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Abstract

Metallic compounds contribute to the oxidative stress of ambient particulate matter (PM)
exposure. The toxicity of redox inert ions of cadmium, mercury, lead and zinc, as well as redox-
active ions of vanadium and chromium is underlain by dysregulation of mitochondrial function
and loss of signaling quiescence. Central to the initiation of these effects is the interaction of metal
ions with cysteinyl thiols on glutathione and key regulatory proteins, which leads to impaired
mitochondrial electron transport and persistent pan-activation of signal transduction pathways. The
mitochondrial and signaling effects are linked by the production of H,O,, generated from
mitochondrial superoxide anion or through the activation of NADPH oxidase, which extends the
range and amplifies the magnitude of the oxidative effects of the metals. This oxidative burden can
be further potentiated by inhibitory effects of the metals on the enzymes of the glutathione and
thioredoxin systems. Along with the better-known Fenton-based mechanisms, the non-redox
cycling mechanisms of oxidative stress induced by metals constitute significant pathways for
cellular injury induced by PM inhalation.

1. Introduction

Observational and experimental studies have long associated adverse health effects with
metallic constituents found on particulate matter (PM) [1-3]. Closely reflecting the
contribution of specific emission sources, the list of metals reported in analyses of PM varies
considerably with the sampling location and seasonality. Surveys conducted around the
world have generally found that metals of crustal origin, such as Al, Fe, Cu, Sn, Mo and Mn
are found in the coarse PM fraction (PM1, defined as particles with a mean aerodynamic
diameter of 10 um or less), while the fine PM fraction (PM, 5, particles with a mean
aerodynamic diameter of 2.5 pum or less) that is more closely associated with anthropogenic
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sources such as fuel combustion, brake and tire wear, and metallurgy, is reported to contain
As, Co, Pb, V, Ni and Zn. However, in some locations, Cd, Cr and Cu have also been
associated with PM1g and, in others, Zn and Ni have been found to span both coarse and fine
fractions [2,4,5].

Oxidative stress is a recognized feature of the toxicology of metals that is most readily
understood through the capacity of transition metals with adjacent valence states (e.g.,
Fe(l1D)/Fe(11), Cu(l)/Cu(ll), V(IV)/V (V)) to support single electron reduction of peroxides,
H»05 in the case of the Fenton reaction, to generate the highly reactive oxidant hydroxyl
radical. In the presence of a suitable reductant, such as superoxide anion in the Haber-Weiss
reaction, the metal ion can be reduced to its starting valence state to complete a redox cycle
that can result in oxidative damage to biomolecules [6]. The reduction of the known
carcinogen hexavalent chromium (Cr(V1)) by cellular reductants to Cr (111) is reversed by
oxidation of Cr(11) to Cr(1V), Cr(V) and Cr(V1) by cellular peroxides, making chromium a
toxicologically relevant redox active metal [7].

Less well appreciated is that the toxicity of metals that are incapable of participating in
redox cycling such Zn2*, Cd2*, Hg2* and Pb2* also involves oxidative stress that includes
the generation of reactive oxygen species from cellular sources. Adding complexity, some
redox-active metals such as V ion induce oxidative stress through non-redox mechanisms in
addition to redox cycling [6], and ligands of non-redox cycling metals (e.g., mercuric ion
(Hg?")) can be redox active when complexed with thiols [8]. This article will review
mechanisms of oxidative stress induced by PM metals, focusing on the interaction of metals
with cysteinyl thiols as well as those mediated by H>O5 produced by cellular processes
dysregulated by metal exposure. The focus will thus be on changes in bioenergetics and
aberrant activation of cellular signaling that ultimately underlie adverse responses, such as
inflammatory gene expression and cell death, in cells exposed to metals commonly found in
PM.

Most, if not all, of the studies cited in this review represent proof-of-principle experimental
work aimed at elucidating mechanisms of action hypothesized to underlie the toxicological
effects of exposure to metal. In keeping with this objective and as a matter of practical
necessity, mechanistic studies of this type use concentrations of metal that often exceed
those to which the tissue or cell would be exposed to /n vivo in environmental and
occupational settings. Furthermore, cultured cell models may lack structural elements such
as cilia and secretory cells, as well as mucin-containing airway surface liquid that overlies
the airway epithelium /n vivo. Similarly, soluble components of the epithelial lining fluid,
such as uric acid, glutathione and ascorbate, represent protective mechanisms that may be
absent in cell culture media. Subcellular preparations, such as isolated mitochondria, are still
further removed from physiological conditions. In addition, the studies reviewed here
typically utilize acute or subchronic exposures that often do not replicate chronic exposure
scenarios. Together these factors present an inherent challenge to approximating the dose of
metal that would be ultimately delivered to a toxicological target /n vivo and thus limit the
translational utility of these mechanistic studies. Therefore, extrapolations to the public
health implications of their findings must be made with caution. Nonetheless, the primary
role of such mechanistic studies is to provide biological plausibility that informs the risk
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assessment process at a fundamental level. Furthermore, computational models based on
mechanistic data have great potential to reduce uncertainties in low-dose extrapolations, thus
affording a rational foundation on which regulatory approaches to mitigating adverse health
effects of PM exposure may be based.

1.1. Direct interaction of PM metals with thiols

While effects on cellular lipids and nucleic acids have also been described [9,10], the
interaction between metals and proteins are most pertinent to our current understanding of
non-redox oxidative stress caused by PM metals. Metal-protein interactions can be seen as
indirectly involving virtually any amino acid that promotes or stabilizes direct binding by
cysteine or histidine [11,12]. However, the toxicology of PM metals is largely driven by their
effects on the function of cysteinyl thiols [13,14]. The affinity of metals like As, Hg, and Pb
for thiols has long been known to be central to their toxicity, involving both adverse effects
as well as the binding, transport and disposition of the metal [13,15,16]. In fact, metal thiol
binding is the principle behind the development of the reagent British anti-Lewisite (2,3-
dimercaptopropanol) in the 1940s for the treatment of intoxication with As, which was
subsequently expanded to the treatment of Hg and Pb poisoning. While some metal ions
associated with PM such as Zn?* and Cu2* are essential nutrients with multiple
physiological functions (see Ref. [17] for an excellent recent review of Zn biology by W.
Maret), the toxicology of inhalational exposure to supraphysiological concentrations of
essential metals mimics that of toxicological exposure to xenobiotic metals.

