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Abstract

Cells are continuously exposed to stressful situations that generally entail generation of reactive oxygen species
and other redox alterations. Low levels of stress are physiological and can transmit essential survival or adaptive
signals. At higher levels, however, the responses become maladaptive and cause damage. Frequently, stressful
events occurring in a few cells propagate, resulting in tissue or even systemic response. Here we review recent
evidence suggesting that stressed cells signal their state by expressing on their surface and secreting suitable
molecular clues, which we propose to term Stress-Associated Molecular Patterns (SAMP). A unifying mecha-
nism seems to involve the release of oxidoreductases and redox modifiers into the intercellular space, with
structural and functional alterations in key signaling molecules. These observations open the way to novel
therapeutic strategies. Antioxid. Redox Signal. 11, 2621-2629.

Stress: Physiologic, Pathologic, Intracellular,
and Extracellular

STRESS CAN BE GENERATED by far too many events along
one’s life. Working too hard, being the target of various
types of psychological or physical hits, simply standing mu-
tely the aggressiveness of close people, feeling deprived, or
staying in a danger situation can be causes of severe stress.
Likewise, tissues and single cells in our body are continuously
exposed to stressful events. And as a person reacts to stress by
starting a number of escape or defense mechanisms, living
cells are equipped with devices that physiologically allow
them to rapidly respond, adapt, or in extreme cases die. Cells
can be subjected to internal or external stresses. The former
includes metabolic processes such as, for instance, the exu-
berant synthesis and release of proteins by professional se-
cretory cells that require large amounts of metabolites and
energy (a hard work). Examples of external stress range from
starvation and physical (i.e., shearing, temperature changes,
irradiation) or chemical (e.g., exposure to drugs or poisons)
insults, to contact with or invasion by pathogens. Particularly
in the latter cases, the events occurring in a few cells elicit
responses of the surrounding tissue, recruitment of special-
ized cell types, and stressful situations become systemic.
The organismic response to stress requires the participation
of numerous cell types, cells of the innate and adaptive im-
mune systems in charge of combating pathogens. How are
these recruited in the areas where they are most needed? It has
long been recognized that pathogens express a large array of

pathogen-associated molecular patterns (PAMP). These are
recognized by specific sensors located in diverse cellular dis-
tricts (pattern recognition receptors, PRR), which activate
signaling cascades leading to an inflammatory response. In
sterile inflammatory conditions, a similar role is played by
DAMP (damage-associated molecular patters). DAMP are
cytosolic or nuclear molecules released upon cell necrosis
whose presence in the extracellular space defines a potentially
dangerous, nonphysiological situation (59). These molecules
are also called Alarmins, for their property of eliciting danger
signals and hence activating immunity (52). A third type of
scenario is that of physiological stress situations. For instance,
evidence is mounting that the differentiation of antibody se-
creting cells entails a multilevel chronic stress response that
ultimately leads to cell death (16). In many aspects, the exu-
berant synthesis and transport of antibodies can resemble
conditions of virus infection, the protein translation ma-
chinery being overwhelmed and skewed. It is reasonable
to surmise that also the physiological overwork of some
differentiating cells would attract the attention of immune
cells, somehow like secret services have a look at areas of
hyperactivity.

Here we review some recent evidence suggesting that cells
suffering stress release signals, which we define SAMP for
stress-associated molecular patterns, that inform vicinal cells
of a changing situation, and can activate or sustain multicel-
lular adaptive responses. As profound redox unbalances are
common in stressed cells, SAMP are often generated or
modulated by redox-based pathways. PAMP, DAMP, and
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SAMP may include macromolecules as well as small com-
pounds, such as ATP, reactive oxygen species (ROS), reactive
nitrogen species (RNS) and nonprotein thiols (NPSH, in-
cluding reduced cysteine and glutathione), the proper inte-
gration of which seems to dictate the specificity and the
duration of the danger signal.

