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Metallothloneln (MT) Is a low-molecular-weight protein with a
number of roles to play In cellular homeostasis. MT Is
synthesized as a consequence of a variety of cellular stressors,
and has been found In both Intracellular compartments and In
extracellular spaces. The Intracellular pool of this cysteine-rich
protein can act as a reservoir of essential heavy metals, as a
scavenger of reactive oxygen and nitrogen species, as an
antagonist of toxic metals and organic molecules, and as a
regulator of transcription factor activity. The presence of MT
outside of cells due to the Influence of stressors suggests that
this protein may make Important contributions as a "danger
signal" that Influences the managementof responses to cellular
damage. While conventional wisdom has held that extracellular
MT Is the result of cell death or leakage from stressed cells,
there are numerous examples of selective releaseof proteins by
nontraditional mechanisms, Including stress response proteins.
This suggests that MTmay similarly be selectively released,and
that the pool of extracellular MT represents an Important
regulator of various cellular functions. For example, extracel-
lular MThas effects both on the severity of autoimmune disease,
and on the development of adaptive Immune functions.
Extracellular MT may operate as a chemotactic factor that
governs the trafficking of Inflammatory cells that move to
resolve damaged tissues, as a counter to extracellular oxldant-
mediated damage,and as a signal that Influences the functional
behavior of wounded cells. A thorough understanding of the
mechanisms of MT release from cells, the conditions under
which MT Is released to the extracellular environment, and the
ways In which MT Interacts with sensitive cells may both
illuminate our understanding of an Important control mecha-
nism that operates In stressfUl conditions, and should Indicate
new opportunities for therapeutic management via the manip-
ulation of this pool of extracellular MT. Exp Bioi Med 231:1548-
1554,2006
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Introduction
Metallothionein (MT) is a highly conserved family of

closely related stress response proteins that have been linked
to a number of different aspects of cellular homeostasis. MT
is involved in the management of essential heavy metal
divalent cations (e.g., Cu and Zn) (1-3), it serves to interfere
with the toxic effects of other heavy metals (e.g., Hg and
Cd) (4) and free radicals (5-8), and it has been reported to
regulate specific transcription factor activity (9, 10).
Induction of MT occurs as a consequence of a variety of
initiators, including divalent heavy metals; endotoxin (11);
interferon (12); glucocorticoids (13, 14); the acute-phase
cytokines tumor necrosis factor-ex (15), interleukin-l (IL-t)
(16), and IL-6 (17); reactive oxygen and nitrogen species;
and toxic organic compounds (18) (reviewed in [19, 20]).
While most studies focus on the role played by intracellular
pools of MT, a number of reports suggest that an
extracellular pool of MT also exists with important roles
to play. This review explores the evidence that MT is found
in significant amounts outside the cell, and considers
potential roles for MT.

Metallothionein in Extracellular Environments
There have been a number of reports of MT in tissue

extracellular spaces, in secretions, and in excretions. MT is
found in serum in increasing concentrations following
restraint stress (21, 22) and upon exposure to toxic metals
(23). MT in the urine (metallothionuria) has also been used
as an indication of cadmium toxicity (24, 25). MT has been
found in milk (3), in bronchoalveolar (26) and prostatic (27)
fluids, bile (28), liver sinusoids (29), pancreatic ducts (30),
and renal tubules (29). This stress response protein is also
found at sites of tissue wounding and inflammation (31-35).
Indirect evidence for extracellular MT comes from the
observation that metal stress can elicit anti-MT autoanti-
bodies both in mice and in humans (36-38). Finally, MT has
been reported to be selectively released by cells in culture
(39-41).

It has been suggested that cadmium-exposed animals
transfer cadmium from the liver to the kidneys by release of
cadmium-MT from the liver (42, 43). The cadmium-MT
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complex is filtered in the glomerulus, but is readsorbed in
the proximal tubule. The major pathway for cadmium
uptake by tubule cells in vivo is endocytosis of cadmium
complexed with MT, and it has been suggested that this
process is receptor-mediated (44). Renal tubular cells
degrade the cadmium-MT complexes and the cadmium is
released, subsequently inducing synthesis of new MT in the
tubular cells.

The presence of MT as an extracellular protein is
somewhat unexpected in light of the absence of signal
peptide sequences or other protein trafficking signals in the
protein that would target it to these environments. The vast
majority of extracellular proteins are exported from cells by
the classical secretory pathway, in which proteins pass
through the endoplasmic reticulum (ER) and the Golgi
apparatus, and which can be either constitutive or regulated.
In the constitutive secretory pathway, both membrane-
bound and soluble proteins are transported from the lumen
of the ER to the Golgi apparatus and to the outer plasma
membrane of the cell via transport vesicles. Soluble proteins
subsequently leave the cell by an exocytic process, whereas
membrane components become integrated in the outer
membrane. Some specialized secretory cells have a second,
regulated secretory pathway, in which soluble proteins and
other molecules are initially concentrated and stored in
secretory vesicles for later release upon specific intracellular
cues, often in response to extracellular signals. Both of these
conventional methods of protein secretion require a specific
N-terminal signal peptide sequence that results in local-
ization of the protein at the cytosolic membrane of the rough
ER and subsequent movement into the lumen of the ER.
From there, these proteins are transported in vesicles to the
Golgi where they are sorted and packaged according to their
final destination.

