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Abstract

The effects of Cu, Zn and their mixture on bioaccumulation and antioxidant enzyme activities of midgut
and fat body of Galleria mellonellalarvae were investigated. The application of metals as a mixture
showed a synergistic effect and the accumulation levels were increased in both tissues. Zn accumulation
increased in midgut and fat body of G. mellonella larvae exposed to metal singly. On the other hand, Cu
accumulation increased in midgut, while a decrease was observed in fat body exposed to Cu singly.
Moreover, it was determined that oxidative stress was occured in midgut and fat body of G. mellonella
larvae with significant decreases and increases in antioxidant and detoxification enzyme activities when
fed singly and in mixture with different concentrations of Cu and Zn. Understanding the reactions of G.
mellonella, which is a model organism showing immune system responses similar to vertebrates and
bioindicator species, to metals by detoxification systems, which is an important parameter in insect
physiology, is thought to contribute to future toxicological, genotoxic, physiological and ecotoxicological
studies. G. mellonella larvae, which were used as a model organism, shows a similar reaction to
mammals.

Introduction

The use of heavy metals and industrial wastes has increased due to the rapid development of technology
and industry. In metal toxicity, which has gained importance recently, metal concentrations cause toxic
effects that can go up to death in living things, depending on the type of metal and its interaction with
other metals. Some metals are essential elements for the continuation of life, reproduction and the
maintenance of the immune system's activities in many organisms. However, they show toxic effects
after a certain concentration in living organisms. Heavy metals, which are resistant to environmental
conditions, accumulate in foods and biological systems. Metals taken into the organism can interact with
proteins and inhibit them by changing their structural and enzymatic functions, may exert toxic effects by
replacing essential elements, or some toxic metals may interact with proteins and cause intracellular
accumulation (Tuncsoy et al. 2016) .

Every living organism regulate its homeostasis, and metals are key players in the transport processes,
and many enzymatic activities. Zn is a cofactor of thousands of metalloenzyme and proteins. It is also a
crucial element, forming active sites in a wide range of enzymes, particularly metalloproteinases and
peptidases, in carbonic anhydrase, superoxide dismutase, and naturally the zinc fingers of many DNA-
binding proteins (Dow 2017). Cu is a catalyst in the reaction of oxidation and reduction, and defense of
the cell against oxygen radicals (Yazgan and Yazgan 2014).

Metals can cause oxidative stress by inducing redox reactions and the production of reactive oxygen
species (ROS). ROS are produced as normal metabolic processes and are regularly eliminated by
antioxidant defense system. These species cause oxidation of protein, damage to nucleic acid, lipid
peroxidation and activation of immune system (Hermes-Lima and Zenteno-Savin 2002; Gavrilovic et al.
2017). Antioxidant enzyme eliminates free radicals and ROS or transform them to impair molecules, and
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inhibit the reactions that cause the formation of free radicals, or repair damage originating from them.
Elements such as Cu and Zn are also required for their enzymatic antioxidant activity. SOD needs metals
such as zinc, copper and manganese for maximum effectiveness, CAT needs transition metals such as
iron, and GPx needs selenium cofactors, but they can also cause oxidative stress by inducing free radical
formation when taken in excess.

The increase of ROS impairs the absorption of nutrients and may cause oxidative damage in the midgut
cells of insects. Insects have various biochemical mechanisms like other eukaryotes, restrict damage of
ROS (Blagojevic and Grubor- Lajsic 2000; Boardman et al. 2012; Gavrilovic et al. 2017). Superoxide
dismutase (SOD) is the first detoxification enzyme and high extensive powerful antioxidant produced in a
cell. Glutathion peroxidase (GPx) plays a major role during prevention of lipid peroxidation and so the cell
preserve from oxidative stress (Gill and Tuteja 2010). Acetylcolinesterase (AChE), Cytochrome P450
(CytP450) and Glutathion-S-Transferase (GST) are charged with detoxification of xenobiotics in
organisms. AChE are important enzymes in nerve impuls for vertebrate and invertabrates (Frasco et al.
2005). The P450 enzyme plays a part in the growth and development of insects and their resistance and
tolerance to pesticides. GST plays an important role in detoxifying toxic compounds and removing
oxidative stress caused by them. Increases in these enzyme activities are used as biomarkers to
determine the toxic effect of xenebiotics or contaminants.