Redox Unbalance Is a Hallmark of Stress

Most forms of stress have a common hallmark that is a
profound unbalance of redox homeostasis due to generation
of ROS or NRS. Respiration, hypoxia, signaling, the synthesis
of certain proteins, metabolic imbalances are no exception. Of
course, stress conditions are not always detrimental for cells,
tissues, and organisms. Starvation, for instance, represents a
stress; however, mild starvation can be beneficial, in that en-
ergy restriction may extend life span. A dose-dependent du-
ality of the stress responses is encountered in many cases:
thus, low doses of ROS are essential for cell survival, as they
are necessary for many signaling pathways, whilst an excess
of them generates damage and eventually cell death (56). To
prevent the occurrence of maladaptive responses, cells are
equipped with a vast array of defense mechanisms against
free radical-induced oxidative stress (72). Among these, a
major role is played by antioxidants. These include many
enzymes, such as superoxide dismutase (SOD), glutathione
peroxidase (GPx), catalase (CAT), peroxiredoxins (PrX), heme
oxygenase (HO), and glutathione synthases. The latter in-
crease the production of glutathione (GSH), the prototypic
and most abundant nonprotein thiol in eukaryotes. Other
cellular nonenzymatic antioxidant systems include cysteine,
vitamins C and E, carotenoids, and flavonoids. Under normal
conditions, these systems balance the constitutive generation
of ROS. Cells try to adapt to changing needs modulating the
expression of antioxidants, enzymes, and NPSH.

Oxidative stress leads to the synthesis of heat shock pro-
teins (Hsp) (24). This is not surprising, as thiol oxidation may
lead to protein denaturation, as does thermal stress. However,
these two stresses (oxidative and thermal) denature different
proteins. The common feature of heat or oxidation-denatured
proteins is the formation of a ‘molten globule” that appears
to trigger the synthesis of Hsp (24). Thiol oxidation is impli-
cated as a key event leading to this conformational change,
although other protein modifications probably also contrib-
ute. Protein thiol oxidation may, therefore, be a factor also in
determining the heat shock response. In turn, Hsp, induced in
cells by thiol specific reagents such as arsenite and diamide,
are in part responsible for the consequent protection against
the toxic effects of these compounds. Interestingly, in Escher-
ichia coli the chaperone activity of Hsp33 is unleashed by ex-
posure to oxidants. Hsp33 undergoes a conformational
change and forms oxidized dimers, which bind to many sub-
strates and prevent their aggregation. Thus, Hsp33 shifts be-
tween active (substrate-binding) and inactive conformations,
according to its redox state, which in turn depends on the
environment (27). In metazoans, a similar mechanism char-
acterizes peroxiredoxins that form decamers endowed with
chaperone activity upon exposure to HO, or heat shock (29).

Redox Differs Inside and Outside Cells

Although the environments inside and outside cells are in
close communication, and an oxidative stress generated ex-
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tracellularly can be promptly sensed intracellularly, the redox
state inside and outside the plasma membrane is very dif-
ferent. Under normal conditions, glutathione is present in the
cytosol in concentrations ranging between 1 and 10mM,
mostly in its reduced form (GSH). Conversely, micromolar
concentrations are typically found in the plasma, where the
oxidized form (GSSG) is predominant (53). Similarly, the
amino acid cysteine, present in micromolar amounts, is pre-
dominantly reduced inside the cell. In contrast, oxidized cys-
tine is the predominant species in the external space (42, 61).

The notion that the cytosol is reducing, while the extracel-
lular space is generally more oxidizing, has important con-
sequences on protein structure and regulation. In membrane
and secretory proteins, most cysteines are engaged in dis-
ulfide bonds that are often critical for their stability. Their
reduction entails profound structural changes, which may
serve a regulatory role in physiologic and pathologic condi-
tions (see below). Cytosolic and nuclear proteins, instead,
generally expose reduced cysteines on their surfaces. As a
result, they are easily inactivated (or sometimes activated) by
oxidation (37). This is counteracted primarily by GSH and
thioredoxin (Trx), which are in charge of maintaining suitable
redox conditions in the cytosol and nucleus during the basal
metabolic activity of the cell and under stress. Not all the
cytoplasm is equally reducing, however (Fig. 1). Islands with
more oxidizing conditions are the lumen of the endoplasmic
reticulum (ER) and other downstream compartments of the
secretory pathway. In terms of redox and ionic compositions,
these are similar to the extracellular space. This feature is
crucial to favor the folding and transport of secretory proteins
that are synthesized in the ER. Indeed, this organelle provides
an efficient factory and test bench for secretory proteins, de-
signed to operate in the high Ca®" and largely oxidative
conditions of the extracellular world (1, 20, 65). In the early
secretory compartment, oxidative folding is facilitated by a
vast array of thiol-disulfide oxidoreductases (protein dis-
ulfide isomerase (PDI), ERp57, ERp5, etc) that catalyze the
oxidation, isomerization, and reduction of disulfides (21). In
eukaryotes, conserved flavoproteins of the Erol family gen-
erate oxidative equivalents probably at the expenses of
oxygen. At least, this reaction generates peroxide in stoi-
chiometric amounts to the disulfides inserted in nascent
proteins (28, 63, 71). The production of H202 during oxidative
protein folding (28, 69) could serve signaling purposes, re-
porting on the protidosynthetic activity within the ER (43).

