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Abstract

Glutathione transferases (GSTs) represent a widespread enzyme superfamily in eukaryotes and prokaryotes
catalyzing different reactions with endogenous and xenobiotic substrates such as organic pollutants. The
latter are often found together with metal contamination in the environment. Besides performing of
essential functions, GSTs protect cells by conjugation of glutathione with various reactive electrophiles. The
interference of toxic metals with this functionality of GSTs may have unpredictable toxicological
consequences for the organisms. In this review results from the recent literature are summarized and
discussed describing the ability of metals to inhibit intracellular detoxification processes in animals and
plants.
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Introduction

Metal pollutants are one of the greatest challenges to the environment and human health. Metals enter the
biosphere by natural processes (e.g. volcanism, weathering) and human activities such as mining, fuel
combustion and many other industrial processes [1]. The toxicological relevance of metals depends on their
chemical species, i.e. the chemical compound and the oxidation state of the metal, as well as the
bioavailability of these metal species for organisms. In the environment biogeochemical transformations of
metal species have to be taken into account. For example in aquatic systems the inorganic mercury species
Hg* can be transformed by microorganisms into highly toxic methylmercury (MeHg) that represents the
most environmental concern regarding this element [2]. Another example are acid mine drainage waters
which are acidic effluents from abandoned mines which can contain very high amounts of arsenic.
Biogeochemical processes involving microorganisms oxidize arsenite (AsOs*) to arsenate (AsO.*) together
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with the oxidation of iron (Fe?* to Fe3*) resulting in As-Fe coprecipitation and thus the formation of the As(V)-
Fe(lll) hydroxysulfate sediments which reduce drastically the bioavailability of As [3].

Beside other toxic effects, metals can for example interfere with intracellular detoxification mechanisms of
organic pollutants and thus amplify the toxicity of these compounds. Glutathione transferases (GSTs) play a
key role in the detoxification of organic xenobiotics as well as endobiotic metabolites. When metals enter an
organism, protective mechanism against oxidative stress and other detrimental effects involve also the
increase of GST activity (for example in plants see [4]). However, there is increasing evidence that metals at
toxic concentrations affect GSTs either by direct inhibition of enzyme activity or indirectly by decreasing the
concentration of the GST substrate reduced glutathione (GSH, Figure 1). The latter is involved in the cellular
defense against metals by high chemical affinity to bind to soft metal ions, like Hg?* and Cd** and/or metal-
induced oxidative stress by changing the GSH/GSSG equilibrium [5, 6]. As consequence, metal-induced
inhibition of GSTs interferes with intracellular detoxification of organic xenobiotics or endobiotic metabolites
which may lead to unpredictable toxicological consequences for organisms. This fact is of particular
importance as under ecological conditions organic contaminants are often found together with metal
contaminants [7, 8].

Our review gives a brief overview on the role of GST in organisms and discusses recent data for both in vivo
and in vitro inhibitory effects on animal and plant GSTs by toxic metals.

Characteristics of glutathione transferase and its role in biological

systems

The glutathione transferase (formerly reported as glutathione S-transferases, EC 2.5.1.18) supergene family
is composed of several isoenzymes which are involved in phase Il detoxification of electrophilic xenobiotics
and endogenous compounds in procaryotes [9, 10] and eucaryotes including non-mammalian vertebrates
[11], mammals and humans [12, 13] and plants [14-16]. GSTs catalyze the conjugation of organic compounds
to the nucleophilic sulfur of the major intracellular thiol compound, glutathione (GSH) rendering them more
hydrophilic and less toxic.

Recently, a graphical overview of the different classes of glutathione transferase was proposed by Kumar and
Trivedi [16] (Figure 2). At least 16 genes encode GSTs in the mammalian cytosol, whereas for plants a number
of 40-60 is proposed [17]. They are mostly dimeric enzymes of 45-55 kDa and include eleven classes of
mammalian cytosolic GSTs: A (alpha), M (mu), P (pie), C (chie), D (delta), B( beta), E (epsilon), O (omega), S
(sigma), T (theta), and Z (zeta), both latter classes are found in plants, too . To date six classes of plant
cytosolic GSTs have been identified Z (zeta), T (theta), F (phi), U (tau), L (lambda), and DHAR
(dehydroascorbate reductase)) [17, 18]. Except for L (lambda) and DHAR (dehydroascorbate reductase),
which are monomers, plant GSTs also occur as dimers. In plants phi and tau class GSTs catalyze peroxidase
reactions, while zeta class GSTs catalyze isomerase reactions [19]. In each class, multiple isoenzymes were
found whereas tandem duplication can be regarded as the major expansion mechanism [20].

