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COPPER AND COPPER-CONTAINING PESTICIDES: METABOLISM, 

TOXICITY AND OXIDATIVE STRESS  
  

VIKTOR HUSAK  

Abstract.  The purpose of this paper is to provide a brief review of the current knowledge 
regarding metabolism and toxicity of copper and copper-based pesticides in living organisms. 
Copper is an essential trace element in all living organisms (bacteria, fungi, plants, and animals), 
because it participates in different metabolic processes and maintain functions of organisms. The 
transport and metabolism of copper in living organisms is currently the subject of many studies. 
Copper is absorbed, transported, distributed, stored, and excreted in the body via the complex of 
homeostatic processes, which provide organisms with a needed constant level of this micronutrient 
and avoid excessive amounts. Many aspects of copper homeostasis were studied at the molecular 
level. Copper based-pesticides, in particularly fungicides, bacteriocides and herbicides, are widely 
used in agricultural practice throughout the world. Copper is an integral part of antioxidant 
enzymes, particularly copper-zinc superoxide dismutase (Cu,Zn-SOD), and plays prominent roles 
in iron homeostasis. On the other hand, excess of copper in organism has deleterious effect, 
because it stimulates free radical production in the cell, induces lipid peroxidation, and disturbs 
the total antioxidant capacity of the body. The mechanisms of copper toxicity are discussed in this 
review also. 
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1. INTRODUCTION  

For centuries, pesticides have been used in agricultural practice to enhance food production by 

controlling unwanted pests [2]. Many of these pesticides used extensively worldwide are copper-based 

formulations, including copper sulfate, copper oxychloride and copper carbonate. Pesticides containing 

copper have a historical significance in that the fungicidal properties of “Bordeaux mixture”, named 

after the Bordeaux region in France, were accidentally discovered. When Bordeaux mixture, a 

chemically undefined mixture of copper sulfate and hydrated lime, was applied to grapes to discourage 

local pilfering, it was observed that downy mildew disappeared from the treated plants. It was from 

this serendipitous event that commercialization of fungicides originated [19]. 

USEPA (2008) listed copper as a pesticide and copper compounds are extensively used in various 

agricultural settings. Millions tons of copper are applied annually, predominantly in crop 

protection [64]. Copper is relatively safe from a handling perspective, but there is some concern 

regarding its buildup in agricultural soils. After application on plants in the field, residual Cu typically 

accumulates in the upper 15 cm of soil, bound to the organic matter and fine clay fraction [29]. Most 
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importantly, the ecological risk assessments indicate that copper is relatively non toxic for use as a 

broad-spectrum fungicide on many food and ornamental crops, and for direct use in water applications 

as an algicide, aquatic herbicide, bactericide, and molluscicide. Copper compounds also are registered 

for antimicrobials [67]. 

Copper-based agrochemicals can affect human health, causing different types of cancer, 

degenerative diseases, and many immune, hematological, neurological and reproductive disorders [50]. 

With the increasing interest in improving “old” copper-containing pesticides and especially in 

developing new organic pesticides, it becomes of considerable practical importance to understand 

molecular mechanisms of copper action. This review article describes the metabolism, toxicity and 

several mechanisms of oxidative stress induction by copper and copper-containing pesticides in living 

organisms.  

 
2. METABOLISM OF COPPER IN LIVING ORGANISM 

 
Copper is absorbed, transported, distributed, stored, and excreted in the body according to complex 

homeostatic processes which ensure a constant and sufficient supply of the micronutrient while 

simultaneously avoiding excess levels [56]. It is mainly absorbed through the gastrointestinal tract of 

animals. From 20 to 60% of the dietary copper is absorbed, with the rest being excreted through the 

faeces. Various factors influence copper absorption. For example, copper absorption is enhanced by 

ingestion of animal protein, citrate, and phosphate. Copper ions are better adsorbed from salts, 

including copper gluconate, copper acetate, or copper sulfate, are more easily absorbed than from 

oxides [63]. Elevated levels of dietary zinc and cadmium, as well as high intakes of phytate and simple 

sugars (fructose, sucrose) inhibit dietary absorption of copper [12, 67, 68]. Following the metal passes 

through the basolateral membrane, it is transported to the liver bounded to the serum albumin. The 

transport of copper to the peripheral tissues is performed via the plasma attached to serum albumin, 

ceruloplasmin, or low-molecular-mass complexes [24]. In blood, copper is distributed into a non-

exchangeable red cell pool, a plasma pool associated with proteins, and a labile pool of low molecular 

mass complexes. In humans, approximately 80-90% of the plasma copper is tightly bound with 

ceruloplasmin while the rest is bound to albumin and amino acids. 

Bury et al. (2003) showed that in the fish gills, Cu2+ is probably reduced to Cu+ and enters body via 

either a putative epithelial sodium channel (EnaC) or copper transporter 1 (CTR1). Metallochaperones 

(MC) bind Cu+ and transport it to the Golgi network (GN), where copper enters into the Golgi lumen 

via a Menkes Cu+-ATPase (MNK). Cu+ is incorporated into metal binding proteins (MBP) within the 

GN. The vesicles of GN then transfer copper to the basolateral membrane for release via exocytosis. 

Other ATPases exporting copper (i.e. Ag+/Cu+-ATPase) may also be presented in the basolateral 

membranes. Intestinal export of copper may be realised via a Cu–/Cl–-symporter, or via the MNK 

pathway. Excess of copper is bound to low molecular mass proteins, such as metallothioneins (MT) 

(Fig. 1) [8]. 

Interestingly, in mammals intestinal copper uptake primarily occurs in the small intestine [67], 

whereas in fish, copper uptake is found on the mid/posterior region [23]. 
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Fig. 1.  Hypothetical representation of cellular copper uptake pathways in fish, combined data from gills and  
intestine (modified from [8]). EnaC, epithelial sodium channel; CTR1, copper transporter 1; MC, metallochaperones;  

GN, Golgi network, MNK, Menkes Cu+-ATPase; MBP, metal binding proteins; Li, aquatic ligand; CR, copper reductase. 