Mitochondria are reducing as well, but certain proteins
need be oxidized for exerting their functions. The Ervl-Mia40
pathway, essential for mitochondrial protein import, transfers
disulfide bonds into selected substrates (45), underscoring the
versatility of redox-based mechanisms in regulating biologi-
cal systems.

Little is known about the redox conditions found in other
organelles. The development of suitable reporters for dynam-
ically analyzing redox status in living cells is clearly needed.

Cell Responses to Stress Can Modify
the Extracellular Redox

Intracellular redox modulation has long been recognized
essential for many vital metabolic and signaling pathways
(38, 56). Conversely, less attention has been paid so far to the
extracellular redox as a modulator of cell activities. One rea-
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son is that, until recently, oxidoreductases were considered to
be strictly restricted inside cells. However, antioxidant en-
zymes such as superoxide dismutase (EC-SOD) are also
present in the extracellular space, and intracellular oxidore-
ductases, including PDI, ERp5, and thioredoxin (Trx), un-
dergo a regulated externalization by certain cell types (Fig. 2).
In many cases, their extracellular activities are aimed at
counteracting different kinds of stress. EC-SOD contains a
unique heparin-binding domain that determines localization
in the extracellular matrix, where the enzyme scavenges su-
peroxide anions. The EC-SOD heparin-binding domain can be
removed by proteolytic cleavage, releasing active enzymes
into the extracellular fluids. In addition to protecting against
extracellular oxidative damage, EC-SOD, by scavenging su-
peroxide, preserves nitric oxide bioactivity and facilitates
hypoxia-induced gene expression (51). Trx is secreted by
several cell types through a “leaderless” pathway (58), and
stimulates the growth of lymphocytes, fibroblasts, and a va-
riety of leukemic and solid tumor cell lines (2, 38, 54, 67).
Clearly, these effects rely on the Trx redox activity: a mutantin
which the two cysteines in the active redox center (32 and 35)
are replaced by serines fails to stimulate cell growth, even at
50-fold higher concentrations. The mechanisms underlying
the proliferative effect are unclear, but they appear related to
increased production of cytokines (e.g., IL-1, IL-2, and TNF)
and/or activation of basic fibroblast growth factor (bFGF) or
other growth factors (reviewed in ref. 7).

Protein disulfide isomerase (PDI) has been implicated in
the regulation of HIV entry into cells and in the activation of
L-selectin shedding from the cell surface of leukocytes.
Moreover, PDI is the epithelial cell receptor for Chlamydia
trachomatis Servoar E, a bacterial agent responsible for sexually
transmitted diseases (reviewed in ref. 60). As discussed fur-
ther below, both PDI and another thiol isomerase, ERp5,
normally present mainly on platelet intracellular membranes,
are rapidly recruited to the platelet surface in response to
many agonists, promoting aggregation (32).

2623

In spite of these recognized functions of extracellular redox
enzymes, few cell surface or soluble targets have been iden-
tified so far. One reason for this slow progress is the transient
nature of thiol-disulfide exchange reactions, making the de-
tection of intermediates and substrates rather difficult. The
recent development of a mechanism-based kinetic trapping to
identify individual cell surface target proteins that engage in
disulfide exchange with thiol-dependent oxidoreductases will
hopefully help to advance more rapidly (62). Among the few
targets identified so far are the integrin IIb3, converted from a
low to high affinity state by ERp5; the CD4 receptor, con-
verted by Trx into a redox isoform permissive for HIV entry,
and the HIV-1 envelope glycoprotein gp120, which also relies
on the redox activity of PDI and Trx to promote virus—cell
fusion. Recently, PDI has been recognized to control the redox
state of an allosteric disulfide bond in tissue factor (TF),
thereby regulating its activity (see below). In addition, se-
creted Trx has been found to activate the ion channel TRPC5
by breaking an intrachain disulfide bridge (75). Together,
these examples indicate that redox enzymes in the extracel-
lular space are capable of modulating intercellular signals or
delivering novel ones, and reveal the existence of transduction
mechanisms that can directly couple the activity of these en-
zymes to cell function.