In mammals, cell specific distribution of GST isoforms has been reported, as GSTP in the biliary tract and GSTA
in hepatocytes [21]. A high expression of cytosolic GST P, M, A, and T classes in various tumor cells has been
observed [22, 23]. Typical GST-catalyzed reactions include: i) nucleophilic aromatic substitution, ii) Michael-
type addition, iii) nucleophilic addition to epoxides, iv) hydroperoxide reduction, and v) double bond
isomerization[24].

Besides detoxification, GSTs perform other essential functions in animal and plant cells [25, 26]. GSTs have
regulatory roles in cellular signaling (e.g. by mediating S-glutathionylation of specific clusters of target
proteins and in reactions that define a negative regulatory role in some kinase pathways through ligand or
protein:protein interactions, example for the role of GSTs" in cellular signaling [27] and inactivate
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endogenous products of oxidative stress (such as 13-oxooctadecadienoic acid and 4-hydroxynonenal). These
compounds are known to elicit cellular responses, such as apoptosis and cell proliferation. Conjugation with
GSH eliminates these effects [28, 29].

GSTs also have non-catalytic functions. Originally, GSTs were identified as “ligandins” due to their ability to
bind and transport across the plasma membrane organic molecules that are not enzyme substrates [30]; e.g.
steroids, thyroid hormones, bile acids, bilirubin and heme [31]. This however might just be some sort of cross
reaction due to the chemical abilities rather than a specific, regulated function of GSTs.

Plant GSTs are active as hormone and flavonoid ligandins [26, 32]. Tau-type GSTs are able to bind GSH
conjugates of fatty acids [33].

Probably, plant GSTs are involved in in vivo synthesis of sulfur-containing secondary metabolites such as
volatiles and glucosinolates as well as in conjugation, transport and storage of reactive oxylipins, phenolics
and flavonoids [14, 15, 34]. During plant developmental processes and stress response GSTs play also an
important role in the regulation of cellular detoxification processes under different light conditions [35].
Gullner et al. [36] summarize diverse roles of plant GST isoenzymes in the interaction of plants with
pathogenic bacteria and fungi.

In mammalian systems, GSTs participate in cell signaling through protein-protein interactions with many
regulatory signaling proteins, such as c-Jun N-terminal kinase (JNK) and apoptosis signal regulating kinase
ASK1 [37]. Activation of these kinases leads either to apoptosis or cellular proliferation [38]. GSTs can inhibit
JNK and ASK1 activity by forming complexes [23, 39]. Thus, GSTs play a decisive cytoprotective role against
carcinogenic electrophiles and products of oxidative stress. Perturbation of their function may have
unpredictable toxicological consequences. Previously the concept of GST inhibition in ameliorating
anticancer drug resistance was reviewed [40, 41]. In recent years novel functions of GSTs have been
suggested such as regulation of cell signaling pathways and ion channels [25].

Inhibition of GST by toxic metals in man, animals and plants

A principal function of the GST enzymes is the detoxification of xenobiotic substances by catalysing their
conjugation with glutathione. This GST activity can be interfered by metals which may lead to detrimental
toxic effects for the organism (Figure 1). Data on in vivo and in vitro inhibitory effects of metal on GSTs are
summarized in Table 1. In most of the studies the influence of toxic metals or surplus essential biometals to
total GST activity was determined by measuring the absorbance (340 nm) of the conjugation of the model
xenobiotic 1-chloro-2,4-dinitrobenzene (CDNB) with reduced GSH (Figure 3), usually according to a method
published by Habig et al.[42]. The increase of absorbance is directly related to the GST activity. The method
shows a good reproducibility, when summarizing the different studies reviewed here. The overall standard
deviation for GST activity determination was around 3% in most of the studies. In the following sections the
metals are listed according to Periodic Table of the Elements with increasing average atomic mass from light
to heavy.

GST inhibition in animals including men

Although most studies have been conducted with laboratory animals or fish, here we report published
effects that will obviously occur in all types of animals, including humans. Although the qualitative and
quantitative expression of the effects may vary greatly according to the type of organism and its
physiological state, as well as the type of metals and mode of application.