 

Liver is the major organ involved in copper homeostasis [22, 31]. It accumulates a large proportion 

of the copper absorbed from the diet or water, and is the site for synthesis of the most abundant 

copper-containing protein in the body, ceruloplasmin. Ceruloplasmin is secreted into the blood and 

acts as a source of copper to extrahepatic organs [24]. Copper may also circulate in the body in complex 

with albumin and other low-molecular mass proteins [24]. The bile is the main site for secretion of 

excess copper in teleost fish [22]. In mammals, there are three possible secretory pathways: (1) a Cu-

ATPase, identified in patients suffering from Wilson’s disease (termed Wilson’s protein or ATP7B) *24+; 

(2) a multiorganic cation transporter (cMoat) [16] and (3) lysosomal secretion [21]. Upon entering the 

cell through the copper transporter CTR1, copper is delivered to ATP7B in the Golgi apparatus by the 

copper chaperone ATOX1. In the Golgi apparatus copper is incorporated in various cuproenzymes 

including ceruloplasmin. When copper levels in the cell rise, ATP7B redistributes to a vesicular 

compartment. Upon relocalization of ATP7B, copper is excreted from the hepatocyte through the bile 

via an unknown mechanism that probably involves COMMD1 (Fig. 2) [13]. 

 

 
Fig. 2.  The ATP7B-mediated copper export pathway in the hepatocytes (modified from [13]).  
CTR1, copper transporter 1; ATOX1, copper chaperone ATOX1; ATP7B, Wilson’s protein;  

COMMD1, copper metabolism (Murr1) domain-containing protein 1. 
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In baker’s yeast, copper is transported into the cell by two high-affinity copper transporters Ctr1 

and Ctr3, or by a low-affinity Cu/Fe-transporter Fet4, depending on extracellular copper 

concentrations. Ctr2 could be involved in copper efflux from the vacuole. Copper is distributed via 

unknown mechanism to three different metallochaperones: Atx1, CCS and Cox17 [51]. Transport of 

copper to the secretory compartment involves the metallochaperone Atx1, that shuttles copper to Ccc2, 

a P-type ATPase located in the trans-Golgi network, and is responsible for Cu translocation. When Cu 

is transported into the lumen of the secretory pathway, it is loaded on Fet3, a multicopper-ferroxidase 

essential for high-affinity iron uptake that partners with the Ftr1 subunit. The delivery of copper to 

Sod1 is mediated by the copper chaperone for SOD, CCS. This protein contains three different domains: 

an Nt domain I similar to Atx1, a central domain II with homology to Sod1 and an essential Ct domain 

III. CCS directly interacts with Sod1 through the central domain and contacts from domain III to form a 

heterodimer. The metallochaperone Cox17 transports copper to Sco1, and other proteins, located in the 

inner mitochondrial membrane. Then copper is transferred to specific subunits of COX (Fig. 3) [51]. 

 

 
 

Fig. 3.  Copper transport and distribution in baker’s yeast (modified from [51]).  
Ctr1, Ctr2, Ctr3, Ctr4, copper transporters; Ftr1, Fet3, Fet4, Cu/Fe-transporters; Atx1, Cox17, CCS,  

metallochaperones; Ccc2, P-type ATPase; Sod1, Cu,Zn-SOD; Sco1, cytochrome C oxidase assembly protein;  
COX, cytochrome oxidase; IMS, intermembrane space. 

   
3. COPPER AS A COMPONENT OF PESTICIDES 

 
The first registration for a copper-containing pesticide, copper sulfate, was issued in 1956 [52]. 

Currently, 16 copper active ingredients have active food use registrations subject to tolerance 

reassessment and reregistration review [64]. 

Copper-based pesticides include aqueous solutions, wettable powders, dry flowables, dusts, 

flowables, water-dispersible granules, emulsifiable  concentrates, and granules. There are two broad 

categories of copper-based products. Among them water soluble, such as copper sulphate, and 

insoluble in water, such the oxychlorides (Coppox®WG) and hydroxides (Hydrocop®WG). Water-

soluble formulations are short lived, whereas the insoluble products release active copper ions over a 

period of time and are comparatively stable in nature. Concentrated water dispersible granules with 

additives, which ensure effective dispersion, also referred to as Dry Flowable Formulations seems are 

the most advanced user-friendly formulations [11]. 

Copper pesticides are formulated into various forms of copper, i.e., different salts and complexed 

forms, which ultimately dissociate into the cupric ion, the active component of concern. Among the 

copper-containing pesticides most common are the following: “Algimycin PWF” (copper in the form of 
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chelates of copper citrate and copper gluconate), a suspension concentrate formulation containing 5% 

metallic copper equivalent; “Macc 80” (Bordeaux mixture), a wettable powder formulation containing 

200 g/kg of Cu; “Cuproxat SC” (tribasic copper sulfate), a suspension concentrate formulation 

containing 190 g/L of Cu; “Kocide 101” (copper hydroxide), a wettable powder formulation containing 

500 g/kg of Cu; “Cuprocaffaro WP” (copper oxychloride), a wettable powder formulation containing 

500 g/kg of Cu; “Nordox 75 WG” (copper (I) oxide), a wettable granule formulation containing 750 g/kg 

Cu; “MicroPro 200C-TS” (copper carbonate), a suspension concentrate formulation containing 28 % 

metallic copper equivalent; “Cutrine®-Plus” (copper ethanolamine complex), a suspension concentrate 

formulation containing 9 % metallic copper equivalent (Tab. 1) [11]. 

