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Abstract

Research on oxidative stress focused primarily on determining how reactive oxygen species (ROS) damage cells
by indiscriminate reactions with their macromolecular machinery, particularly lipids, proteins, and DNA. How-
ever, many chronic diseases are not always a consequence of tissue necrosis, DNA, or protein damage, but
rather to altered gene expression. Gene expression is highly regulated by the coordination of cell signaling sys-
tems that maintain tissue homeostasis. Therefore, much research has shifted to the understanding of how ROS
reversibly control gene expression through cell signaling mechanisms. However, most research has focused on
redox regulation of signal transduction within a cell, but we introduce a more comprehensive-systems biology
approach to understanding oxidative signaling that includes gap junctional intercellular communication, which
plays a role in coordinating gene expression between cells of a tissue needed to maintain tissue homeostasis.
We propose a hypothesis that gap junctions are critical in modulating the levels of second messengers, such as
low molecular weight reactive oxygen, needed in the transduction of an external signal to the nucleus in the
expression of genes. Thus, any comprehensive-systems biology approach to understanding oxidative signaling
must also include gap junctions, in which aberrant gap junctions have been clearly implicated in many human
diseases. Antioxid. Redox Signal. 11, 297–307.
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Oxidative Damage vs. Oxidative Signaling

OXIDATIVE STRESS HAS LONG BEEN AFFILIATED with acute and
chronic human diseases, and was believed to be pri-

marily a consequence of indiscriminate, cumulative damage
to proteins, lipids, and DNA from the vigorous production
of reactive oxygen species (ROS) that overwhelm the cell’s
antioxidant defense system. However, pathological causes of
many chronic diseases, particularly cancer, have also been
linked with noncytotoxic nongenotoxic events, and the role
of ROS and antioxidants in human diseases must also ad-
dress epigenetic events (10, 15, 29, 76, 99).

Oxygen was first implicated in cancer as far back as the
1920s by Otto Warburg (111). Initially his theory of altered
oxidative metabolism fell mostly on deaf ears. However, re-
cently there has been a renewed interest in how cancer cells
shift their energy production from oxidative phosphoryla-

tion to anaerobic glycolysis, the “Warburg Effect,” that is
now considered a fundamental property of cancer cells and
not just a consequence of malignant cell transformation (3,
54, 116). In contrast to this role of low oxygen tensions in
cancer, the discovery of superoxide dismutase in 1968 by Mc-
Cord and Fridovich (70) led to an explosion of research on
the role of reactive oxygen, a product of high oxygen ten-
sions, in the pathologies of biological organisms, and has
been specifically connected with not only cancer but also
many other human diseases (1, 41). For many years, research
in oxidative stress at high oxygen tensions focused primar-
ily on determining the mechanisms by which ROS damage
cells by random reactions with the macromolecular machin-
ery of a cell, particularly lipids, proteins, and DNA.

Over these last 4 decades, extensive research has deter-
mined many mechanisms on how ROS react with lipids,
leading to the peroxidation of biological membranes result-
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ing in necrotic lesions (31), how ROS react with the nucleo-
tides of DNA leading to genetic instability and mutations (9,
31), and how ROS react with proteins leading to metabolic
imbalances. Yet, many chronic diseases affiliated with ox-
idative stress, such as cancer and cardiovascular diseases, are
not always a consequence of tissue necrosis, DNA damage,
and genetic instability and mutations, or protein damage, but
rather to altered gene expression through epigenetic mech-
anisms (98, 99, 104). Organic peroxides, for example, act as
tumor promoters and not as initiators (34, 53, 73, 86), indi-
cating that these oxidants are not mutagens, but rather epi-
genetic effectors. Hydrogen peroxide has also been con-
firmed to be a promoter, but not an initiator using two stage
in vivo carcinogenesis model systems and transformation in
vitro systems (53, 73, 74, 77). These results on the carcino-
genicity of peroxides were only several of many experiments
indicating that ROS contributed to chronic diseases at
nongenotoxic, nondamaging levels. Consequently, in the
past two decades, considerable research has shifted to the
understanding of how ROS reversibly control the expression
of genes at noncytotoxic doses (1, 28, 49, 89), with at least
127 genes and signal transducing proteins reported to be sen-
sitive to reductive and oxidative (redox) states in the cell (1).
This shift in thinking should start to shape both the design
and the interpretation of experiments on the role of oxida-
tive stress in human disease.