Aluminium

Aluminium can be found ubiquitously in the environment either naturally or introduced due to human
activity. This metal has no known essential biological function. However, it has the potential to cause
neurotoxic effects in man and animals. For example, Al has been connected to neurodegenerative diseases
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such as Alzheimer’s and Parkinson’s disease, as well as amyotrophic lateral sclerosis. Therefore, the few
studies describing Al influence on GST activity have been mainly done in brain tissue. A recent study of Singla
and Dhawan [43] detected a highly significant decrease of GST activity by 68% in cerebellum and to 41% in
cerebrum of male Sprague Dawley rats after oral administration of AICIs at a daily dose of 100 mg kg for a
total duration of 8 weeks. Unfortunately, the used GST conjugate was not mentioned which limits the
comparability with other studies. However, these results confirmed an earlier study of Sharma et al.[44] who
measured a decrease of GST activity (CDNB conjugate) by 24% in brains of female Wistar rats after oral
administration of AICI3 (172.5 mg kg day?). Even at lower doses of AlCl; (orally 34 mg kg™ day?) a decrease
of GST activity (p-nitrobenzylchloride conjugate) to 19-24% was detected in plasma, liver, kidney, testes but
not brain of male Sprague Dawley rats [45].

Chromium

Cr'"was considered to be required as a trace element in metabolism [46] but results of new studies indicate
that chromium currently can only be considered pharmacologically active with beneficial effects have not
been definitively shown to occur in animals [47]. Hexavalent chromium easily enters the cell where it is
reduced to trivalent chromium compounds by thiols and cytochrome P450-dependent monooxygenases
(P450-MO) [48]. Cr¥' is very toxic and mutagenic [49]. The coordinated regulation and expression of both
enzyme systems GST and P450-MO could result in diminished detoxification capacity of the organism, and
severe toxicity of Cr¥' compounds. Exposure of the frog Rana ridibunda to chromium (10 ppm K,Cr,0-, 14
days) caused decreased liver (58%) and kidney (56%) GST activities [50]. Similar decline has been also
reported for P450-MO.

Copper

In low concentrations copper is an essential micronutrient. Copper-containing proteins play a role in energy
production, signalling and proliferation. Copper deficiency or excess can lead to acute or chronic toxicity
triggered by redox-dependent chelation and regulatory mechanisms. For humans, the toxicity limit is more
than 10 uM, [51, 52]. Excess bioavailable copper thus acts as a genotoxic pollutant and leads to oxidative
stress, DNA and protein damage. CuSQ, significantly inhibited GST activity in the gill homogenate of
Oncorhynchus mykiss (rainbow trout, [53] and as recently shown in the larvae of the insect Protaetia
brevitarsis which play an important role for composting and rotting of fungal and plant residues [54]. In the
latter case, firstly an increase of GST activity was observed after 7 days of Cu exposure followed by a
significant decrease after 28 d. Letelier et al. [55] reported that Cu?* either alone or in the presence of
ascorbate (ROS generating system) produced dose- and time-dependent inactivation of GST in rat liver
cytosol. Copper significantly modified GST affinity to GSH, (Vmax {4/, Km 1) while substrate affinity for
xenobiotics remained unchanged. The major mechanism of Cu?*-induced GST inhibition is evidenced to
oxidation of its thiol groups and not direct binding to thiol groups.

Arsenic

Arsenic is one of the most harmful metalloids in the environment. Chronic exposure to AsOs>is associated
with oxidative stress and increased risk of cancer (skin, bladder, and lung). Swiss mice exposed to arsenic
(NaAsO,, 10 mg x kg, 2 days, orally) showed accumulation in cardiac and renal tissues, accompanied with
significant reduction of antioxidant enzyme activities [56, 57]. Also, cardiac (53%) and renal (63%) GST
activities were reduced. Chronic exposure of C57B16 mice to low As levels (50 ppb, NaAsO,, 4 weeks) fully
blocked GST-w expression in the lung-lining fluid [58]. Arsenic at low concentrations (500 pg x L™ of As,03, 7
days) interfered with antioxidant system of the polychaete Laeonereis acuta. Thus, 48% lower conjugation
capacity of GST compared to controls was observed [59].