G. mellonella L. (Lepidoptera; Pyralidae), which were used as a model organism, shows a similar reaction
to mammals. Thus they can rearrange easily and in a short time in vitro also reduces the cost of
researches (Cook and McArthur 2013; Maguire et al. 2017; Lange et al. 2018).

The aim of the study is to determine the toxic effects of Zn and Cu singly and in mixture on antioxidant,
detoxification enzymes activities and the accumulation of these metals in midgut and fat body of G.
mellonella.

Materials And Methods

Stock culture and application of heavy metal concentrations

G. mellonella larvae were reared in semi-synthetic diet (bran, honey, glycerol, honeycomb and distilled
water) according to Bronksil (1961) in laboratory conditions at 28 + 2 °C, 70 + 5% RH. Copper 10 mg/L
and zinc 30 mg/L and 1: 1 copper-zinc solutions were prepared for feeding the larvae. Copper and zinc
solutions were applied to the combs by dipping method and the control group larvae were fed with combs
with distilled water. 20 fifth instar larvae were used in the experiment. Control and experimental groups
were treated for 72 h. Experiments were run in triplicate being 20 larvae in each replicate.

Isolation and homogenization of tissues

After dissection, midgut and fat body samples were homogenized at 4 °C by ultra turrax and ultrasonic
homogenizer. The homogenate were centrifuged at 500 g for 15 min (+4 °C). Supernatants were put into
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another tube and recentrifuged at 12000 g for 45 min (+4 °C). After then the filtration procedure was
performed to eliminate low molecular weight protein. Sephadex® G-25 gel columns were used for
filtration (Gonzalez-Reya et al. 2014). The samples were stored at -80 °C until the determination of
enzyme activities.

Bioaccumulation of heavy metals in midgut and fat body

The dissected midgut and fat body tissues were placed in a drying oven at 150 °C for 48 h. Dried tissues
were weighted and burnt in nitric acid and perchloric acid mixture (2/1; v/v) at 105 °C for 3 h in fume
cupboard (Muramoto 1983). Afterwards, samples were transferred to polyethylene tubes. Total volume
completed 5 ml with distilled water. Metal levels in tissues were determined using an ICP-MS
Spectrophotometer (PERKIN ELMER).

Determination of enzyme activities

SOD activity is based on the measuring the decrease in cytochrome c by xanthine oxidase / hypoxanthine
system at 550 nm (McCord and Fridovich1969). CAT activity is based on the measurement of the reduced
absorbance released by the degradation of H,0, at 240 nm (Greenwald 1985). GPx activity was
measured in the presence of glutathione reductase, reduced glutathione and cumene hydroperoxide as
substrate, following oxidation of NADPH at 340 nm (Lawrence and Burk 1976). GST activity was
determined by measuring the total GST activity catalyzing the conjugation of 1-chloro-2,4-dinitrobenzene
(CDNB) with reduced glutathione at 340 mn (Habig et. al 1974). Tris HCI (100 mM, pH: 8.0) solution at a
ratio of 1: 5 and 10% Triton in a volume 10 times the amount of Tris HC| were added onto the midgut and
fat body. Samples were centrifuged at 12.000 g for 30 minutes at 4°C. AChE activity was detected by
Ellman et al. (1961). The samples were measured kinetically in the spectrophotometer at 405 nm
absorbance. CytP450 enzyme activity was determined using PNOD (4-nitroanisole) as substrate.
Samples were measured at 405 nm (Rose et. al. 1995).

Total protein was evaluated according to the Bradford (1976) method using Bovine serum albumin as a
substrate.

Statistical analysis

The statistical data between the control and test groups were calculated using the SNK test in the SPSS
21.0 program. P<0.05 was considered statistically significant.

Results

Metal accumulation

While a decrease in bioaccumulation level in fat body was detected in the group in which Cu was applied
alone, no statistical differences were observed in the group applied in mixture with Zn. In midgut, it was
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determined that bioaccumulation was occured in the group treated with Cu alone and in a mixture with
Zn when compared with the control group (Fig. 1 and Fig 2.; p<0.05).

