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Abstract: Mammalian metallothioneins (MTs) are low molecular weight (6–7 kDa) cysteine-

rich proteins that are specifically induced by metal nanoparticles (NPs). MT induction in cell 

therapy may provide better protection by serving as antioxidant, anti-inflammatory, antiapoptotic 

agents, and by augmenting zinc-mediated transcriptional regulation of genes involved in cell 

proliferation and differentiation. Liposome-encapsulated MT-1 promoter has been used exten-

sively to induce growth hormone or other genes in culture and gene-manipulated animals. MTs 

are induced as a defensive mechanism in chronic inflammatory conditions including neurode-

generative diseases, cardiovascular diseases, cancer, and infections, hence can serve as early 

and sensitive biomarkers of environmental safety and effectiveness of newly developed NPs for 

clinical applications. Microarray analysis has indicated that MTs are significantly induced in 

drug resistant cancers and during radiation treatment. Nutritional stress and environmental toxins 

(eg, kainic acid and domoic acid) induce MTs and aggregation of multilamellar electron-dense 

membrane stacks (Charnoly body) due to mitochondrial degeneration. MTs enhance mitochon-

drial bioenergetics of reduced nicotinamide adenine dinucleotide–ubiquinone oxidoreductase 

(complex-1), a rate-limiting enzyme complex involved in the oxidative phosphorylation. 

Monoamine oxidase-B inhibitors (eg, selegiline) inhibit α-synuclein nitration, implicated in 

Lewy body formation, and inhibit 1-methyl 4-phenylpyridinium and 3-morpholinosydnonimine-

induced apoptosis in cultured human dopaminergic neurons and mesencephalic fetal stem 

cells. MTs as free radical scavengers inhibit Charnoly body formation and neurodegenerative 

α-synucleinopathies, hence Charnoly body formation and α-synuclein index may be used as 

early and sensitive biomarkers to assess NP effectiveness and toxicity to discover better drug 

delivery and surgical interventions. Furthermore, pharmacological interventions augmenting 

MTs may facilitate the theranostic potential of NP-labeled cells and other therapeutic agents. 

These unique characteristics of MTs might be helpful in the synthesis, characterization, and 

functionalization of emerging NPs for theranostic applications. This report highlights the clini-

cal significance of MTs and their versatility as early, sensitive biomarkers in cell-based therapy 

and nanomedicine.

Keywords: metallothioneins, free radicals, Charnoly body, α-synuclein index, nanomedicine, 

toxicity, stem cells, theranostics

Introduction
Mammalian metallothioneins (MT-1–4) are ubiquitous, low molecular weight 

(6–7 kDa), cysteine-rich, metal-binding proteins existing in all prokaryotes to 

 eukaryotes. MTs were discovered for the first time by Marghoshes and Vallee in horse 

kidneys,1 and in the rodent brain by the authors’ group.2 Several researchers have 

elucidated the detailed molecular structure of MTs by performing nuclear  magnetic 
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resonance spectroscopic analysis.3–7 Zangger et al have 

determined the three-dimensional structure of mouse MT-1 

by nuclear magnetic resonance analysis.8 Briefly, these poly-

peptides possess 60–67 amino acid residues and 20 cysteine 

molecules which provide antioxidant properties to these metal 

detoxifying proteins. MTs possess two metal–thiolate clusters 

(C-terminal α-domain and N-terminal β-domain), including 

20 cysteine residues and sulfur atoms, which bind to divalent 

or monovalent cations.9 These domains are linked by a short 

peptide containing amino acid residue 30–32 in mammalian 

MTs. In the β-domain, three divalent or six monovalent metal 

ions are coordinated, while in the α-domain, four divalent or 

six monovalent cations remain bound. Zinc (Zn) is one of the 

most abundant divalent metal ions, and its concentration is 

greater than copper and manganese in the brain. Since free Zn 

is a potent inhibitor of sulfhydryl (−SH) enzymes, Zn in the 

brain is predominantly MT bound. However, there are several 

other proteins with which Zn can bind in the central nervous 

system (CNS) beyond the scope of this article. Unlike the 

hepatic or renal Zn thioneins, the Zn-binding proteins in the 

brain are not inducible following administration of Zn as it 

does not cross the blood–brain barrier efficiently. During 

oxidative stress, glutathione is significantly reduced.10 Nitric 

oxide-mediated metal release is modulated from MTs by the 

redox state of glutathione in vitro.11 MT induction attenu-

ated carmustine-induced hippocampal toxicity, prevented 

glutathione reductase inhibition and glutathione depletion, 

and reduced tumor necrosis factor-α, malondialdehyde, and 

caspase-3 activity with preservation of cognition in rats.12 

These findings suggest the therapeutic potential of MTs in 

neurodegenerative disease and other disorders. Ferric nitrilo-

triacetate, which produces reactive oxygen species, induced 

MTs in the liver and kidney. Cadmium (Cd) released after 

an injection of ferric nitrilotriacetate induced MTs. Thus, 

MTs may act as antioxidants to compensate for glutathione 

depletion. MTs are more potent antioxidants compared to 

glutathione.13 Thus, glutathione and MT synthesis is induced 

as an attempt to combat iron-induced oxidative stress.14 

Previous studies have shown that MTs are low molecular 

weight, heat-stable cytosolic proteins with a high content 

of cysteinyl sulfur that bind heavy metals like Cd, Zn, and 

copper.15 As these proteins are induced following exposure 

to heavy metals, it is now well established that they have a 

detoxifying role during heavy metal toxicity. The primary 

function of MTs is in the homeostasis of the essential metals 

Zn and copper. In addition, a role MT plays in selenium (Se) 

metabolism in primates has been established. Furthermore, 

MT has gained significance in the clinical disorders related 

to trace metal metabolism. This report highlights some of 

the authors’ recent work on MTs and NPs. It also provides a 

brief update of this emerging field by highlighting the work 

from other laboratories.