Antimony

In the environment natural concentration of the toxic metalloid antimony is low. However, Sb may occur on
higher levels at industrial sites such as mining and processing which raises concerns about human and
environmental exposure [60]. Among a series of metals tested for their effects toward GST from human
4
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erythrocytes, trivalent antimony (Sb®*, antimony potassium tartrate) was found to be the most efficient
inhibitor (ICso: 50 uM), followed by Hg?*, Cu?*, Cd?*, Cr®* and Fe?* [61]. While Sb®*" was a competitive inhibitor
towards CDNB (K;: 18 uM), evidenced by interaction of Sb®* with GSH, Sb** failed to exert any effect on GST.

Selenium

Selenium is an essential trace element but at high concentrations it becomes toxic. For example, Se toxicity
to aquatic organisms has been studied with respect to the GST activity by Gobi et al. [62] in gill and liver
cytosols of the fish Oreochromis mossambicus native to southern Africa. In liver GST activity decreased about
20% when exposed to 100 pg/L Se in comparison to water only (control) for periods of 96 h. Interestingly, at
the same Se concentration the GST activity in gill increased by approximately 30%. One conceivable
hypothesis is that Se supplementation leading to an increase of GPXs activities which may enable a decrease
of GST activity / GSH synthesis to minimize efforts for antioxidant capacity.

Tellurium

The influence of tellurium at toxic concentrations on GST activity in animal tissue has been rarely
investigated. Tellurium, a rare element of raising importance, occurs in dusts from blasts furnace refining of
lead. Given to mice (orally, 15 days, 2 mg x kg™, sodium salt), it caused dose-dependent decrease of activity
of GSH and antioxidant enzymes as well as reduced GST activity in cerebrum (37%), cerebellum (26%) and
brain stem (29%) [63].

Silver

Silver levels are high in mineral rich areas and polluted soils. The monovalent silver ions reduce cell viability.
In all inhibitory studies referred here, Ag* shows the highest inhibitory effect to GSTs. Using purified rainbow
trout erythrocytes the in vitro effects of various metal ions on GST activities were measured [64]. Inhibition
constant (Ki values) and IC50 values (concentration of inhibitor necessary to halve the reaction rate of an
enzyme-catalyzed reaction) demonstrate that Ag* show the highest inhibitory effect. But, Cd* and Cr?*
inhibited the GST strongly, too (Tab. 1). GST in muscle tissue from Van Lake fish (Chalcalburnus tarichii) was
inhibited mostly strong in a non-competitive manner by Ag®, but also by other metals (Tab.1). Cd*, Co?* and
Fe?* caused no inhibitory effect [65]. Similar results are shown for Van Lake fish gills [66]. Highly purified GST
from turkey liver is inhibited in the following order: Ag* > Cu?*> Hg?* [67].

Within the last decades the use of nanomaterials in various products has increased. Among different
nanomaterials, silver nanoparticles (AgNPs) are extensively used in many commercial products [68]. Thus,
AgNPs will reach the environment and cause effects at various levels in aquatic organisms [69] or soil
organisms [70]. The induction of GSTs mRNA triggered by Cd and AgNPs seems to show that GST are
important for defense in aquatic organisms [71]. However, change of GST activity was not significant with
increasing concentration of AgNPs in Folsomia candida (Collembola) but effects of AgNPs is similar to the one
from AgNOs [70].

Cadmium

Cadmium, one of the most hazardous pollutants, can be accumulated in aquatic organisms. The gills of fishes
are major targets for acute metal toxicity in these organisms due to their permanent contact with water
contaminants. Long term (2 weeks) low-level (2 pug x L") exposure to Cd?* led to a distinct decrease of GST
activity in gills (> 80%) , but also in digestive glands (> 60%) of the freshwater crayfish Astacus astacus [72].
In Cd?* exposed freshwater crab (Sinopotamon yangtsekiense) GSH and antioxidant enzymes activities were
gradually reduced in gills with increasing concentrations (7-116 mg x L) and duration [73]. GST activity was
decreased by 44% after exposure to 116 mgx L Cd** for 96 h.

In mice liver GST showed a cadmium (up to 2.5 mg x L™ CdCl,) -induced, duration (up to 7 alternate days) -
dependent depression of conjugating capacity (35%) [74]. This was correlated with elevated hepatic lipid
peroxidation (102%) and chromosomal aberrations (30%). CdCl, (4 mg x kg™) also caused organ specific
reduction of GST activity in heart (53%) and renal (45%) tissues of mice upon 6 or 3 days [75]. Concomitant
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accumulation of Cd in these tissues increased lipid peroxidation products and protein carbonyl contents, as
well as decreased activities of other antioxidant enzymes. Murine hepatocytes, treated with 800 uM CdCl,
for 3 h showed reduced GST activity associated with significant reduction of cell viability, increased levels of
lipid peroxidation products and oxidized glutathione [76].