Oxidative Signaling Mechanisms in Mitogenesis 
and Cancer

Although many intracellular signaling pathways are
known to be redox-sensitive, the mitogen-activated protein
kinase (MAPK) and nuclear factor-kB (NF-kB) signal trans-
duction pathways have been extensively studied (1, 30, 40,
89). These pathways, either directly or indirectly, are widely
involved in many of the cells redox responses (1). Cancer is
a disease that involves aberrant communication between and

within cells (22, 99), and MAPK pathways are key signaling
networks involved in the regulation of normal cell prolifer-
ation, survival, and differentiation (22, 79), thus redox regu-
lation of MAPK pathways is one significant and probable
link of oxidative stress and cancer. Numerous articles have
been published that clearly link oxidative stress with hy-
perproliferation of cells within a tissue and has been clearly
a focus of cancer research, thus understanding the mecha-
nism of redox regulation of mitogenic signaling pathways
such as MAPKs will offer more specific strategies of pre-
ventions and cures.
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FIG. 1. The involvement of H2O2 in growth factor-de-
pendent activation of ERK-MAPK. Figure 1A and B
reprinted, and the data in Fig. 1C and D replotted from ref.
88 with permission from Science. Vascular smooth muscle
cells were used for all experiments. (A) shows a Western blot
of the two ERK bands (p42 and p44) of samples precipitated
with anti-phosphotyrosine antibodies and probed with anti
phospho-ERK antibodies. (B) Western blot of total MAPK
from whole cell lysates. (C) [3H]Thymidine incorporation in
quadruplicate wells (mean SEM) after stimulation of cells
with PDGF in the presence or absence of catalase. The data
for the cells grown on basal medium were not significantly
different from the control (ANOVA, p � 0.868). The data for
the PDGF-treated cells were significantly different and the
post-hoc test indicated that 3,000 U/mL, but not 300 U/mL,
of catalase was significantly different from the control
(ANOVA, p � 0.002, F � 22.7; Holm–Sidak post-hoc test, p �
0.05). Each value represents the average of three replicates �
one standard error. (D) Effect of intracellular catalase activ-
ity on PDGF-stimulated VSMC chemotaxis, as determined
by the number of cells that migrated. The data were signif-
icantly different and the post-hoc test indicated that 300 and
3000 U/mL, but not 30 U/mL, of catalase was significantly
different from the control (ANOVA, p � 0.004, F � 10.175;
Holm–Sidak post-hoc test, p � 0.05). Each value represents
the average of three replicates � one standard error.
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MAPK is not only activated by ROS (38, 71) but actually
require the synthesis of H2O2 (14, 42, 52, 87, 88, 105, 106).
Sundaresan et al. (88) were the first to demonstrate, using a
vascular smooth muscle cell system, that a transient burst of
H2O2 by an extracellular ligand, namely platelet derived
growth factor (PDGF), is essential in the activation of extra-
cellular receptor kinase-MAPK (ERK-MAPK). They demon-
strated that the transfection of catalase, which dismutates
H2O2, into these cells, prevented the activation of ERK-
MAPK by PDGF (Fig. 1A and B). They also demonstrated
that downstream events of MAPK activation, such as prolif-
eration and increased cell motility, were also inhibited by
catalase (Fig. 1E and F). This was one of many studies that
demonstrated endogenous growth factors (extracellular li-
gands) generate ROS, which are then required downstream
in intracellular signaling to successfully transmit their sig-
nals to the nucleus (58, 90). This seminal paper was one of
the first to radically alter our traditional view of oxidative
stress from an exclusive concept that reactive oxygen was al-
ways detrimental, via oxidative damage of cellular compo-
nents, to one that reactive oxygen is also part of normal sig-
naling mechanisms that can alter gene expression in an
undamaging way. Thus, the pathologies of reactive oxygen
can be linked to damage or cell signaling or both, depend-
ing on concentrations that range from being too low, to mod-
erate or extremely high conditions.

Gap Junctions, a Major Link in Systems Control of
Mitogenesis and Cancer

The successful transmission of an extracellular signal from
the membrane to the nucleus via intracellular signal trans-
duction pathways in solid tissue cell types is also dependent
upon intercellular signals through gap junctions (98, 99, 104).
Gap junctions allow the passive transmission of intercellu-
lar signals within a tissue that ultimately modulate signal
transduction (99). Gap junctions consist of two hexameric
channels, termed connexons, docked to each other between
adjacent cells. The family of proteins that form the hexam-
eric connexon is termed connexins. Tissue homeostasis is
maintained by opened gap junctional channels and, although
the transient closure of channels is a normal response to
growth factors, chronic inhibition of gap junctional intercel-
lular communication (GJIC) by oncogenes, tumor promoters,
or the chronic exposure to growth factors and cytokines via
compensatory hyperplasia and chronic inflammation can
lead to increases in proliferation and decreases in apoptosis
and differentiation, leading to pathologies such as cancer and
cardiovascular diseases (99).