Not only redox enzymes, but also nonprotein thiols
(NPSH), by virtue of their ability to be reversibly oxidized, can
influence the extracellular redox balance and hence many
signaling pathways (47). Moreover, NPSH-mediated redox
reactions are involved in the regulation of growth factor
bioactivity, as in the case of transforming growth factor that is
inactivated by NPSH in a nonenzymatic way (8).

Increasing evidence indicates that in case of stress, the
adaptive antioxidant response triggered by cells, with over-
expression of oxidoreductases and NPSH, goes beyond the
cell border and alters the extracellular redox. The idea that
disulfide bonds can act as dynamic redox switches, specifi-
cally operated by secreted redox catalysts, represents an

FIG. 1. Compartmentalized redox control in
mammalian cells. The figure summarizes the main
regulators of the redox state in the different sub-
cellular compartments. The endoplasmic reticulum
(ER) and downstream stations of the exocytic
pathways are generally oxidizing. Erol and Erv2
are flavoproteins that oxidize PDI and other resi-
dent oxidoreductases (70). The GSSG/GSH ratio is
significantly higher than in the cytoplasm and mi-
tochondria (43). In the latter compartment, Ervl
oxidizes Mia40, thus allowing import of proteins
from the cytosol (45). Redox active proteins seem to
preferentially accumulate at mitochondria-ER in-
terface. MAM, mitochondrial associated mem-
branes. (For interpretation of the references to color
in this figure legend, the reader is referred to the
web version of this article at www.liebertonline.
comy/ars).
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emerging concept in signal transduction (31). This could be
particularly relevant in close intercellular contacts, particu-
larly in neural or immunological synapses, where the release
of a small quantity of redox-active molecules could have
dramatic consequences on receptors or channels, as proposed
(75). A few well-defined examples are reported below.

1. Tuning immune responses by redox
and metabolic stress

Many lines of evidence demonstrate that GSH and Trx
regulate immune responses (34, 50). The intracellular GSH
levels in macrophages influence the Th1l/Th2 cytokine re-
sponse patterns (48). Glutathione depletion of donor organs
inhibits host T-cell responses and prolongs allograft survival
in vivo (44). Owing to their antiviral and immuno-modulatory
properties, the use of novel pro-glutathione compounds (e.g.,
S-acetylglutathione, an acetylated GSH derivative permeable
to the plasma membrane, see (23)), have been proposed in
many diseases such as viral infections, immune dysfunction,
and cancer.

The notion that the extracellular environment is oxidizing
seems at first in contrast with the long-standing evidence that
resting B and T lymphocytes require a reducing milieu for
activation and proliferation (6, 74). One underlying reason is
that unlike most cell types, resting T and B cells do not express
the Xc- transporter that allows internalization of oxidized
cystine (14, 25). They hence rely on exogenous cysteine, which
is in shortage not only in tissue culture media, but also in most
body extracellular fluids. Intercellular contacts with macro-
phages (64) or dendritic cells (2) become hence crucial, and
contribute in regulating the strength of immune responses. In
fact, these cell types can uptake cystine, reduce it intracellu-
larly via Trx-dependent pathways, and eventually release the
cysteine necessary for lymphocyte activation. Interestingly,
upon antigen-dependent contacts, dendritic cells can also
release Trx, which might generate further cysteine (2). It
remains to be seen whether and to what extent also Trx-
reductase and NADPH are released so as to produce an ex-
tracellular source of reducing power in the immunological
synapse.