The majority of MT messenger RNA (mRNA) is
translated on free and cytoskeleton-associated polysomes
(45), and is responsible for the synthesis of MT that
localizes in the cytoplasm and nucleus (46,47). Shapiro and
Cousins (48) compared the relative amounts of MT mRNA
in free and membrane-bound rat liver polysomes. They
reported that the amount of translatable MT mRNA in
polysomes directly correlates to the rate of MT synthesis.
More than 93% of rat liver MT mRNA was found to be
located on free polysomes, and this percentage increased
when MT synthesis was induced in zinc-treated rats (48). In
the same study, membrane-bound polysomes were found to
make a negligible contribution to MT synthesis. There is
some evidence to suggest that MT release from cells is
selective, implying that MT release is not the consequence
of membrane permeability changes or cell lysis in all
circumstances. For example, in studies of adipocytes in
culture, MT was found to be released during in vitro
differentiation, and this release occurred earlier than that of
leptin, another secretory product of the differentiating cells
(40).

Mechanisms of Nonclassical Protein Secretion
A growing assortment of molecules have been

recognized to lack signal sequences necessary to target
nascent polypeptide to the ER for secretion, yet which
nevertheless can be selectively released from cells. Several
nonclassical mechanisms by which proteins can be exported
from mammalian cells have been suggested in the literature.
Some cell types contain specialized lysosomes that are
capable of fusing with the plasma membrane and releasing
their contents extracellularly in a process called lysosomal
secretion. Plasma membrane resident transporters, export
through exosomes, and exovesicular membrane blebbing
have also been suggested as nonclassical routes (49-51).
Direct movement of proteins across membranes in the
partially folded "molten globule state" has also been
suggested (52). It is particularly intriguing to consider the
possibility that MT in the molten globule form (53) may be
released from the cell by this vesicle-independent mecha-
nism.

Recently, tubular extensions of the plasma membrane
have been discovered that link certain mammalian cells in
culture, including natural killer cells, B cells, dendritic cells,
and macrophages (54-57). These tunneling nanotubules
(TNTs) are long, thin, tubular extensions between cells that
result in membrane and cytoplasmic continuity and allow
selective transport of membrane-proteins such as major
histocompatibility complex class I molecules or GPI-GFP
molecules, as well as organelles. Not only can cell-surface
proteins be exchanged between cells, but cellular signals
such as calcium fluxes can be propagated through TNTs, a
discovery that is indicative of cytoplasmic continuity
between the connected cells. These TNTs have been shown
to be transient and highly sensitive to mechanical stress in
culture, and their extremely thin diameter (50-200 nm for
tubules up to 100 urn long) makes them prone to breakage
by shear forces and oxidative damage that exist in vivo (58).
Such breakage could result in the transient release of
cytoplasmic proteins such as MT from immune cells that
have been shown to form TNT networks in vitro.

Some of the types of proteins secreted by nontraditional
mechanisms are, intriguingly, associated with cellular stress
or the cellular response to stress. For example, IL-I ex and IL-
l ~ are examples of proteins secreted via a nonclassical
pathway. These proinflammatory cytokines are part of the
acute-phase response and are synthesized and released by
activated macrophages and certain other cell types (59).
Neither the human nor mouse isoforms of this cytokine
display an identifiable N-terminal signal sequence, which
has been interpreted to suggest that IL-I reaches the
extracellular environment by a nonclassical secretory route
(52, 60, 61). IL-l~ secretion is selective because its
presence in the extracellular environment does not correlate
with the presence of other cytosolic proteins such as lactate
dehydrogenase, which remains inside the cell. The process-
ing of IL-l ex involves myristoylation and. following
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insertion into the plasma membrane, a calpain-dependent
cleavage that is believed to cause release of the mature form
of IL-lcx into the extracellular space (62) via a specialized
subspecies of endolysosomes (63). The uptake of IL-l into
secretory lysosomes may be mediated by an ATP-binding
cassette transporter (ABC-transporter). The secretion of
another acute-phase protein, macrophage migration inhib-
itory factor, is also mediated by a nonclassical pathway
involving an ABC-transporter (64). The secretion of IL-I~

is increased by heat shock (65). IL-l has known receptors,
underscoring its role as an actor in extracellular events that
occur during the acute phase of the immune response.

Heat shock proteins (Hsps) such as Hsp-70 are also
generally considered to be intracellular proteins with a
variety of roles to play inside the cell. Nevertheless, Hsp-70
has been reported to be selectively released from cells under
stress, and has been found to accumulate in extracellular
compartments (66). Hightower and Guidon (67) showed
that cultured rat embryo cells can be stimulated to rapidly
release a select subset of proteins that include HspllO,
Hsp70, Hscp73, and actin. This release was not blocked by
either monensin or colchicines, inhibitors of the common
secretory pathway. The extracellular accumulation of these
proteins was inhibited if the proteins were synthesized in the
presence of the lysine analogue aminoethyl cysteine,
suggesting that a selective release mechanism is involved
(67). Hsp secretion was further supported by the observation
that the sorting of proteins into exosome membranes is
correlated with the presence of cholesterol/sphingomylein
lipid rafts (68). Hsp70 and Hsp90 associate with such
membrane microdomains (69). Furthermore, the release of
Hsp70 from a human colonic adenocarcinoma cell line is
dependent on the presence of intact lipid rafts (70). Like IL-
1, the Hsp family of proteins has been suggested to bind to
certain surface receptors (71), further underscoring a
potential role for that pool of protein. Hsp70 has been
suggested to exit the cell by membrane shedding or
blebbing (72), which involves the formation of so-called
exovesicles (for a review see [49]). Hsps have been found to
bind to surface receptors (73) and can act as immune
modifiers when in extracellular environments (74).