Molecular biology of MTs
There are primarily four major isoforms of MTs. MT-1 and 

MT-2 are present ubiquitously; MT-3 is localized predomi-

nantly in the hippocampus and its depletion is implicated in 

the etiopathogenesis of Alzheimer’s disease (AD).16 Recent 

studies have shown that MT3 expression is downregu-

lated in the esophageal squamous cell carcinoma by DNA 

methylation.17 MT-4 is localized in the buccal mucosa and 

pseudostratified squamous epithelial lining of the uterine 

cavity and is involved in desquamation during menstruation. 

The exact biological significance of MT-4 is yet to be 

established. MTs are capable of preventing oxidative stress 

and apoptotic cell death in the CNS. MTs promote neuronal 

survival and regeneration in vivo and are protective against 

metal ion toxicity, oxidative stress, and cytokine injury due 

to cerebral ischemia or infection, hence could be consid-

ered as early and sensitive biomarkers of redox signaling 

in neurodegenerative disorders such as Parkinson’s disease 

(PD), AD, multiple system atrophy, stroke, and epilepsy. 

However, the exact molecular mechanism of MT-mediated 

neuroprotection in these and other neurodegenerative dis-

orders remains elusive. By using MT gene-manipulated 

mice and aging mitochondrial genome knockout (RhO
mgko

) 

cybrids as experimental models of PD and aging and micro-

positron emission tomography neuroimaging with fluorine-

18-L-dihydroxyphenylalanine and 18F fluorodeoxyglucose, 

it has been established that MTs may provide dopaminergic 

neuroprotection by (1) augmenting mitochondrial coen-

zyme Q
10

 synthesis, (2) attenuating α-synuclein nitration, 

(3) preserving mitochondrial glutathione, (4) enhancing neu-

romelanin synthesis, (5) preserving ferritin, (6) preventing 

metal ion accumulation, (7) acting as free radical scavengers, 

(8) attenuating peroxynitrite (ONOO−) ion neurotoxicity, 

(9) maintaining intracellular redox balance, (10) or through 

all of these mechanisms.18 Whether augmentation of coen-

zyme Q
10

, glutathione, ferritin, melatonin, and neuromelanin 

synthesis in MT transgenic mice CNS occurs independently, 

is dependent on each other, or occurs synergistically, 

remains unknown.19 Although it has been discovered that 

3-morpholinosydnonimine (or SIN-1: a potent peroxynitrite 

donor) and 1-methyl, 4-phenyl, 1,2,3,6-tetrahydropyridine-

induced α-synuclein nitration is attenuated in MT transgenic 

mice striatum, knowledge is very limited regarding the exact 
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functional significance of these findings. In a recent study, 

the neuroprotective role of MTs in 3-morpholinosydnonimine 

and 1-methyl, 4-phenyl, 1,2,3,6-tetrahydropyridine-induced 

oxidative and nitrative stress was investigated, with a primary 

objective to explain the basic molecular mechanism of MT-

mediated neuroprotection in PD and other neurodegenerative 

disorders. Based on these findings, it was reported that MTs 

are capable of inhibiting α-synuclein index and broadly 

classified neurodegenerative α-synucleinopathies.20–23 Cd/Se 

NP-labeled bone marrow-derived stem cells have also been 

used to determine their biodistribution, pharmacokinetics, 

and therapeutic potential in an experimental model of acute 

ischemic stroke (AIS) and have suggested that the therapeutic 

potential of stem cells can be augmented by MT induction.24,25 

Furthermore, it was proposed that MT transgenic striatal 

fetal stem cells can be implanted in the striatal region of 

the homozygous weaver mutant (wv/wv) mice exhibiting 

progressive neurodegeneration and typical symptoms of PD, 

AD, and drug addiction to evaluate the therapeutic potential 

of MTs.26

MTs and Zn homeostasis
Zn dyshomeostasis has been recognized as an important 

mechanism of cell death in acute brain injury. An increase in 

the level of free or histochemically reactive Zn in astrocytes 

and neurons is considered one of the major causes of cell 

death in ischemia and trauma. Although Zn dyshomeostasis 

can lead to cell death via diverse routes, the major pathway 

appears to involve oxidative stress. Recently, it has been 

discovered that a rise of Zn in autophagic vacuoles, includ-

ing autolysosomes, is a prerequisite for lysosomal membrane 

permeabilization and cell death in cultured neurons exposed 

to oxidative stress. The source of Zn in this process is redox-

sensitive Zn-binding protein MTs, which release Zn during 

oxidative stress. Of the MTs, MT-3 is particularly enriched 

in the CNS, but its exact biological significance is yet to 

be established. Like other MTs, MT-3 may function as a 

metal detoxicant, but may also inhibit neurite outgrowth and 

promote neuronal death by serving as a source of toxic Zn 

release. In addition, MT-3 regulates lysosomal functions. 