 

Copper-based pesticide Active ingredient Use pattern(s) 

Copper (metallic) Copper (metallic) Algaecide, antifouling paint 

Algimycin PWF 

Copper (metallic in the 

form of chelates of 

copper citrate and 

copper gluconate) 

Algaecide, fungicide, bactericide 

Macc 80 (Bordeaux mixture), 

Cuproxat SC 
Copper sulfates 

Fungicide, algaecide, bactericide, 

herbicide, desiccant 

Kocide 101, Copperhycide WP, 

Champion WP, Copperhycide 

WP, Hydrocop®WG, Zoom WP 

Copper hydroxide 

Bactericide, fungicide, plant 

growth regulator, wood 

preservative, antifouling paint 

Cuprocaffaro WP, Rolex WP, Q-

Copper WP, Curenox WP, 

Coppox®WG, Copral WP 

Copper oxychloride Algaecide, bactericide, fungicide 

Nordox 75 WG, Caocobre, Fungi-

Rap 
Copper (I) oxide 

Algaecide, wood preservative, 

antifouling paint 

MicroPro 200C-TS Copper carbonate 
Algaecide, herbicide, wood 

preservative 

Cutrine®-Plus 
Copper ethanolamine 

complex 
Algaecide, wood preservative 

 

 

 

 

 

 

Tab. 1.  Use patterns of copper-based pesticides.   

 
4. TOXICITY OF COPPER AND COPPER-CONTAINING PESTICIDES TO TARGET ORGANISMS  

 
Bacteria, fungi, and mollusks are generally the most sensitive to Cu compared with flowering 

plants and vertebrate animals. Common applications include controlling fungi in plants; controlling 

roots and other plant growth in sewers; controlling algae in swimming pools, ponds and lakes; 

controlling aquatic plant growth on boat hulls; serving as biocides in commercial products; and 

preventing rot and mildew on wood, roofing and other outdoor surfaces. 

4.1. PLANTS AND ALGAE 

The metal copper is a trace element essential as a micronutrient for cyanobacteria, algae and higher 

plants at low concentration because it is a reactant in biochemical functions of photosynthetic 

organisms, but at high concentrations it can be toxic [4]. In the later case, copper is very toxic for algae. 

It increases permeability of the cell membranes and leakage of the cellular constituents. However, the 

most important effect of copper on plants and algae is associated with the inhibition of photosynthesis. 

At high concentrations, it can be toxic by interrupting electron transport through photosystem II 

(PSII) [7]. The reaction center of PSII composes of a heterodimer of two integral membrane proteins, 

named D1 and D2 which bind electron transfer prosthetic groups such as P680, pheophytin, and 

plastoquinon. PSII uses light energy to drive two chemical reactions – oxidation of water and reduction 

http://www.capl.sci.eg/ActiveIngredient/FormulationEng/Copperhycide770WP.html
http://www.capl.sci.eg/ActiveIngredient/FormulationEng/Champion770WP.html
http://www.capl.sci.eg/ActiveIngredient/FormulationEng/Copperhycide770WP.html
http://www.capl.sci.eg/ActiveIngredient/FormulationEng/Copperhycide770WP.html
http://www.capl.sci.eg/ActiveIngredient/FormulationEng/Zoom834WP.html
http://www.capl.sci.eg/ActiveIngredient/FormulationEng/Rolex500%20WP.html
http://www.capl.sci.eg/ActiveIngredient/FormulationEng/QCopper500WP.html
http://www.capl.sci.eg/ActiveIngredient/FormulationEng/QCopper500WP.html
http://www.capl.sci.eg/ActiveIngredient/FormulationEng/Curenox850WP.html
http://www.capl.sci.eg/ActiveIngredient/FormulationEng/Copral843WP.html
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of plastoquinone. The photosystem II complex is composed of more than fifteen polypeptides and at 

least nine different redox components (chlorophyll, pheophytin, plastoquinone, tyrosine, Mn, Fe, 

cytochrome b559, carotenoids and histidine) [14, 42]. However, only five of these redox components are 

known to be involved in electron transport from H2O to plastoquinone pool. There are also water 

oxidizing manganese cluster (Mn)4, amino acid tyrosine, reaction center chlorophyll (P680), pheophytin, 

and plastoquinone molecules, QA and QB.  

Inhibition of oxygen evolution accompanied by quenching of variable fluorescence is the most 

apparent effect of the toxic action of copper on PSII [3, 26]. However, the precise location of the copper 

inhibitory binding site is still unknown. Most authors relate the target of the Cu-inhibition of PSII to its 

oxidizing side [7, 54, 55]. At higher copper concentrations, primary quinone acceptor QA [27], 

pheophytin-QA-Fe region [70], non-haem iron [28], and secondary quinone acceptor QB [44] were 

identifed as the target sites of Cu inhibitory action on the acceptor side of PSII (Fig. 4). Schroder et al. 

(1995) showed that Cu specifically inhibited the electron donation from Tyrz to P680, either by a 

modification of this amino acid in D1 protein and/or its microenvironment [57]. Furthermore, it was 

demonstrated that the central magnesium atom of chlorophyll can be substituted by several metals 

(e.g., mercury, copper or cadmium), damaging the photosystem [34]. 

 

 
 

 

 

Fig. 4.  Cu-inhibitory sites and action sites of different electron donors and acceptors in PSII-mediated  
electron transport. PSII, photosystem II; D1 and D2, bind the electron carriers involved in transfer of  

electrons from Tyrz to plastoquinone; b559, cytochrome b559; Tyrz, tyrosine; Pheo, pheophytin; QA and QB,  
bound plastoquinone; P680, reaction center of chlorophyll (primary electron donor); PQ, reduced plastoquinone. 

 

Cytochrome b559 is a heme protein and an essential component of all photosystem II reaction 

centers. If the membrane lacks cytochrome, a stable PS II reaction center cannot be formed [69]. It was 

also found that copper ions oxidized directly the low potential form cyt b559 at low concentrations (1-10 

µM) and the high potential form at higher concentrations (10-100 µM), probably by deprotonation of 

this labile cyt b559 form [7]. 

Copper-induced inhibition of photosynthesis was found to be strongly related to the production of 

reactive oxygen species (ROS), since a number of studies reported activation of the antioxidant defense 

system, as well as an increase in the levels of ROS-modified lipids and proteins [15, 38]. Nevertheless, 
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all investigations on the specific Cu inhibitory binding site imply direct interference of the metal ion 

with the photosynthetic apparatus, resulting in a reduced electron flow. 