The evidence for the role of GJIC in cancer has been ex-
tensively reviewed (25, 36, 50, 51, 55, 64, 72, 75, 81, 92) and
the following are highlights of these papers: (a) exogenous
and endogenous tumor promoters reversibly inhibit GJIC;
(b) structure–activity relationship models showed a high
concordance between inhibition of GJIC and the tumori-
genicity of chemicals; (c) oncogenes inhibit GJIC; (d) tumor
suppressor genes upregulate GJIC; (e) anti-tumor promoters
upregulate GJIC; (f) restoration of GJIC in tumorigenic cells
via transfection with gap junction genes results in normal
growth and morphology of cells; (g) antisense gap junction
genes transfected into cancer cells augment foci formation;
(h) connexin 32 (Cx32) knockout mice administered with a

single dose of an initiator, diethylnitrosamine, had 3.3 to 12.8
times increase of preneoplastic foci as compared to the wild
type, while mice not treated with diethylnitrosamine did not
exhibit preneoplastic lesions, indicating that the deletion of
Cx32 promoted the carcinogenic effect of the initiator; (i)
Cx32 knockout mice also exhibited increased levels of radi-
ation and chemical-induced lung and liver tumor formation;
and (j) the formation of heterotypic gap junctions between
metastatic cells and cells of the target tissue leads to prefer-
ential metastasis. Intercellular communication through gap
junction channels is a key component of the systems control
of cellular events within a tissue that allows for the coordi-
nation of intracellular control of the metabolism and ex-
pression of genes between contiguous syncytium of cells into
an organized hierarchal multicellular system. Interruption of
this intercellular communication system allows for a change
in the epigenome of the cells that permits aberrant cell
growth and organization into tumorigenic tissues indepen-
dent of the host organism’s tissue.

Gap Junctions, Key Cell Structures in the
Development of Multicellular Organisms and 
Tissue Homeostasis

Theodosius Dobzhansky wisely stated, “Nothing in biol-
ogy makes sense except in the light of evolution” (23). In that
context, it might be questioned as to why the gap junction
and its associated family of highly conserved genes should
be singled out as being more important in the evolution of
the metazoan over the mitochondria, spindle fibers, nuclear
membrane, tight junction, etc. Clearly, gap junctions are only
one of the critical and vital structures/functions of a meta-
zoan. What sets it apart is that it helps create and integrate
extracellular phenotypes and functions that the individual
cell does not possess, in particular, single cell organisms such
as a bacterium. The evolutionary transition from the single
cell organism to the first multicellular metazoan required the
introduction of several new phenotypes, namely, growth
control within this society of grouped cells via “contact-in-
hibition”; induction of specialized cells or “differentiation”
through patterned expression of a large set of genes, not all
of which can be expressed at the same time; and controlled
cell suicide or apoptosis to allow cells that are useful at one
stage of development to be replaced by a new group of cells
needed at the next phase of development. The structure/
function of specific gap junctions that allows new pheno-
types, such as growth control and multiple types of gene 
patterns to be expressed in cells, all containing the same ge-
nome, to allow groups of contiguous, but not gap junction-
coupled, cells to differentiate independently of each other,
and to allow different phenotypes/functions to emerge
when a collection of normal cells aggregates.