Heavy metal ions have also been shown to displace redox active metals from coordination
sites making them available for redox cycling. For example, the displacement of iron from
binding sites by Cd2* was reported to be responsible for the increased lipid peroxidation
induced by exposure of rats to this heavy metal [18]. While Cd2* (like Zn%*) is redox inert,
the free iron it displaces catalyzes single-electron reduction of peroxides to form hydroxyl
and carbon-centered radicals that initiate damaging free radical reactions throughout the cell
by reacting with unsaturated fatty acids to produce a variety of electrophiles such as
aldehydes, including 4-hydroxynonenal, as well as reactive lipid hydroperoxides [19]. In
addition, as reviewed by Ghio in this series, the displacement of iron bound to ferritin,
transferrin or lactoferrin by a variety of environmental metals dysregulates iron intracellular
homeostasis and initiates an oxidative response. Iron displacement by exposure of human
bronchial epithelial cells to V ions activates a response pathway that culminates in the
extracellular release of superoxide anion, as the cell attempts to correct a perceived iron
deficiency by reducing extracellular iron for the purpose of importing it via divalent metal
transporter 1 [20].

The consequences of toxicological interaction of metals with thiols have functional
similarities with physiological oxidative modification of cysteinyl thiols, a posttranslational
protein modification that is pivotal in the regulation of many cellular processes, including
energy metabolism and signal transduction [21-27]. In the past few years, the modification
of cellular cysteinyl thiols by the addition of one or more SH residues to generate highly
nucleophilic sulfanes (e.g., persulfide, polysulfides) has been recognized and its
toxicological implications explored [28-32]. The interactions of these sulfanes with metals
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are beginning to be studied [33]. The mechanism that regulates cysteinyl redox switching
exploits the broad range of valence states that the sulfur atom can attain (from -2 to +6),
which enables the cysteinyl thiol to assume a spectrum of redox states, from the reduced
thiol (-SH) and thiolate (-S™) forms, to the oxidized sulfenic (-SOH), disulfide (-SS-),
sulfinic (-SO,H) and sulfonic (-SO3H) species. The thiolate anion is a much stronger
nucleophile than the thiol and is much more readily oxidized [27,34]. The pKa of the
cysteinyl thiol, the deprotonation of which forms the thiolate anion, correlates with its
susceptibility to sulfenylation. However, thiol pKa is not the sole determinant of whether a
protein is subject to redox regulation. Indeed, physiological sulfenylation is a process
restricted to specific regulatory proteins [35-38].

The toxicity of several environmentally relevant metals is driven by a high affinity for thiols
[39]. While the thiolate anion is a natural high affinity target for interaction with metal
cations, the electron pair on the sulfur of the protonated thiol is also capable of coordinating
with metal ions [13,40]. Coordination with a metal ion can also lower the pKa of a thiol to
promote its ionization [41] and its subsequent oxidation to the sulfenyl form. It bears
repeating that the reactivity of a thiol is dependent on structural features such as the
availability of vicinal positively charged amino acid residues and hydrogen bonding that can
stabilize the thiolate form [27,35,36]. Within a biological context, a thiol that is sequestered
by interaction with a metal ion may be effectively as unavailable to serve its physiological
role as one that is oxidized.

1.2. The effect of PM metals on the intracellular glutathione redox potential

Total concentrations of reduced and oxidized glutathione (GSH and GSSG, respectively) are
1-5 mM in most cell types and thus constitute a dominant intracellular redox pair that serves
to buffer the cell against oxidative stress and prevents further irreversible oxidation [42].
Numerous studies have reported that exposure to PM metals like Hg, Pb, Ni, V and Zn, as
well as the metalloid As, reduces levels of glutathione in tissues or cultured cells [18].
Exposure to arsenic has also been associated with increased consumption of GSH, through
direct coordination, as well as via its reduction of As (V) to As (111) [43]. While there is
consensus that metal exposure leads to lowered glutathione concentrations, much of the
evidence relies on assay of total glutathione, GSH or GSSG, but typically not all three
measurements. Since the glutathione redox potential is established by the ratio of GSH to

GSSG and calculated by the Nernst equation (as Egsy = Espy + RT/nF * In ([GSH]%/

[GSSGY])), a complete data set that includes the total glutathione content is needed to
establish a mechanism of action for metal-induced effects on glutathione. As detailed by Go
and Jones [44], different enzymatic reactions in the glutathione system are dependent on the
concentration of GSH or GSSG, while others respond to Egsy. Therefore, the lack of
complete information presents a limitation in interpreting the consequences of metal effects
on glutathione. A further restriction is that the mechanism responsible for metal-induced
decreases in glutathione content reported in these studies cannot be determined without
knowledge of the concentration of reactive species (e.g., H,O5) produced secondarily by the
metal, which may also contribute to GSH oxidation through reactions catalyzed by enzymes
such as glutathione peroxidase.
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Live cell imaging studies using roGFP, a genetically encoded ratiometric sensor of Eggn
[45] have proved to be insightful in the study of the oxidative effects of Zn2* exposure [46—
48]. Zn?* -induced elevations in cytosolic and mitochondrial Eggy have been shown in
cultured human skin [46] and airway [49] epithelial cell lines expressing roGFP. A major
advantage of the live cell imaging monitoring of Eggy is that it is non-destructive, avoiding
potential artifacts that may arise during sample processing. When combined with other
fluorophores such as the H,0O,-specific sensor HyPer [48-50], non-invasive monitoring of
Egsy with roGFP affords high temporal resolution that is well-suited to examining the role
of H,0, in metal-induced glutathione oxidation. Extending earlier findings by Cheng et al.
showing that increased H,0 levels following exposure to Zn?* are dependent on
mitochondrial respiration [46], Wages et al. used ectopic mitochondrial expression of
catalase to show that the Zn?* -induced increase in cytosolic Eggy is linked to mitochondrial
H»0, production in human bronchial epithelial cells expressing HyPer or roGFP [49].

1.3. The effect of PM metals on the glutathione and thioredoxin systems

The importance of glutathione as a dominant redox buffer is owed not only to its millimolar
intracellular concentration but also to the wide array of enzymes and enzyme families that
are dedicated to its synthesis, maintenance and utilization that, together, comprise the
glutathione system [42,51]. These include rate-limiting synthetic enzymes such y-
glutamylcysteine synthetase [52], the NADPH-dependent glutathione reductases [53], the
xenobiotic metabolizing superfamily of glutathione-S-transferases [54], the selenocysteine-
containing glutathione peroxidases [55], and thiol/disulfide oxidoreductases such as the
glutaredoxins [56] and the protein disulfide isomerases [57].