SOD activities

It was determined that the SOD activity in fat body of G. mellonella larvae decreased by 56.9 %, 10.8 %
and 68.2 %, respectively, in the groups treated with Cu, Zn and mixture. Otherwise, significant increases
were determined in Cu and Zn applied groups (286 % and 22.7 %, respectively) in midgut whereas a
significant decrease was observed (42.4 %) in mixture applied group (Fig. 3.; p < 0.05).

CAT activities

CAT activity in fat body of G. mellonella larvae increased by 68.5 % in the groups treated with Cu, whereas
significant decreases were observed in the Zn and mixture applied groups (9.8 % and 38.8 %,
respectively). Otherwise, in midgut, a significant increase was determined in Cu (293%) while significant
decreases were detected in Zn and mixture applied groups (55.3 % and 60 %, respectively) (Fig. 4.,
p<0.05).

GPx activities

Significant decreases were observed in midgut and fat body of G. mellonella larvae in all treatment
groups compared according to the control. It was determined that GPx activities in fat body of G.
mellonellalarvae decreased by 40.2 %, 20.5 % and 19.5 %, resepctively, in the all apllied groups. In midgut,
significant decreases were also observed in all applied groups according to the control group (62.3 %,
29.75 % and 58 %, respectively). (Fig 5; p<0.05).

GST activities

While GST activity increased in Cu and Zn groups in fat body compared to control, it decreased in the
mixture group and these differences were considered significant. It was determined that GST activities
were increased significantly in fat body of larvae Cu and Zn applied singly (115 % and 155 %,
respectively). Otherwise, a significant decrease was observed in mixture applied group accodinf to the
control group (81.7 %). In fat body, GST activity was increased in Cu appllied groups whereas significant
decreases were observed in Zn and mixture applied groups (3.6 % and 29.3 %, respectively).

GST activity of the mixture group showed a significant decrease in both tissues compared to Cu and Zn
application groups (Fig 6; p<0.05).

AChE activities

A significant increase was observed in the Zn application group (168 %), while there was a significant
decrease in the Cu (43 %) and mixture groups (75 %) compared to the control. In midgut, it was observed
that AChE activities were increased when Cu and Zn applied singly, whereas a significant decreased were
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determined in mixture applied group (9.4 %). AChE activity showed a significant decrease in the mixture
treatment groups in both tissues compared to Cu and Zn groups.

Cyt P450 activities

Cyt P450 activity was decreased in mixture applied group according to the control (31.5 %), while a
significant increase was determined in fat body of Zn applied group (86.2 %). Otherwise, in Cu and Zn
applied groups, significant increases were observed compared with the control group (317 % and 153 %,
respectively). Also enzyme activity showed a significant decrease in both tissues in the mixture group
compared to Cu and Zn groups.

Discussion

Heavy metals are known to have an effects on insect growth rates and mortality. Moreover, they have a
direct effect on some innate insect resistance mechanisms such as the immune and detoxification
systems. Antioxidant and detoxification enzymes are good indicators of oxidative damage caused by
metals. Some parameters are used as biomarkers in toxicity measurements such as biotransformation
enzymes (CytP450) and their products (protein, RNA, DNA), oxidative stress (CAT, SOD, GPx),
hematological (transaminases), neuromuscular (AChE) and genotoxic (DNA damage) parameters.
Biomarkers provide information about the potential xenobiotic mechanisms. In this study, the effects of
G. mellonellalarvae fed with different concentrations of Cu (10 mg /L), Zn (30 mg /L) and thier mixture
on the antioxidant enzyme activities and accumulation levels in the midgut and fat body were
investigated.

Similar studies have shown that the accumulation of heavy metals in tissues cause toxic effects when
they reach critical values (Li et al. 2005; Tkachenko and Kurhaluk 2012). In insects, large amounts of
accumulated metals are taken up by metal-binding proteins and stored in intracellular spheres to prevent
them from interacting with biomolecules and reactions in midgut tissues. When midgut cells reach the
metal storage capacity, cells break down and the accumulated metals are released into the lumen and
excreted with feces. This process damages the epithelial cells and disrupts the midgut processes (Peric-
Mataruga et al. 2018). Moreover, the gut is the first organ to be exposed to metals and other
environmental xenobiotics taken up by insects and also defend against them, in addition, it also include
many events such as an antioxidant effects, detoxfication, reformed of digestive enzyme activities,
expression of different enzyme isoforms. (Wang et al. 2020).