In the evolutionary-derived multicellular cellar organ-
isms, three major cell types appeared in the various tissues
and organs, namely, the stem cells (totipotent, pluripotent,
multipotent, bipolar), the progenitor or transit cells with a
finite life span, and the terminally differentiated cells. Home-
ostatic regulation of cell proliferation, differentiation, and
apoptosis of these three cell types was facilitated via extra-
(hormones, cytokines, growth factors), intra- (different in-
tracellular signaling mechanisms, such as MAPK; NF-�B),
and gap-junctional intercellular communication mechanisms
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needed to be delicately integrated, with the demonstration
that stem cells seem to lack GJIC to restrict differentiation
but still maintain growth control via negative secreted
growth factors (96, 102). In addition, with experimental ev-
idence linking gap junctions to growth control in progenitor
cells (92, 94, 102), and apoptosis in solid tissues (112), the
demonstration that cancer cells, characterized by being a dis-
ease of homeostasis, lacks growth control, can not terminally
differentiate or apoptose properly, seems to support the role
of gap junction genes as the “biological Rosetta Stone” that
allows one to view them as allowing a systems mechanism
to create higher order structures and functions. Without gap
junctions, the higher order phenotypes and functions exist-
ing during different stages of embryonic/fetal/neonatal,
adolescent, adult, and geriatric development could not exist.
Endogenous and exogenous chemicals and genetic factors,
that influence gap junction function, can cause a wide range
of abnormal development and functional processes in many
diseases. This illustrates that these gap junction functions are
as vital to normal development and function as any other
gene. Alteration of the many other non-gap junction genes,
that can influence either survival or disease state, is proba-
bly affecting gap junctional intercellular communication in-
directly.

Last, the connection of some new concepts, namely the
role of the quality and quantity of adult stem cells (93) and
of the expression and function of gap junctions, must be in-
tegrated into any “systems” approach to understand the
higher order function of the epigenome that regulates the ge-
nomic information. After all, the genomic information is but
a “blueprint.” It is the delicate and systematic differential ex-
pression of that genetic information that leads to normal de-
velopment and function. This was beautifully stated by C.
Markert (69): “Cells interact and communicate during em-
bryonic development and through inductive stimuli mutu-
ally direct the divergent courses of their differentiation. Very
little cell differentiation is truly autonomous in vertebrate or-
ganisms. The myriad cell phenotypes present in mammals,
for example, must reflect a corresponding complexity in the
timing, nature, and amount of inductive interactions. What-
ever the nature of inductive stimuli may be, they emerge as
a consequence of specific sequential interactions of cells dur-
ing embryonic development. The first embryonic cells, blas-
tomeres, of mice and other mammals are all totipotent. Dur-
ing cleavage and early morphogenesis, these cells come to
occupy different positions in the three-dimensional embryo.
Some cells are on the outside, some inside. The different en-
vironments of these cells cause the cells to express different
patterns of metabolism in accordance with their own devel-
oping programs of gene function. These patterns of metab-
olism create new chemical environments for nearby cells and
these changed environments induce yet new programs of
gene function in responding cells. Thus, a progressive series
of reciprocal interactions is established between the cellular
environment and the genome of each cell. These interactions
drive the cell along a specific path of differentiation until a
stable equilibrium is reached in the adult. Thereafter, little
change occurs in the specialized cells, and they become re-
markably refractory to changes in the environment. They
seem stably locked into the terminal patterns of gene func-
tion characteristic of adult cells. The genome seems no longer

responsible to the signals that were effective earlier in de-
velopment. Of course, changes can occur in adult cells that
lead to renewed cell proliferation and altered differentiation
as seen in neoplasms, both benign and malignant, but such
changes are very rare indeed when one considers the num-
ber of cells potentially available for neoplastic transforma-
tion. Possibly mutations in regulatory DNA of dividing adult
cells can occasionally lead to new and highly effective pro-
grams gene function that we recognize as neoplastic or ma-
lignant. However, most genetic changes in adult cells can
probably lead to cell death since random changes in patterns
of gene activity are not likely to be beneficial.”

Disruption of Gap Junction, a Central Function 
in Diseases

As noted in the “Oxidative signaling mechanisms in mi-
togenesis and cancer” section, the dysregulation of gap junc-
tions is a common phenotype of cancer cells. However, al-
tered gap junction functions are also linked to many other
human diseases. Chronic exposure to epigenetic toxicants
have been implicated in teratogenesis (95), reproductive dys-
function (32, 59, 114), altered muscle contractions in the heart
and uterus (16, 17, 19–21, 46), and implicated in neurotoxic
effects (97). More recently, the development of gap junction
knockout mouse model systems and the identification of mu-
tated gap junction genes in human diseases have greatly ex-
panded our view of the role gap junctions play in various
pathological conditions.