Considering that many of these enzymes interact with glutathione using redox-active
cysteinyl (or selenyl) groups by forming mixed disulfide (or selenide-sulfide) intermediates
with GSH, it is not surprising that they too are subject to electrophilic attack by metals [58].
Indeed, exposure to Zn2* inhibits glutathione reductase in astrocytes [59]. The effect of ZnZ*
and Cd2* on glutathione reductase is reported to be non-competitive for GSSG and NADPH,
while the effect of Ni2* is non-competitive for GSSG but uncompetitive for NADPH,
suggesting metal-dependent specificities in this effect [60]. The activity of glutathione
synthase can reportedly promote the reduction of As(V) to As(l11) [61]. Sodium arsenite has
also been reported to decrease the activities of glutathione peroxidase as well as that of the
heme-containing H,O, scavenging enzyme catalase in cultured human fibroblasts [62].
Similarly, Pb2* exposure reduces catalase activity by inhibiting heme synthesis in rats [63]
and is associated with decreased glutathione reductase activity in humans [64]. Superoxide
dismutase and catalase activities in erythrocytes have been shown to be reduced in workers
occupationally exposed to lead [65]. Hg?* reportedly inhibits glutathione synthetase in
addition to glutathione reductase, catalase and superoxide dismutase [16,66]. Intriguingly,
there is also recent evidence that glutaredoxin, an enzyme that mediates thiol disulfide
exchanges and has an important function repairing glutathionylated proteins [56], has a
physiological role in maintaining homeostatic concentrations of iron and copper in the cell
[14,67].
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The thioredoxin system represents an independent antioxidant defense system that stands
mostly, but not entirely [68], apart from the glutathione system [69-71]. In its reduced form,
the low molecular mass protein thioredoxin is a dithiol that reduces protein disulfides
directly via a thiol exchange mechanism. The resulting oxidized thioredoxin is reduced by
the selenocysteine-containing thioredoxin reductases in an NADPH-dependent reaction that
is similar to the reduction of oxidized glutathione by glutathione reductase. Thioredoxin
reductase activity is inhibited by As ions [72,73] as well as Hg and Cr ions [14,74]. A very
important family of proteins reduced by thioredoxins, the peroxiredoxins are abundant and
highly efficient peroxidases that are increasingly recognized as pivotal regulators of
intracellular peroxide levels [69—71]. As an alternative mechanism to reduction by
thioredoxin, peroxiredoxins can also be glutathionylated and recycled by glutaredoxin [75].
Hexavalent chromium (CrV1) is a potent inhibitor of cytosolic and mitochondrial
thioredoxin system components thioredoxin, thioredoxin reductase and peroxiredoxin in
human bronchial epithelial cells [76].

Peroxiredoxins appear to also be subject to a more lasting oxidative inactivation through
sulfinylation (-SO,H) of the catalytic cysteine, a process that can be reversed by the ATP-
dependent sulfiredoxin [77]. This feature of peroxiredoxins serves as a key component of the
“floodgate hypothesis” of peroxide-based signaling. According to this model the extremely
fast catalytic activity of the peroxiredoxins is reconciled with the far slower rate of
sulfenylation of regulatory thiol switches on protein targets by invoking the inactivation of
peroxiredoxin by sulfinylation caused by a rapid, localized and transient accumulation of
high levels of H,O, [78]. However, unresolved issues, such as the high intracellular
concentrations of GSH and GAPDH thiols, pose challenges to this hypothesis [70]. One of
the most startling recent findings in the redox biology field is that hydrogen peroxide
induced formation of protein disulfides is actually enabled by peroxiredoxins [71,79],
implying that these enzymes have pro-oxidative as well as antioxidant activities, the
mechanistic specificity for which remains unclear at this time [71].

In addition to these metal-induced impairments of the redox homeostasis defense
mechanisms, there are numerous reports of increased levels of glutathione and glutathione
system enzymes. Exposure to Pb increases glutathione levels in the liver, kidney and red
blood cells [18]. Cadmium exposure has been shown to increase glutathione peroxidase in
Leydig cells in a rat model of testicular carcinogenesis [80], and increases expression of
thioredoxin reductase in bovine vascular endothelial cells through an Nrf2 signaling process
[81]. Epidemiological studies have shown that mMRNA expression of glutathione peroxidase,
thioredoxin reductase, thioredoxin and peroxiredoxins is elevated in peripheral blood
leukocytes of workers occupationally exposed to elemental mercury (HgP) [82]. Similarly,
the expression levels of thioredoxin reductase, glutathione-S-transferase and peroxiredoxin
were significantly increased in circulating leukocytes of metal workers exposed to the
metalloid arsenic 111, compared to an unexposed control group [83]. These effects have been
ascribed to adaptive responses to the oxidative stress induced by the metal exposure [18].
However, there is also evidence that suggests a higher level of control can be involved in
these antioxidant responses. Nishimoto and colleagues demonstrated that knockdown of
thioredoxin reductase in HeL a cells sensitized cells to a low dose of Cd2* but decreased
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cytotoxicity induced by a higher dose of Cd?*, suggesting that thioredoxin reductase has a
role in promoting cell death under certain conditions [84].

Given the multifaceted role and essentiality of glutathione and thioredoxin in maintaining
intracellular redox homeostasis, any impairment in these systems, be it direct or indirect, is
relevant to the oxidative stress of exposure to PM metals. The toxicological significance of
the disarming of cellular defenses against oxidative stress induced by environmental
oxidants is profound whether it occurs directly or is caused by the reactive oxidant species
that these oxidants may produce, or (as addressed below) oxidants that are formed secondary
to the dysregulation of cellular processes. Broadly, the impairment of glutathione or
thioredoxin system components potentially also represents a diminished capacity to maintain
a reductive tone to oppose the baseline oxidative stress incurred by mitochondrial generation
of Oy~ during respiration. Moreover, it also reduces the cell’s capacity to return to the
resting redox homeostatic setpoint following physiological departures from redox
homeostasis as they occur normally in signaling, a process that has been referred to as
“eustress” [85].

1.4. Effects of PM metals on cellular bioenergetics

The requirement of NADPH as the source of reducing equivalents for the activity of both
glutathione reductase and thioredoxin reductase links the glutathione and thioredoxin
systems to glucose utilization as the ultimate source of reducing power available to the cell
to defend against oxidative stress. The principal source of NADPH in mammalian cells is the
pentose phosphate pathway (PPP), one of the secondary glucose metabolism pathways that
is particularly active in tissues with a high metabolic requirement for reducing equivalents,
such as fatty acid synthesis activity in the liver or mitotic activity. A dynamic mechanism
exists to divert glucose-6-phosphate from glycolysis into the pentose phosphate pathway as a
rapid metabolic adaptation to increase NADPH synthesis under conditions of oxidative
stress. The pivotal event in this process is the reversible oxidative inactivation of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), a rate limiting enzyme in glycolysis
[86].