In vivo, lymphoid organs are characterized by low oxygen
tension (0.5-4.5%) (12), which favors a reduced intracellular
environment, with high GSH/GSSG ratios (3). As a result,
lymphoid organs are generally more reducing than average
tissues. Furthermore, the production of NPSH increases dra-
matically during the immune response (14). Not only den-
dritic cells, but also activated B-lymphocytes in germinal
centers can contribute to the generation of the reducing mi-
croenvironment of the immune response. Antibody secreting
cells release abundant thiols, perhaps as byproducts of their
intense metabolic activity (14, M. Fabbri and R. Sitia,
unpublished observations). It is tempting to speculate that
plasmacytic differentiation contributes in generating an en-
vironment that is suited for further lymphocyte activation,
should antigen not be neutralized by the antibodies produced.
When a long-lived, resting B cell is activated by mitogens or
antigens, a structural and functional metamorphosis ensues:
the ER and other secretory organelles expand so as to sustain
massive Ig production (73). Elements of the UPR, a multidi-
mensional signaling pathway elicited by ER stress, are acti-
vated and play an essential role in the physiological
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differentiation pathways (9, 41, 73). At the end of the process,
a single mature antibody secreting cell can release up to 10°
IgM per second, each containing 10? disulfides. It follows that
10° disulfides must be formed each second solely to sustain
IgM production. Erola and f3, the rate limiting factors in dis-
ulfide bond formation (46), increase significantly during ter-
minal B cell differentiation, likely providing the required
oxidative power. If oxygen is used as an electron acceptor, as
described in vitro for yeast Erolp (28, 71), huge amounts of
peroxide would be generated as by-products, which could
serve signaling purposes. Differentiating B cells activate Nrf2-
dependent pathways (49; S. Cozza, S. Masciarelli, and R. Sitia,
unpublished observations), suggesting that they indeed ex-
perience oxidative stress. Initially, peroxides could reinforce
BCR- and NF-kB-dependent differentiation signals. Later on,
the buffering power could be saturated by the increasing flux
of Igs, thus conveying apoptotic signals (see ref. 43, and ref-
erences therein). Antibody secreting cells undergo yet another
kind of stress (16): surprisingly, in fact, proteasome capacity
decreases in the late phases of their differentiation, when Ig
production becomes maximal. The unfavorable proteasome
load/capacity ratio correlates with increased sensitivity to
proteasome inhibitors and spontaneous apoptosis both in vitro
(16) and in vivo (13). These observations have profound im-
plications for the therapy of multiple myeloma, a pathologic
condition in which proteasome inhibitors display remarkable
efficacy (57). Interestingly, proteasome inhibitors displayed
promising synergies with inhibitors of glutathione biosyn-
thesis (49) and ER stressors (G. Bianchi, S. Cenci, and R. Sitia,
unpublished observations) suggesting that indeed different
kinds of stress (redox, proteasomal, ER-dependent) conjure in
inducing plasma cell death, thus limiting antibody responses
(16, 43).

Collectively, these findings support that extracellular redox
tunes intercellular communication during adaptive immune
responses. The notion that the generation of an efficient im-
mune response requires a local reduced microenvironment
(27, 45) may pose the basis for therapeutic interventions.

2. Stress, REDOX, and coagulation

To promptly and selectively accomplish its multiple func-
tions, blood coagulation is functionally inactive in the intact
vasculature but rapidly triggered when the barrier function of
the endothelium is perturbed. Following vascular wall dam-
age, platelets aggregation and fibrin formation at the site of
injury ensure sealing of the ruptured vessel and prevention of
blood loss. Apart from its immediate actions necessary to
arrest bleeding, fibrin also regulates the subsequent steps of
wound healing. Interestingly, coagulation seems to be strictly
redox-regulated (17). Indeed, platelet activation results in a
marked increase in the number of cell surface protein thiols
(10), in particular on integrins (22). This event is paralleled by
an increase in cell surface exposure for both PDI (10) and ERp5
(32). Inhibition of surface PDI blocks platelet aggregation,
suggesting that PDI-dependent thiol/disulfide interchange
reactions account for alteration of integrin conformation (35).
In addition to integrins, a number of pro- or anti-thrombotic
proteins contain one or more disulfide bonds that undergo
modifications during the coagulation process. The best ex-
ample is tissue factor (TF), a membrane protein predomi-
nantly expressed on endothelial and blood cells, which
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FIG.2. SAMPs and DAMPs. (A) In healthy cells, cytosolic proteins are mostly reduced, whereas secretory and membrane-
bound proteins contains many disulfides (5-S). (B) When cells undergo stress, there is an increased production of intracellular

