insects were homogeneous (Fig. 5b). The activity
of GST in the nymphs well reflected the level of pollution of
the sites. In nymphs from all sites, the regularity was the
highest GST activity in the gut and the lowest in the brain.
Analysis of the correlation between GST activity and the

Fig. 3 Glutathione in reduced form (GSH) concentration, expressed as
means ± SE values in the brain, thoracic muscles and gut of males (a),
females (b), and 5th instar (c) of Aiolopus thalassinus collected from
sites with different pollution level. Abbreviations: as in Fig. 2

Fig. 4 Activity of glutathione reductase (GR) expressed as means ± SE
values in the brain, thoracic muscles, and gut of males (a), females (b),
and 5th instar (c) of Aiolopus thalassinus collected from sites with
different pollution level. Abbreviations: as in Fig. 2
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degree of pollution of the sites revealed a high negative
correlation in males in the brain and a high positive corre-
lation in nymphs in the brain and muscles (Table 2).

Interactions and correlations between studied
parameters

The interaction analysis using Generalized Estimating
Equation (GEE) showed a significant influence of metal

concentration, tissue, sex (Table 3), or developmental stage
(Table 4) on H2O2 and GSH concentration and GR and GST
activity (Tables 3, 4).

The correlation between the examined parameters
revealed a high positive correlation between the activity of
GST and GR in the male brain and the activity of GR and
the concentration of GSH in male muscles. In the female
brain, all parameters were relatively well correlated.
Moreover, a very high correlation was found between the
activity of GST and GR in the muscles of females, and
between the activity of GR and concentration of GSH in the
female gut. The activity of GST in the muscles of nymphs
was positively correlated with the concentration of GSH in
this tissue. Moreover, negative correlation was found
between GR activity and GSH concentration in the gut of
nymphs (Table 5).

Discussion

The problem of dealing with new stress factors, or more
specifically, mechanisms underlying this process, is of
interest to scientists dealing with phenomena of

Fig. 5 Activity of glutathione-S-transferase (GST) expressed as means
± SE values in the brain, thoracic muscles, and gut of males (a),
females (b), and 5th instar (c) of Aiolopus thalassinus collected from
sites with different pollution level. Abbreviations: as in Fig. 2

Table 3 Generalized Estimating Equation to analyze the interactions
among: metal concentrations in the sites, sex (male and female) or/and
type of tissues on parameters (H2O2, GSH concentration, GR or GST
activity) measured in brain, thoracic muscles, and gut of Aiolopus
thalassinus collected at different sites located at various distances from
Abu-Zaabal Fertilizer company

Source Chi-square
(χ²)

df p value

Concentration–sex interaction

H2O2 102 2 <0.0001

GSH 81 2 <0.0001

GR 4041 2 <0.0001

GST 208 2 <0.0001

Concentration–tissue interaction

H2O2 201 4 <0.0001

GSH 424 4 <0.0001

GR 1302 4 <0.0001

GST 143 4 <0.0001

Sex–tissue interaction

H2O2 294 2 <0.0001

GSH 169 2 <0.0001

GR 2509 2 <0.0001

GST 246 2 <0.0001

Concentration–tissue–sex interaction

H2O2 92 4 <0.0001

GSH 371 4 <0.0001

GR 1484 4 <0.0001

GST 326 4 <0.0001
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acclimatization, tolerance, hormesis, adaptation, and evo-
lution. In recent decades, these topics have gained impor-
tance, mainly due to the worrying increase in human
pressure, which is the cause of significant and very rapid
changes in the environment (Zhang et al. 2019; Zhang et al.
2020). These changes, often unfavorable, require rapid
adaptation of the organisms affected by them. Studying the
mechanisms of adjustment and their character is possible in
laboratory breeding of model organisms, in which a given
stress factor is largely controlled (Amorim et al. 2017;
Augustyniak et al. 2016; Augustyniak et al. 2020; Bicho
et al. 2017; Tarnawska et al. 2019). Such simplification can
be beneficial because it can allow studying a specific
defense mechanism under selected stress factors. However,
it cannot replace environmental research in which we obtain
information about real changes caused by anthropogenic
activities.

Exposure to environmental toxins is associated with an
increase in oxidative stress by increasing the production of
reactive oxygen species (ROS) in cells, which leads to many
adverse consequences in organisms (Okamoto et al. 2014;
Zhu et al. 2014; Yousef et al. 2017; Abdelfattah et al. 2017;
Win et al. 2018). Heavy metals can indirectly increase ROS

production (including H2O2) in the cells by affecting the
respiratory metabolism rate for which oxygen is the
essential factor (Azam et al. 2015). In this study, a moderate
increase in the concentration of H2O2 was found, especially
in the gut of nymphs and females from a highly polluted site
(Fig. 2). This demonstrates a relationship between ROS
production in the body of A. thalassinus and exposure to
metals in the environment. Maintaining the optimal con-
centration of H2O2 in cells should be a priority for the
organism because H2O2, at an optimal concentration, takes
part in intracellular signaling and regulation (Gough and
Cotter 2011; Marzo et al. 2018). However, under stress
conditions, the efficient removal of excess H2O2 from cells
may be impaired. This phenomenon was found in Spodo-
prera exigua individuals, which were exposed to Cd at a
concentration of 44 μg g−1 dry weight of food for one
generation. However, when exposure to cadmium lasted