In the absence of MT-3, there are changes in lysosome-

associated membrane protein-1 and -2 and reductions in 

lysosomal enzymes that result in decreased autophagic flux, 

which may have dual effects on cell survival. In acute oxi-

dative injury, Zn dyshomeostasis and lysosomal membrane 

permeabilization are diminished in MT-3 knockout cells, 

resulting in reduced cell death. But during the chronic phase, 

diminished lysosomal function may lead to the  accumulation 

of  abnormal proteins and cytotoxicity. The role of Zn and 

MT-3 in autophagy and/or lysosomal function is now being 

explored. In light of evidence that autophagy and lysosomes 

may play significant roles in the pathogenesis of various 

neurological diseases, further insight into the contribution 

of Zn dynamics and MT-3 function may provide avenues 

to effectively regulate these processes in the CNS.27 It 

has been discovered that the incidence of lysosomes and 

Charnoly body (CB) formation is significantly increased 

during nutritional stress and during environmental insult 

including kainic acid and domoic acid neurotoxicity, which 

may enhance MTs expression as a defensive mechanism 

(Figure 1A). CBs are electron-dense, multilamellar stacks 

of degenerated mitochondrial membranes that are gener-

ated as a consequence of free radical overproduction during 

oxidative and nitrative stress. MTs inhibit CB formation by 

acting as free radical scavengers to provide mitochondrial 

protection. Unfortunately, increased lysosomal activity as a 

consequence of severe nutritional stress or environmental 

(−)
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Toxic NPs
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chemicals, drugs, and

infections

CB life cycle in
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Figure 1 (A) Transmission electron microscope (magnification 50,000×) image 
illustrating CB formation in the developing undernourished Purkinje neurons as a 
consequence of degeneration of mitochondrial membranes (a). These membranes 
are transformed in to multilamellar (usually pentalamellar or heptalamellar) electron-
dense structures (b) to form mature CBs (c). The structural degradation of CBs 
occurs eventually due to increased lysosomal activity (d). Based on the transmission 
electron microscopy and electrophysiological studies, it is proposed that CBs are 
involved in desmosomal repair, autophagy, and increased afterhyperpolarization 
duration due to increased intracellular calcium ions (Ca2+) in the 15-day 
undernourished rat cerebellar Purkinje neurons. (B) Free radicals (indicated by 
dots) are generated as a byproduct of mitochondrial oxidative phosphorylation.
Notes: Toxic NPs, environmental toxins, chemicals, drugs, nutritional stress, and 
infections augment free radical overproduction, which may trigger CB formation. 
MTs serve as free radical scavengers to protect mitochondrial structural and 
functional integrity by inhibiting CB formation. CB formation is a transitory state 
between apoptosis and cell death and is a reversible process. (+) indicates activation; 
(−) indicates inhibition.
Abbreviations: CB, Charnoly body; MT, metallothionein; NP, nanoparticle.
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neurotoxicity may structurally degrade induced MTs as well, 

thus compromising the intracellular defensive mechanisms 

which may lead to early morbidity and mortality in progres-

sive neurodegenerative disorders including PD, AD, and 

drug addiction. Similarly, toxic NPs may induce autophagy 

as a result of intracellular acidosis which may trigger CB 

formation and its degradation by lysosomal activation during 

nutritional stress and/or environmental toxicity (Figure 1B). 

Recently, a peptide termed EmtinB has been designed, which 

is modeled after the β-domain of MT-2 and mimics the 

biological effects of MT-1/2 in vitro.28 The neuroprotective 

effect of EmtinB in the in vitro and in vivo models of kainic 

acid-induced neurotoxicity has been investigated. EmtinB 

can pass through blood–brain barrier and is detectable in the 

plasma for up to 24 hours. Indeed, treatment with EmtinB 

attenuated seizures in C57BL/6J mice exposed to moder-

ate (20 mg/kg) and high (30 mg/kg) kainic acid doses and 

decreased mortality. Furthermore, EmtinB treatment reduced 

kainic acid-induced neurodegeneration in the CA1 region, 

suggesting its role as a target for therapeutic development.

MTs attenuate domoic acid toxicity
Domoic acid is an excitatory amino acid and a rigid struc-