The first human disease specifically linked to a mutation
of a gap junction gene, connexin32 (Cx32), was the X-linked
form of Charcot–Marie–Tooth syndrome, which is a neu-
ropathy that results from demyelination and axonal degen-
eration of peripheral nerves (7). The mutations of Cx32 have
been implicated in the interruption of normal diffusion of
metabolites between the Schwann cell body and its distal
processes (27, 84). Since this discovery, many other muta-
tions of various connexins have been linked to human dis-
eases as reviewed by Kelsell et al. (47), such as hearing loss
associated with mutations in Cx32, Cx26, Cx31, and Cx30;
dominant epidermal diseases with Cx26; dominant skin dis-
eases (erthrokeratoderma variablis) with Cx 31, and Cx 30.3;
Clouston’s hidrotic ectodermal dysplasia with Cx30, associ-
ation with visceroatrial heterotaxy with Cx43; and dominant
zonular pulverant cataract with Cx46 and Cx50.

Various knockout mouse model systems have produced
surprising phenotypic results with some discrepancies be-
tween mouse knockout model systems and the human ge-
netic connexin disorders (47). However, many of these stud-
ies indicated there is tissue-specific compensation between
multiple connexins. The fact that not all connexin knockout
model systems result in embryonic lethality and that some
tissues that express a predominant form of connexin exhib-
ited no tissue abnormalities while others did, lend credence
to multiple connexins compensating for each other. As sum-
marized by Kelsell et al. (47), knockouts for Cx32 resulted in
hepatic abnormalities and susceptibility to hepatic tumors
and mild peripheral neuropathies; for Cx 26 resulted in em-
bryonic lethality at day 11; for Cx31 resulted in transient pla-
cental dysmorphogenesis; for Cx43 resulted in abnormal car-
diac development and subsequent embryonic death; for
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Cx46 resulted in cataract formation; and for Cx 50 resulted
in cataract formation and microphthalmia.

Oxidative Control of Gap Junctions

Considering that gap junctions play a critical role in main-
taining the balance between proliferation, differentiation,
and apoptosis of cells within a tissue, and many of the sig-
nal transduction pathways involved in cell proliferation is
redox regulated, it is not surprising that gap junctions can
also be regulated through redox mechanisms (44, 60–63, 67,
80, 103, 109). Some of the earliest evidence of oxidative stress
in gap junction function are (a) oxidative-dependent hepa-
totoxic levels of carbon tetrachloride reversibly block GJIC
between rat hepatocytes (81a); (b) antioxidants prevent tu-
mor promoter-induced inhibition of GJIC in mouse hepato-
cytes (80a); (c) paraquat-generated ROS inhibit GJIC in
mouse hepatocytes. More recently, we reported that hydro-
gen peroxide inhibited GJIC in a dose-dependent fashion
(103). Free radical scavengers such as propylgallate and
Trolox®, which do not affect H2O2 but scavenge its down-
stream products such as hydroxyl, alkoxyl, or peroxyl radi-
cals, do not reverse the inhibitory effect of H2O2 (101, 103),
which implicates that the redox regulation of gap junctions
is by H2O2 and not its metabolites. Inhibition of GJIC by H2O2

is reversible (103) indicating that redox regulation of GJIC is
not a consequent of irreversible protein damage.

Glutathione (GSH) in its reduced form is the major re-
ductant of H2O2 in mammalian cells, and the depletion of
this antioxidant commonly results in greater oxidative dam-
age of macromolecules. This two-electron reduction of H2O2

by GSH to H2O is catalyzed by glutathione peroxidase, and
clearly serves as a protective role against peroxide-depen-
dent oxidative injury. A previous report determined the ef-
fect of depleting GSH on H2O2-dependent regulation of GJIC
in a rat liver epithelial cell line (103). GSH depletion in this
study was achieved by either the conjugation of GSH with
diethylmaleate (DEM) or by inhibiting �-glutamylcysteine
synthetase, which catalyzes the rate-limiting step of the
biosynthesis of GSH, with buthionine sulfoximine (BSO).
When cells were treated with BSO for 24 h and DEM for 1
h, GSH level decreased by 72% and 95%, respectively (Fig.
2A and B, (103)). The depletion of GSH alone did not alter
GJIC [Fig. 2A, (103)], but the addition of H2O2 to these GSH-
depleted cells completely reversed the GJIC-inhibitory prop-
erties of H2O2, [Fig. 2B, (103)]. When cells were treated with
BSO for only 1 h, no depletion of GSH was observed, and
the addition of H2O2 to these GSH-sufficient cells contain-
ing BSO resulted in the inhibition of GJIC (Fig. 2B, (103)),
which indicates that GSH depletion, and not the BSO, pre-
vented H2O2 from inhibiting GJIC. This paradoxical rever-
sal of the biological effect of H2O2 in the inhibition of GJIC
contrasts with the traditional paradigm of oxidative damage
where the removal of the primary antioxidative defense sys-
tem results in increased damage.