Tin

Organotin compounds such as tributyltin (TBT), triphenyltin (TPT) and dibutyltin (DBT), are extensively used
as plastic stabilizers, wood preservatives and antifouling agents in paints. Due to their widespread use, high
amounts of butyltins have polluted the environment causing harmful toxic effects. Fishes are suitable
organisms to evaluate the effect of such contaminants in aquatic ecosystems [77]. Organotins strongly inhibit
GST activities in marine fish liver and kidney cytosol showing a 10 (liver) to 100 (kidney) times higher
inhibition compared to inorganic tin [78]. This highlights the fact that inhibition depends on the chemical
species. ICso values for hepatic GST ranged between 7.4-18 uM for Siganus canaliculatus (Rabbitfish), and
between 17-45 uM for Sparus sarba (Arabian seabream). The order of inhibitory potency was TBT > TPT >
DBT; reversible inhibition was observed in all cases. Several times lower I1Csp values have been recorded for
kidney GST (0.92-4 uM) indicating significantly higher sensitivity of renal isoenzymes to organotins. The
results were consistent with previous in vitro competitive and reversible inhibition of rat liver GSTs by TBT
and TPT [79]. Organotin compounds are a special case when studying GST inhibition as they represent metals
and organic xenobiotics in the same time. All studies proposed an inhibitory effect via a direct binding of the
organotins to the active site of GST. Recent in vivo studies on TBT towards hepatic GST in Arctic charr
(Salvelinus alpinus, 0.3 mg x kg™, at long-term exposure) confirmed the potent inhibitory effect but discussed
also the possibility that organotins may compete with the detoxification of other organic xenobiotics for
binding to GST and GSH [80].

Mercury

Mercury is present in the environment as several different chemical species showing a range of toxicological
properties. These chemical forms can be classified as elemental (Hg®), inorganic (e.g. Hg?*), and organic
mercury, mainly alkyl mercury such as methyl mercury (MeHg). Goodrich and Basu [81] proved the influence
of mercury among many other metals to genetically engineered GST allozymes. All allozymes were inhibited
strongly by Hg?* (but also MeHg and selenium) (Tab.1). In a comprehensive in vitro study Sen and Semiz [82]
investigated the effects of mercury and other toxic metals on cytosolic liver GST activities in the fish leaping
mullet (Liza saliens). Both CDNB- and EA-GST were mainly inhibited by Hg?* (CDNB-GST 70% and EA-GST 86%,
resp.), but also by Sb?* (69% and 78%), and Cd?** (65% and 69%). Other tested metals Cu?*, Zn**, Co?*, Fe*,
and Fe?* exhibited more moderate effects (41-61%). The fail of fully reactivation by GSH pointed to inhibition
mechanisms other than simple binding to SH-groups by toxic metals. In a recent study of Gunderson et al.
[83] in the signal crayfish Pacifastacus leniusculus a similar decrease of the GST activity in hepatopancreas
cytosol was observed under Hg?* exposition at concentrations comparable to previous studies.

Lead

A continuous, low-level exposure of the freshwater crayfish Astacus astacus to lead (20 pg x L") resulted in
strong decrease of GST activity in gills and digestive gland [72]. Accordingly, increased metal accumulation
and severe structural impairment in these organs were observed. Thus, a chronic low-level metal stress may
have a biological impact as great as short-term acute dose insults in aquatic ecosystems. Long term low-level
lead exposure (0.1% in drinking water) of rats has been reported to profoundly impair phase | and phase Il
metabolising enzyme activity in the lenticular system of the animals. A very pronounced decrease (up to 55%
inhibition) was noticed in GST activity [84].

Cd* and Pb?* have been shown to be potent inhibitors (by more than 50% at 100 uM) of pulmonary GST in
rabbit lung cytosol [85]. Since GST and other detoxifying enzymes were found to be extremely poor in lung,
in vitro enzyme assays are suitable tools to indicate pulmonary toxicities.
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GST inhibition in plants

Trace elements such as Cu, Zn, Mn, Fe, Mo and Ni are essential in small amounts for plant metabolism while
higher concentrations can cause severe toxic effects [86]. Only few studies investigated the inhibition of GST
activity in plants by metals such as Cu, Zn, Cd, As, Pb, and Ni. Recently, Kumar and Trivedi [16] gave an
overview regarding the role of GST for arsenic detoxification in plants.