As elegantly elucidated by Tobias Dick’s group, the catalytic cysteine in GAPDH (Cys-152)
is inactivated by H,0,-mediated sulfenylation through a process that is dependent on a
second, neighboring cysteine (Cys-156) that does not participate in the catalytic activity of
the enzyme. These investigators showed that Cys-156 in GAPDH does not form a disulfide
with the catalytic cysteine but rather has an indirect but crucial role in enabling the oxidative
inactivation of GAPDH by acting as an essential component of a proton relay that permits its
oxidation by physiological concentrations of H,O, [87]. The dual reactivity of the
nucleophilic thiol of Cys-152 towards its substrate (glyceraldehyde-3-phosphate) and H,O,
provides a clear example of the importance of considering kinetic factors involved in driving
enzymatic reactions to completion and not only those that initiate them [87].

Because GAPDH is highly expressed in the cytosol of most cell types, its reactive thiols
constitute a significant redox buffer, the concentration of which rivals that of glutathione on
a mass basis [87] and, therefore, is also a potential site of metal coordination. Zn2* ions
potently inhibit GAPDH activity with a reported 1C50 of 150 nM, suggesting a potential
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regulatory role for this specific metal ion in controlling cellular bioenergetics under
physiological conditions [17]. There is evidence that Zn?* also decreases the availability of
nicotinamide adenine dinucleotide (NAD™), which can inhibit GAPDH activity, and that
metabolic correction of the NAD* deficit by the addition of pyruvate or oxaloacetate to
bypass glycolysis or by preventing the degradation of NAD* can protect neurons from Zn2*-
induced cytotoxicity at levels of 40 uM [88]. Thus, careful consideration of the
concentration of Zn2* is needed in evaluating the significance of reported physiological or
toxicological effects on energy metabolism. This point is reinforced by a report that
exposure of bovine pulmonary artery endothelial cells to 3-5 uM Cd%* or Hg2* results in a
profound inhibition of GAPDH, while slightly lower doses in the range of 1-2 UM appeared
to stimulate an adaptive effect that includes an increase in GSH levels [89].

Extrapolating from the effect induced by oxidative inactivation of GAPDH by H,0,, metal-
induced inhibition of GAPDH would seem to also incur a built-in antioxidant compensatory
mechanism in the form of increased production of NADPH through the pentose phosphate
pathway, which would serve to mitigate the oxidative effects of metal exposure. However,
unlike the oxidation of the catalytic cysteine by H,O,, metal-induced inhibition of GAPDH
may not be reversible, implying a sustained shunting of glucose-6-phosphate away from
glycolysis, the citric acid cycle and electron transport. Furthermore, exposure to Cd2* and
Hg?* has also been shown to inhibit the rate limiting enzyme in the pentose phosphate
pathway, glucose-6-phosphate dehydrogenase (G-6-PD) [89], making predictions about the
effectiveness of the pentose pathway as a compensatory mechanism for metal-induced
oxidative stress tenuous at best. This case illustrates the point that the general reactivity of
metals with protein thiols introduces considerable unpredictability in the assessment of the
toxicological outcome of exposure to PM metals. The net effect of metal-induced
dysregulation of multiple serial, opposing or interdependent cellular processes that are
normally closely regulated may be too chaotic to predict or interpret using a systems
approach, and therefore require empirical determination using an experimental approach that
monitors specific readouts in real time.

1.5. PM metal effects on mitochondrial respiration as a source of reactive oxygen species

Mitochondria are a major intracellular source of reactive oxygen species [90]. It is estimated
that approximately 0.1% of the molecular oxygen used in mitochondrial respiration is
released prematurely as the partially reduced oxygen species superoxide anion (O, ™) [91].
The sites of generation of mitochondrial superoxide have been identified as Complexes | and
111 [90,92-94], with complex Il implicated as a regulator of Oo-~ production by the electron
transport chain [95]. Physiologically, mitochondrial respiration is subject to close regulation
by processes that involve redox modifications of cysteinyl thiols and glutathione [96].

Virtually all aspects of mitochondrial function, including oxidative phosphorylation, control
of cell death through apoptosis, and mitochondrial biogenesis and autophagy, is subject to
redox regulation that is mediated by oxidation of cysteinyl thiols in mitochondrial proteins
(see Ref. [97] for review). Metals found as components of ambient PM have been shown to
impair mitochondrial function, including Hg, Pb, Cd, As, V and Zn [98,99]. Exposure to
Zn2* causes a loss of mitochondrial membrane potential in intact cells [46] as well as in
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isolated mitochondria [100]. A recent study showed that exposure of mouse and human
primary hepatocytes to arsenite induces increased production of mitochondrial reactive
oxygen species that appeared to be derived from altered Complex | activity and expression
following a non-linear dose response relationship referred to as “mitohormesis” [101]. In
mitochondria of bovine cardiac myocytes Zn2* targets a proton channel in the hydroquinone
oxidation center of complex 11, leading to inhibition of electron transport [102]. Sequential
inhibition of FoF1 ATPase, followed by uncoupling of oxidative phosphorylation, inhibition
of electron transport, oxidation of mitochondrial GSH and lipid peroxidation have all been
reported in isolated rat renal cortex mitochondria exposed to Hg (1) [103]. Similarly,
mitochondrial dysfunction including changes in membrane permeability was accompanied
by inhibition of ATPase, superoxide dismutase and glutathione peroxidase activities in
human embryonic kidney cells exposed to Cd2* [104]. Despite these similarities, a study
comparing the effects of Hg and Cd in rat liver mitochondria found clear evidence of
specificity in the toxicity of these metals on individual parameters of mitochondrial function
[105].

Increased mitochondrial Ca2* levels are known to increase the rate of ATP production, as the
Ca?* -sensitive dehydrogenases of the TCA cycle are stimulated by elevated Ca2*. The
increased ATP production in turn leads to increased leakage of free electrons to generate
ROS [106]. Exposure to Zn, Cd, and Hg ions has been shown to elevate the intracellular
Ca?* concentration from the intracellular calcium storage on the endoplasmic/sarcoplasmic
reticulum (ER/SR) that functions to maintain low cytoplasmic Ca?* levels. These metals
promote Ca2* release from the ER or inhibit Ca2* efflux to the inter membrane space by
inhibiting the activities of the ER/SR Ca?* ATPase (SERCA) or the Ca?*-ATPase (SPCA)
[107-109]. The elevation of the CaZ* level within mitochondria is controlled by several ion
channels, including the mitochondrial calcium uniporter (MCU), that can be disrupted by
ions of Hg, Cd, and Cu, allowing increased calcium influx into the mitochondria [105].