Fat body of insects is analog with liver in vertebrates and it was known that xenobiotics mostly
overaccumulate in this tissue. According to the results of this study, the implementation of metals as a
mixture showed a synergistic effect and it has increased the accumulation in both tissues. When using
metals singly, Zn levels increased in midgut and fat body. Moreover, Cu level increased in midgut whereas
decreased in fat body. Long-term exposure to metals causes metals to accumulate in organisms. The

accumulation of metals increases the formation of high superoxide radicals (0,~) or derivatives such as
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hydrogen peroxide (H,0,) (Gopi et al. 2019). SOD, CAT and GPx are the first defense antioxidant to
neutralize any molecule that has the potential to become free radicals or any free radicals that can trigger
the production of other radicals (Ighodaro and Akinloye 2018). SOD catalyzes the transformation of O,~
to H,0, and O, (McCord and Fridovich 1969). H,0, transforms into OH" (hydroxide) radical by Fenton
and Haber Weiss reaction in the presence of metal ions (Gomes 2012). Catalase transforme toxic
hydrogen peroxide generated as a result of superoxide dismutase activity into water and oxygen (Duthie
1989). GPx plays a important role in the process of preventing lipid peroxidation (Gill and Tuteja 2010). In
this study, SOD activity was increased in the Cu and Zn groups in the midgut, while it decreased in the fat
body of G. mellonellalarvae compared to the control. CAT activity increased in both tissues in Cu applied
groups compared to the control, while it decreased in the midgut in Zn applied group. It is thought that
due to the high toxic effect of copper, the SOD produces excessive H,0, and the CAT activity may have
increased to eliminate the excessively produced H,0,. In M. posthuma, it was reported that different
concentrations of CuSO, and Cu NP caused a decrease in SOD activity and the highest decrease was
occurred at the highest concentration (Gautam et al. 2018). Additionally, it was demonstrated that there
was a significant increase in the CAT activity of S. /ittoralis fed with the extract of castor leaves treated
with ZnO NPs and AgNPs. (Ibrahim and Ali 2018). Another study with G. mellonella demonstrated that
larvae fed with increasing concentrations of Cr and Pb caused an increase in CAT and SOD enzyme
activity compared to control (Wu and Yi 2015). In this study, a significant decrease in GPx activity was
observed in all experimental groups compared to control. Moreover, it was observed that GPx activity in
the group treated with Cu was lower than CAT and SOD enzymes. In addition GPx activity showed that an
increase in Zn and mixture applications compared to SOD and CAT activity. Its known that activity of CAT
is more effective in high concentrations of H,0,, while GPx activity is more effective in lower H,0,
concentrations (Duthie et al. 1989). Li et al. (2005) observed that in Oxya chinensis, GPx activity
decreased due to increase in Cd concentration. Zinc is a cofactor of thousands of metalloenzyme and
proteins (Weiss and Carver 2018) and also a crucial element, forming active sites in a wide range of
enzymes and the zinc fingers of many DNA-binding proteins (Dow 2017). Additionally, although copper is
an integral part of many vital enzymes, it can caused oxidative damage (Nikolic et al. 2016) and
accumulation in tissues at increasing concentrations. In addition, it has been observed that antioxidant
enzyme activities change according to the species, developmental stage and tissues.

In this study, CytP450 activity increased in the midgut when Cu and Zn applied singly, while GST activity
increased only in the Cu applied group. In fat body, GST activity was increased in Cu and Zn applied
groups, while CytP450 only increased in the Zn applied group compared to the control.