Copper

Due to its redox activity (Cu*, Cu®*) copper is of high significance for plants (respiratory chain: cytochrome
oxidase, photosynthesis: plastocyanine). On the other hand, copper induce reactive oxygen species (ROS) by
autoxidation and Fenton [87]. Ahsam et al. [88] did a general study of Cu?* influence in rice (Oryza sativa)
germination. During proteomic research in the first 4 days of germination, GST (identified by peptide-mass
fingerprinting) showed a slightly decrease upon CuSO. exposure (1.5 mM, 4 d). Unfortunately the authors
did not assay enzyme activities. However, in a recent study Li et al. [89] measured the GST activity in roots of
two varieties of Oryza sativa seedlings. In the Cu sensitive variety GST activity decreased by about 52% after
3 days Cu exposure (8 uM) while the Cu tolerant variety showed only a GST activity decrease of 30%. In
duckweed (Lemna minor) GST activity was inhibited time- and concentration-dependently by CuSO, [90]. For
example, low Cu exposure (0.25 uM to 0.5 uM) lad to a stimulation (114.4% to 125%) of GST as a consequence
of CuSO4 addition. While higher Cu content (2 uM) reduced GST activity (60% of the control level).

Zinc

Zinc is typically the second (after iron) most abundant transition metal in plants [91]. In poplar lines different
effects of ZnSO, for GST activity were measured [92]. Leaf disks of 2 hybrids (Populus nigra (N-SL clone), P.
canescens (P. termula x P. alba)) and 2 transgenic (P. canescens) clones, overexpressing E. coli y-ECS (11ggs:
cytosol, 6Lgl: chloroplast)) were exposed to Zn (10°-101M, 21 days). In clone 11ggs GST activity was
consistently lowered by 10°-10 M ZnSO,. In both hybrids GSTs were inhibited at high (cytotoxic) Zn*
concentrations (102 and 10! M).

Cadmium, arsenic, lead and nickel

Cadmium which chemically is similar to zinc, generally causes toxic effects in plant species. Interest in Cd
tolerance mechanisms [93, 94] is often driven by potential applications in phytoremediation [95, 96]. While
GST activities in 25 day old hydroponic cultures of Indian mustard (Brassica juncea L. cv. Vitasso) after Cd?*
(5 days, 10 uM) which is environmentally relevant, were not influenced, higher metal concentrations
decreased GST activity significantly to 61.3% (30 uM), 82.4% (50 uM) and 66.4% (100 uM) [97]. Interestingly
no continuous decrease was observed. A 10 days exposure of Cd (40 mg L-1) to rice (Oryza sativa) showed a
significant inhibition of GST activity by 63% in rice roots in contrast to a minimal increase in shoots [98].

Typha latifolia is some of the potent wetland plants for phytoremediation. It is used in constructed wetlands,
an alternative to traditional industrial wastewater treatment [99]. After 72h exposures of Typha latifolia
either to Pb, arsenite, or Cd showed remarkable GST inhibitions in leaves [95].

Arsenic and lead are taken up by plants from the soil, water or air. Spruce cell culture (Picea abies L.Karst.)
were exposed for 16 h to 50-500 uM CdSQ,, 1.5-80 uM Na;HAsO, and 50-400 uM PbCl, [100]. To distinguish
between different GST isoforms 4 different standard substrates for activity assay were used. Only assays with
1,2-epoxy-3-(p-nitrophenoxy)-propane (EPNP) as substrate showed remarkable inhibition effects (60%)
caused by cadmium. Under lead exposure the same effect was observed with a slightly higher residual
enzyme activity (56%). Arsenic inhibited EPNP conjugation continuous with higher concentration. GST was
assayed in horseradish (Armoracia rusticana L.) hairy root culture, incubated for 6 h with 0.1 and 0.5 mM
Cd%, Ni?* and Pb* using 1-chloro-2,4-dinitrobenzene (CDNB) and 1,2-dichloro-4-nitrobenzene (DCNB) in
order to detect different GST isoforms [101]. While GST activity with CONB was not influenced, assays with
DCNB showed decreasing activity levels in a metal dependent manner in the range of 35% (for Ni**) to 63%
(for Cd?).
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Conclusions