4.2. FUNGI, BACTERIUM AND MOLLUSKS 

Copper is a relatively non-specific bactericide and fungicide and can kill naturally occurring 

microorganisms on leaves as well as those that have been applied as biocontrol including Bacillus sp., 

Trichoderma and others [52]. 

Copper fungicides may be grouped into three general types: basic salts, normal salts, organic 

complexes. By far the greater part of all research on copper fungicides has been focused on Bordeaux 

mixture, including attempts to explain the nature of fungicidal action. Most copper fungicides are 

applied as foliar sprays. 

Following absorption into the fungus or bacterium, the copper ions will link to various chemical 

groups (imidazoles, phosphates, sulfhydryls, hydroxyls) presented in many proteins and disrupt the 

function of these proteins and enzymes, resulting cell damage and membrane leakage [43, 52]. Thus, 

the mode-of-action of copper hydroxide (or any other copper fungicide) is the nonspecific denaturation 

(disruption) of cellular proteins.  

The toxic copper ions are absorbed by the germinating fungal spores and thus for best results 

copper must be reapplied as plants grow to maintain coverage and prevent disease establishment [39, 

40]. Up to now, little is known about mechanisms of copper induced killing before it permeation into 

the spore.  

Copper containing compounds are among most effective for bacterial diseases including Erwinia 

soft rot (calla, orchid and poinsettia), Pseudomonas leaf spots (bedding plants) and Xanthomonas leaf 

spots (geranium, ranunculus and zinnia). Сopper products can also react with other mode-of-action 

group, in the conditions of bacterial diseases or resistance development to copper. Additionally, in 

mollusks, copper sulfate disrupts surface epithelia function and peroxidase enzymes [52]. 

 
5. TOXICITY OF COPPER AND COPPER-CONTAINING PESTICIDES: NON-TARGET 

ORGANISMS 

5.1.  AQUATIC ORGANISMS 

Increased copper concentrations in the aquatic ecosystems can occur naturally but can also be 

related to different anthropogenic sources, e.g., agricultural fungicide and herbicide runoff [37]. Copper 

is highly toxic to most aquatic species. The main reason of copper toxicity to fish and aquatic 

invertebrates is rapid binding of copper to the gill membranes, causing damage and disturb 

osmoregulatory processes. The amount of cupric ion in the environment, and its toxicity to aquatic 

animals due to gill damage, depend on a number of water quality parameters including pH, alkalinity, 

and dissolved organic carbon [17]. 

Copper sulfate is toxic to aquatic invertebrates, such as crabs, shrimps, and oysters. It is used as a 

pesticide to control tadpole shrimp in rice production. The 96-hour LC50 of copper sulfate to pond snails 

is 0.39 mg/L at 20 °C. Higher concentrations of the material caused some behavioral changes, such as 

secretion of mucous, and discharge of eggs and embryos [17].  

5.2. TERRESTRIAL ORGANISMS AND HUMAN HEALTH 

There is some uncertainty in the finding of risk to birds and mammals because, although copper is 

toxic at high concentrations, it is also an important essential trace element for terrestrial animals [17]. 

Many terrestrial animals have the ability to cope with some amount of excess copper exposure by 

storing it in the liver and bone marrow. Laboratory toxicity studies demonstrated that exposure to high 

levels of copper in the diet can overwhelm the ability of birds and mammals to maintain homeostasis. 

However, animals which are repeatedly exposed to levels of copper which do not cause permanent 

harm may undergo enzymatic adaptation which allows them to cope with greater levels of 

exposure [64]. 
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Most agrochemicals, in particular copper-based formulations, seem to be responsible for several 

adverse effects on human health. These problems include different types of cancer, degenerative 

diseases, and many immune, hematological, neurological and reproductive disorders [50].  

Toxic response in humans has been observed at concentration 11 mg/kg of copper. Ingestion of 

copper sulfate is often not toxic because vomiting is automatically triggered by its irritating effect on 

the gastrointestinal tract. However, the acute toxicity of copper-containing pesticides is not attributed 

to systemic toxicity, but to the efforts of the body to equilibrate copper concentrations [52]. Skin contact 

may result in itching or eczema. Copper is a skin sensitizer and can cause allergic reactions in some 

individuals. Eye contact with this material can cause conjunctivitis, inflammation of the eyelid lining, 

cornea tissue deterioration, and clouding of the cornea (Fig. 5) [17]. Ingestion of copper sulfate irritates 

the digestive system and may cause emesis and limiting toxicity. Copper hydroxide is less acutely toxic 

than copper sulfate, with an oral LD50 in rats of 833 mg/kg. It is also not readily absorbed through the 

skin, with a dermal LD50 of over 5000 mg/kg in rats [46]. Tissue corrosion, shock and death may occur 

after exposure to large doses of copper. Damage to blood cells, liver and kidney has also been 

reported [32]. 

 
 

Fig. 5.  Main symptoms of copper poisoning (by Mikael Häggström). 

 

Irritant effects from occupational exposures to copper-based pesticides have been fairly frequent, 

including allergic reactions, itching, and eczema. Early signs and symptoms of copper poisoning 

include a metallic taste, nausea, vomiting, and abdominal pain. Chronic effects have been reported with 

vineyard workers who experienced liver disease after 3 to 15 years of exposure to Bordeaux mixture. 

The EPA does not require data on the teratogenic, mutagenic, carcinogenic, and reproductive effects on 

mammals for many of the copper-based pesticides [19]. 

Copper imbalances in humans lead to serious diseases such as Menkes syndrome or Wilson 

disease, characterized by the inability to appropriately distribute copper to all cells and tissues [41]. 