P450 enzymes are mainly involved in the first stage of xenobiotic metabolism, while GST enzymes are
mainly involved in the second stage and responsible for the modification and conjugation of polar
compounds. GST and Cyt P450 enzymes are found in the tissues of many organisms, generally in the
liver. GST plays a role in protecting cellular integrity, preventing oxidative stress responses and DNA
damage by catalyzing endogenous and exogenous xenobiotics, conjugation of glutathione with various
electrophilic substrates (Casalino et al. 2004; Mao et al. 2019). In studies with different insect species,
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P450 enzyme activities were found to be at the highest levels, especially in the midgut and malpigi tubes
(Tuncsoy 2017). In a study with Helicoverpa armigera, as a result of treatment of pentomethylbenzene
and naphthalene, it was observed that the amount of increase in CytP450 activity was higher in the
midgut compared to the fat body (Qiu et al. 2003). In this study, AChE enzyme activity in midgut has
increased in both treatment groups compared with control, while in fat body increased in Zn treatment
and reduced in Cu. In a study, it is thought that as a result of the toxicity of Pyriproxyfen and B.
Thuringiensis, the increase in free radical formation and the decrease in AChE activity may result from the
inactivation of this enzyme by free radicals. In addition, the authors commented that increased free
radicals might have reduced the activity of enzymes by interacting with metal ions, which are cofactors
of these enzymes, or with active amino acids in the enzyme structure (Tuncsoy 2018). In this study, it was
observed that there was a significant decrease in the enzyme activities analyzed both in midgut and fat
body of the larvae fed with the mixture applied diet. Also, when mixture grpup is compared with the other
two metals, a decrease in enzyme activities in both tissues. Excessive production of ROS with the effect
of increased metal accumulation in tissues may have caused deficiency of defense systems or inhibition
of enzymes. Also, it is thought that these differences may be due to applied time, different size and
concentration of metals (Benavides et al. 2016; ibrahim and Ali 2018; Gautam et al. 2018).

Innate immune parameters and antioxidant enzymes are used as indicators to determine the stress
tolerance of invertebrates and environmental pollution. G. mellonella larvae and studies with other
species showed that heavy metals accumulate in tissues and when reached the accumulation
concentration critical levels, may cause toxic effects and also changes in antioxidant and detoxification
enzymes, which are oxidative stress biomarker. Changes in such enzymes are used as biomarkers in
determining the toxic effects of xenobiotics.

Conclusion

In the study, it was determined that G. mellonella larvae, when fed singly and in mixture with different
concentrations of copper and zinc, cause oxidative stress in the midgut and fat body, with significant
decreases and increases in antioxidant and detoxification enzyme activities, which are an indicator of
oxidative stress.

Insects that can be exposed to heavy metals naturally or human-induced by air, water and oral way and
can be used as bioindicators in determining environmental pollution levels. Besides, they can be
produced easily in the laboratory due to their short life cycles and rapid reproduction. Due to these
properties, it is widely used as an alternative organism to vertebrates in studies of human acute toxicity,
bacterial and fungal pathogenicity, and antimicrobial pharmacokinetic effects. Understanding the
reactions of G. mellonella, which is a model organism showing immune system responses similar to
vertebrates and bioindicator species, to metals by detoxification systems, which is an important
parameter in insect physiology, is thought to contribute to future toxicological, genotoxic, physiological
and ecotoxicological studies.

Page 8/20



Declarations

Funding

This study was supported by the Scientific Research Projects Coordination Unit of Cukurova University
(FBA / 2020/12547).

Competing interests

The authors declare that they have no competing interests.

Availability of data and materials

All data generated or analyzed during this study are included in this published article
Authors’ contribution

BS and YM analyzed the enzymatic activities and hemocyte numbers. All authors were the contributor in
writing the manuscript. All authors read and approved the final manuscript.

Ethics approval and consent to participate
Not applicable

Consent for publication

Not applicable

Acknowledgments

This study was supported by the Scientific Research Projects Coordination Unit of Cukurova University
(FBA / 2020/12547).

References

1. Benavides M (2016) Single and Combined Effects of Aluminum (Al,03) and Zinc (ZnO) Oxide

Nanoparticles in a Freshwater Fish, Carassius Auratus. Environ Sci Pollut R 23(24):24578-91. doi:
10.1007/s11356-016-7915-3.

2. Blagojevic DP, Grubor-Lajsic G (2000) Multifunctionality of Antioxidant System in Insects. A Review.
Arch Biol Sci 52, 185e194. 52: 185-94.

3. Boardman L (2012) Reactive Oxygen Species Production and Discontinuous Gas Exchange in
Insects. P Roy Soc B-Biol Sci 279(1730): 893-901. doi: 10.1098/rspb.2011.1243

4. Bradford M (1976) A Rapid and Sensitive Method for the Quantitation of Microgram Quantities of
Protein Utilizing the Principle of Protein-Dye Binding. Analytical Biochemistry 72(1-2): 248-54.