Table 4 Generalized Estimating Equation to analyze the interactions
among: metal concentrations in the sites, developmental stage (adult
and 5th instar) or/and type of tissues on parameters (H2O2, GSH
concentration, GR or GST activity) measured in brain, thoracic
muscles, and gut of Aiolopus thalassinus collected at different sites
located at various distances from Abu-Zaabal Fertilizer company

Source Chi-square
(χ²)

df p value

Concentration–developmental stage interaction

H2O2 35 2 <0.0001

GSH 75 2 <0.05

GR 416 2 <0.0001

GST 32 2 <0.0001

Concentration–tissue interaction

H2O2 107 4 <0.0001

GSH 27 4 <0.0001

GR 132 4 <0.0001

GST 10 4 <0.05

Developmental stage–tissue interaction

H2O2 22 2 <0.0001

GSH 24 2 <0.0001

GR 92 2 <0.0001

GST 107 2 <0.0001

Concentration–tissue–developmental stage interaction

H2O2 27 4 <0.0001

GSH 28 4 <0.0001

GR 30 4 <0.0001

GST 16 4 <0.05

Table 5 Pearson′s correlation coefficient between glutathione (GSH)
concentration, glutathione reductase (GR) and glutamine-S-transferase
(GST) activity in brain, thoracic muscles, and gut of male, female, and
5th instar of Aiolopus thalassinus collected at sites with different
pollution level

Sex/stage Tissue Parameter GSH GR GST

Male Brain GSH 1

GR 0.58 1

GST 0.20 0.76 1

Thoracic muscle GSH 1

GR 0.88 1

GST 0.61 0.50 1

Gut GSH 1

GR −0.47 1

GST −0.13 0.47 1

Female Brain GSH 1

GR 0.79 1

GST 0.77 0.72 1

Thoracic muscle GSH 1

GR 0.48 1

GST 0.69 0.94 1

Gut GSH 1

GR 0.89 1

GST −0.25 0.15 1

Nymph Brain GSH 1

GR 0.45 1

GST −0.53 −0.18 1

Thoracic muscle GSH 1

GR 0.41 1

GST 0.97 0.36 1

Gut GSH 1

GR −0.84 1

GST −0.04 0.38 1
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120 generations, the concentration of H2O2 did not differ
from the values found for the control group (Augustyniak
et al. 2016). Also, an increase in H2O2 concentration was
found in the tissues of Ostrinia nubilaris (Lepidoptera:
Pyralidae) that were kept at −3 °C. The authors postulate
that high level of H2O2 may be connected with the reg-
ulation of the response to stress and the tolerance to freezing
(Kojic et al. 2009). Our research shows that under low and
moderate pollution, A. thalassinus can relatively efficiently
regulate the concentration of H2O2 (and possibly other
ROS). However, when the population is exposed to high
pollution, the concentration of H2O2 (and/or other ROS)
may increase significantly, especially in the gut, directly
contacting the pollution (Fig. 2—High polluted site).

Glutathione (GSH) is a major cellular thiol perceived as a
pivotal element in the antioxidative system, with a sig-
nificant ROS scavenging function. Glutathione serves as a
redox factor to keep the cellular redox state balanced (Li
et al. 2020; Meyer and Hell 2005; Schäfer and Buettner
2001). An increase in glutathione concentration is often
observed in animals exposed to metals, and its ability to
inactivate/bind excess metals is well documented (Jozefc-
zak et al. 2012). Interestingly, however, the increase in GSH
concentration in cells can rather be observed after long-term
exposure to metals. This was the case of S. exigua, where
the level of GSH and also total antioxidant capacity were
higher in the haemolymph of insects exposed to Cd for 33
and 61 generations. In contrast, exposure to this metal for
one generation did not cause such effect (Kafel et al. 2012).
Metals can influence glutathione level in different, indeed
overlapping processes. Metals can create complexes with
GSH, accelerate glutathione oxidation, or influence GSH-
related enzyme activity, but also they can induce the tri-
peptide synthesis (Ivanina et al. 2008, Jozefczak et al.
2012). Our results show that the increase in GSH con-
centration is significant, especially in the gut of adult A.
thalassinus from the highly polluted site (Figs. 2, 3).
However, recycling of the reduced form of glutathione in
the gut, as evidenced by the increase in glutathione reduc-
tase (GR) activity (Li et al. 2020; Pardini 1995), is relevant
mainly for females from the high polluted site (Fig. 4)

