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Abstract
Acute inflammation can represent an effective immune
response to the corporeal presence of organisms of exoge-
nous origin or damaged cells of intrinsic origin, both of which
are potentially injurious. Very often, such inflammation persists
long after the triggering stimulus no longer poses a threat.
Such a chronic condition can ultimately be more harmful than
the original triggering agent. The means by which metallic
compounds can provoke undesirable and extended inflam-
matory changes within the nervous system are diverse. This
short review classifies the likely mechanisms underlying their
toxicity by taking into account their known chemical properties
and also by reflecting on other injurious events that commonly
occur together with inflammation. The brevity of this survey
does not allow focusing exhaustively on each individual metal
but rather seeks to uncover some intracellular susceptible
biochemical loci, based on the chemistry of each class of
metals. Developmental and senescence-related characteris-
tics are considered as these stages of life often involve espe-
cial vulnerabilities. Another feature addressed is that while
research is generally conducted on purified and well-defined
agents, exposures in the real world generally involve diverse
mixtures in which the individual toxicity of a component can be
enhanced or suppressed by the presence of other chemicals.
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Introduction
Various metals can initiate inflammatory events within
nervous tissue, and these are likely to involve several
Current Opinion in Toxicology 2021, 26:8–13
different mechanisms and can be arranged in groups
based on consideration of their elemental and chemical
properties. Inflammatory events are often closely
associated with redox-related changes and an increased

rate of production of reactive oxygen species (ROS).
The most potent of these such as the hydroxyl radical
(OH.) are extremely short lived and thus can attack
nearby molecules only [1]. Other oxidant species such
as the superoxide anion (O2.’) and hydrogen peroxide
have much lower reactivity, and they need to be
converted to more reactive species before they can act
as oxidants. However, this enables them to diffuse from
their site of origin and act at more distant sites. The
causal relation of inflammatory and oxidant events is
often difficult to determine as it can be bidirectional in

that inflammatory cell species can produce ROS while
free radicaletriggered processes can activate inflam-
matory immune responses. In the case of some classes
of metal, their known ability to catalyze ROS produc-
tion is likely to be the initial event leading to inflam-
mation. The scope of this review is to arrange metal
elements into sets built around a common chemistry,
which are likely to share a means of promoting both
oxidant and inflammatory processes, thereby account-
ing for much of their toxicity. This general outline is
emphasized rather than assembling a compendium of

all known toxic metals.

Other initiators of neuro-inflammation are nano-
particulate and colloidal materials with a large surface
area can lead to the superficial binding and partial
sequestration of a variety of metal salts [2]. This can
result in complex interactive processes involving the
particles themselves and their partially chelated super-
ficial constituents. The intricacy of effects wrought by
more heterogeneous materials such as colloids and
nanoparticles will also be discussed.

The general areas of the report that are covered are
illustrated in Figure 1.
Classes of metal involved in neuro-
inflammation
Metals that can undergo valence change under
biological conditions (Fe, Cu, Mn)
In addition to their potential toxicity, these transition
metals are all essential for life. The potential of Fe2þ
and Cu2þ for flux of valence allows them to act within a
Fenton reaction and thus enable the production of the
www.sciencedirect.com

Delta:1_given name
mailto:scbondy@uci.edu
https://www.sciencedirect.com/journal/current-opinion-in-toxicology/special-issue/102GQS2RZSP
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cotox.2021.03.008&domain=pdf
www.sciencedirect.com/science/journal/24682020
www.sciencedirect.com/science/journal/24682020


Figure 1

Increased production of reactive 
oxidizing species

Elevated indices of 
Neuroinflammation 
[TNFa, IL-6]

Neurotoxic metals or excess
levels of essential metals in 

solution or chelated to colloids 
and particulates

Glial activation
Redox cycling (Fe, Cu, Mn)

Colloidal or particulate binding of
transition metals (Al, nanoparticles)

-SH affinity (Pb, Cd, Hg, As)
removing antioxidant protection

Activation of immune 
transcription factors (NF-kB]
and inflammosomes [NLRP3]
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highly reactive hydroxyl radical for hydrogen peroxide

which can be produced by mitochondrial respiration [3].
The hazardous nature of these metal salts has led to
evolution of several protein species able to tightly
chelate them and keep their cytosolic ionic concentra-
tions very low.
Iron and copper
Increased levels of iron in specific brain regions are
associated with a wide range of neurodegenerative dis-
eases including Parkinson’s disease, Alzheimer’s disease
(AD), and Huntington’s disease [4]. Evidence for a
degree of causality between these correlations include
the finding that cognitive deficits and neuro-
inflammation induced by lipopolysaccharide are allevi-
ated by administration of deferoxamine, a powerful Fe
chelator [5]. Similarly, Fe2þ can heighten the inflam-

matory state in activated microglia [6]. Disruption of
iron homeostasis through brain hemorrhage results in
gliosis and elevated levels of inflammatory cytokines.
Iron accumulation in microglia after central nervous
system damage leads to their transition toward the M1
inflammatory phenotype [7]. Both Fe and Cu bind to
amyloid peptide Ab with high affinity leading to its
aggregation to form cellular inclusions, which results
in elevated neuroinflammation [7]. The valency of
intracellular copper may be a major determinant of
whether it is beneficial or neurotoxic. Cu2þ exacer-
bates the inflammatory response produced by Ab
www.sciencedirect.com
while Cuþ effects polarization of cells from an

anabolic anti-inflammatory M2 configuration to a
proinflammatory M1 phenotype [8]. However, the Cu
binding protein ceruloplasmin is effective in inhibit-
ing both the Cu and Fe-catalyzed Fenton reaction [9].