Other examples of this phenomenon where depletion of
GSH prevents an oxidative chemical-induced cellular event
is in: (a) lindane-dependent inhibition of GJIC in myometrial
smooth muscle cells (67), (b) peroxide induction of c-jun (56),
and (c) the activation of NF-kB by H2O2 and O2

��(35). These
results indicate that signaling pathways not only require

H2O2 for activation but also GSH. The implications are that
reductive scavenging systems, which typically protect
against damage from high levels of oxidative stress, also are
potentially involved in the normal oxidative signaling sys-
tems at lower levels of oxidative tensions.
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FIG. 2. The role of GSH on H2O2-induced inhibition of
GJIC. This figure was graphed with data obtained from Ref.
103 with permission from Acta Medica Nagasakiensia. (A) Av-
eraged results of the scrape load-dye transfer data of GJIC
from cell sufficient and deficient of GSH. (B) H2O2 effect on
GSH depleted cells. The GSH levels are indicated in the
shaded gray area, and GJIC activity in the hatched bars. The
concentrations of H2O2, buthionine sulfoximine (BSO), and
diethylmaleate (DEM) were 500, 100, and 1000 �M, respec-
tively. The data are reported as a fraction of the control, and
GJIC assessed using the scrape load/dye transfer technique.
GSH was assessed with HPLC-electrochemical detection.
The H2O2, H2O2 � BSO (1 h) treatments (GSH sufficient
cells) were significantly different (*) from the control, how-
ever BSO (24 h) � H2O2 or DEM (1 h) � H2O2 (GSH defi-
cient cells) were not significantly different from the control
(ANOVA, p � 0.001, F � 43.1; Holm–Sidak post-hoc test, p �
0.05). Each value represents the average of three replicates �
one standard deviation. The cells used for these experiments
is the established epithelial cell line F344 WB isolated from
the livers of adult male Fischer 344 rats (100) generously do-
nated from Drs. J. W. Grisham and M. S. Tsao, University of
North Carolina (Chapel Hill, NC).
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Oxidative Integration of GJIC and Mitogenic 
Signal Transduction

A common response of a cell to growth factors is a tran-
sient production of H2O2 that is an essential coactivator of
mitogen-activated protein kinases (MAPKs) (24, 90).
NADPH oxidase, an enzyme that synthesizes H2O2, is a well-
characterized enzyme known to play an antimicrobial role
in phagocytic cell types (6, 57). More recently, various
NADPH oxidases in nonphagocytic cells have been impli-
cated in oxidative signaling and have been specifically linked
to the activation of various MAPKs in response to different
growth factors and cytokines (2, 5, 8, 11–14, 48, 65, 66, 68, 78,
82, 83, 85, 91, 107, 110, 115).

Diphenyleneiodonium (DPI) is a selective inhibitor of
NADPH oxidase that has been extensively used to link the
activity of this enzyme with specific cell functions and sig-
naling mechanisms (90). Preincubation of DPI with the F344-
WB cells prevented epidermal growth factor (EGF)-induced
inhibition of GJIC (Fig. 3) (101), thus implicating NADPH
oxidase in EGF-induced inhibition of GJIC. Inhibition of GJIC
by EGF was also prevented by blocking MAPK/ERK kinase
(MEK) activation with PD98054 (Fig. 3) (101), which agrees

UPHAM AND TROSKO302

with previously published results (18, 43). These results are
not unexpected considering that the MEK–ERK pathways
are redox regulated, as cited above.

A major implication of these results is that gap junctions
serve as a modulator of a signal transduction pathway,
specifically MAPK (Fig. 4). Hypothetically, if gap junctions
were not closed, then the generation of H2O2, an essential
signaling cofactor of MAPK, in response to extracellular li-
gands could result in the dilution of H2O2 from the target
cell into the neighboring cells, thereby decreasing the con-
centration of H2O2 to a nonthreshold level that would be in-
sufficient for the activation of MAPK (Fig. 5). Superoxide and
hydroxyl radicals are transient and unstable ROS that are
unlikely to travel significant distances from the site of syn-
thesis. However, H2O2 is a fairly stable intermediate capa-
ble of migrating from the site of production. Although there
are no reports of H2O2 traversing the gap junction channels,
this molecule, like H2O, is a very small polar compound and
could conceivably traverse the channels similar to H2O. This
dilution effect of a low molecular weight signaling cofactor
would be quite prominent in an asymmetric environment
that is typical of real tissues. Thus one significant role of gap
junctions would be to maintain above threshold concentra-
tions of positive signaling cofactors, which is consistent with
closure of gap junction channels during mitogenesis. This
hypothesis also allows for the prediction that the opened
channel state, typically seen for differentiation and apopto-
sis, is needed to prevent threshold concentrations of nega-
tive signaling cofactors. These examples demonstrate how
extra-, intra-, and intercellular signaling pathways might in-
teract to coordinate the epigenetic expression of genes in re-
sponse to ROS (Figs. 4 and 5).