The majority of the members of the fibroblast growth
factor (FGF) family are exported by ER/Golgi-dependent
secretory transport. However, FGF-I and FGF-2 have been
shown to be secreted by an alternative pathway (75). These
proteins regulate a variety of activities such as angiogenesis,
tumor growth, and neurogenesis via extracellular interac-
tions (76). As with MT and the Hsps, FGF can be secreted
as a consequence of stress. In the case of FGF, it is secreted
as an inactive homodimer (77) that is sensitive to reduction
and activation with dithiothreitol, suggesting that the dimer
forms via disulfide bonds between monomers. Once active,
FGF interacts with several FGF receptors to influence cell
division and differentiation. It was originally assumed that
angiogenic growth factors would be released from mechan-
ically injured tissues in order to promote wound healing.

But subsequent evidence has shown that FGF-I and FGF-2
are exported from cultured cells in the absence of an
appreciable amount of cell death (78-81). Unlike IL-I~,

which has been reported to be secreted by a vesicular
nonclassical export pathway (63, 65), FGF-I and FGF-2
may be directly translocated from the cytoplasm into the
extracellular space because intracellular FGF-I and FGF-2
have been localized to the cytoplasm in many FGF-secreting
cell types with no apparent localization in vesicular
structures (80, 82). In other studies, it has been suggested
that some FGF-2 may be released by shedding of membrane
vesicles (83).

In some circumstances, MT may be released from cells
that have suffered membrane permeability changes or
during necrotic cell death. There is as yet no conclusive
data to suggest a specific mechanism by which MT might be
secreted from cells, yet the protein does share some features
with other proteins known to be secreted by nonclassical
pathways. Many of these proteins are secreted at elevated
levels under various forms of cellular stress (e.g., inflam-
mation, increased temperature, tissue wounding, and
toxicant exposure). Although the route of MT exit from
cells remains to be established (and the route may differ
under individual circumstances of stress, development, and
other conditions), it is inescapable that MT does exit cells,
and has intriguing effects on cellular activities.

Extracellular MT Activities

Once outside the cell, "intracellular" proteins may have
functions that are either related or distinct from the activities
in which they participate within the cell. MT is an example
of a protein that may have unique activities linked to its
extracellular role in addition to those similar to its role
inside the cell. The redistribution of heavy metals between
tissues may be one result ofextracellular MT (84). MT plays
an important role in zinc homeostasis, particularly in the
pancreas, where it not only protects against zinc deficiency,
but it also prevents any toxic effects of zinc on the pancreas
(30). MT also might act as an antioxidant in extracellular
environments. Kainic acid-induced seizures cause up-
regulation of MT-I and MT-II genes in the hippocampus
(33). MT-I/II-deficient mice display increased oxidative
stress in the hippocampus and neuronal cell death following
kainic acid treatment compared with wild-type controls.
(85). Recently, it has been reported that transgenic mice
overexpressing MT display decreased hippocampal inflam-
mation induced by kainic acid when compared with wild-
type control animals (33). Significant amounts of extrac-
ellular MT were found around hypertrophic reactive
astroglia in the transgenic mice. This evidence suggests
that MT may be protecting cells via its anti-inflammatory
actions. A similar antioxidant role for MT has also been
invoked in various forms of ischemic damage (e.g., focal
cortical ischemia in the brain [86], renal ischemia [87], and
ischemia-reperfusion-induced myocardial injury [88]).
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There is also evidence that extracellular MT has effects
not traditionally associated with its intracellular properties.
There is one report of an MT-specific receptor on astrocytes
(89), and MT can be detected on the surface of leukocytes
harvested from congenitally autoimmune animals (90), from
animals immunized in the presence of adjuvant (unpub-
lished data), and on cells cultured in the presence of mitogen
(e.g., lipopolysaccharide) or exogenous MT (91-93).
Extracellular MT can influence cell proliferation in different
ways depending on the conditions of exposure and the type
of cell exposed. For example, MT-III (also known as growth
inhibitory factor, or GIF) can act to suppress neuronal
growth survival and elongation in culture (39, 94). In
contrast, MT-II increases neurite elongation in culture (95).
MT-I and MT-II have been shown to stimulate lymphocyte
proliferation, both alone and in concert with other
polyclonal activators of proliferation (e.g., Concanavalin
A) (91, 96, 97). The consequences of these interactions can
be observed in the effects that exogenous MT has on various
immune functions. MT does not alter macrophage phag-
ocytosis, but it does enhance the superoxide anion
production by activated macrophages, and the candidacidal
activity of these cells. Moreover, MT also suppressed the
ability of macrophages to stimulate T cell proliferation (93).
MT-mediated immunosuppression is also observed when
cytotoxic T lymphocytes are cocultured with MT during the
initiation and effector phases (98). Supporting these
observations are in vivo studies of exogenous MT influences
on immune activities. MT has been shown to suppress the
development of a T-dependent humoral response, while
having no effect on T-independent responses (99). This in
vivo suppression can be blocked with a monoclonal anti-MT
antibody, and in the absence of exogenous MT, this same
antibody enhances the humoral response to T-dependent
antigen challenge (100). This latter observation suggests
that extracellular MT is released during a normal immune
challenge to moderate the vigor of the humoral response,
and that the monoclonal antibody can release the immune
response from that endogenous extracellular MT. This
conclusion is supported by the observation that MT-null
mice develop a more robust humoral response to T-
dependent antigen challenge than their wild-type counter-
parts (10 I), as well as by the observation ofdetectable levels
of surface MT on leukocytes harvested from mice immu-
nized in the presence of adjuvant (unpublished data).
Exogenous MT can also suppress the development of both
collagen-induced arthritis (l02) and experimental auto-
immune encephalomyelitis (103, 104).