Manganese
The properties of Mn salts differ markedly from those of
Fe and Cu salts. Mn2þ is a stable ion, not readily
oxidized to the trivalent state and thus not readily able

to generate ROS by the Fenton reaction. Thus, redox
bioenergetics of Mn are uncharacteristic of transition
metals [10]. Nevertheless, Mn neurotoxicity is accom-
panied by microglial activation leading to production of
TNF-a and IL-1b and neuroinflammation and conse-
quent neuronal apoptosis [11,12]. Mn-induced micro-
glial activation can lead to inflammatory responses in
astroglia by way of NF-kB-enabled increases in mRNA
levels of inflammatory cytokines [13].

Metals with an affinity for sulfhydryl groups
Lead, cadmium, mercury, and tin
These are all environmentally prevalent neurotoxic

heavy metals with no known essential role in organisms.
Their ability to form covalent bonds is especially rele-
vant in that they will attach to sulfhydryl groups,
thereby both reducing the major source of reducing
power in the cell (glutathione) and inactivating many
enzymes possessing sulfur atoms at their active sites.
Current Opinion in Toxicology 2021, 26:8–13
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Cadmium and mercury are able to induce production of
protective metallothionein proteins, around 30% of
whose amino acid residues consist of cysteine. This
enables the sequestration of these metals, thereby
reducing the toxic potential. However, overexpression of
metallothionein-1 in a genetic mouse model of AD only
modestly reduced evidence of inflammation around
amyloid plaques [14].

Mercury
Hg can be neurotoxic in its elemental, inorganic, and
organic forms. The neurodevelopmental abnormalities
associated with exposure to methylmercury are well
known after the major tragic episode at Minamata Bay.
Methylmercury exposure is associated with neuro-
inflammation and upregulation of expression levels of
mRNAs for many inflammatory cytokines, and a close

association with oxidant events is indicated by the
protective effects of N-acetyl-L-cysteine [15]. Ionic Hg
salts do not rapidly penetrate the blood-brain barrier,
and their toxicity is primarily expressed as renotoxicity.
However, extended exposure of rats to low levels of
HgCl2 can cause neuronal and glial death in the motor
cortex without evidence of inflammation [16]. The
immune and inflammatory changes seen in patients with
AD resemble those found after exposure to Hg, and it
has been proposed that Hg may contribute to the
development of AD [17].

It is possible that the neurotoxicity of all forms of Hg
may have an underlying commonality. Elemental Hg,
having crossed into the brain, is thought to form mer-
curic salts which cannot readily cross out of the brain. As
metallic Hg is very inert, this may account for neurotoxic
event after Hg inhalation. Likewise, organic Hg com-
pounds, having entered the brain, also become gradually
converted to ionic mercury which can get trapped inside
the blood-brain barrier [18]. This slow conversion may
account for the extended time (4 months) that a sci-

entist inadvertently exposed to an acute lethal dose of
dimethylmercury in a single incident did not express any
symptoms whatsoever [19]. It is possible that the ulti-
mate neurotoxicant in all types of mercury poisoning
may be inorganic mercury.

Lead
Intermittent exposure to low levels of lead beginning at
infancy can lead to neuroinflammation, gliosis, and

neuronal loss [20]. Several studies have reported that
developmental lead exposure contributes to the later
appearance of hallmarks of features associated with AD
such as Ab accumulation, tau pathology, and inflamma-
tion [7]. A variety of epigenetic changes relating neonatal
Pb exposure to much delayed onset of neuropathological
changes in senescence have been reported [21]. These
Current Opinion in Toxicology 2021, 26:8–13
includemiR-146a andmiR-29bwhich inhibit the activity
of the transcription factor SP1 promoting overexpression
of inflammation-related genes [22]. However, the many
gene targets of a single microRNA can complicate
interpretation of changes in their levels [23].

Tin
Trimethyltin salts are able to penetrate the brain by
virtue of the amphiphilicity. This organometal leads to
activation of astroglia and microglia resulting in
increased expression of genes involved in the inflam-
matory response together with decreased expression of
genes of antioxidant enzymes [24]. The especial
vulnerability of the hippocampus to trimethyltin salts
suggests that neuronal activity plays a role in deter-
mining the extent of toxicity.

Metals and metalloids which form colloids and
provide a surface for loose chelation of
transition metals
The biologically relevant members of this class are sili-
con and aluminum. Both do not form true solutions, but
rather colloidal suspensions which are chemically rather
inert.