tural analog to glutamate and kainic acid which acts through 

glutamate receptors and elicits a rapid and potent neurotoxic 

response. Domoic acid continues to pose a global risk to 

the health and safety of humans and wildlife. It is a marine 

biotoxin associated with harmful algal blooms and is the 

causative agent of amnesic shellfish poisoning in marine 

animals and humans. The hippocampus is a specific target 

site having increased sensitivity to domoic acid toxicity. It 

has been discovered that even intrauterine exposure to domoic 

acid can induce damage to hippocampal CA3 and dentate 

nucleus in the progeny as noticed in AD patients with no 

overt clinical seizure activity.29 Histopathological evidence 

indicates that in addition to neurons, the astrocytes are also 

injured as consequence of domoic acid toxicity. Furthermore, 

the effect of domoic acid has been confirmed in cultured 

primary astrocytes from the hippocampus and the brain 

stem. The biomarker analysis for the early response genes 

including c-Fos, c-Jun, c-Myc, Hsp-72, specific marker for 

the astrocytes – glial fibrillary acidic protein – and the glu-

tamate receptors including glutamate receptor-2, N-methyl-

D-aspartic acid receptor-1, -2A, and -2B has been performed 

by microarray analysis.30 Although, the astrocyte glial fibril-

lary acidic protein and c-Fos were not affected, c-Jun and 

glutamate receptor-2 were downregulated. The chemokines/

cytokines, tyrosine kinases (Trk), and apoptotic genes were 

also altered. The cytokines that were upregulated included 

interleukin-1α (IL-1α), IL-1β, IL-6, the small inducible 

cytokine, interferon protein 10P-10, CXC chemokine LIX, 

and insulin-like growth factor-binding proteins, whereas 

Bax, Bcl-2, Trk-A, and Trk-B were downregulated. Only 

the hippocampal astrocytes were affected, suggesting that 

astrocytes may be used as a pharmacological target for the 

prevention and treatment of domoic acid poisoning and for 

other CNS pathologies involving excitotoxicity. A compre-

hensive review of domoic acid-induced brain pathology 

including ultrastructural changes associated to subchronic 

oral exposure, its molecular mechanism of aggregation in 

NPs, cell/tissue injury, food safety, and human health issues 

is now available.31 Recently, field studies in the Pacific Ocean 

and laboratory studies have detected increased domoic acid 

production under conditions of iron limitation.32

MTs and stem cells in experimental 
autoimmune encephalomyelitis 
(EAE)
MTs as anti-inflammatory and neuroprotective macromolecules 

are induced during EAE and multiple sclerosis.33 EAE and 

multiple sclerosis are characterized by significant inflam-

mation, demyelination, neuroglial damage, and cell death. 

EAE is characterized by demyelination, inflammation, and 

neurodegeneration of CNS, in which free radicals play a 

significant role. Exogenous administration of Zn-bound MT-2 

to Lewis rats with EAE reduced clinical symptoms and the 

inflammatory response, oxidative stress, and apoptosis of 

the CNS areas. Zn-bound MT-2 treatment prevented demy-

elination and axonal damage and transection, and stimulated 

oligodendroglial regeneration, as well as the expression of the 

basic fibroblast growth factor, transforming growth factor-β, 

neurotrophin-3, neurotrophin-4/5, and nerve growth factor. 

These beneficial effects of Zn-bound MT-2 could not be 

attributable to its Zn content, suggesting potential applica-

tion of Zn-bound MT-2 as a safe and successful therapy for 

multiple sclerosis. Recently, the efficacy of murine mesen-

chymal stem cells (MSCs) as treatment of EAE induced in 

mice by the encephalitogenic peptide myelin oligodendro-

cyte glycoprotein (35–55) has been demonstrated.34 Various 

biomarkers of oxidative stress, inflammation/degeneration, 

and apoptosis such as MTs, antioxidant enzymes (super-

oxide dismutase, catalase, and glutathione-S-transferase), 

poly(adenosine diphosphate ribose) polymerase-1, and p53 

during EAE progression and following MSC treatment have 

been analyzed. MT expression was significantly increased 

in EAE mice compared with healthy controls, but while 
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expression of MT-1 and MT-3 increased along EAE course, 

MT-2 was upregulated at the onset, but returned to control 

levels during chronic phase. The changes in the transcription 

and activity of the antioxidant enzymes and poly(adenosine 

diphosphate ribose) polymerase-1 and p53 expressions 

exhibited similar kinetics for MT-1 and MT-3. MSCs reduced 

the EAE-induced increases in activities of all these proteins 

supporting an antioxidant and neuroprotective role of MSCs 

that was further confirmed in vitro in neuroblastoma cells 

exposed to oxidative stress.35

MTs and liposome-encapsulated 
stem cells
MSC transplantation is now a promising method which 

is being actively explored in regenerative medicine. Thus, 

gene-modified MSCs (such as MTs) may possess superior 

characteristics of specific tissue differentiation, resistance 

to apoptosis, and directional migration. However, viral vec-

tors have the disadvantages of potential  immunogenicity, 

carcinogenicity, and complicated synthetic procedures. 