Excessive influx of Ca2* induces persistent depolarization and the opening of the
mitochondrial permeability transition pore (MPTP) to compensate for the calcium
homeostasis. Although much about the MPTP, including its composition, remains poorly
understood, it is clear that opening of the MPTP is a determining event in cell death [110].
Loss of mitochondrial calcium homeostasis and increased concentrations of reactive oxygen
species in the mitochondrial matrix are triggering events in MPTP activation [111] that leads
to mitochondrial swelling, loss of mitochondrial membrane potential, uncoupling of
oxidative phosphorylation and increased permeability to mitochondrial proteins such as
cytochrome C [112]. In rat liver mitochondria, exposure to Hg2* induces mitochondrial
swelling, collapse of the mitochondrial membrane potential and release of cytochrome C
[113]. The metalloid arsenic has been shown to induce release of cytochrome C through
activation of the MPTP [114]. Electron flow through mitochondrial complexes I and I11 has
been implicated as sources of the reactive oxygen species that lead to MPTP activation
[110,112]. Belyaeva and colleagues showed that impairment of the electron transport chain
by exposure of rat PC12 neurocytes to Cd2* or Hg2* led to permeabilization of the
mitochondrial membrane induced by MPTP activation [105]. Specifically, these workers
identified the P-site and S-site in Complexes | and 111 as likely sites of metal binding leading
to ROS formation that causes oxidation of thiols and MPTP opening [105,115]. Inhibition of
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complexes I, Il and 111 and ensuing generation of reactive oxygen species and ATP depletion
have also been shown to lead to MPTP opening and cytochrome C release induced by
exposure of isolated rat liver mitochondria to pentavalent vanadium (V(V)) [116].

The B-cell leukemia 2 (Bcl-2) family of pro- and anti-apoptotic proteins are a major part of
the intrinsic (non-receptor mediated) mitochondrial pathway that leads to programmed cell
death [117]. The activation of apoptosis in the intrinsic pathway is effected by the
oligomerization and insertion of BAX/BAK into the outer mitochondrial membrane to form
the mitochondrial apoptosis-induced channel (MAC). MAC is a pore through which high-
molecular weight solutes such as cytochrome C can pass into the cytosol, and event that
commits the cell to undergo apoptosis by triggering the activation of caspases that lead to
cell death. Bcl-2, the protein after which the family is named, is anti-apoptotic in that it
exerts a suppressive effect on MAC formation [118]. Decreased expression of Bcl-2 has
been linked to apoptosis induced by exposure of human lung fibroblasts to arsenic trioxide
[119]. An elevated BAX/Bcl-2 ratio has been reported in apoptosis induced by exposure of
PC-12 rat adrenal medullary cells to lead ions [120,121], while expression of Bcl-2
suppressed cadmium-induced cell death in Rat-1 fibroblasts [122]. The effect of zinc on
Bcl-2-induced apoptosis appears to be more complex. Zinc ions have been reported to
suppress apoptosis in U937 cells exposed to HoO5 by increasing the Bcl-2/BAX ratio [123].
However, a subsequent report showed that Zn ions induce apoptosis in cultured human
prostate epithelial cells through degradation of Bcl-2 protein [124]. A recent study
demonstrated an increase in the BAX/Bcl-2 ratio in human aortic endothelial cells exposed
to zinc oxide nanoparticles [125]. The effect of zinc on the apoptotic protease caspase-3 also
appears controversial, with studies reporting that zinc ions potently inhibit caspase-3 activity
[126,127], while another showed that Zn-induced inhibition of caspase3 does not prevent
apoptosis in HelLa cells [128].

Given its function as the site of 4-electron oxygen reduction to H,O, metal-induced
inhibition of cytochrome C oxidase activity (Complex IV) is also relevant to oxidative stress
induced by exposure to PM metals. Particularly well worked out is the effect of Zn?* on
cytochrome C oxidase, as the strong affinity of this metal ion with specific targets has been
used to elucidate bioenergetic pathways in the mitochondrion [129]. Multiple binding sites
for Zn2* on cytochrome C oxidase have been identified on the negatively charged
mitochondrial membrane [130], in proximity to the proton channel entrance [131,132]. In
addition, high affinity binding sites for Zn2* have been reported on the external (P side) of
the mitochondrial membrane [133,134]. The net effect of supraphysiological concentrations
of Zn?* on the mitochondrion appears to be uncoupling of mitochondrial respiration caused
by inhibition of two of the four proton pumping steps required for full reduction of oxygen
to water by cytochrome C oxidase [135]. The loss of cytochrome C oxidase activity can be
expected to lead to impaired electron and proton flow and increased production of
superoxide from complexes | and 111 [96].

Dysregulation of signaling by metal exposure

Reversible protein phosphorylation is a pivotal regulatory event that transduces extracellular
signals into cellular responses that determine virtually every aspect of the life of the cell,
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from division to differentiation, migration, adhesion, gene expression, energy utilization, and
cell survival. Protein phosphorylation is mediated by kinases at the expense of ATP and
occurs on specific serine/threonine or tyrosine amino acid residues, with the regulation of
some proteins involving dual phosphorylation at a specific serine/threonine as well as a
tyrosine [136,137]. The activity of many kinases is itself regulated by phosphorylation,
establishing signaling cascades or pathways that may be stratified by an alternating pattern
of phosphorylation on serine/threonine, tyrosine phosphorylation or both [137]. Although
examples of deactivation are also known, phosphorylation of specific protein domains
usually leads to structural changes that modulate a protein function, typically an activation
or gain of function. This view is supported by the fact that levels of phosphoproteins in
resting cells are typically very low, with an appreciable but transient increase evident in cells
that are stimulated physiologically [136].

Dysregulation of protein phosphorylation, fundamentally manifested as sustained levels of
protein phosphorylation, is a well characterized feature associated with pathologic cellular
behavior seen in cancer, particularly the unrestrained growth that drives neoplasia and the
invasiveness leading to metastasis. Acute inflammatory responses and adaptive changes,
such as fibroblast growth that gives rise to fibrosis, are similarly understood to be the result
of the activation of specific phosphorylation-dependent signaling pathways [138]. As
discussed in this section, aberrant signaling caused by the loss of signaling homeostasis
induced by metals contributes to the adverse health effects associated with exposure to
ambient PM.