Additionally, copper has been strongly implicated in neurodegenerative diseases such as familial 

amyotropic lateral sclerosis, Alzheimer’s disease, and prion diseases of neuronal spongiform 

encephalopathy [60]. 
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6. COPPER AS ACTIVE INGREDIENT OF PESTICIDES AND OXIDATIVE STRESS 

 
Copper as active ingredient of different pesticides found in all living organisms. It is absolutely 

necessary for survival and plays a crucial role as a catalytic cofactor in mammals in the active site of 

proteins, such as cytochrome c oxidase, tyrosinase, lysyloxidase, p-hydroxyphenyl pyruvate hydrolase, 

dopamine beta hydroxylase, and Cu,Zn-superoxidase dismutase (Cu,Zn-SOD). However, excessive 

amounts of Cu can oxidize important biomolecules, such as lipids, proteins, and DNA, mainly through 

the Fenton reaction [20]. Peturbations in copper concentrations in living organisms can cause oxidative 

stress. 

Many researchers found adverse effects both in vivo and in vitro of Cu overload [5, 25, 33, 62]. 

Copper injection demonstrated the modification of activities of antioxidant enzymes. Enhanced 

concentrations of copper in living organisms caused increase in the activites of Cu,Zn-SOD and 

glutathione-S-transferase and decrease in the activities of catalase and selenium dependent glutathione 

peroxidase [35, 36]. 

Free Cu ions can be involved in ROS generation. Both cupric (Cu2+) and cuprous (Cu1+) ions can 

participate in oxidation and reduction reactions to form hydroxyl radicals via the Haber-Weiss 

reaction [6]: 

O2·- + Cu2+   O2 + Cu+ 

Cu+ + H2O2  Cu2+ + OH- + HO· 

 

Generation of hydroxyl radicals has been confirmed by analysis of the products of DNA 

damage [20, 30]. Copper binds readily to DNA to form adducts. The endogenous DNA-associated 

copper could promote local production of hydroxyl radicals and hence oxidative damage to DNA. The 

fact that copper accumulates within the nucleus at copper overload obviously enhances the likelihood 

of such reactions occurring [53]. In this case, formed complex Cu-DNA promotes hydroxyl radical-

dependent DNA fragmentation. 

Stimulation of lipid peroxidation is one of the main consequences of copper-induced production of 

ROS. This has been manifested as increased production of pentane and hepatic malondialdehyde when 

liver homogenates or hepatocytes are exposed to ionic copper. Moreover, dietary copper overload in 

rats resulted in in vivo peroxidation of mitochondrial membrane lipids demontstrated by increased 

concentrations of conjugated dienes and thiobarbituric acid-reacting substances (TBARS)  [25, 58]. 

Copper-catalyzed lipid peroxidation also appears to underlie the alterations in hepatocyte lysosomes in 

copper-loaded rats [45]. Concentrations of TBARS in the isolated lysosomal membranes of these rats 

doubled, with an increase in their fragility and decrease in their fluidity. There were also changes in the 

membrane content of selected fatty acids, with an increase in polyunsaturated fatty acids. Lysosomal 

pH also increased and these membrane alterations might affect the function of the proton ATPase 

pump [6]. 

Cu-overloaded rats exhibited oxidative injury including decreased levels of hepatic GSH and α-

tocopherol, increased levels of mitochondrial lipid peroxidation products, decreases in state 3 

respiration of mitochondria and the respiratory control ratio in hepatic mitochondria, and decreased 

complex IV (cytochrome c oxidase) activity [58]. 

Similar to Cu overload, Cu deficiency also increased cellular susceptibility to oxidative damage, 

which might account for some of the pathological changes observed with low Cu status [47]. 

Predictably, the activities of Cu,Zn-SOD and ceruloplasmin are sensitive to tissue Cu as these enzymes 

require Cu as a catalytic cofactor. A Cu deficiency-induced decrease in the activities of these enzymes 

in humans and animals was found [48, 65]. Erythrocytes from Cu deficient rats reduced Cu, Zn-SOD 

activity and increased oxidative damage to several subunits of erythrocyte spectrin [61]. A deficiency of 

Cu also decreases the activities of certain non-Cu containing enzymes of the antioxidant defense system 

including catalase and selenium-dependent glutathione peroxidase [10, 59]. Cu-deficient rats exhibited 

increased liver lipid peroxidation, elevated hepatic Fe level, hepatic and blood glutathione and blood 

cholesterol concentrations [9, 18]. Furthermore, oxidative DNA damage was also detected in Cu-
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deficient tissues and cells. For example, cytogenetic analysis of lymphocytes from cattle showed a 

significant negative association between plasma Cu concentrations and frequency of chromosomal 

aberrations [1].  

 
8. CONCLUSIONS 

 
Copper is an essential nutrient and a redox-active transition metal that may initiate oxidative 

damage. Virtually all organisms require copper as a catalytic cofactor for biological processes such as 

respiration, iron transport, oxidative stress protection, peptide hormone production, pigmentation, 

blood clotting and normal cell growth and development. Copper-containing pesticides primarily used 

as fungicides to control bacterial and fungal diseases of fruits, vegetables, nuts and field crops. Some of 

the diseases that are controlled by these fungicides include mildew, leaf spots, blights and apple scab. 

They are also used as an algaecide, an herbicide in irrigation and municipal water treatment systems, 

and as a molluscicide, a material used to repel and kill slugs and snails. Copper also participates in 

redox reactions that generate hydroxyl radical, which causes catastrophic damage to lipids, proteins 

and DNA. Additionally, Cu-induced oxidative damage has been implicated in disorders associated 

with abnormal Cu metabolism and neurodegenerative changes. Additionally, a deficiency in dietary 

Cu also increases cellular susceptibility to oxidative damage.  

 
ACKNOWLEDGEMENTS 

 
Author is grateful to Prof. Volodymyr Lushchak and Dr. Nadia Mosiichuk for the critical reading of 

the manuscript.   

 

 

 

REFERENCES 
 

[1] Abba M., De Luca J.C., Mattioli G., Zaccardi E., Dulout F.N. Clastogenic effect of copper deficiency in 

cattle. Mutat. Res., 466 (2000), 51-55. 