Extracellular MT can promote some forms of wound
healing. There are reports of MT produced at tissue wound
sites (105, 106), and suggestions that MT present at those
sites enhances tissue repair (35, 107-109).

Recent work from our laboratory has been based on the
sequence similarities between MT and the chemokines
(chemotactic cytokines). These similarities, combined with
the observation that the MT gene cluster maps closely to

some of the chemokine genes, suggested that MT might
evince chemotactic behavior. MT can stimulate a variety of
primary leukocytes and leukocyte cell lines to migrate in a
directional fashion (110). Additionally, this chemotactic
response can be blocked by antagonists that are known to
interfere with G-coupled protein receptors. This suggests
that the chemotactic response is a specific one, and may
represent a means by which tissue damage initiates an
inflammatory response that can progress to wound healing.
This suggests that leukocytes may express an MT receptor
that is part of the G-coupled protein receptor family.

Danger Signals
Stress response proteins have been suggested to serve

as "danger signals": agents that augment the immune
response as a consequence of tissue damage (Ill).
According to this hypothesis, the molecular "nonself"
motifs that the immune system recognizes are insufficient
to initiate an effective immune response. In order to
stimulate a fully functional immune response, molecular
signals that indicate tissue damage or stress must also be
present. In light of their synthesis during instances of tissue
damage, and their capacity to influence various aspects of
the immune system, Hsps have often been suggested as one
form of these danger signals (112). In light of the influences
that MT has on wound healing, inflammation, and the
immune response, combined with the variety of immuno-
modulatory agents that induce MT, it is possible that MT
may represent another form of danger signal.

Conclusions
MT is synthesized as a consequence of agonists that

each can influence the progression of tissue damage and
wound healing. A significant number of experiments have
demonstrated that endogenous synthesis of MT, or exoge-
nously added MT, can influence the progression of tissue
damage, the inflammatory process, and the resolution of
tissue damage. In light of the observations that exogenous
MT can be used to manipulate the immune response and
tissue repair, and observations that MT gene dose can
influence these same activities, it seems reasonable to
hypothesize that manipulation of MT may represent a novel
therapeutic intervention. Moreover, in light of the sugges-
tions in the literature that levels of MT synthesis produced
by individuals under stress may vary significantly (113),
there may be an opportunity to use MT synthesis and
secretion as a diagnostic indicator of wound healing
capacity.

I. Bremner I. Nutritional and physiological significance of metal-
lothionein. Experientia Suppl. 52:81-107. 1987.

2. Schmidt C. Beyersmann D. Transient peaks in zinc and metal-
lothionein levels during differentiation of 3T3L1 cells. Arch Biochem
Biophys 364:91-98. 1999.

3. Milnerowicz H. Chmarek M. Influence of smoking on metallothionein



1552 LYNES ET AL

level and other proteins binding essential metals in human milk. Acta
Paediatr 94:402-406,2005.

4. Masters BA, Kelly EJ, Quaife CJ, Brinster RL, Palmiter RD. Targeted
disruption of metallothionein I and II genes increases sensitivity to
cadmium. Proc Natl Acad Sci V S A 91:584-588, 1994.

5. Sato M, Sasaki M, Hojo H. Antioxidative roles of metallothionein and
manganese superoxide dismutase induced by tumor necrosis factor-
alpha and interleukin-6. Arch Biochem Biophys 316:738-744,1995.

6. Miura T, Muraoka S, Ogiso T. Antioxidant activity of metallothionein
compared with reduced glutathione. Life Sci 60:301-309, 1997.

7. Zhou Z, Sun X, James Kang Y. Metallothionein protection against
alcoholic liver injury through inhibition of oxidative stress. Exp BioI
Med (Maywood) 227:214-222,2002.

8. Cai L, Klein 18, Kang YJ. Metallothionein inhibits peroxynitrite-
induced DNA and lipoprotein damage. J Bioi Chern 275:38957-
38960, 2000.

9. Sakurai A, Hara S, Okano N, Kondo Y, Inoue J, Imura N. Regulatory
role of metallothionein in NF-kappaB activation. FEBS Lett 455:55-
58, 1999.

10. Zeng J, Heuchel R, Schaffner W, Kagi JH. Thionein (apometallo-
thionein) can modulate DNA binding and transcription activation by
zinc finger containing factor Spl. FEBS Lett 279:310--312, 1991.

11. Hur T, Squibb K, Cosma G, Horowitz S, Piedboeuf B, Bowser 0,
Gordon T. Induction of metallothionein and heme oxygenase in rats
after inhalation of endotoxin. J Toxicol Environ Health A 56:183-203,
1999.

12. Friedman RL, Stark GR. alpha-Interferon-induced transcription of
HLA and metallothionein genes containing homologous upstream
sequences. Nature 314:637-639, 1985.

13. Karin M, Herschman HR. Glucocorticoid hormone receptor mediated
induction of metallothionein synthesis in HeLa cells. J Cell Physiol
103:35-40, 1980.

14. Sato M, Yamaki J, Hamaya M, Hojo H. Synergistic induction of
metallothionein synthesis by interleukin-6, dexamethasone and zinc in
the rat. Int J Immunophannacol 18:167-172, 1996.

15. Sato M, Sasaki M, Hojo H. Tissue specific induction of metal-
lothionein synthesis by tumor necrosis factor-alpha. Res Commun
Chern Pathol Phannacol 75:159-172, 1992.

16. Karin M, Imbra RJ, Heguy A, Wong G. Interleukin 1 regulates human
metallothionein gene expression. Mol Cell BioI 5:2866-2869, 1985.