Polyethylene glycol (PEG)-grafted polyethyleneimine holds 

promise in gene delivery because of easy preparation and 

targeting modification. Coaxial electrospinning enables the 

incorporation of liposomes into nanofibers, and polyvinyl 

alcohol core/poly-ε-caprolactone shell nanofibers with 

embedded liposomes can preserve the enzymatic activity of 

encapsulated horseradish peroxidase. The clinical potential 

of this system has been demonstrated by the enhancement of 

MSC proliferation, suggesting that intact liposomes incorpo-

rated into nanofibers by coaxial electrospinning may serve 

as promising drug delivery vectors.36

Recently, investigators have synthesized a PEG 

8000-grafted polyethylenimine 25,000 graft copolymer and 

used agarose gel retardation assay and dynamic light scatter-

ing to determine the properties of NPs.37 A multifunctional 

envelope-type nano device (MEND) has been developed 

as a novel nonviral gene delivery system.38 Furthermore, 

a study has been performed to determine the effect of 

systemic delivery of prednisolone phosphate encapsulated 

within “stealth” liposomes on bone erosion and osteoclast 

activity during experimental antigen-induced arthritis.39 As 

preclinical evaluation in animals does not necessarily portray 

human responses, liposome-encapsulated hemoglobin, an 

artificial oxygen carrier, has been tested in immunodeficient 

mice reconstituted with human hematopoietic stem cells 

(cord blood-transfused NOD/SCID/IL-2Rγnull) mice.40 In 

a further study, investigators have attempted to improve the 

specificity and efficiency of gene transfection and make the 

liposome a better gene transfer vector to the brain by using 

monoclonal antibody (anti-Lex/stage-specific embryonic 

antigen-1)-mediated targeting of liposomes.41 To determine 

the effect on erythropoiesis of liposome-encapsulated 

dichloromethylene diphosphonate-induced changes in 

bone marrow macrophages, red blood cell parameters 

and the formation of erythroid burst-forming unit-derived 

colonies in vitro have been evaluated.42 It is known that 

the human multidrug resistance (MDR1) gene encodes a 

170 kD glycoprotein (P- glycoprotein), which is an adenos-

ine triphosphate- dependent transmembrane efflux pump 

for many different cytotoxic drugs. Therefore, an efficient 

expression of the human MDR1 gene in mouse bone marrow 

cells after transfection with a liposomal delivery system has 

been  developed.43 In another study, investigators compared 

the toxic effects of actinomycin-D encapsulated either in the 

aqueous phase or in the lipid phase of liposomes and the non-

encapsulated actinomycin-D on the blood forming system on 

cell proliferation in the intestine and on antibody production 

by spleen lymphocytes and have confirmed that actinomycin-

D is less toxic to mice than nonencapsulated actinomycin-D, 

but retains its tumoricidal activity.44  Similarly, nerve growth 

factor has also been encapsulated into liposomes in order to 

protect it from the enzyme degradation in vivo and promote 

permeability across the blood–brain barrier.45 Furthermore, 

MEND has been developed as a novel nonviral gene delivery 

system.46 The host response to systemically administered 

lipid NPs encapsulating plasmid DNA has been studied in 

the spleen using a DNA microarray and MEND.47 These 

authors have established that PEGylation is a useful method 

for achieving a longer circulation time for delivery of MEND 

to a tumor via the enhanced permeability and retention effect. 

However, PEGylation inhibits cellular uptake and endosomal 

escape, which results in significant loss of activity for the 

delivery system. Therefore, for successful gene delivery, 

particularly for cancer treatment, the crucial issue associ-

ated with the use of PEG – the “PEG dilemma” – has to be 

addressed. As many as 1581 differentially expressed genes 

have been identified by PEG-unmodified NPs. PEGylation 

of NPs caused reduction in the expression of most of the 

genes. However, type I interferon expression was significantly 

increased. Based on these studies, it has been hypothesized 

that PEGylation inhibits the endosomal escape of NP and 

extends the interaction of toll-like receptor-9 with CpG DNA 

accompanied by the production of type I interferon. This 

hypothesis has been tested by introducing a pH-sensitive 

fusogenic peptide, GALA, which enhances the endosomal 

escape of PEGylated NP. As expected, type I interferon 
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was reduced and IL-6 remained unchanged, suggesting that 

microarray analysis and the manipulation of intracellular 

trafficking constitute a rational strategy for reducing the 

host immune response to NPs. Furthermore, investigators 

have developed MEND for efficient delivery of nucleic 

acids. For tumor delivery of MEND, PEGylation has been 

considered a useful method, which confers a longer systemic 

circulation and tumor accumulation via the enhanced per-

meability and retention effect.48 As preclinical evaluation 

in animals does not necessarily portray human responses, 

liposome-encapsulated hemoglobin (an artificial oxygen 

carrier) has been tested in immunodeficient (cord blood-

transfused NOD/SCID/IL-2Rγnull) mice reconstituted with 

human hematopoietic stem cells.49 However, PEGylation 

inhibits cellular uptake and subsequent endosomal escape. 

To overcome this, investigators developed a PEG-peptide-

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine that is 

cleaved in a matrix metalloproteinase-rich environment. 

Furthermore, the systemic delivery of small interfering 

ribonucleic acid to tumors has been examined by employing 

a MEND that is modified with PEG-peptide-1,2-dioleoyl-sn-

glycero-3-phosphoethanolamine. PEG-peptide-1,2-dioleoyl-

sn-glycero-3-phosphoethanolamine modification accelerated 

both cellular uptake and endosomal escape, compared to a 

conventional PEG-modified MEND. It is known that cancers 

often overexpress epidermal growth factor (EGF) and other 

growth factors to promote cell replication and migration. 

Liposomes bearing EGF receptors covalently crosslinked to 

p-Toluic acid or methyl-PEG 4-N-hydroxysuccinimide ester 

(ie, modified EGF receptor-bearing liposomes) exhibit an 

increased rate of release of encapsulated drug compounds 

when EGF is present in solution.50 In all the liposomal 

encapsulation studies described above, the precise role of 

MTs has not been explored as yet. Studies in this direction 

will not only further elucidate the therapeutic potential of 

liposome-encapsulated genes or drugs but also their safety 

aspects of NPs for clinical applications.