Phosphatases are hydrolases that catalyze the removal of a phosphate from a phosphoric acid
monoester in a reaction involving nucleophilic attack on the phosphorus atom in the
presence of water [139]. While far less studied, the role of phosphatases in signaling is
equally vital to that of kinases in intracellular signaling. By opposing the activity of the
kinases, the constitutive dephosphorylating activity of phosphatases enables two
fundamental features of phosphorylation-dependent signaling: homeostasis and reversibility
[140]. The relatively low intracellular levels of phosphoproteins in unstimulated cells is the
result of phosphatase activity that greatly exceeds the basal activity of kinases. In effect, the
constitutive phosphatase activity represents the primary homeostatic mechanism that
maintains signaling quiescence in the absence of an extracellular signal. Control of
phosphorylation-dependent signaling in stimulated cells is the result of activation of kinase
activity and concurrent inhibition of phosphatases.

Phosphatases involved in signaling regulation are classified as the protein phosphatases (PP),
with specificity for phosphoserine and phosphothreonine, and the protein tyrosine
phosphatases (PTP). The dysregulation of PPs is associated with a wide spectrum of
morbidities ranging from cancer to diabetes, Alzheimer’s disease, autoimmune disorders and
diabetes [141-145]. It is estimated that over 90 % of the protein phosphatase activity
towards phosphothreonine and phosphoserine is the action of PP1 and PP2A enzymes [146].
Exposure to Zn2* has been shown to inhibit PP activity directed at GABAA receptors present
in isolated rat pyramidal cells [147]. In contrast, exposure to Pb appears to induce the
expression of PP1 and PP2A, reducing Tau phosphorylation at specific serine residues, in a
process that has been associated with learning and memory deficits in young rats [148].
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In contrast to the PP, the PTP superfamily is highly diverse, with over 100 members spread
over multiple classes of enzymes based on their structure and substrate specificities
[149,150]. The PTP encompass the receptor-like PTPS, some of which have dual catalytic
domains (e.g., PTPa) [151], and the well-known nonreceptor PTP such as PTP1B, which
dephosphorylate the epidermal growth factor and platelet derived growth factor receptors.
PTP1B also dephosphorylates the insulin and leptin receptors and is thus involved in the
regulation of energy metabolism [152-155]. The superfamily also includes the srchomology
domain-bearing PTP that include SHP1 and SHP2 and are themselves regulated by
phosphorylation, and SHP-PEST, which is involved in the regulation of c-src kinase [156].
The low-molecular weight PTP are involved in the dephosphorylation of growth factor
receptors, transcription factors and src-family members [157]. PTPs in the Cdc25 group are
involved in regulating cell-cycle progression and are regulated by phosphorylation by Chk1
and Chk2 kinases, which targets them for ubiquitination and proteolytic degradation. Dual
specificity phosphatases that dephosphorylate phosphoserine and phosphothreonine in
addition to phosphotyrosine residues are also in the PTP superfamily [158]. Included in this
group is phosphatase and tensin homolog deleted on chromosome 10 (PTEN), whose
activities include the dephosphorylation of phosphatidylinositol-3,4,5-trisphosphate in
opposition to the phosphorylating activity of PI13kinase [159]. The enzymes that
dephosphorylate the mitogen activated protein kinases (MAPK) P38, JNK and ERK1/2, and
thus oppose the activity of the dual specificity kinases MAPKK, are also dual specificity
phosphatases.

The PTP were among the first proteins to be demonstrated to be regulated by redox
modification [160]. As diverse as they are, all members of the PTP superfamily of
phosphatases have a conserved CX5R motif that includes the catalytic cysteine responsible
for the nucleophilic attack on the phosphorus atom of phosphotyrosine. Due to the amino
acids surrounding the catalytic pocket in PTP, the pKa of the catalytic cysteine in PTP is low
(approximately 4.5) and it therefore exists intracellularly as a thiolate, which makes it a
superior nucleophile. However, as mentioned earlier, thiolates are also highly susceptible to
oxidation to the sulfenic form [149,161].

Work done in the laboratory of Sue Goo Rhee in the 1990s demonstrated that signaling
induced by stimulation of A431 skin carcinoma cells with epidermal growth factor was
accompanied by an increase in H,O, and transient, oxidation-dependent loss of PTP1B
activity [160]. Physiological inhibition of PTP during signaling activation was subsequently
shown in members of every class of PTP and has been demonstrated to be mediated by the
sulfenylation of the invariant catalytic cysteine in these enzymes. Until recently, the
oxidation of the catalytic cysteine in PTP was thought to involve a direct reaction with
H,0,. However, as alluded to in an earlier section, the rate of H,O, reaction with PTP
appears to be too slow to be competitive with the reactivity of the much more abundant
peroxiredoxins [70]. It has been proposed and there is a growing body of evidence to support
that protein sulfenylation, including that of the PTP catalytic cysteine, is mediated by the
action of the peroxiredoxins [71]. Whether it is direct or indirect, the sulfenylation of the
catalytic cysteine leads to formation of a sulfenamide through a nucleophilic attack of a
backbone amide on the sulfenic group. Sulfenamide formation is thought to be a mechanism
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that protects the catalytic cysteine in PTP from undergoing further oxidation to the sulfinic
or sulfonic forms, which are not known to be reversible [161].

The vanadate ion (VO,43") is a phosphate analog that is a well-characterized competitive
inhibitor of PTP [149,162]. In fact, inhibition of PTP activity with vanadate is standard
experimental practice in signal transduction studies to preserve the state of protein
phosphorylation during the preparation of protein extracts for analysis [163].
Pharmacological strategies to potentiate or prolong phosphorylation-dependent signaling
using vanadium-based drugs to target PTP have also been devised in the treatment of
diseases such as diabetes i.e., insulin mimesis [164], with varying degrees of success [149].
Peroxovanadium compounds formed from the reaction of vanadium ions with H,O, are
potent and irreversible inhibitors of PTP [164,165]. Toxicologically, exposure of a human
airway epithelial cell line to residual oil fly ash, a vanadium-rich constituent of ambient PM
derived from the combustion of oil [166], inhibited PTP activity and induced a time-
dependent accumulation of protein phosphotyrosines. These effects were shown to be
mimicked by solutions containing vanadium salts but not by other major metallic
compounds present in residual oil fly ash [167], and were subsequently found to include
inhibition of PTP1B in primary human airway epithelial cells exposed to vanadium ions
[168]. Cr(V) and Cr(V1) are isoelectronic with V(IV) and V(V), respectively, and some
studies have shown that Cr ions are PTP inhibitors [7].