Signaling Pathway-Specificity of Antioxidants:
Implications in Prevention and Therapy of Diseases

Traditionally, oxidative stress was viewed as a conse-
quence of too much reactive oxygen produced for the innate
reductive scavenging system of a cell to handle, resulting in
cellular damage. Certainly this is true for many acute oxy-
gen toxicities that can lead to tissue necrosis, such as that
seen in ischemia and reperfusion. But this is an overly sim-
plistic view, considering that reactive oxygen as well as the
innate scavenging systems is also involved in redox sensi-
tive signaling. Considerable progress has been achieved in
defining specific redox-dependent targets of intracellular ox-
idants (26) and the role of antioxidants similarly play spe-
cific roles, both redox sensitive and redox insensitive, in cell
signaling and consequent gene expression profiles (4). Thus,
understanding the mechanisms by which oxidative com-
pounds promote and antioxidants prevent the development
of tumors must begin integrating the different forms of cell
signaling (102). To continue using the simple assumption
that ROS are always detrimental to the organism and that high
levels of antioxidants must be beneficial due to their scav-
enging properties of ROS is no longer acceptable. For exam-
ple, previous intervention studies with antioxidant supple-
mentation to human populations proved either ineffective,
such as the N-acetylcysteine EUROSCAN studies in Europe
(108, 113), or actually detrimental to human health, such as
increased lung cancer of smokers in the �-carotene studies
(CARET trials in USA and ABTC trials in Finland) (37, 113).

FIG. 3. Involvement of Mek and NADPH oxidase in EGF-
induced inhibition of GJIC. The figure was graphed with
data obtained from ref. 101 with permission of Acta Medica
Nagasakiensia.. Averaged results of the scrape load-dye trans-
fer data with a representative image of the cells at a magni-
fication of 200X is placed above each bar. The concentrations
of epidermal growth factor (EGF), diphenyleneiodonium
(DPI), and PD98059 were 10 �g/l, 5 �M, and 20 �M re-
spectively. Cells were incubated for 15 min with EGF and
preincubated with PD98059 and DPI for 15 and 20 min, re-
spectively. Quantitative results were from triplicate sets of
data of SL/DT images presented. Only the EGF and EGF �
DPI treated cells were significant (*) from the control
(ANOVA, p � 0.001, F � 304; Tukey post-hoc p � 0.05). The
cells used for these experiments is the established epithelial
cell line F344 WB isolated from the livers of adult male Fis-
cher 344 rats (100) generously donated from Drs. J. W. Gr-
isham and M. S. Tsao, University of North Carolina (Chapel
Hill, NC).
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FIG. 4. Gap junctions in cellular ho-
meostasis. The figure was reproduced
from ref. 101 with permission of Acta
Medica Nagasakiensia. Extracellular sig-
nals, such as growth factors, interact with
membrane receptors, which then activate
intracellular signal transduction path-
ways that induce the transcription of
genes via activated transcription factors.
These intracellular pathways operate un-
der cascade and scaffolding systems that
cross-communicate with each other in
controlling the expression of genes that
direct the proliferation, differentiation,
and apoptosis of cells within a tissue.
These multiple checkpoints are further
modulated by intercellular signals tra-
versing gap junctions, thereby maintain-
ing the homeostatic state of a tissue. Abnormal interruption of these integrated signaling pathways by food related and en-
vironmental toxicants results in diseased states, such as cancer.