[2] Anwar W.A. Biomarkers and human exposure to pesticides. Environ. Health Perspect., 4 (1997), 801–806. 

[3] Arellano J.B., Lazaro J.J., Lopez-Gorge J., Baron M. The donor side of Photosystem II as the copper-

inhibitory binding site. Photosynth. Res., 45 (1995), 127-134. 

[4] Baron M., Arellano J.B., Gorge J.L. Copper and photosystem II: a controversial relationship. Physiol. 

Plant., 94 (1995), 174-180. 

[5] Beltran-Garcia C., Tetsuya O. Formation of copper oxychloride and reactive oxygen species as causes of 

uterine injury during copper oxidation of Cu-IUD. Contraception, 6 (2000), 99-103. 

[6] Bremner  I. Manifestations of copper excess. Am. J. Clin. Nutr., 67 (1998), 1069S-1073S. 

[7] Burda K., Kruk J., Schmid H.G., Strzalka K. Inhibition of oxygen evolution in photosystem II by Cu(II) 

ions is associated with oxidation of cytochrome b559. Biochem J., 371 (2003), 591-601. 

[8] Bury N.R., Walker P.A., Glover C.N. Nutritive metal uptake in teleost fish. The Journal of Experimental 

Biology, 206 (2003), 11-23. 

[9] Chao P.Y., Allen K.G. Glutathione production in copper-deficient isolated rat hepatocytes. Free Radic. 

Biol. Med. 12 (1992), 145-150. 

[10] Chen Y., Saari J.T., Kang Y.J. Weak antioxidant defenses make the heart a target for damage in copper-

deficient rats. Free Radic. Biol. Med., 17 (1994), 529-536. 

[11] Conclusion on the peer review of the pesticide risk assessment of  confirmatory data submitted for the 

active substance Copper (I), copper (II) variants namely copper hydroxide, copper  oxychloride, tribasic 

copper sulfate, copper (I) oxide, Bordeaux mixture. EFSA Journal, 11 (6) (2013) 32-35. 

[12] Cousins R.J. Absorption, transport, and hepatic metabolism of copper and zinc: special reference to 

metallothionein and ceruloplasmin. Physiol. Rev., 65 (2) (1985), 238-309. 



48     Viktor Husak 
 
[13] De Bie P., van de Sluis B., Klomp L., Wijmenga C. The many faces of the copper metabolism protein 

MURR1/COMMD1. J. Hered., 96 (2005), 803-811. 

[14] Debus R. The manganese and calcium ions of photosynthetic oxygen evolution. Biochim. Biophys. Acta, 

1102 (1992), 269-352. 

[15] Devi S.R., Prasad M.N.V. Antioxidant capacity of Brassica juncea plants exposed to elevated levels of 

copper. Russian Journal of Plant Physiology, 52 (2005), 205-208. 

[16] Elferink R.P.J.O., Jansen P.L.M. The role of the cannicular multispecific organic anion transporter in the 

disposal of endobiotics and xenobiotics. Pharmacol. Ther., 64 (1994), 77-97. 

[17] Extoxnet. Anon. Pesticide Information Profiles. Extension Toxicology Network. Copper Sulfate. 1996. 

Available at: http://extoxnet.orst.edu/pips/coppersu.htm. 

[18] Fields M., Lewis C.G., Bureau I. Aspirin reduces blood cholesterol in copper-deficient rats: a potential 

antioxidant agent. Metabolism, 50 (2001), 558-561. 

[19] Fishel F.M. Pesticide Toxicity Profile: Copper-based Pesticides. UF/IFAS Extension, 2005. 

[20] Gaetke L.M., Chow C.K. Copper toxicity, oxidative stress, and antioxidant nutrients. Toxicology, 189 

(2003), 147-163. 

[21] Gross J.B., Myers B.M., Kost L.J., Kuntz S.M., La Russo N.F. Bilary copper excretion by hepatocyte 

lysosomes in the rat – major excretory pathway in experimental copper overload. J. Clin. Invest., 83 

(1989), 30-39. 

[22] Grosell M., O’Donnell M.J., Wood C.M. Hepatic versus gallbladder bile composition: in vivo transport 

physiology of the gallbladder in rainbow trout. Am. J. Physiol. Reg. I., 278 (2000), R1674-R1684. 

[23] Handy R.D., Musonda M.M., Phillips C., Falla S.J. Mechanisms of gastrointestinal copper absorption in 

the African walking catfish: Copper dose-effects and a novel anion-dependent pathway in the intestine. 

J. Exp. Biol., 203 (2000), 2365-2377. 

[24] Harris E.D. Cellular copper transport and metabolism. Annu. Rev. Nutr., 20 (2000), 291-310. 

[25] Hayashi T., Shishido N., Nakayama K., Nunomura A., Smith M.A., Perry G., Nakamura M. Lipid 

peroxidation and 4-hydroxy-2-nonenal formation by copperion bound to amyloid-b peptide. Free 

Radical. Biol. Med., 43 (2007), 1552-1559. 

[26] Hsu B.D., Lee J.Y. Toxic effects of copper on Photosystem II of spinach chloroplasts. Plant Physiol., 87 

(1988), 116-119. 

[27] Jegerschold C., Arellano J.B., Schroder W.P., van Kan P.J., Baron M., Styring S. Copper(II) inhibition of 

electron transfer through Photosystem II studied by EPR spectroscopy. Biochemistry, 34 (1995), 12747-

12754. 

[28] Jegerschold C., McMillan F., Lubitz W. Rutherford A.W. Effect of copper and zinc ions on Photosystem 

II. Studies by EPR spectroscopy. Biochemistry, 38 (1999), 12439-12445. 

[29] Kabata-Pendias A., Pendias H. Trace elements in soils and plants. 2nd ed. CRC Press, Boca Raton, FL, 

1992. 

[30] Kadiiska M.B., Hanna P.M., Hernandez L., Mason R.P. In vivo evidence of hydroxyl radical formation 

after acute copper and ascorbic acid intake: electron spin resonance spin-trapping investigation. Mol. 