17. Schroeder JJ, Cousins RJ. Interleukin 6 regulates metallothionein gene
expression and zinc metabolism in hepatocyte monolayer cultures.
Proc Natl Acad Sci USA 87:3137-3141, 1990.

18. Theocharis SE, Margeli AP, Skaltsas SO, Spiliopoulou CA,
Koutselinis AS. Induction of metallothionein in the liver of carbon
tetrachloride intoxicated rats: an immunohistochemical study. Tox-
icology 161:129-138,2001.

19. Theocharis SE, Margeli AP, Koutselinis A. Metallothionein: a
multifunctional protein from toxicity to cancer. Int J BioI Markers
18:162-169,2003.

20. Vasak M. Advances in metallothionein structure and functions. J
Trace Elem Med BioI 19:13-17,2005.

21. Armario A, Hidalgo J, Bas J, Restrepo C, Dingman A, Garvey JS.
Age-dependent effects of acute and chronic intermittent stresses on
serum metallothionein. Physiol Behav 39:277-279, 1987.

22. Hidalgo 1, Giralt M, Garvey JS, Armario A. Physiological role of
glucocorticoids on rat serum and liver metallothionein in basal and
stress conditions. Am 1 Physiol 254:E71-E78, 1988.

23. Nordberg GF, Garvey JS, Chang CC. Metallothionein in plasma and
urine of cadmium workers. Environ Res 28:179-182, 1982.

24. Tang W, Kido T, Gross WA, Nogawa K, Sabbioni E, Shaikh ZA.
Measurement of cadmium-induced metallothionein in urine by ELISA
and prevention of overestimation due to polymerization. J Anal
Toxicol 23:153-158, 1999.

25. Tohyama C, Shaikh ZA, Nogawa K, Kobayashi E, Honda R. Elevated
urinary excretion of metallothionein due to environmental cadmium
exposure. Toxicology 20:289-297, 1981.

26. Hart BA, Garvey JS. Detection of metallothionein in bronchoalveolar
cells and lavage fluid following repeated cadmium inhalation. Environ
Res 40:391-398, 1986.

27. Suzuki T, Yamanaka H, Tamura Y, Nakajima K, Kanatani K, Kimura
M, Otaki N. Metallothionein of prostatic tissues and fluids in rats and
humans. Tohoku 1 Exp Med 166:251-257, 1992.

28. Bremner I, Mehra RK, Sato M. Metallothionein in blood, bile and
urine. Experientia Suppl. 52:507-517, 1987.

29. Danielson KG, Ohi S, Huang PC. Immunochemical localization of
metallothionein in rat liver and kidney. 1 Histochem Cytochem 30:
1033-1039, 1982.

30. De Lisle RC, Sarras MP Jr, Hidalgo 1, Andrews GK. Metallothionein
is a component of exocrine pancreas secretion: implications for zinc
homeostasis. Am 1 Physiol 271:CII03-C1110, 1996.

31. Espejo C, Penkowa M, Demestre M, Montalban X, Martinez-Caceres
EM. Time-eourse expression of CNS inflammatory, neurodegener-
ative tissue repair markers and metallothioneins during experimental
autoimmune encephalomyelitis. Neuroscience 132:1135-1149,2005.

32. Inoue K, Takano H, Yanagisawa R, Sakurai M, Ichinose T, Sadakane
K, Hiyoshi K, Sato M, Shimada A, Inoue M, Yoshikawa T. Role of
metallothionein in antigen-related airway inflammation. Exp Bioi Med
(Maywood) 230:75-81, 2005.

33. Penkowa M, Florit S, Giralt M, Quintana A, Molinero A, Carrasco 1,
Hidalgo J. Metallothionein reduces central nervous system inflamma-
tion, neurodegeneration, and cell death following kainic acid-induced
epileptic seizures. 1 Neurosci Res 79:522-534, 2005.

34. Wesselkamper SC, McDowell SA, Medvedovic M, Dalton TP,
Deshmukh HS, Sartor MA, Case LM, Henning LN, Borchers MT,
Tomlinson CR, Prows DR, Leikauf GO. The role of metallothionein
in the pathogenesis of acute lung injury. Am 1 Respir Cell Mol BioI
34:73-82, 2006.

35. Chung RS, West AK. A role for extracellular metallothioneins in CNS
injury and repair. Neuroscience 123:595-599,2004.

36. Chen L, Jin T, Huang B, Chang X, Lei L, Nordberg GF, Nordberg M,
Plasma metallothionein antibody and cadmium-induced renal dys-
function in an occupational population in China. Toxicol Sci 91:104-
112,2006.

37. lin GB, Nakayama H, Shmyhlo M, Inoue S, Kondo M, Ikezawa Z,
Ouchi Y, Cyong IC. High positive frequency of antibodies to
metallothionein and heat shock protein 70 in sera of patients with
metal allergy. Clin Exp Immunol 131:275-279,2003.

38. lin GB, Inoue S, Urano T, Cho S, Ouchi Y, Cyong IC. Induction of
anti-metallothionein antibody and mercury treatment decreases bone
mineral density in mice. Toxicol Appl Phannacol 185:98-110,2002.

39. Uchida Y, Gomi F, Masumizu T, Miura Y. Growth inhibitory factor
prevents neurite extension lind the death of cortical neurons caused by
high oxygen exposure through hydroxyl radical scavenging. 1 Biol
Chern 277:32353-32359, 2002.

40. Trayhum P, Duncan IS, Wood AM, Beattie JH. Regulation of
metallothionein gene expression and secretion in rat adipocytes
differentiated from preadipocytes in primary culture. Honn Metab Res
32:542-547, 2000.