The divalent zinc ion is also known to be potent inhibitor of PTP activity [169]. Picomolar
fluctuations in the concentration of intracellular Zn2* have been shown to modulate growth
factor signaling [170]. Primary human airway epithelial cells exposed to Zn?* had marked
reduction in the activity of PTP of a broad range of molecular weights, including PTP1B,
with accompanying increase in levels of protein phosphotyrosines [171]. As recently
reviewed [17], the mechanism of ZnZ*-induced inhibition of PTP has been characterized
extensively by Maret and colleagues [172—175]. Their work has shown that Zn2* binds to
the catalytic aspartate in the PTP and the intermediate formed by the attack of the catalytic
cysteine on the phosphate group of the phosphorylated tyrosine. Interestingly, the inhibitory
binding of the Zn2* ion renders the catalytic cysteine in PTP unavailable for oxidation and
is, therefore, a mechanism that is distinct from the coordination of thiols that Zn?* shares
with other heavy metals [17]. In addition to the inhibition of PTP activity, exposure of
airway epithelial cells to Zn2* has also been shown to decrease the activity of PTEN, a PTP
that opposes PI3K kinase activity. This was shown to occur through a mechanism that
involves proteolytic degradation of PTEN as well as decreased levels of PTEN mRNA,
suggesting that Zn2* exposure can trigger a signaling-dependent regulatory response that
modulates the expression of PTP [176]. Perhaps not surprisingly, given its chemical
similarities to Zn2*, Cd2* has also been found to inhibit PTP activity [177].

While the phosphate analog arsenate has been reported to inhibit PTP1B in a cell-free
preparation [178], Karin and colleagues reported that exposure to trivalent, but not
pentavalent, arsenic ions resulted in a loss of PTPase activity in HeLa cells [179]. More
recently, the mechanism of PTPase inhibition by mono- and di-methylated forms of As Il
was investigated in HePG2 cells and recombinant PTP1B and CD45 [180]. This work
showed that PTPase inhibition is mediated by binding of methylated As, specifically
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dimethylarsinous acid, to the catalytic cysteine in PTP1B (Cys215), while inorganic As 111
does not inhibit PTPase directly. Consistent with this finding, treatment with sodium arsenite
(AsO337) did not induce changes in total PTP or PTP1B activity in primary human airway
epithelial cells under conditions in which vanadate and Zn?* induced profound inhibition
[168]. In a study using recombinant PTP to evaluate the effects of various metal ions,
divalent copper (Cu?*) was distinguished from Fe3* and Zn2* by the irreversibility of its
inhibitory effect using the metal chelator EDTA, suggesting that the effect of Cu?* is
secondary to its generation of reactive oxygen species [177]. However, a more recent study
reported that Cu(ll)-amino acid complexes are potent inhibitors of PTP activity, appearing to
rule out the involvement of ROS [181].

1.7. Signaling activation induced by PM metal exposure

Work cited above showing that treatment with metals that inhibit PTP result in a time-
dependent accumulation of protein phosphotyrosines [167,168] illustrates the essential role
that dephosphorylating activity plays in maintaining intracellular signaling quiescence in
resting cells and in limiting the duration of signaling. Further, studies have also shown that
metal-induced loss of PTP activity is a mechanism that is sufficient to initiate signaling
through a permissive process wherein basal activity of kinases is unopposed, thus leading to
an autoactivation that is distinct from physiological signaling in that it does not require
ligand-mediated receptor activation. Specifically, loss of dephosphorylating activity directed
at specific signaling intermediates has been linked to metal-induced activation of signaling
in human lung cells exposed to PM metals. Exposure of a human bronchial epithelial cell
line to Zn2* or VO?Z* caused a marked inhibition in phosphatase activity directed at
phosphorylated forms of the MAP kinases JINK and ERK [182]. Similarly, Tal et al. [183]
showed that exposure of primary human airway epithelial cell cultures (HAEC) to Zn2* or
VOZ2* ions induced phosphorylation of EGFR that was accompanied by a profound loss of
total PTP activity and impairment of the rate of dephosphorylation of phosphotyrosines 1068
and 845. Notably, inhibition of P-EGFR dephosphorylation was shown in cell lysates
prepared from HAEC treated with Zn?* using a recombinant substrate, as well as in intact
HAEC that had been pre-treated with EGF to induce phosphorylation of endogenous EGFR
[183].

Exposure to PM metals has been associated with a broad array of specific signaling
pathways known to lead to cellular responses such as inflammatory gene expression thought
to contribute to the health effects of PM inhalation [184]. In a human airway epithelial cell
line, exposure to As, Cr, Cu, V and Zn compounds was shown to activate ERK1/2, INK and
P38, MAP kinases [185]. This was subsequently shown for As, V and Zn to occur via Raf-1-
[171] and Ras-dependent signaling [186] initiated by the EGF receptor [171]. The induction
of EGFR activation in human airway epithelial cells exposed to Zn ions has been extensively
characterized [183,187,188], including the role of PI3Kinase [189]. Similarly, exposure to
As [190], Cu [191] and V ions [192] has been associated with activation of NFkB, while Cr
[193] and Zn [188] ions have been shown to activate Src family kinases. Cadmium-induced
expression of the cytokine 1L-6 and the CXC chemokine IL-8 in human astrocytes has been
shown to involve MAPK and NFkB pathway activation [194]. Recent work in zebrafish
embryos suggests that the effects of Pb and Cd ions can be distinguished by their patterns of
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MAPK activation and expression of the nuclear factor erythroid-2 related factor 2 (Nrf2)
gene [195].

Nrf2 is a Cap’n’Collar basic-region leucine zipper transcription factor that controls the
expression of genes regulated by an antioxidant response element (ARE, also referred to as
an electrophile response element EpRE) [196,197]. These genes include those encoding a
range of critical modulators of the cellular antioxidant defense mechanism, such as
glutathione-S-transferase (GSTP1), peroxiredoxin (PRDX1), hemeoxygenase (HMOX1),
sulfiredoxin (SRXNZ1), thioredoxin reductase (TXNRD1), and NADPH quinone oxidase
(NQO1) [83]. Nrf2 is constitutively suppressed by ubiquitination and proteasomal
degradation by a process that is facilitated by the binding of its repressor, Kelch-like ECH-
associated protein 1 (Keapl) [197]. Modification of regulatory thiols on Keapl by oxidants
and by electrophiles decreases its efficiency in promoting the degradation of Nrf2, leading to
NrF2 stabilization and enabling ARE transcriptional activity [196]. Specifically, S-
nitrosation of Cys-151 by NO and alkylation of Cys-273 and Cys-288 have been shown to
act as switches controlling the activity of Keapl. The mechanism responsible for the
activation of Keap1 by Zn2* has been well worked out by Hayes and colleagues, who
showed that it involves a conformational switch initiated by Zn2* binding to His225,
Cys-226 and Cys-613 [198]. Similarly, the activation of Nrf2 by As3* and Cd?* ionsin a
reconstituted system is dependent on Cys-151 [199]. Nrf2 activation has been demonstrated
to protect against oxidative stress and apoptosis induced by exposure of mouse liver cells to
hexavalent chromium ions [200].