stress proteins, and certain oxido-reductases normally retained

intracellularly (e.g. Trx, PDI, RERp5) are externalized. These

released oxido-reductases may reduce disulfide bonds on soluble or membrane-bound proteins, resulting in conformational
and functional alterations of key signaling molecules. (C) Injured cells undergo membrane damage and release intracellular
proteins (i.e., HMGB1) as DAMP. In principle, DAMP function only briefly and locally, before they become inactivated by the
oxidizing extracellular milieu. This restricts their range of action both temporally and spatially. This control may be lost by
the concomitant reduction of the microenvironment due to the externalizations of SAMP such as oxido-reductases and NPSH
that may maintain the functional folding of DAMP or revert their oxidation, thereby supporting prolonged activity of the
DAMP (39, 59). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article at www liebertonline.com/ars).

promotes fibrin formation by increasing the proteolytic ac-
tivity of the coagulation factor VIIa by several orders of
magnitude. An allosteric disulfide bond in the membrane-
proximal fibronectin type III domain controls TF activity. TF
exists in three forms on the cell surface: a cryptic form that is
inert, a coagulant form that rapidly binds factor VIIa to initiate
coagulation, and a signaling form that binds factor VIla and
cleaves protease-activated receptor 2, which promotes in-
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FIG. 3. Redox-dependent timing of DAMP’s activity.
Cytosolic and nuclear protein usually require free thiols for
their activity, either because they bear the active enzymatic
redox site C-X-X-C (such as enzymes of the thioredoxin
family) or because intrachain or interchain disulfide bond
formation cause conformational changes that are detrimental
for their function (FGF1, galectins, and HMGB1). When these
proteins are delivered outside, the oxidizing milieu of the
extracellular space will cause oxidation and therefore inac-
tivation as a function of time and distance from the pro-
ducing cell (39, 59). The presence of oxido-reductase systems
may delay or revert inactivation. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to
the web version of this article at www liebertonline.com/ars).

flammation, tumor progression, and angiogenesis. Reduction
and oxidation of the Cys186—-Cys209 disulfide bond is central
to the transition between the three forms of TF. The redox
state of the bond is controlled also in this case by PDI (and by
NO). PDI acts as a SAMP since it is not detected on the surface
of the unperturbed vessels and its extracellular exposure is
injury specific. PDI accumulates rapidly in the thrombus that
evolves at the site of wall damage, preceding platelet accu-
mulation, and remains associated with the thrombus, indi-
cating that it is externalized both by stressed endothelial cells
and by aggregating platelets (18, 55).

3. Stress, REDOX and cancer

Generation of ROS in the site of chronic inflammation and
ROS-mediated tissue injury are recognized as deeply in-
volved in cancer development (72). The cancer promoting
effects of ROS and RNS are exerted at many levels, including
promotion of angiogenesis, increase in DNA damage and
mutagenesis, and immunosuppression (5). In support of these
pro-tumor effects, higher levels of NO and H,O, are detected
in tumors, and correlation to tumor grade was often observed
(reviewed in ref. 5). Cancer cells undergoing oxidative stress
react by mounting a protective antioxidant response, result-
ing in overexpression of reducing enzymes. Unexpectedly,
also the overexpression of reducing enzymes such as Trx (66,
68) has been associated with poor prognosis. Intracellular
Trx may result advantageous for cancer by increasing cell
proliferation and resistance to apoptotic cell death (7). In ad-
dition, we have recently observed that overexpression of
Trx is accompanied by production and secretion of NPSH
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FIG. 4. SAMPs and DAMPs
as signals in intercellular space
and synapses. A cytosolic or
nuclear protein released either
through leaderless secretion
or upon cell death is rapidly
inactivated unless it localizes
in a privileged site, such as the
synaptic pocket between two
interacting cells, where a re-
duced microenvironment may
be generated. Another con-
dition that may prolong
extracellular stability and bio-
activity of a protein bearing
free cysteines is the concomi-
tant modification of the ex-
tracellular milieu toward a
reducing state, such as it may
occur in site of chronic in-
flammation or cancer (15).