41. Hidalgo 1, Dingman A, Garvey IS. Role of extracellular zinc and
copper on metallothionein regulation in cultured rat hepatocytes,
Hepatology 14:648-654, 1991.

42. Bremner I, Mehra RK, Morrison IN, Wood AM. Effects of dietary
copper supplementation of rats on the occurrence of metallothionein-I
in liver and its secretion into blood, bile and urine. Biochem 1 235:
735-739, 1986.

43. Klaassen CD, Liu 1. Role of metallothionein in cadmium-induced
hepatotoxicity and nephrotoxicity. Drug Metab Rev 29:79-102, 1997,



PHYSIOLOGICAL ROLES OF EXTRACELLULAR METALLOTHIONEIN 1553

44. Thevenod F. Nephrotoxicity and the proximal tubule. Insights from
cadmium. Nephron Physiol 93:87-93, 2003.

45. Mahon P, Partridge K, Beattie JH, Glover LA, Hesketh JE. The 3'
untranslated region plays a role in the targeting of metallothionein-I
mRNA to the perinuclear cytoplasm and cytoskeletal-bound poly-
somes. Biochim Biophys Acta 1358:153-162, 1997.

46. Cherian MG, Apostolova MD. Nuclear localization of metallothionein
during cell proliferation and differentiation. Cell Mol Bioi (Noisy-le-
grand) 46:347-356, 2000.

47. Cherian MG. The significance of the nuclear and cytoplasmic
localization of metallothionein in human liver and tumor cells.
Environ Health Perspect 102(SuppI3):131-135, 1994.

48. Shapiro SG. Cousins RJ. Induction of rat liver metallothionein mRNA
and its distribution between free and membrane-bound polysomes.
Biochem J 190:755-764, 1980.

49. Nickel W. Unconventional secretory routes: direct protein export
across the plasma membrane of mammalian cells. Traffic 6:607-614,
2005.

50. Backhaus R, Zehe C. Wegehingel S, Kehlenbach A, Schwappach B,
Nickel W. Unconventional protein secretion: membrane translocation
of FGF-2 does not require protein unfolding. J Cell Sci 117:1727-

1736,2004.

51. Nickel W. The mystery of nonclassical protein secretion. A current
view on cargo proteins and potential export routes. Eur J Biochem
270:2109-2119,2003.

52. Prudovsky I, Mandinova A, Soldi R, Bagala C, Graziani I,
Landriscina M, Tarantini F, Duarte M, Bellum S, Doherty H, Maciag
T. The non-classical export routes: FGFI and IL-Ialpha point the
way. J Cell Sci 116:4871-4881, 2003.

53. Liu YL, LeeHT, Chang CC, Kan LS. Reversible folding of cysteine-
rich metallothionein by an overcritical reaction path. Biochem
Biophys Res Commun 306:59-63. 2003.

54. Raposo G. Nijman HW, Stoorvogel W. Liejendekker R, Harding CV,
Melief CJ, Geuze HJ. B lymphocytes secrete antigen-presenting
vesicles. J Exp Med 183:1161-1172, 1996.

55. Onfelt B, Davis OM. Can membrane nanotubes facilitate communi-
cation between immune cells? Biochem Soc Trans 32:676-678, 2004.

56. Onfelt B, Nedvetzki S, Yanagi K, Davis OM. Cutting edge: membrane
nanotubes connect immune cells. J Immunol 173:1511-1513,2004.

57. Watkins SC, Salter RD. Functional connectivity between immune
cells mediated by tunneling nanotubules. Immunity 23:309-318,

2005.
58. Rustom A, Saffrich R, Markovic I, Walther P, Gerdes HH.

Nanotubular highways for intercellular organelle transport. Science
303:1007-1010,2004.

59. Gudipaty L, Munetz J, Verhoef PA, Dubyak GR. Essential role for
Ca2+ in regulation of fL-I beta secretion by P2X7 nucleotide receptor
in monocytes, macrophages, and HEK-293 cells. Am J Physiol Cell
Physiol 285:C286-C299, 2003.

60. Suttles J, Giri 10, Mizel SB. fL-I secretion by macrophages.
Enhancement of fL-I secretion and processing by calcium ionophores.
J Immunol 144:175-182, 1990.

61. Stevenson FT, Torrano F, Locksley RM, Lovett DH. Interleukin I: the
patterns of translation and intracellular distribution support alternative
secretory mechanisms. J Cell Physiol 152:223-231, 1992.

62. Kobayashi Y, Yamamoto K, Saido T, Kawasaki H, Oppenheim 11,
Matsushima K. Identification of calcium-activated neutral protease as
a processing enzyme of human interleukin I alpha. Proc Natl Acad Sci
USA 87:5548-5552, 1990.

63. Andrei C, Dazzi C, Lotti L, Torrisi MR, Chimini G, Rubartelli A. The
secretory route of the leaderless protein interleukin lbeta involves
exocytosis of endolysosome-related vesicles. Mol BioI Cell 10:1463-
1475,1999.

64. Flieger 0, Engling A, Bucala R, Lue H, Nickel W, Bernhagen J.
Regulated secretion of macrophage migration inhibitory factor is

mediated by a non-classical pathway involving an ABC transporter.
FEBS Lett 551:78-86, 2003.

65. Rubartelli A, Cozzolino F, Talio M. Sitia R. A novel secretory
pathway for interleukin-l beta, a protein lacking a signal sequence.
Embo J 9:1503-1510, 1990.

66. Clayton A, Turkes A, Navabi H. Mason MD. Tabi Z. Induction of
heat shock proteins in B-cell exosomes. J Cell Sci 118:3631-3638,
2005.