Pharmacol., 42 (1992), 723-729. 

[31] Kamunde C.N., Grosell M., Lott J.N.A., Wood C.M. Copper metabolism and gut morphology in 

rainbow trout (Oncorhynchus mykiss) during chronic sublethal dietary copper exposure. Can. J. Fish. 

Aquat. Sci., 58 (2001), 293-305. 

[32] Krieger R.I. Handbook of Pesticide Toxicology Agents. Academic Press, San Diego, CA, 2001. 

[33] Krumschnabel G., Manzl C., Berger C., Hofer B. Oxidative stress, mitochondrial permeability transition, 

and cell death in Cu-exposed trout hepatocytes. Toxicol. Appl. Pharm., 209 (2005), 62-73. 

[34] Kupper H., Kupper F., Spiller M. Environmental relevance of heavy metal-substituted chlorophylls 

using the example of water plants. Journal of Experimental Botany, 47 (1996), 259-266. 

[35] Liu H., Wang W., Zhang J.F., Wang X.R. Effects of copper and its ethylenediaminetetraacetate complex 

on the antioxidant defenses of the goldfish. Carassius auratus. Ecotoxicol. Environ. Saf., 65 (2006), 350-354. 

[36] Lushchak V.I. Environmentally induced oxidative stress in aquatic animals. Aquat. Toxicol., 101 (1) 

(2011), 13-30. 

http://extoxnet.orst.edu/pips/coppersu.htm
http://www.ncbi.nlm.nih.gov/pubmed/?term=Lushchak%20VI%5BAuthor%5D&cauthor=true&cauthor_uid=21074869
http://www.ncbi.nlm.nih.gov/pubmed/21074869


Copper and Copper-Containing Pesticides<    49      
 
[37] Macfarlane G.R., Burchett M.D. Photosynthetic pigments and peroxidase activity as indicators of heavy 

metal stress in the grey mangrove. Avicennia marina (Forsk.) Vierh. Marine Pollution Bulletin, 42 (2001), 

233-240. 

[38] Mallick N. Copper-induced oxidative stress in the chlorophycean microalga Chlorella vulgaris: response 

of the antioxidant system. Journal of Plant Physiology, 161 (2004), 591-597. 

[39] Martins V., Teixeira A., Bassil E., Blumwald E., Geros H. Metabolic changes of Vitis vinifera berries and 

leaves exposed to Bordeaux mixture. Plant Physiol. Biochem., 82 (2014), 270-278. 

[40] Martins F., Pereira J.A., Baptista P. Oxidative stress response of Beauveria bassiana to Bordeaux mixture 

and its influence on fungus growth and development. Pest. Manag. Sci., 70 (8) (2014), 1220-7. 

[41] Mercer J.F. The molecular basis of copper-transport diseases. Trends Mol. Med., 7 (2001), 64-69. 

[42] Michel H., Epp O., Deisenhofer J. Pigment-Protein Interactions in the Photosynthetic Reaction Center 

from Rhodopseudomonas-Viridis. EMBO (European Molecular Biology Organization) Journal, 5 (1986), 

2445-2452. 

[43] Mirkovic B., Tanovic B, Hrustic J, Mihajlovic M, Stevic M, Delibasic G, Vuksa P. Toxicity of copper 

hydroxide, dithianon, fluazinam, tebuconazole and pyraclostrobin to Didymella applanata isolates 

from Serbia. J. Environ. Sci. Health B., 50 (3) (2015), 175-183. 

[44] Mohanty N., Vass I., Demeter S. Copper toxicity affects Photosystem II electron transport at the 

secondary quinone acceptor (QB). Plant Physiol., 90 (1989), 175-179. 

[45] Myers B.M., Prendergast F.G., Holman R., Kuntz S.M., Larusso N.F. Alterations in hepatocyte 

lysosomes in experimental hepatic copper overload in rats. Gastroenterology, 105 (1993), 1814-1823. 

[46] Nufarm Americas Inc. Champion Material Data Safety Sheet. 2002. 

[47] O’Connor J.M. Trace elements and DNA damage. Biochem. Soc. Trans., 29 (2001), 354-357. 

[48] Pan Y., Loo G. Effect of copper deficiency on oxidative DNA damage in Jurkat T-lymphocytes. Free 

Radic. Biol. Med., 28 (2000), 824-830. 

[49] Patsikka E., Aro E.M., Tyystjarvi E. Mechanism of copper-enhanced photoinhibition in thylakoid 

membranes. Physiologia Plantarum, 113 (2001), 142-150. 

[50] Pertile R.A., Caprini T.C., Alves M.D., Pimentel D.G., Dahlstrom H.V., Boeira P.R. J.M. Occupational 

exposure of farm workers to pesticides: biochemical parameters and evaluation of genotoxicity. 

Environ. Int., 35 (2009), 273-278. 

[51] Puig S., Thiele D.J. Molecular mechanisms of copper uptake and distribution. Curr. Opin. Chem. Biol., 6 

(2002), 171-180. 

[52] Reregistration Eligibility Decision (RED) for Coppers; U.S. Environmental Protection Agency, Office of 

Prevention, Pesticides and Toxic Substances, Office of Pesticide Programs, U.S. Government Printing 

Office: Washington, DC, 2009. 

[53] Sagripanti J.L., Goering P.L., Lamanna A. Interaction of copper with DNA and antagonism by other 

metals. Toxicol. Appl. Pharmacol., 110 (1991), 477-485. 

[54] Samson G., Morissette J.C., Popovic R. Copper quenching of the variable fluorescence in Dunaliella 

tertiolecta. New evidence for a copper inhibition effect on PSII photochemistry. Photochem. Photobiol., 48 

(1988), 329-332. 

[55] Samuelsson G., Oquist G. Effects of copper chloride on photosynthetic electron transport and 

chlorophyll-protein complexes of Spinacia oieracea. Plant Cell Physiol., 21 (1980), 445-454. 