SAMP

(For interpretation of the ref-

(15). Also, Trx may be externalized by either active secretion
or passive release following cell necrosis. Externalization of
oxidoreductases and NPSH may change the extracellular redox
dramatically, switching from an oxidizing to a reducing state.
Necrosis occurs frequently within a neoplastic tissue, due to the
presence of large areas of hypoxia or scarce nutrients, and re-
sults in the externalization of intracellular components
(DAMP) that induce production of cytokines, chemokines, and
angiogenic factors maintaining and worsening the chronic in-
flammatory state. DAMP are originally located inside cells in
an active reduced state. When externalized in an oxidizing
extracellular environment, DAMP are subjected to inactivation
by oxidation (39, 59) (Fig. 3). The reducing extracellular milieu
generated in certain cancer contexts by abundant NPSH and
Trx might delay oxidation and support a prolonged activity of
DAMP that further promotes cancer growth.

Trx (and its partner Trx-reductase) is not the only extra-
cellular oxidoreductase correlating with poor prognosis. PDI
expression has been found related to the invasive properties
of malignant glioma (26). Moreover, a recent report indicates
that the surface expression of ERp5 by tumor cells favors the
shedding of MIC-A, a MHC class I-like molecule that interacts
with cognate receptors on NK cells (NKGD2). Released MIC-
A can bind to and hence inhibit NKGD2-dependent recogni-
tion of cancer cells, thereby inhibiting immune surveillance by
NK cells and promoting tumor immune evasion (33). Inter-
estingly, it has been recently shown that the progression
of benign proliferation of plasma cell clones (MGUS) into
life-threatening multiple myeloma correlates with ERpb5-
mediated MIC-A shedding. ERp5 acts hence as a tumor pro-
gression factor (30). It remains to be seen whether extracel-
lular NPSH or other factors are able to reduce ERp5, allowing
it to continue its enzymatic function.

Exogenous Antioxidants: A Double-Edge Sword?

The ambiguity regarding the roles of pro- and antioxidants
in tumor progression is reflected by the difficulties encoun-

erences to color in this figure
legend, the reader is referred to
the web version of this article
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tered in the design of therapeutic approaches aimed at ma-
nipulating the redox status. Antioxidants, that can neutralize
free radicals and prevent cell and tissue damage, have been
proposed as novel and effective anti-tumor drugs, providing
promising results (reviewed in ref. 11). However, several
anticancer drugs cause an increase of ROS, which contributes
to their anti-tumor activity (4, 36). Moreover, targeting the
Trx/Trx reductase system by the pro-oxidant arsenic trioxide
[AsyO;, (40)] has beneficial results in experimental cancer
therapy. We have recently observed that the same dose of
As,03 is toxic for tumor cell lines displaying high levels of Trx,
but induces release of Trx and NPSH and cell proliferation on
clones derived from the same cell line that express low Trx
(15). This suggests that As,O; kills neoplastic cells in which
the antioxidative response has reached the maximum extent
and are hence under a “reductive stress” (19), but not tumors
that can still mount effective antioxidant responses. The im-
plication of these findings is that pro-oxidantbased thera-
peutic interventions may be effective on neoplastic tissues in
which no further responses to oxidative hit are possible, but
may actually stimulate tumor progression through the en-
hanced production of Trx and NPSH in neoplastic cells still
able to adapt to an oxidative stress. Clearly, further studies
on the biology of tumor-oxidative stress relationships are
needed.

Concluding Remarks

Intercellular redox control emerges as a signal generator
and rheostat. Cell stress, caused by pathogens, damage, or
simply metabolic overwork, often entails profound redox
unbalances. These rapidly lead to the appearance of stress-
associated molecular patterns (SAMP), including the selective
release of certain intracellular oxidoreductases and possibly
NPSH that alter the conformation and activity of diverse
signaling and regulatory molecules. As a result, intercellular
communication pathways are altered. Due to the rapid dif-
fusion of small molecules in the interstitial space, and to the
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oxidizing state of the extracellular environment, this mecha-
nism is conceivably active in the “short range,” suggesting
that redox-mediated signaling can be particularly relevant in
privileged sites as immune or neural synapses (Fig. 4).
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