67. Hightower LE, Guidon PT Jr. Selective release from cultured
mammalian cells of heat-shock (stress) proteins that resemble glia-
axon transfer proteins. J Cell Physiol 138:257-266, 1989.

68. de Gassart A, Geminard C, Fevrier B, Raposo G, Vidal M. Lipid raft-
associated protein sorting in exosomes. Blood 102:4336-4344, 2003.

69. Triantafilou M. Miyake K, Golenbock DT, Triantafilou K. Mediators
of innate immune recognition of bacteria concentrate in lipid rafts and
facilitate lipopolysaccharide-induced cell activation. J Cell Sci 115:
2603-2611,2002.

70. Broquet AH, Thomas G, Masliah J, Trugnan G, Bachelet M.
Expression of the molecular chaperone Hsp70 in detergent-resistant
microdomains correlates with its membrane delivery and release. J
Bioi Chern 278:21601-21606, 2003.

71. Chen XZ, Sun ZQ, Du XL, Liu Y, Wu L, Liu C, Chen 11. [Heat-shock
protein 70 may be a putative endogenous ligand of Toll-like receptor-
4 of human monocytes]. Zhonghua Yi Xue za Zhi 85:483-486, 2005.

72. Gastpar R, Gehrmann M, Bausero MA, Asea A, Gross C, Schroeder
JA, Multhoff G. Heat shock protein 70 surface-positive tumor
exosomes stimulate migratory and cytolytic activity of natural killer
cells. Cancer Res 65:5238-5247, 2005.

73. Kirschning CJ. Schumann RR. TLR2: cellular sensor for microbial
and endogenous molecular patterns. Curr Top Microbiol Immunol
270:121-144,2002.

74. Milani V. Noessner E, Ghose S, Kuppner M, Ahrens B, Schamer A,
Gastpar R, Isseis RD. Heat shock protein 70: role in antigen
presentation and immune stimulation. Int J Hyperthermia 18:563-575,
2002.

75. Jackson A, Friedman S, Zhan X, Engleka KA, Forough R, Maciag T.
Heat shock induces the release of fibroblast growth factor 1 from NIH
3T3 cells. Proc Nat! Acad Sci USA 89:10691-10695, 1992.

76. Schlessinger J. Common and distinct elements in cellular signaling via
EGF and FGF receptors. Science 306:1506-1507, 2004.

77. Jackson A, Tarantini F, Gamble S, Friedman S, Maciag T. The release
of fibroblast growth factor-I from NIH 3T3 cells in response to
temperature involves the function of cysteine residues. J BioI Chern
270:33-36, 1995.

78. Mignatti P, Morimoto T, Rifkin DB. Basic fibroblast growth factor, a
protein devoid of secretory signal sequence, is released by cells via a
pathway independent of the endoplasmic reticulum-Golgi complex. J
Cell PhysioI151:81-93, 1992.

79. Trudel C, Faure-Desire V, Florkiewicz RZ. Baird A. Translocation of
FGPZ to the cell surface without release into conditioned media. J Cell
Physiol 185:260-268,2000.

80. Engling A, Backhaus R, Stegmayer C, Zehe C, Seelenmeyer C,
Kehlenbach A, Schwappach B, Wegehingel S, Nickel W. Biosynthetic
FGF-2 is targeted to non-lipid raft microdomains following trans-
location to the extracellular surface of CHO cells. J Cell Sci 115:
3619-3631,2002.

81. Florkiewicz RZ, Majack RA, Buechler RD, Florkiewicz E. Quanti-
tative export of FGF-2 occurs through an alternative, energy-
dependent, non-ERIGolgi pathway. J Cell Physiol 162:388-399,
1995.

82. Prudovsky I, Bagala C, Tarantini F, Mandinova A, Soldi R, Bellum S,
Maciag T. The intracellular translocation of the components of the
fibroblast growth factor. 1 release complex precedes their assembly
prior to export. J Cell Bioi 158:201-208, 2002.

83. Taverna S, Ghersi G, Ginestra A, Rigogliuso S, Pecorella S, Alaimo



1554 LYNES ET AL

G, Saladino F, Dolo V, Dell'Era P, Pavan A, Pizzolanti G, Mignatti P,
Presta M, Vittorelli ML. Shedding of membrane vesicles mediates
fibroblast growth factor-2 release from cells. 1 Bioi Chern 278:51911-
51919,2003.

84. Daston GP, Overmann Gl, Baines D. Taubeneck MW. Lehman-
McKeeman LD, Rogers 1M, Keen CL. Altered Zn status by alpha-
hederin in the pregnant rat and its relationship to adverse
developmental outcome. Reprod Toxicol 8:15-24, 1994.

85. Carrasco 1, Penkowa M. Hadberg H, Molinero A, Hidalgo J.
Enhanced seizures and hippocampal neurodegeneration following
kainic acid-induced seizures in metallothionein-l + II-deficient mice.
Eur 1 Neurosci 12:2311-2322,2000.

86. Campagne MY, Thibodeaux H, van Bruggen N, Cairns B, Lowe DG.
Increased binding activity at an antioxidant-responsive element in the
rnetallothionein-I promoter and rapid induction of metallothionein-I
and -2 in response to cerebral ischemia and reperfusion. 1 Neurosci 20:
5200-5207,2000.

87. Takahashi T, llano Y, Noji S, Matsumoto K, Taga N, Mizukawa S,
Toda N, Matsumi M, Morita K, Hirakawa M. Induction of renal
metallothionein in rats with ischemic renal failure. Res Commun Mol
Pathol Pharmacol 110:147-160,2001.