Metals represent a major ecological concern because they can accumulate in organisms in the food web and
finally, they can be a threat to human health. Impact of metals to aquatic and terrestrial ecosystems at sub-
lethal contaminant concentrations can cause biological responses of the glutathione antioxidative network
including glutathione transferases in organisms living in polluted habitats. On cellular level, metals are able
to inhibit different intracellular processes such as enzyme activities. Inhibition of GSTs in animals and plants
represents an early warning biomarker indicating a sensitive physiological response of organism to metals.
In this context the measurement of GST activity is an important tool. In most studies, metals decreased GST
activity supporting the fact that GST is part of the cellular antioxidant defense system where it is serving as
bifunctional enzyme: GST and as glutathione peroxidase, too. Furthermore, animal and plant glutathione
transferases are involved in detoxification of xenobiotics and endobiotic metabolites. Therefore,
interferences with the functionality of GSTs caused by toxic metals or imbalanced essential biometals may
have unpredictable toxicological consequences for the organisms. However, it is difficult to make a general
assessment of the level at which natural exposure, dietary supplementation, over-nutritional dietary
supplementation or poisoning will show effects.

When reviewing the literature on animal studies it can be concluded that the majority of articles are dealing
with organisms living in aquatic ecosystems. Here, fishes are of particular interest because in contaminated
aquatic environments they are in direct contact with toxic substances in contrast to terrestrial animals which
have a rather selective contact with toxic substances in a contaminated site. Fish gills are organs and tissue
which are primarily affected because they provide a large surface area in contact with contaminants dissolved
in water. Gill cells respond rapidly to metals and thus gills are major targets for measurement of acute toxicity
via GST activity. Moreover, some fish species such as signal crayfish are living in relatively small habitats;
therefore they can serve as good bioindicators for specific exposed areas.

Rather few studies have investigated the impact of metals to GST activity in plants although plants as sessile
organisms represent suitable bioindicators for specific contaminated sites as well as for long-term
observation of pollution. With respect to metal polluted aquatic ecosystems only one plant study has been
published so far. It investigated the aquatic macrophyte Typha latifolia which represents a common wetland
plant used in some cases for phytoremediation in constructed wetlands for sustainable waste water
treatment. This plant can accumulate metals, however, after long-term exposure a decrease of GST activity
was observed. This particular case demonstrates that there is a lack of studies in this field. In future, more
investigations on GST activity in plants exposed to toxic metal in aquatic as well as in terrestrial ecosystems
would be desirable in order to fill this gap of knowledge.
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Figure legends

Figure 1: General scheme of the glutathione transferase (GST) catalysed detoxification of organic xenobiotics
and endobiotic metabolites and its impairment by metals at toxic concentration, either by direct inhibition
of enzyme activity* or indirectly by decreasing the concentration of the GST substrate glutathione (GSH) via
changing the GSH/GSSG equilibrium**,

Figure 2: A graphical overview of the different classes of glutathione transferase (modified from Kumar and
Trivedi [16], Copyright © 2018 Kumar and Trivedi, doi: 10.3389/fpls.2018.00751).

Figure 3: Measurement of the GST activity and its inhibition by metals by using the model xenobiotic CONB
(1-chloro-2,4-dinitrobenzene). GST catalyses the reaction of reduced GSH with CDNB via a nucleophilic
aromatic substitution, the absorbance of the resulting GS-conjugate measured at 340 nm indicates the GST
activity.
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380 Table 1. Invitro and in vivo inhibitory effects of metals on cytosolic GST* activity