The complexity of oxidant and antioxidant interactions is
apparent in a study of the effects of organic peroxides and
antioxidants on gap junctions (102). As predicted, the tumor-
promoting organic peroxides (33, 39), benzoylperoxide and
dicumyl peroxide, inhibited GJIC and activated extracellu-
lar kinase (ERK)-MAPK, and the nonpromoting peroxide (33,
39), t-butylperoxide, had no effect on these two endpoints
(102), yet t-butylperoxide caused considerably more oxida-
tive DNA damage than BzOOH (45). Resveratrol, an antiox-

idant found in the products of grapes, such as red wine, and
peanuts, prevented the inhibition of GJIC by dicumyl per-
oxide, which closed gap junction channel through a phos-
phatidylcholine-specific phospholipase C (PC-PLC) but not
benzoylperoxide, which closed channels in a PC-PLC-inde-
pendent way (102). The effect of resveratrol on ERK-MAPK
was less specific where resveratrol blocked the activation of
ERK by both benzoylperoxide and dicumylperoxide (102).
The specificity of the antioxidant effect of resveratrol is fur-
ther demonstrated by the lack of a protective effect of N-
acetylcysteine (NAC) on preventing activation of ERK and
the inhibition of GJIC by either tumor promoting organic
peroxides. However, NAC did prevent the general oxidative
events of BzOOH, such as the depletion of reduced glu-
tathione (GSH) and the induction of cytotoxicity (102). These
results clearly indicate diverse roles that antioxidants can
play in cell signaling and the notion that by simply pre-
venting general oxidative damaging events is not sufficient
in protecting against oxidative promoters. The closing state-
ment presented in the minireview of Azzi et al. (4) “Finally,
the discrepancies in the outcome of the intervention studies
may be understood if, instead of considering the simple par-
adigm of bad oxidants and good antioxidants, scientists will
start to talk about the real molecular function of such com-
pounds in each particular situation.” eloquently reflects the
importance of studies focusing on the redox and nonredox
mechanisms of antioxidants on signaling network systems.

Conclusions

Although oxidative damage is clearly a factor in many
pathologic conditions affiliated with oxidative stress, oxida-
tive signaling probably plays a greater role in chronic dis-
eases. Thus, it will be crucial to understand how various ox-
idants and antioxidants specifically interact with cell
signaling systems, and determine what levels are needed for
gene expression controlling normal cellular tissue pheno-
types. Considering that reactive oxygen is an essential par-
ticipant in many normal cell signaling systems, then patho-
logic levels may not always result with an excess generation
of reactive oxygen but also from deficient levels. Under-
standing the specific roles of antioxidants in cell signaling
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FIG. 5. Gap junctional modulation of signal transduction.
Signal transduction begins with a cell receptor binding to a
ligand within an asymmetric tissue. Varying arrangements
of cell types, as well as impermeable barriers to ligands cre-
ated by tight junctions significantly contributes to tissue
asymmetry, thus limiting the cell types that interact with sol-
uble extracellular ligands. We hypothesize that these active
ligand- receptor complexes recruit signal transduction pro-
teins that generate small molecular weight (�1000 Da) co-
factors such as H2O2 produced in response to extracellular
signals. Transient closure of gap junction channels during
mitogenic initiation are, thus, needed to prevent a low mo-
lecular weight cofactor (i.e., H2O2) from diluting through the
tissue to subthreshold levels needed for the activation of sig-
nal transduction pathways such as MAPK.
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will better enable us to develop more effective and safer in-
tervention strategies. Exposure to high levels of a single anti-
oxidant could easily overwhelm a specific effect of a precise
signaling protein or small group of signaling proteins, thus
resulting in a toxic rather than beneficial effect. Cell signal-
ing mechanisms affected by redox chemistries are not lim-
ited to only the signal transduction pathways of intracellu-
lar signaling but also involve intercellular signaling through
gap junctions. Thus, any comprehensive-systems biology ap-
proach to understanding oxidative signaling must also in-
clude gap junctions, in which aberrant gap junctions have
been clearly implicated in many human diseases. This is not
surprising, considering that gene expression must be coor-
dinated between cells of a tissue in order to maintain tissue
homeostasis. We propose a hypothesis that one potential
function of gap junctions is to modulate levels of second mes-
sengers that are either positive or negative cofactors needed
in signal transduction. Several reactive oxygen species, such
as superoxide, hydrogen peroxide, nitrous oxide, all have
very low molecular weights not much different from that of
water, thus can be predicted to readily traverse the gap junc-
tion channels, and can consequently serve as ideal second
messengers in a network of signaling pathways that include
gap junctions. Taking a more comprehensive-systems ap-
proach in understanding the redox mechanisms of cell sig-
naling networks will greatly aid efforts in the prevention and
treatment of diseases affected by oxidative stress.
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