88. Wang GW, Zhou Z, Klein JB, Kang YJ. Inhibition of hypoxia/reox-
ygenation-induced apoptosis in metallothionein-overexpressing car-
diomyocytes. Am 1 Physiol Heart Cire Physiol 280:H2292-H2299,
2001.

89. EI Refaey H, Ebadi M, Kuszynski CA, Sweeney J, Hamada FM,
Hamed A. Identification of metallothionein receptors in human
astrocytes. Neurosci Lett 231:131-134, 1997.

90. Lynes MA, Richardson CA, McCabe R, Crowthers KC, Lee rc, Youn
J, Schweitzer IB, Shultz LD. Metallothionein-mediated changes in cell
populations of autoimmune mice. In: Klaassen C, Ed. Metallothionein
IV. Basel: Birkhauser Verlag, pp437-444, 1999.

91. Borghesi LA, Youn J, Olson EA, Lynes MA. Interactions of
metallothionein with murine lymphocytes: plasma membrane binding
and proliferation. Toxicology 108:129-140, 1996.

92. Canpolat E, Lynes MA. In vivo manipulation of endogenous
metallothionein with a monoclonal antibody enhances a t-dependent
humoral immune response. Toxicol Sci 62:61-70, 2001.

93. Youn J, Borghesi LA, Olson EA, Lynes MA. Immunomodulatory
activities of extracellular metallothionein. II, Effects on macrophage
functions. 1 Toxicol Environ Health 45:397-413, 1995.

94. Chung RS, Vickers lC, Chuah MI, Eckhardt BL, West AK.
Metallothionein-IJI inhibits initial neurite formation in developing
neurons as well as postinjury, regenerative neurite sprouting. Exp
Neurol 178:1-12,2002.

95. Chung RS. Vickers JC, Chuah MI, West AK, Metallothionein-IIA
promotes initial neurite elongation and postinjury reactive neurite
growth and facilitates healing after focal cortical brain injury. J
Neurosci 23:3336-3342, 2003.

96. Lynes MA. Garvey 15. Lawrence DA, Extracellular metallothionein
effects on lymphocyte activities. Mol Immunol 27:211-219. 1990.

97. Sugiura T. Yamashita U. B cell stimulating activity ofmetallothionein
in vitro. Int 1 Immunopharmacol 22:113-122, 2000.

98. Youn J, Lynes MA. Metallothionein-induced suppression of cytotoxic
T lymphocyte function: an important immunoregulatory control.
Toxicol Sci 52:199-208, 1999.

99. Lynes MA, Borghesi LA, Youn 1, Olson EA. Immunomodulatory
activities of extracellular metallothionein. I. Metallothionein effects on
antibody production. Toxicology 85:161-177, 1993.

100. Canpolat E, Lynes MA. In vivo manipulation of endogenous
metallothionein with a monoclonal antibody enhances aT-dependent
humoral immune response. Toxicol Sci 62:61-70, 2001.

101. Crowthers KC, Kline V, Giardina C, Lynes MA. Augmented humoral
immune function in metallothionein-null mice. Toxicol Appl
Pharmacol 166:161-172,2000.

102. Youn J, Hwang SH, Ryoo ZY, Lynes MA, Paik Dl, Chung HS, Kim
HY. Metallothionein suppresses collagen-induced arthritis via in-
duction of TGF-beta and down-regulation of proinflammatory
mediators. Clin Exp Immunol 129:232-239,2002.

103. Penkowa M, Hidalgo J. Metallothionein treatment reduces proin-
flammatory cytokines IL-6 and TNF-a1pha and apoptotic cell death
during experimental autoimmune encephalomyelitis (EAE). Exp
Neurol 170:1-14,2001.

104. Penkowa M, Hidalgo 1. Metallothionein 1+11 expression and their role
in experimental autoimmune encephalomyelitis. Glia 32:247-263.
2000.

105. Hozurni I, Uchida Y, Watabe K, Sakamoto T, Inuzuka T. Growth
inhibitory factor (GIF) can protect from brain damage due to stab
wounds in rat brain. Neurosci Lett 395:220-223, 2006.

106. West AK, Chuah MI, Vickers JC, Chung RS. Protective role of
metallothioneins in the injured mammalian brain. Rev Neurosci 15:
157-166.2004.

107. Lansdown AB. Metallothioneins: potential therapeutic aids for wound
healing in the skin. Wound Repair Regen 10:130-132,2002.

108. Giralt M, Penkowa M, Lago N, Molinero A, Hidalgo 1. Metal-
lothionein-l+2 protect the CNS after a focal brain injury. Exp Neurol
173:114-128.2002.

109. Penkowa M. Carrasco J. Giralt M, Moos T, Hidalgo 1. CNS wound
healing is severely depressed in metallothionein I· and II-deficient
mice. J Neurosci 19:2535-2545, 1999.

110. Yin X, Knecht DA, Lynes MA. Metallothionein mediates leukocyte
chemotaxis. BMC Immunol 6:21,2005.

Ill. Matzinger P. The danger model: a renewed sense of self. Science 296:
301-305.2002.

112. Manjili MH, Park 1, Facciponte IG, Subjeck JR. HSPIIO induces
"danger signals" upon interaction with antigen presenting cells and
mouse mammary carcinoma. Immunobiology 210:295-303, 2005.

113. Yurkow EJ, Makhijani PR, Flow cytometric determination of
metallothionein levels in human peripheral blood lymphocytes: utility
in environmental exposure assessment. 1 Toxicol Environ Health 54:
445-457. 1998.