1.8. NOX activation induced by PM metal exposure

NADPH oxidase (NOX) activity is recognized as the primary regulated cellular sources of
reactive oxygen species [201]. In the classic neutrophil model, NOX activity is the result of
the coordinated activation of a complex of proteins recruited to the cell membrane leading to
the reduction of molecular oxygen by NADPH to produce superoxide anion by a
flavocytochrome b558 comprised of gp91Pho% and p22PM°X, Translocation of a cytosolic
regulatory subcomplex, formed by p47P1X p67PhOX and p40PNOX and the small GTPase Rac
in its GTP bound form completes the NOX complex [202]. The signaling pathway leading to
GTP-Rac formation from the inactive GDP-bound state is dependent on protein kinase C
(PKC) activity. NOX complexes exist in a variety of cell types in the lung, including
immunocytes (neutrophils, lymphocytes, eosinophils, dendritic cells), fibroblasts, smooth
muscle cells and the airway epithelium [42].

Exposure of vascular smooth muscle cells to mercury ions (Hg2*) has been shown to induce
the activation of ERK1/2 and P38 MAP kinases and is accompanied by activation of
NADPH oxidase activity [203]. Activation of NOX has been implicated in cell death
induced by exposure of cortical neurons to Zn?* [204]. Similarly, arsenite has been shown to
stimulate NOX activity in porcine aortic endothelial cells through a mechanism that involves
the translocation of Racl [205]. Exposure of human promyelocytic leukemia cells to the
metalloid arsenic, or the metals cadmium, mercury or nickel stimulates cell growth in a
manner dependent on NOX activation [206].
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As stated above, PKC activation is involved in the signaling leading to NOX activation. A
number of metals have been shown to induce PKC activation. Microglial cells exposed to
Zn2* show PKC activation that is linked to NOX activation [207]. Vanadate-induced
activation of protein kinase B (PKB, more commonly known as Akt) requires PKC
activation in a mouse epidermal cell line [208]. A more recent study reported that Cd2*
exposure induces PKC activation and PKB/Akt activation in a signaling process that
modulates autophagic and apoptotic death in kidney cells [209]. A recent field study found
an association between T-cell immunosuppression and PKC expression and activation in a
population exposed to arsenic from coal-burning [210]. The effect of Pb exposure on PKC,
has proven more difficult to elucidate, with some studies showing activation while others
report profound inhibition (Reviewed in Ref. [211]). As discussed earlier, metal exposure
can result in intracellular calcium overload, which act as a cofactor to activate PKC through
a calpain-dependent proteolytic activation mechanism [212].

2. Conclusions

Metals commonly found in ambient particulate matter present an oxidative challenge to cells
through multiple mechanisms. Non-redox cycling ions of zinc, cadmium, lead and
chromium, as well as those of the redox-active metals mercury and vanadium interact with
thiols to promote their oxidation or otherwise render them unavailable for function. When
the thiol reactivity involves glutathione or the cysteinyl residues of antioxidant enzymes, the
result is a diminished cellular capacity to maintain redox homeostasis in the face of
oxidative pressure incurred by intrinsic metabolic functions such as energy metabolism, as
well as that posed by external oxidative pressure. Coordination or oxidation of thiols
essential to electron transport in the mitochondria increases the rate of superoxide
generation, thereby increasing intracellular HoO levels. The inactivation of phosphatases,
either directly by metal ions or by H,O», results in unopposed basal or stimulated kinase
activity leading to a sustained and disordered pan-activation of signaling processes, with the
potential to alter gene expression, cell growth or survival (Fig. 1). Given the pivotal
physiological roles of H,0O, in regulating intracellular signaling and bioenergetics, increased
production of H,O, as an outcome of signaling dysregulation has profound implications for
cells exposed to PM metal ions, whether the metal ions are redox active or not.
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GAPDH glyceraldehyde-3-phosphate dehydrogenase
HO-1 hemeoxygenase-1
H>0, hydrogen peroxide
MPTP membrane permeability transition pore
MAC mitochondrial apoptosis-induced channel
MAPK mitogen activated protein kinase
NOX NADPH oxidase
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PPP pentose phosphate pathway
Prx peroxiredoxin
PI3K/Akt phosphatidyl-inositol-3 kinase
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Fig. 1.
Non-cycling mechanisms of oxidative stress induced by metals in ambient air particulate

matter. Redox inert PM metal ions of Pb, Cr, Cd, Zn and As, as well as those of some redox
active metals like V and Hg, can interact with cysteinyl thiols in glutathione (GSH) and
regulatory proteins. Direct or H,O,-mediated inhibition of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) increases levels of reduced nicotinamide adenine dinucleotide
phosphate (NADPH) through the pentose phosphate pathway (PPP), while inhibition of
protein tyrosine phosphatases (PTP) allows unopposed basal kinase activity in the epidermal
growth factor receptor (EGFR) and downstream signaling through mitogen activating kinase
(MAPK), nuclear factor kappa B (NFkB) and phosphatidyl-inositol-3 kinase (PI3K/Akt),
leading to downstream signaling, inflammatory gene expression and activation of NADPH
oxidase (NOX), a source of H,0,. Metal effects on mitochondrial proteins impairs electron
flow, increasing the production of superoxide anion (O,™) which is dismutated to H,O, by
superoxide dismutase (SOD). Dysregulation of Ca2* transport increases its levels in the
mitochondria and the cytosol, promoting the opening of the membrane permeability
transition pore (MPTP) and the activation of NOX by kinases such as protein kinase C
(PKC). Oxidative effects are potentiated by direct metal interaction with thiol-containing
antioxidant enzymes glutathione reductase (GR), thioredoxin (Trx) and Trx-system proteins
thioredoxin reductase (TrxR) and peroxiredoxin (Prx). Evidence is mounting for a pro-
oxidant role of Prx in mediating intracellular reactions of H,O,. Binding to the metal
sensing module in Keapl leads to the activation of nuclear erythroid factor 2 kinase,
hemeoxygenase-1 expression and adaptation. Metal-induced activation of B-cell lymphoma
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2 (Bcl-2) can lead to apoptosis through the activation of the mitochondrial apoptosis-induced
channel (MAC). Activating processes are depicted by blue arrows, inhibitory effects are
shown in red arrows.
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