There is little information on the relationship between
glutathione reductase and metals in insect studies. Zaman
et al. (1995) in studies of the effect of arsenic on this
enzyme in Musca domestica, showed the stimulating effect
of As3+, while As5+ did not induce such changes. In
Chorthippus brunneus larvae, GR’s activity did not depend
on the degree of pollution of sites (Augustyniak et al.
2009). On the other hand, in Stenoscepa sp. collected in
serpentine areas (rich in nickel), GR activity was extremely
low, at the detection limit (Augustyniak et al. 2008). If
some part of the glutathione is bound to metals, GR activity
in insect tissues can be expected to decline in proportion to

the glutathione deficiency. Moreover, as with other
enzymes, it can be assumed that metals can block the active
site. The results obtained in this study partially confirm
such assumptions, but mainly in relation to males and
nymphs (Fig. 4). However, in females from a high polluted
site, GR’s activity in the intestines was high, which may
indicate the launch of a different strategy consisting of
increasing the synthesis of this enzyme.

Comparative studies show that the activity of glutathione
S-transferase (GST) differs in particular groups of animals
and is related to the degree of pollution of their habitats
(Stenersen et al. 1987; Isman et al. 1996, Mnkandla et al.
2019; Nikolić et al. 2019). The results of this study indicate
that the developmental stage/sex of the insect is also of
significant importance, as the nymphs and females generally
showed higher GST activity (Fig. 5).

The inverse relationship was found for individuals from
the low pollution site, where males had slightly higher GST
activity. When considering the efficiency of detoxification
enzymes in animals living in industrialized areas, one
should consider at least two phenomena that may change
the activity of the enzyme. The first one involves a phe-
notypic response leading to an increase in enzyme activity
in a xenobiotic presence that can induce a given enzyme
system. The second is the reverse and involves mechanisms
leading to a reduction in enzyme activity, for example, by
blocking the active site or, indirectly, by reducing the level
of substrates, i.e., reduced glutathione in the case of GST
(Habig et al. 1974; Yu 1982; Jozefczak et al. 2012; Zhang
et al. 2012). Model studies conducted by Díaz-Cruz et al.
(1997) have shown that metals, such as cadmium, can form
two types of complexes with glutathione. The formation of
such complexes in cells of an organism is also possible, as
demonstrated by Íşcan et al. (1995) in mice treated with
cadmium or nickel. The authors showed a decrease in GSH
level and decreased GST activity in the liver of these ani-
mals intoxicated with the metals. Data for invertebrates are
also available. For ants, Formica polyctena from polluted
forests of southern Poland, a negative correlation between
GST activity and metal content in the body of insects was
found. On the other hand, for spiders, an inverse relation-
ship was shown (Wilczek and Migula 1996). Females of
four species of spiders from polluted areas, despite differ-
ences in feeding behavior, were always characterized by
higher activity of GST compared to spiders from control
areas (Wilczek and Migula 1996). Therefore, it can be
suspected that under chronic exposure to metals, enzymes
should be constantly overexpressed, which (although it is
energy-consuming) should be perceived as a form of
adaptation. Relatively high GST activities in A. thalassinus
from high polluted sites can be the result of both direct and
indirect effects of metals, which stimulate the synthesis of
the enzyme. Comparing glutathione S-transferase activity in
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tissues shows that this enzyme is of great importance in the
gut, especially in 5th instar of A. thalassinus (Fig. 5). This
result is explainable. The gut is in direct contact with
xenobiotics taken with food. Nymphs are characterized by
dynamic growth, they feed intensively, and their develop-
ment processes are associated with substantial oxygen
consumption. Many insect species show sex-specific dif-
ferences in various aspects of their biology. Females of
grasshoppers are often larger than males, and reproduction
is more energy-consuming for them. By increasing food
consumption, they can be more exposed to various toxins.
Oviposition is stretched over time and requires the female to
remain in good condition to the end of her life. Maintaining
the antioxidant system in good condition may therefore be
more important for females. Perhaps this is why females
from the polluted site are characterized by a relatively high
content of H2O2 (resulting from high metabolism, intensive
oxygen consumption, and the impact of pollutants at the
same time), but also a relatively high concentration of GSH
and high GR and GST activity (Figs. 2–5).

Conclusions

Heavy metals present in the environment can increase
oxidative stress in A. thalassinus, mainly in individuals
from the highly polluted site. For these animals, especially
adults, it is also essential to maintain a high level of glu-
tathione. However, restoring its reduced form (through GR
activity) seems to be important mainly for females. These
differences may result from the different reproductive
functions of both sexes. Keeping the antioxidant system at a
high level seems to be more important for females due to
the need to lay eggs over a long time. However, de novo
GSH synthesis is a favorable and cost-effective adaptation
mechanism for A. thalassinus living in a highly polluted
site. Moreover, the tested insect species did well with low
contamination. This can be explained by the hormesis
phenomenon, which can temporarily strengthen defense
processes in response to subtle stress.
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