Page 9/20



5.

6.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Bronksil JF (1961)A Cage to Simplify the Rearing of The Greater Wax Moth, Galleria Mellonella
(Pyralidae). J Lep Soc 102-4.
Casalino E, Sblano C, Landriscina V, Calzaretti G, Landriscina, C (2004) Rat Liver Glutathione S-

transferase Activity Stimulation Following Acute Cadmium of Manganese Intoxication. Toxicology
200:29-38 doi: 10.1016/j.tox.2004.03.004.

. Cook S M, McArthur JD (2013) Developing Galleria Mellonella as a Model Host for Human

Pathogens. Virulence 4(5): 350-53. doi: 10.4161/viru.25240

. Dow JAT (2017) The Essential Roles of Metal lons in Insect Homeostasis and Physiology. Curr Opin

Insect Sci 23: 43—-50. http://dx.doi.org/10.1016/j.c0is.2017.07.001

. Dubovskiy .M, Martemyanov VV, Vorontsova YL, Rantala MJ, Gryzanova EV, Glupov VV (2008)

Effect of Bacterial Infection on Antioxidant Activity and Lipid Peroxidation in the Midgut of Galleria
mellonella L. Larvae (Lepidoptera: Pyralidae). Comp Biochem Phys C 148:1-5.doi:
10.1016/j.cbpc.2008.02.003.

Duthie GG,Wahle KWJ, James WPT ( 1989) Oxidants, Antioxidants and Cardiovascular Disease. Nutr
Res Rev 2(1):51-62.

Ellman GL, Courtney KO, Anders V, Featherstone RM (1961) A new and rapid colorimetric
determination of acetylcholinesterase activity.Biochem Pharmacol 7:88-95

Gavrilovi¢ A (2017) Effects of Benzo[a]Pyrene Dietary Intake to Antioxidative Enzymes of Lymantria
Dispar (Lepidoptera: Lymantriidae) Larvae from Unpolluted and Polluted Forests. Chemosphere 179:
10-19. http://dx.doi.org/10.1016/j.chemosphere.2017.03.083

Frasco MF, Fournier D, Carvalho F, Guilhermino L (2006) Do metals inhibit acetylcholinesterase
(AChE)? Implementation of assay conditions for the use of AChE activity as a biomarker of metal
toxicity. Biomarkers, September/October 2005; 10(5): 360/375. doi: 10.1080/13547500500264660

Gautam A (2018) Immunotoxicity of Copper Nanoparticle and Copper Sulfate in a Common Indian
Earthworm. Ecotox Environ Safe 148(May 2017): 620-31.

Gill S, Narendra T (2010) Reactive Oxygen Species and Antioxidant Machinery in Abiotic Stress
Tolerance in Crop Plants. Plant Physiol Bioch 48(12): 909-30. doi: 10.1016/j.plaphy.2010.08.016.
Gomes T(2012) Effects of Nanoparticles Exposure in the Mussel Mytilus galloprovincialis.
Faculdade De Ciéncias E Tecnologia.

Gonzalez-Rey M (2014) Effects of Active Pharmaceutical Ingredients Mixtures in Mussel Mytilus
galloprovincialis. Aquat Toxicol 153: 12-26. doi: 10.1016/j.aquatox.2014.02.006.

Gopi N (2019) Chronic Exposure of Oreochromis Niloticus to Sub-Lethal Copper Concentrations:
Effects on Growth, Antioxidant, Non-Enzymatic Antioxidant, Oxidative Stress and Non-Specific
Immune Responses. J Trace Elem Med Bio 55(December 2018): 170-79. doi:
10.1016/j.jtemb.2019.06.011

Greenwald RA (1985) Handbook Methods For Oxygen Radical Research. CRC Press.

Page 10/20



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Habig WH, Pabst MJ, Jakoby WB (1974) Glutathione-s-transferases, the first enzymatic step in
mercapturic acid formation. J Biol Chem 249:7130-7139

Hermes-Lima M, Zenteno-Savin T (2002) Animal Response to Drastic Changes in Oxygen
Availability and Physiological Oxidative Stress. Comp Biochem Phys C 133(4): 537-56. doi:
10.1016/s1532-0456(02)00080-7.