MTs and NPs
It is now well established that the emission spectra of 

surfactant-coated semiconductor NPs depend on the size 

and the coating material.51–53 The blue series represents dif-

ferent sizes of Cd/Se NPs with diameters of 2.1, 2.4, 3.1, 

3.6, and 4.6 nm. The green series is of indium phosphide 

NPs with diameters of 3.0, 3.5, and 4.6 nm. The red series 

is of indium arsenide NPs with diameters of 2.8, 3.6, 4.6, 

and 6.0 nm. A true-color image of a series of silica-coated 

NPs probes with a Cd/Se core and a Zn sulfide or Cd sulfide 

shell in aqueous buffer have also been developed. These NPs 

can be illuminated with ultraviolet light and used effectively 

to induce MTs in cell-based therapies as discussed in this 

report. Recently, Cd/Se/tellurium (Te)-based quantum dots 

(QD-705) have been developed with potential for biomedi-

cal applications. Although the biological fate of QD-705 is 

established, its chemical fate in the biological system still 

remains uncertain. One study investigated the chemical fate 

of QD-705 in mice kidneys. The molar ratio of Cd and Te 

(increased Cd/Te ratio signifies increased Cd release from 

QD-705) and the induction of tissue MTs are markers for 

elevated free Cd in tissues. Almost 100% of QD-705 was 

retained in the body even 16 weeks after exposure, with 

significant pharmacokinetics in the kidneys. Elevations in 

the Cd/Te ratio and MT-1 expression in the kidneys sug-

gested that free Cd is released from QD-705. Thus, QD-705 

is not stable or biologically inert as free Cd released from 

QD-705 may increase the risk of nephrotoxicity because 

MTs bind these metal NPs and are specifically induced to 

prevent nephrotoxicity.54

MTs as molecular magnets
Recently, novel methods have been developed for prepar-

ing molecular magnets and patterning of the molecules 

on a semiconductor surface.55 A magnetically aligned MT 

containing manganese and Cd is first synthesized, and 

the molecules are then placed into nanoporous silicon 

surfaces using electron beam lithography and reactive ion-

etching techniques. The self-assembled growth of the MT 

molecules on the patterned silicon surface grows into rod- 

or ring-type three-dimensional nanostructures depending 

on the patterned surface  nanostructures. Scanning electron 

microscopy, atomic force microscopy, and magnetic force 

microscopic analyses has revealed that these nanostructures 

exhibit molecular magnetization and are compatible with 

conventional semiconductors, which makes manganese and 

Cd-containing MT-2 NPs candidates for clinical applications 

and sensing nanodevices.

MTs as early and sensitive 
biomarkers of NPs toxicity
There is now evidence that MTs are induced in response to 

various semiconductor NPs. In particular, silver (Ag) NPs, 

Cd sulfide, Cd/Te NPs, and carbon nanotubes are known to 

induce MTs as a defensive mechanism to prevent toxicity. 

Uncoated Cd/Te QD in freshwater leads to the formation 

of aggregates and a dissolved component of Cd, where the 

latter explains the contribution of the accumulation pattern 
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in  mussel tissues and induced MT levels in mussels.56–58 

Recently, Neupane has developed MT-capped Cd/Se NPs, 

in which up to eight MTs could be attached as detected by an 

increase in the fluorescence intensity.59 Cd/Se QD NP-labeled 

bone marrow-derived mononuclear stem cells (MNCs) 

have been used to determine their biodistribution, pharma-

cokinetics, and therapeutic potential in experimental model 

of AIS.60 By employing digital fluorescence microscopy 

and confocal microscopic analysis, it was discovered that 

MNCs exhibit preferential chemotaxis and are exponentially 

eliminated from the peri-infarct region as a function of time. 

These findings led to determining the therapeutic window of 

MNC-mediated recovery following AIS.61 A detailed descrip-

tion of cell-based therapy in AIS has also been provided.62 

Furthermore, it was discovered for the first time that bone 

marrow-derived MNCs protect cortical neurons by modulat-

ing microglia in a cell culture model of AIS; additionally, 

the basic molecular mechanism of neuroprotection afforded 

by MNCs was elucidated.63 Treatment of MNCs in AIS 

rats significantly increased brain regional IL-10, hence it is 

proposed that cortical neurons are protected directly by the 

MNC-mediated paracrine release of IL-10. Indeed, IL-10 

can directly bind to its specific IL-10 receptor to execute 

anti-inflammatory response by activating upstream phos-

phatidylinositol 3-kinase and downstream signal transducer 

and activator of transcription-3-mediated signal transduction 

cascade.64 To further confirm these findings, the effect of 

transcatheter injections on the viability and cytokine release 

of mononuclear cells has been examined.65 These findings 

have indicated that MNCs are highly primitive, fragile, and 

can release anti-inflammatory cytokines such as IL-10 and 

other neurotrophic factors readily to exert their therapeutic 

effect in AIS and other neurodegenerative diseases. There 

could be several other molecular mechanisms in addition to 

MT-mediated MNC neuroprotection which remain unex-

plored yet. However, in vivo molecular imaging studies from 

the authors’ laboratories employing 18F fluorodeoxyglucose 

and fluorine-18-L-dihydroxyphenylalanine as positron 

emission tomography biomarkers strongly support MTs as 

potent antioxidant neuroprotective factors in the progres-

sive neurodegenerative disorders such as PD, AD, and drug 

addiction.66 Based on these findings, there will be further 

investigation into the detailed pharmacological properties 

of NPs using MTs and CB formation as sensitive biomark-

ers (Figure 2). There is now evidence that Ag NP-induced 

changes in the action potential are associated with inhibitory 

effects on voltage-gated sodium currents of hippocampal 

CA1 neurons.67 Furthermore, in vitro studies have indicated 

that Ag NPs can induce oxidative stress and acute calcium 

responses in the primary mixed neural cell cultures.68 MTs 

can attenuate these deleterious events by acting as potent 

antioxidants and anti-inflammatory agents, as previously 

discussed.25,26 Further studies in this direction will not only 

enhance the theranostic potential but also the safety measure 

of NPs for future biomedical applications.

MTs for future NPs development
Oxidative stress and secondary damage can occur during 

carcinogenesis and neurodegenerative disorders, as has 

been reported recently.25 MTs as reactive oxygen species 

scavengers inhibit oxidative stress due to their metal ion 

release and inhibit apoptosis by attenuating mitochondrial 

cytochrome c leakage and caspase-3 activation. It is well 

established that MTs are also significantly induced by metal 

NPs and by environmental neurotoxins. To test the prolonged 

consequences of a short transient exposure of astrocytes to 

Ag NPs, cultured primary astrocytes were incubated for 

4 hours in the presence of Ag NPs, and the cell viability and 

metabolic parameters were investigated.69 Ag NPs caused 

concentration-dependent increase in Ag up to 46 nmol/mg 

protein, but did not compromise cell viability. During sub-

sequent incubation in Ag NP-free medium, the Ag content 

remained constant for up to 7 days. The presence of Ag NPs 

neither induced any delayed cellular toxicity nor glucose 

metabolism, lactate production, or the ratio of glutathione 

to glutathione disulfide. However Ag NP-treated astrocytes 

upregulated MT expression suggesting that MT induction 

may prevent Ag NP-mediated Ag ion toxicity.