[56] Scheiber I., Dringen R., Mercer J.F.B. Chapter 11. Copper: Effects of Deficiency and Overload. In: Astrid 

Sigel, Helmut Sigel and Roland K. O. Sigel. Interrelations between Essential Metal Ions and Human Diseases. 

Metal Ions in Life Sciences, 13. (2013), 359-387. 

[57] Schroder W.P., Messinger J., Tremolieres A., Renger G. Effects of BSA. fatty acids and lipase treatment 

on PSII. Research in Photosynthesis, 1 (1992), 159-162. 

[58] Sokol R.J., Devereaux M., Mierau G.W., Hambidge K.M., Shikes H. Oxidant injury to hepatic 

mitochondrial lipids in rats with dietary copper overload. Gastroenterology, 90 (1990), 1061-1071. 

[59] Strain J.J. Newer aspects of micronutrients in chronic disease: copper. Proc. Nutr. Soc., 53 (1994), 583-

598. 

[60] Strausak D., Mercer J.F., Dieter H.H., Stremmel W., Multhaup G. Copper in disorders with neurological 

symptoms: Alzheimer’s, Menkes, and Wilson diseases. Brain Res. Bull., 55 (2001), 175-185. 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Martins%20F%5BAuthor%5D&cauthor=true&cauthor_uid=24166767
http://www.ncbi.nlm.nih.gov/pubmed/?term=Pereira%20JA%5BAuthor%5D&cauthor=true&cauthor_uid=24166767
http://www.ncbi.nlm.nih.gov/pubmed/?term=Baptista%20P%5BAuthor%5D&cauthor=true&cauthor_uid=24166767
http://www.ncbi.nlm.nih.gov/pubmed/24166767


50     Viktor Husak 
 
[61] Sukalski K.A., LaBerge T.P., Johnson W.T. In vivo oxidative modification of erythrocyte membrane 

proteins in copper deficiency. Free Radic. Biol. Med., 22 (1997), 835-842. 

[62] Tapiero H., Townsend D.M., Tew K.D. Trace elements in human physiology and pathology. Copper 

Biomed. Pharmacother., 57 (2003), 386-398. 

[63] Turnlund J.R., Swanson C.A., King J.C. Swanson; Copper absorption and retention in pregnant women 

fed diets based on animal and plant proteins. J. Nutr., 113 (11) (1983), 2346-2352. 

[64] United States Environmental Protection Agency. Copper facts. United States Environmental Protection 

Agency Office of Pesticide Programs (USEPA), 2008. 

[65] Uriu-Adams J.Y., Rucker R.B., Commisso J.F., Keen C.L. Diabetes and dietary copper alter (67) Cu 

metabolism and oxidant defense in the rat. J. Nutr. Biochem., 16 (2005), 312-320. 

[66] Viriyatum R. Effectiveness of coated, controlled-release copper sulfate as an algicide for phytoplankton 

control in ponds. PhD dissertation, Auburn University, Auburn, Alabama (2013). Available at:  

http://hdl. handle.net/10415/3585. Accessed 29 Jan 2014 

[67] Wapnir R.A. Copper absorption and bioavailability. Am. J. Clin. Nutr., 67 (1998), 1054S-1060S. 

[68] Werman M.J., Bhathena S.J. Fructose metabolizing enzymes in the rat liver and metabolic parameters: 

interactions between dietary copper, type of carbohydrates, and gender. J. Nutr. Biochem., 6 (7) (1995), 

373-379. 

[69] Whitmarsh J., Pakrasi H.B. Form and Function of cytochrome b559. In: Advances in Photosynthesis, 

Oxygenic Photosynthesis: The Light Reactions, eds. D.R. Ort and C.F. Yocum. 4 (1996), 249-264. 

[70] Yruela I., Gatzen G., Picorel R., Holzwarth, A.R. Cu(II)-inhibitory effect on Photosystem II from higher 

plants. A picosecond time-resolved fluorescence study. Biochemistry, 35 (1996), 9469-9474. 
 

 

 

 

Address:  Viktor Husak, Vasyl Stefanyk Precarpathian National University, 57, Shevchenko Str., Ivano- 

Frankivsk, 76018, Ukraine. 

E-mail:  gus_net@ukr.net. 
Received:  12.02.2015;   revised:  10.03.2015.  
 

_____________________ 

 

Гусак В.В. Мідь і мідьвмісні пестициди: метаболізм, токсичність і оксидативний стрес. Журнал 

Прикарпатського університету імені Василя Стефаника, 2 (1) (2015), 38–50.  

Мета даної статті полягає в наданні короткого огляду сучасних знань про метаболізм та 

токсичність міді і мідь-вмісних пестицидів в живих організмах. Мідь є одним з важливих 

мікроелементів у всіх живих організмах (бактеріях, грибах, рослинах і тваринах), тому що вона бере 

участь у різних метаболічних процесах і підтримує важливі функції організмів. Транспорт і 

метаболізм міді в живих організмах в даний час є предметом багатьох досліджень. Мідь поглинається, 

транспортуються, поширюється, зберігається, і виводиться з організму через комплекс 

гомеостатичних процесів, які забезпечують підтримання постійного рівня цього мікроелементу в 

організмі і уникнення його надмірних кількостей. Багато аспектів гомеостазу міді вивчалися на 

молекулярному рівні. Пестициди, активним інгредієнтом яких є іони міді, зокрема, фунгіциди, 

бактерициди і гербіциди, широко використовуються в сільськогосподарській практиці в усьому світі, 

що збільшує ризик інтоксикації даним металом. Надлишок міді в організмі має шкідливий вплив, 

оскільки він стимулює виробництво вільних радикалів у клітині, індукує пероксидне окислення 

ліпідів і порушує загальну антиоксидантну здатність організму. В цьому огляді мова йтиме про 

механізми токсичності міді та мідь-вмісних пестицидів.  

Ключові слова:  мідь, мідь-вмісні пестициди, фунгіциди, бактеріоциди, оксидативний стрес. 
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