Ighodaro OM, Akinloye OA (2018) First Line Defence Antioxidants-Superoxide Dismutase (SOD),
Catalase (CAT) and Glutathione Peroxidase (GPX): Their Fundamental Role in the Entire Antioxidant
Defence Grid.” Alexandria Journal of Medicine 54(4): 287 -

93. https://doi.org/10.1016/j.ajme.2017.09.001

Ibrahim AMA, Ali MA (2018) Silver and Zinc Oxide Nanoparticles Induce Developmental and
Physiological Changes in the Larval and Pupal Stages of Spodoptera Littoralis (Lepidoptera:
Noctuidae). J Asia-Pac Entomol 21(4): 1373-78. https://doi.org/10.1016/j.aspen.2018.10.018.

Lange A, Beier S, Huson DH, Parusel R, Iglauer F, Frick J-S (2018) Genome sequence of Galleria
mellonella (greater wax moth). Genome Announc 6:€01220-17.
https://doi.org/10.1128/genomeA.01220-17.

Lawrence RA, Burk RF (1976) Glutathione Peroxidase Activity in Selenium-Deficient Rat Liver.
Biochem Bioph Res Co 71(4): 952-58.

Li L, Xuemei L, Yaping G, Enbo M (2005) Activity of the Enzymes of the Antioxidative System in
Cadmium-Treated Oxya chinensis (Orthoptera Acridoidae). Environ Toxicol Phar 20(3): 412-16.

Maguire R, Kunc M, Hyrsl P Kavanagh K (2017) Analysis of the Acute Response of Galleria
mellonella Larvae to Potassium Nitrate. Comp Biochem Phys C 195: 44-51.
http://dx.doi.org/10.1016/j.cbpc.2017.02.007

Mao BH, Chen ZY, Wang YJ, Yan SJ (2018) Silver nanoparticles have lethal and sublethal adverse
effects on development and longevity by inducing ROS-mediated stress responses. Sci Rep 8(1):
2445, doi: 10.1038/s41598-018-20728-z.

McCord JM, Fridovich I (1969) Superoxide Dismutase. An Enzymic Function for Erythrocuprein
(Hemocuprein). J Biol Chem 244(22): 6049-55.

Muramoto S (1983) Elimination of copper from Cu contaminated fish by long-term exposure to EDTA
and freshwater. J Environ Sci Health 18(3):455-461. https://doi.org/10.1080/10934528309375113
Nikoli¢ TV, Danijela K, Snezana O, Darko B, Elvira V, Dusko P, Jelena P (2016)The Impact of Sublethal
Concentrations of Cu, Pb and Cd on Honey Bee Redox Status, Superoxide Dismutase and Catalase in
Laboratory Conditions. Chemosphere 164: 98—

105. http://dx.doi.org/10.1016/j.chemosphere.2016.08.077

Peri¢-Mataruga V, llijin L, Mrdakovi¢ M, Todorovié¢ D, Proki¢ M, Mati¢ D, Vlahovi¢ M (2018)
Parameters of oxidative stress, cholinesterase activity, Cd bioaccumulation in the brain and midgut

of Lymantria dispar (Lepidoptera: Lymantriidae) caterpillars from unpolluted and polluted forests.
Chemosphere. https://doi.org/10.1016/j.chemosphere.2018.11.112

Page 11/20



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Qiu X, Tian WY, Leng X (2003) Cytochrome P450 Monooxygenases in the cotton Bollworm
(Lepidoptera: Noctuidae): Tissue Differences and Induction. J Econ Entomol 96(4): 1283-
1289. https://doi.org/10.1093/jee/96.4.1283

Rose R, Barbhaiya L, Roe R, Rock G, Hodgson E (1995) Cytochrome P-450- Associated Insecticide
Resistance and the Development of Biochemical Diagnostic Assays in Heliothis virescens. Pestic
Biochem Phys 51:178-191.