It is now realized that gold (Au) NPs may have theranos-

tic applications in humans. Since Au NPs have significant 

clinical applications, their release in the environment may 

induce toxicological effects. In a recent study, the marine 

bivalve Scrobicularia plana was exposed to 5 nm, 15 nm, 

and 40 nm Au NPs during a 16-day laboratory exposure 

at 100 µg L−1 Au.70 After exposure to Au NPs forming 

aggregates (.700 nm), the Au was accumulated in the soft 

tissues. Au NP-induced MTs (5 nm and 40 nm) increased 

activities of catalase and superoxide dismutase and of glu-

tathione S-transferase, indicating induction of the defense 

mechanisms against NP-induced oxidative stress. Exposure 

to Au NPs also impaired burrowing behavior. However, 

these effects were observed at higher doses than expected 

in the environment. Recently, an extended fish embryo test 

was utilized to bridge the gap between cell culture and small 

animal models to investigate the toxicity of Au NPs in wild 

type and transgenic zebrafish.71 The fish embryo test con-
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MTs inhibit SI and CBs formation to
provide therapeutic effect
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Figure 2 Three types of NPs have been proposed (1) toxic, (2) protective, and (3) inert. NPs augmenting the zinc ion homeostasis could be neuroprotective, those inducing 
dyshomeostasis could be toxic, and those producing no significant change could be neutral or inert. Thus, metal ion speciation of MTs following NP exposure employing 
sensitive procedure such as inductively coupled plasma mass spectroscopy may provide a better understanding of the therapeutic potential of MTs in nanomedicine. 
At the ultrastructural level, protective NPs may prevent CB formation and toxic NPs will induce CB formation, whereas inert NPs will remain ineffective. Stem cells 
provide MT-mediated mitochondrial protection and inhibit CB formation to facilitate regenerative process. Any physical, physiological, and/or pharmacological intervention 
involving MT induction will inhibit CB formation and provide neuroprotection. Thus, MT induction and CB formation may be utilized as early and sensitive biomarkers 
of NPs safety, effectiveness, and toxicity for theranostic applications. (The specificity of these biomarkers may be explored in the future). Furthermore, toxic NPs and 
environmental stress may induce overproduction of free radicals (OH, NO) to cause lysosomal membrane destabilization and CB formation. Free radicals may induce lipases, 
proteases, and nucleases to cause membranolysis, proteolysis, and nuclear DNA depolymerization leading to apoptosis, necrosis, and even cell death. MTs may serve as free 
radical scavengers to inhibit CB formation and provide therapeutic effect in neurodegenerative disease and other disorders. (A) Transmission electron microscope picture 
(magnification 20,000×) demonstrating the cytoplasmic organization of Purkinje neuron from the undernourished rat cerebellar cortex demonstrating increased incidence of 
lysosomes (). (B) Multilamellar electron-dense membrane stacks (CB ) in the 15-day undernourished rat Purkinje neurons (magnification 50,000×). 
Notes: (+) indicates activation; (−) indicates inhibition.
Abbreviations: CB, Charnoly body; MT, metallothionein; NO, nitric oxide; NP, nanoparticle; OH, hydroxyl; ONOO, peroxynitrite; SI, α-synuclein index.

firmed all findings of a study in HeLa cells and added new 

information on teratogenicity and hepatotoxicity that could 

not be obtained from cultured cells. Recently, mesoporous 

silicon nanochips have been developed for diagnostic applica-

tions.72 Biocompatible and biodegradable silicon NPs, mes-

oporous silicon nanochips, and silicon dioxide nanocoating 

microdevices can be used for the sensitive and early detection 

of disease biomarkers from serum using mass spectrometry. 

Silicon is converted to silicic acid and excreted through the 

urine. However, if inhaled, it can cause silicosis similar to 

asbestosis, mesothelioma, and lung cancer.73 Although silicon 

nullifies aluminum toxicity, in the absence of ascorbic acid it 

may facilitate iron accumulation to induce further toxicity.

Indeed, MTs are protective when induced at the 

physiological and pharmacological level; however, their 

enhanced induction may reflect the toxicity of NPs. Particu-

larly when the protective layer of Zn oxide is removed from 

QDs in vivo, as discussed above. Recently developed QDs 

are composed of Cd/Se, which provides excellent fluorescent 

properties and may be used for tumor localization to help 

the surgeon to identify normal cancer cells from cancer 

stem cells. However, when the protective Zn oxide layer is 

dislodged, these NPs could induce Cd nephrotoxicity. There-

fore, the primary objective of coating the NPs with Zn oxide 

is to avoid direct toxicity and simultaneously induce MTs as 

protective antioxidants and free radical scavengers to provide 

mitochondrial protection. Indeed, a considerable amount of 

research is required in this direction to stabilize NPs in the 

biological system and enhance their theranostic potential 

by employing MTs as early and sensitive biomarkers, as 

emphasized in this report. At present, the exact pathophysi-

ological significance of MT induction is not understood due 

to a lack of existing knowledge. Zn ions (Zn2+) act as physi-

ological neuromodulators at glutamatergic synapses; how-

ever, in order to avoid neurotoxic damage, the intracellular 

Zn2+ must be controlled by: (1) Zn2+ transporters, (2) Zn2+ 
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buffering MTs, and (3) mitochondrial sequestration systems. 