Aluminum and silicon
The promotion of oxidant and inflammatory events

within the brain by Al is substantiated from both in vitro
sources and whole animal studies [25]. Exposure of as-
trocytes to several types of Al-containing adjuvants
invariably led to a large increase in production of in-
flammatory cytokines IL-6 and TNF-a [22,26,27].
Levels of Al salts in the drinking water of mice paral-
leling those found in some human water supplies can
lead to increased indices of cortical inflammation.

An elevated amount of Al around amyloid plaques and
cerebral vasculature has been found in cases of familial

AD compared with control tissues from donors without
neurological impairment or neurodegeneration [28].
Thus, support for Al being causal to promotion of ce-
rebral inflammatory events and to increased incidence of
AD emerges from a concordance of epidemiological and
laboratory results [29].

Si-containing compounds do not readily access the
brain, and evidence for the inflammatory nature of silica
comes largely from inhalation of mineral particles into
the lung. It is mentioned here as invoking a likely par-

allel mechanism for the furthering of neurotoxicity of
redox-ambivalent metals by aluminum. Silica particles
retained within the lung gradually complex increasing
amounts of Fe, and this is associated with an elevated
capacity to induce inflammatory processes [30]. The
inflammatory properties of Al within the central nervous
www.sciencedirect.com
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system may well involve parallel mechanism, as colloidal
aluminum in isolated systems greatly increases the free
radicaleproducing ability of traces of Fe and Cu and can
promote aggregation of amyloid-b peptide [29].

Complex metal-containing particulates
There is increasing evidence of the ability of airborne
particulate material to access the brain and bring about

inflammatory changes there [31]. Pollutant nanoparticles
have many constituents including a range of metals. Their
toxicity is attributable to both their physical structure with
a large surface area and small enough size to allow intra-
cellular penetration toxicity together with their chemical
constitution [32]. The general direction of change in the
brain afterexposure to urban polluted air is that nuclear
content of the Nrf-2 transcription factor becomes
depressed, leading to less activity of the antioxidant
response element (ARE), thereby reducing expression of a
battery of antioxidant and anti-inflammatory genes.

Conversely, levels of the more proinflammatory transcrip-
tion factors such as NF-kB are enhanced [31]. The overall
result of these changes is a heightening of inflammatory
and oxidant activity in the brain [31]. These laboratory
findings parallel results of microarray analysis of frontal
cortex of children and young adults from cities with
differing levels of air pollution [33]. The soluble compo-
nents superficially bound to airborne fine particulate
matter include several transition metals, and such crude
extracts can induce oxidant and inflammatory events in
isolated cells [34]. Nanoparticle surfaces also contain vol-

atile organic constituents which can also contribute to
their toxicity [35]. Unsurprisingly, synergistic toxicological
effects of components of particulate matter have been
reported [36]. Similar to colloids, nanoparticles can bind
transition metals with a low affinity, and the complexes
formed from this partial chelation are capable of catalyzing
highly active redox cycling [37]. Indeed, transition metals
in the absence of binding ligands are very stable [38].
Recently, nanoparticles rich in iron and aluminum have
been found within mitochondria in postmortem analysis of
young children and young adults highly exposed to

polluted air [39]. While these findings focus on cardiac and
pulmonary tissues, it would be useful to examine corre-
sponding brain preparations in a likewise manner.
Discussion and conclusions
While the exact sequence of events by which many metals
provoke inflammatory responses within brain tissue is
unknown, some general statements can be made.

1. All metals discussed possess the ability to enhance
ROS although by various mechanisms. Thus, it is
likely their ability to promote neuroinflammation is
preceded by oxidant events. However, the close
relation between neuroinflammation and production
www.sciencedirect.com
of excess oxidant free radicals (ROS) within the brain
renders the definition of a causal sequence between
these difficult to identify. That there is a bidirec-
tional relationship between these entwined events is
well-illustrated in the case of microglia. Oxidative
stress initiates microglial inflammatory responses
[40], and systemic inflammation leads to evidence of
excess oxidant activity within microglia [41].

2. The presence of toxic metals or abnormal levels of
essential trace metals may also directly alter the
configuration of key proteins in the nervous system,

such as amyloid-b peptide and amyloid precursor
protein (APP). This can result in their altered folding
and aggregation leading to activation of inflamma-
somes, such as the NLRP3 [42].

3. While inflammation caused by toxic metals is gener-
ally not confined to the brain, some of their most
harmful effects are often expressed in nervous tissue.
This is particularly true of low-level, long-term ex-
posures. These are more common presently as most
acute toxic exposures have largely been contained.

4. Interactions between small amounts of transition
metals with colloids or particulates containing rela-

tively inert metals can substantially magnify or
enhance the generation of free radicals. This can then
initiate glial inflammatory reactions. Such interfaces
can make the toxicity of impure mixtures much
greater than the sum of their constituents.

5. Future developments in understanding the mecha-
nisms underlying metal-related neuroinflammation
are likely to involve epigenetic modifiers of gene
expression such as microRNAs specific for modifying
immune responses. Focus on this area may also lead
to emergence of novel therapeutic strategies [43,44].
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