Stonea D, Jepsona P, Laskowskib R (2002) Trends in detoxification enzymes and heavy metal
accumulation in ground beetles (Coleoptera: Carabidae) inhabiting a gradient of pollution. Comp
Biochem Phys C 132 105-112

Tkachenko H, Kurhaluk N (2012) Pollution-Induced Oxidative Stress and Biochemical Parameter
Alterations in the Blood of White Stork Nestlings Ciconia Ciconia from Regions with Different
Degrees of Contamination in Poland. J Environ Monitor 14(12): 3182. doi: 10.1039/c2em30391d

Tungsoy B (2017) The Effects of Pyriproxyfen and Bacillus thuringiensis on the Oxidative Stress
Level, Enzymatic Antioxidant Defense System and Hemocyte Counts of Galleria mellonella L. (PhD
Thesis)

Tungsoy B, Tungsoy M, Gomes T, Sousa V, Teixeira RM, Bebianno MJ, Ozalp P (2018) Effects of
Copper Oxide Nanoparticles on Tissue Accumulation and Antioxidant Enzymes of Galleria mellonella
B Environ Contam Tox. https://doi.org/10.1007/s00128-018-2529-8

Tungsoy M, Duran S, Ay O, Cicik B, Erdem C (2016) Accumulation of Copper in Gill, Liver, Spleen,
Kidney and Muscle Tissues of Clarias gariepinus Exposed to the Metal Singly and in Mixture with
Chitosan. Bull Environ Contam Toxicol 97: 486—-489. https://doi.org/10.1007/s00128-016-1900-x

Wang H, Lu Z, Li M, Fang Y, Qu J, Mao T, Chen J, Li F, Sun H, Li B (2020) Responses of detoxification
enzymes in the midgut of Bombyx mori after exposure to low-dose of acetamiprid. Chemosphere 251
126438. https://doi.org/10.1016/j.chemosphere.2020.126438

Weiss G, Carver PL (2018) Role of Divalent Metals in Infectious Disease Susceptibility and

Outcome. Clin Microbiol Infec 24(1): 16—23. https://doi.org/10.1016/j.cmi.2017.01.018.

Wu G, Yi Y (2015) Effects of dietary heavy metals on the immune and antioxidant systems of
Galleria mellonella larvae. Comp Biochem Phys C 167:131- 139.
http://dx.doi.org/10.1016/j.cbpc.2014.10.004

Yazgan B, Yazgan Y (2014) Importance of Relationship Metallothioneins and Zinc. Med J SDU
23(3): 104-11.

Figures

Page 12/20



[
=)

- 14
=
=
-"':"‘:' 12
5
O 10
2 ® Fat Body
= 8
= m Midgut
& 6
g
s 4
(3]
L¥]
< )

0

Control Cu Cu+Zn
Metals

Figure 1

Accumulation of Cu in midgut and fat body of G. mellonella exposed to metals singly and mixture. Data
shown are means + SE (Student-Newman Keul's test; asterisks indicate significant differences at P<0.05).
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Figure 2

Accumulation of Zn in midgut and fat body of G. mellonella exposed to metals singly and mixture. Data
shown are means + SE (Student-Newman Keul's test; asterisks indicate significant differences at P<0.05).
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Figure 3

Effects of Cu, Zn and their mixtures on the SOD enzyme activity of G. mellonella in midgut and fat body.
Data shown are means + SE (Student-Newman Keul's test; asterisks indicate significant differences at

P<0.05).
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Figure 4

Effects of Cu, Zn and their mixtures on the CAT enzyme activity of G. mellonella in midgut and fat body.
Data shown are means + SE (Student-Newman Keul's test; asterisks indicate significant differences at
P<0.05).
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Figure 5

Effects of Cu, Zn and their mixtures on the GPx enzyme activity of G. mellonella in midgut and fat body.
Data shown are means + SE (Student-Newman Keul's test; asterisks indicate significant differences at
P<0.05).
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Figure 6
Effects of Cu, Zn and their mixtures on the GST enzyme activity of G. mellonella in midgut and fat body.

Data shown are means + SE (Student-Newman Keul's test; asterisks indicate significant differences at
P<0.05).
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Effects of Cu, Zn and their mixtures on the AChEenzyme activity of G. mellonella in midgut and fat body.
Data shown are means + SE (Student-Newman Keul's test; asterisks indicate significant differences at
P<0.05).
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Figure 8

Effects of Cu, Zn and their mixtures on the CytP450 enzyme activity of G. mellonella in midgut and fat
body. Data shown are means + SE (Student-Newman Keul's test; asterisks indicate significant differences
at P<0.05).
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