Particularly in physiological aging, if any of these systems 

is impaired and/or not adequately coordinated with the other 

two, the resulting rise of intracellular Zn2+ may inhibit the 

cellular energy and affect mitochondria as a primary target.74 

MTs could be directly or indirectly involved in the modula-

tion of cellular senescence and might represent a potential 

therapeutic target against the aggregation of dysfunctional 

aging cells.75 Therefore, it may be important to perform 

metal ion speciation of MTs employing atomic absorption 

spectrophotometry or preferably inductively coupled plasma 

mass spectrometry to assess their exact pathophysiological 

significance in neurodegenerative disease and other disor-

ders. For instance, Zn-bound MTs may play a different role 

during cancer or aging, switching from a protective to a 

deleterious one in immune, endocrine, and cerebral activi-

ties.  Intracellular Zn2+ homeostasis is affected by oxidative 

stress, which is a trigger for detrimental Zn2+ release from 

MTs. Moreover, Zn2+ at higher concentrations may induce 

oxidative stress by promoting mitochondrial and extramito-

chondrial production of reactive oxygen species in the aging 

brain. Thus, it will be extremely necessary to consider MTs 

as important biomarkers while developing biologically-safe 

metal NPs for theranostic applications in future.

Clinical significance of MTs  
in nanomedicine
Recent studies have established that bone marrow-derived 

stem cells are able to alleviate symptoms of lung silicosis.9 

Thus, MT semiconductor NPs are now being developed to 

encapsulate silicon as third-generation NPs for theranostic 

applications. Indeed, semiconductor NPs have potential 

applications in medicine, engineering, and biology. Size 

tunable emission, through the quantum confinement effect 

of semiconductor NPs, make them useful chromophores as 

fluorescence biomarkers, light emitting diodes, and laser 

materials. The NPs can be stabilized by thiol-containing 

capping molecules such as MTs. Although hydrophilic 

monothiols render the NPs water soluble, they are degraded 

by light exposure. Thus, peptides based on polycysteine-

containing MTs may provide robust, water soluble, and 

biocompatible capping groups for developing semiconduc-

tor NPs. Up to eight MT peptides may be attached to each 

Cd/Se NPs to provide structural and functional stability and 

prevent cytotoxicity.76,77 Complementary DNA and protein 

microarray analysis have revealed that various stress-related 

genes including metallothioneins (MTs), heat shock proteins 

(HSPs), glutathione S-transferase (GST), p53, cytochrome 

p450-1A (Cyp-1A), and transferrin are induced following 

toxic insult.78 MTs are specifically induced in metal toxic-

ity, cancer, inflammation, and infections, hence can serve as 

early and sensitive biomarkers of environmental safety and 

effectiveness of newly developed NPs.78,79 Because of their 

unique physical, optical, and mechanical properties, NPs hold 

great promise in improving clinical diagnosis and effective 

treatment. Their use in research and consumer products is 

increasing rapidly, hence contamination of the environment 

with various NPs seems inevitable. Because surface waters 

receive pollutants and contaminants from many sources 

including NPs, and act as reservoirs and conduits for many 

environmental contaminants, understanding the impacts of 

NPs on the organisms within these environments is critical 

for evaluating their toxicity. Thus, MTs could be used as 

early and sensitive biomarkers to evaluate environmental 

toxicity. MTs can also serve as early and sensitive biomark-

ers of neurotoxicity as well as drug addiction.25,26 Moreover, 

frequent structural heterogeneity and mutations in bacterial 

MTs may provide genetic resistance to antibiotics and aug-

ment pathogenicity.80 Local application of Zn ointments 

enhances MTs, which induces cell proliferation and wound 

healing.81 Thus, material composition and design of fracture 

patties for amputees, wound clips, and dressings coated with 

Ag and Au NPs are being developed to prevent osteomyelitis, 

septicemia, inflammation, and allergic reactions.82 In addi-

tion, drug (sirolimus)-eluting carbon nanocoated stents are 

being developed to prevent platelet activation/aggregation, 

5-hydroxytryptamine release, vascular neointimal hyperpla-

sia, restenosis, thrombosis, and persistent infections due to 

the formation of biofilms on these nanodevices.83 By altering 

the surface topography of nanocoatings, the activation of 

platelets can be affected, while the carbon nanocoatings hav-

ing higher surface roughness is less thrombogenic in terms of 

platelet adhesion for improving the stent coating fabrication.84 

MT-capped Cd/Se NPs are being further developed for their 

clinical application as theranostic agents.59 Further studies 

in this direction will go a long way in the effective clinical 

management of patients.

Conclusion
MTs have a diversified and versatile therapeutic role as free 

radical scavengers in the CNS and other tissues. Through 

Zn-mediated transcriptional activation, these proteins can 

regulate cellular growth and development in health and 

disease. MTs induction in response to nutritional stress and 

environmental toxicity (particularly from glutamate analogs 

and NPs) is of considerable clinical interest. Hence it is 
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important to verify NPs-mediated MTs induction before 

they could be used routinely as potential theranostic agents. 

As NPs aggregate and accumulate quite frequently in the 

biological system, it would of significant interest to study 

the contribution of MT induction and CB formation in these 

conditions. Furthermore, liposomal encapsulation and MT 

induction in stem cell therapeutics will have a promising 

future for developing safe and effective NPs for biomedical 

applications.
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