Metal or Exposure Acceptor Enzyme source Inhibition  IC50  Ref.
metal substrate (um)
compound
Animals
Al 100 mg/kg CDNB male Sprague Dawley rats 68% [43]
AlR* 172.5 mg/kg CDNB female Wistar rats 24% [44]
Crb* 10 mg/L CDNB Frogs (Rana ridibunda) 58% [50]
Cu? CDNB Rat liver cytosol 0.23  [55]
in the presence of
1 mM ascorbate
Cu® 100 uM CDNB Mullet (Liza saliens) liver cytosol 61% [82]
Cu® EA 51% [82]
Cu? 100-800 CDNB Protaetia brevitarsis Lewis 37%-45% [54]
mg/kg larvae
As** (NaAsO,) 10 mg/kg CDNB Swiss mice 53% [56]
As®* (As;03) 500 ug/L CDNB Worm (Laeonereis acuta) 48% [59]
Sb3* 100 uM CDNB Mullet (Liza saliens) liver cytosol 69% [82]
Sb3* EA 69% [82]
Se0s* 100 ug/L CDNB Tilapia fish (Oreochromis 20% [62]
mossambicus)
Ag* 15uM CDNB Van Lake fish (Chalcalburnus 11 [65]
tarichii)
Ag* 60 uM CDNB Erythrocytes (rainbow trout, 35 [64]
Oncorhynchus mykiss)
Ag* 2uM CDNB Turkey liver 0.4 [67]
Cd* 100 uM  CDNB Mullet (Liza saliens) liver cytosol 65% [82]
Cd?* EA 78% [82]
Cd? 100 uM  CDNB Rabbit (Oryctolagus cuniculus) 53% [85]
lung cytosol
Cd? 2.5mg/kg CDNB Balb/C mice 35% [74]
Cd? 1 mg/kg CDNB Plaice (Pleuronectes platessa) 90% [102]
Cd* 800 uM CDNB Murine hepatocytes 41% [76]
Cd? 116 mg/L CDNB Freshwater crab (S. 44% [103]
yangtsekiense)
Tributyltin CDNB Rabbitfish? (Siganus 0.92 [78]
canaliculatus)
Tributyltin CDNB Seabream? (Sparus sarba) 35 [78]
Tributyltin 0.3 mg/kg CDNB Arctic charr (Salvelinus alpinus) 70% [80]
Dibutyltin CDNB Rabbitfish? (Siganus 3.2 [78]
canaliculatus)
Triphenyltin CDNB Rabbitfish? (Siganus 4 [78]
canaliculatus)
Triphenyltin Seabream? (Sparus sarba) 1.8 [78]
Hg* 100 uM  CDNB Mullet (Liza saliens) liver cytosol 70% [82]
Hg* EA 86% [82]
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Metal or
metal
compound
H g2+

Pb2+

Pb2+
Pb*

Plants
Cu2+
Cu2+

Cu2+
Zn2+
Cd2+

Cd2+
Cd2+

Cd2+
ASO42-
ASO42-
Pb2+

Pb2+

Pb2+
Ni2+

14

Exposure

0.9 ug/kg

20 pg/L

100 uM

0.1%"

1.5mM
8 uM

5uM
100 mM
30 uM

50 uM
100 uM

50 uM
80 uM
50 uM
100 pM

50 uM
50 uM
500 uM

Acceptor
substrate

CDNB

CDNB

CDNB

CDNB

CDNB

CDNB
CDNB
CDNB

EPNP
DCNB

CDNB
EPNP
CDNB
DCNB

EPNP
CDNB
DCNB

Enzyme source

Signal crayfish (Pacifastacus
leniusculus) hepatopancreas
cytosol

Freshwater crayfish (Astacus
astacus)

Rabbit (Japanese White) lung
cytosol
Sprague-Dawley rats

Rice (Oryza sativa) seedlings
Rice (Oryza sativa) seedlings,
roots, Cu sensitive variety
Duckweed (Lemna minor)
Poplar (Populus)

Indian mustard (Brassica
junceaq)

Spruce (Picea)

Horseradish (Armoracia
rusticana)

Typha latifolia

Spruce (Picea)

Typha latifolia

Horseradish (Armoracia
rusticana)

Spruce (Picea)

Typha latifolia

Horseradish (Armoracia
rusticana)

Inhibition

70%

77%
in gills
44%
in digestive
gland

74%

55%

~52%

~40%

40%

60%
55%

50%
67%
80%
42%

45%
80%
37%

IC50
(um)

Ref.

(83]

[72]

(85]

(84]

(88]
(89]

[90]
[92]
[97]

[100]
[101]

[95]
[100]
[95]
[101]

[100]
[95]
[101]



*Membrane-associated glutathione S-transferases not involved in intracellular detoxification processes were

not considered here. These GSTs are more likely to be involved in special developmental processes (e.g. heat

shock in stationary phase and ability to grow at 39 °C, [104]. Membrane bound microsomal GSTs are involved
385 in the endogenous metabolism of leukotrienes and prostaglandins [105].

2PMS of kidney homogenate

EPNP = 1,2-epox-y-3-(p-nitrophenoxy)-propane
DCNB = 1,2-dichloro-4-nitrobenzene

CDNB = 1-chloro-2,4-dinitrobenzene

390 EA =ethacrynic acid
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