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SUPEROXIDE DISMUTASE, LIPID PEROXIDATION, AND BELL-SHAPED DOSE
RESPONSE CURVES

Joe M. McCord � Division of Pulmonary and Critical Care Medicine, University
of Colorado Denver Health Sciences Center, Denver, CO

� Cellular metabolism generates the cytotoxic superoxide free radical, O2·
–, and a fami-

ly of enzymes called superoxide dismutases (SOD) protects us from O2·
– by catalyzing its

conversion to O2 and H2O2. Superoxide production increases in a wide variety of patho-
logical states, especially those involving inflammation or ischemic injury. Most of the lit-
erature has described systems wherein added or over expressed SOD produced beneficial
effects, yet in some circumstances SOD provided no benefit, or was clearly detrimental,
exacerbating cell injury or death. When broad dose-response studies were finally possible
in models of reperfusion injury in the isolated heart, hormesis became clear. We propose
that the mechanisms underlying the hormesis are related to the paradoxical abilities of
the superoxide radical to serve as both an initiator and a terminator of the free radical-
mediated chain reaction that results in lipid peroxidation. Lipid peroxidation is a univer-
sal feature of oxidative stress, causing loss of cellular structure and function. Under any
given conditions, the optimal concentration of SOD is that which decreases chain initia-
tion without elimination of the chain termination properties of the radical, resulting in a
minimum of net lipid peroxidation. Mathematical modeling of this hypothesis yields pre-
dictions fully consistent with observed laboratory data.

Keywords: superoxide dismutase, lipid peroxidation, dose-response, reperfusion injury, free radical,
hormesis

INTRODUCTION

The increased production of the superoxide free radical has come to
occupy a remarkably central role in a wide variety of diseases, as docu-
mented by thousands of published studies (McCord, 2000). Superoxide
is not, as first thought, just a toxic but unavoidable byproduct of oxygen
metabolism. Rather, we now appreciate that it is a carefully regulated
metabolite capable of signaling and communicating important informa-
tion to the cell’s genetic machinery. Redox regulation of gene expres-
sion by superoxide and other related oxidants and antioxidants has
become a mechanism of great interest in health and disease (Rushmore
and Kong, 2002). 

Surprisingly, about 98% of the oxygen we metabolize is handled by a
single enzyme—the cytochrome oxidase in our mitochondria, which
transfers four electrons to oxygen in a concerted reaction to produce two
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molecules of water as the product. The probable reason for this near
monopoly in the reduction of oxygen is the chemical difficulty of carry-
ing out this combustion reaction in a safe and controlled manner. If oxy-
gen receives less than the full complement of four electrons, the result is
the production of active oxygen species O2·

– and H2O2. Even in a healthy
cell approximately 1 or 2% of all oxygen metabolized might be convert-
ed directly to superoxide and/or hydrogen peroxide (Chance et al.,
1979), reflecting the ability of molecular oxygen to “steal” electrons from
a variety of cellular reductants via spontaneous (non-enzyme-catalyzed)
oxidation. Thus, even though our electron-conducting metabolic circuits
are generally well-insulated by evolutionary design to prevent the acciden-
tal development of short-circuits, our insulation is not perfect. At least
two sites have been identified in the electron-transport chain (Complex I
and ubisemiquinone) where electrons may leak out to oxygen molecules,
resulting in the formation of superoxide (McCord and Turrens, 1994).
These sites are shown in Fig. 1 as the primary sources of intracellular
superoxide generation. In a healthy cell, the superoxide produced is
detoxified by the antioxidant enzyme SOD (McCord and Fridovich,
1969), which catalyzes the reaction:

O2·
– + O2·

– + 2H+ → H2O2 + O2

This dismutation or disproportionation reaction makes use of the fact
that the superoxide radical can react either as an oxidant or a reductant,
eager to get rid of its extra electron or to take on another. The enzyme
uses one superoxide radical to oxidize another. Catalases work in much

J. M. McCord
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FIGURE 1. A schematic diagram of the mitochondrial electron transport system illustrating that at
least two specific “leakage sites” exist in injured mitochondrial allowing electrons to prematurely
reach oxygen molecules, giving rise to the superoxide radical. SOD and catalase normally detoxify
the radical. If superoxide concentration rises too high, oxidation of proteins, lipids, and DNA may
occur and various signalling pathways may be triggered.
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the same way to detoxify the resulting H2O2, because hydrogen peroxide
can be a weak reductant as well as a fairly strong oxidant:

H2O2 + H2O2 → 2H2O + O2

Thus, SOD and catalase working together convert superoxide to the
innocuous products O2 and H2O (Fig. 1). 

Working myocardium consumes oxygen at about 8 mM/min, and
therefore the rate of superoxide production in a healthy cell might reach
0.1 mM/min. During exposure to hyperoxia, the rates of leakage from
these sites in lung mitochondria are believed to increase in direct propor-
tion to the increased oxygen tension. Healthy adult rats die after about 72
hours in an atmosphere of 100% oxygen—only five times the normal con-
centration at sea level (Crapo and Tierney, 1974). This accounts for the
hormesis observed with increasing oxygen concentrations.

ISCHEMIA/REPERFUSION INJURY

In 1981 intravenously administered SOD was first shown to be pro-
tective in a model of feline intestinal partial ischemia/reperfusion injury
(Granger et al., 1981), implying that increased superoxide production
might be responsible in large part for the post-ischemic destruction of tis-
sues as occurs, for example, in stroke and myocardial infarction. In the
intestine, the major source of superoxide was concluded to be from the
enzyme xanthine dehydrogenase, normally an innocuous NAD+-reducing
enzyme involved in the catabolism of purines. During ischemia, however,
tissues are unable to maintain ATP levels, allowing Ca++ to enter the
cytosol as there is too little energy available to power the divalent cation
pump at the cell membrane. This intracellular Ca++ can activate proteas-
es such as calpain, which in turn can partially proteolyze xanthine dehy-
drogenase converting it into xanthine oxidase. Xanthine oxidase no
longer reduces NAD+, but rather transfers electrons to molecular oxygen
to produce the superoxide radical:

hypoxanthine + H2O + 2 O2 → uric acid + 2 O2·
– + 2 H+

During ischemia, an abundant amount of hypoxanthine builds up as
AMP is catabolized. Upon reoxygenation of the tissue the missing sub-
strate, O2, is supplied, allowing a burst of superoxide production
(McCord, 1985). In tissues rich in xanthine dehydrogenase such as the
intestine, this seems to be the major source of reoxygenation injury. In
myocardial reperfusion injury of rodents and dogs, this also appears to be
the predominant mechanism of injury. Hearts of humans (Eddy et al.,
1987) and rabbits (Terada et al., 1991), however, contain only traces of
xanthine oxidase activity, and this mechanism appears to make a much

Superoxide dismutase and bell-shaped dose response curves
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smaller contribution to reoxygenation injury, but one that may still be sig-
nificant (Terada et al., 1991; Zhao et al., 2008).

In tissues or species that contain little xanthine dehydrogenase, SOD
is still dramatically protective against reoxygenation injury (Nelson et al.,
1994), implying that another damaging source of superoxide exists. This
alternate source appears to be much more basic—the resumption of
mitochondrial respiration itself (Ambrosio et al., 1993). As intracellular
calcium levels rise in energy-compromised ischemia tissues, the calcium is
avidly taken up by the mitochondria leading to uncoupling, futile cycling,
and increase production of superoxide (Paraidathathu et al., 1992). This
mechanism of reoxygenation-induced superoxide production is likely
common to all mammalian cells.

CONTROVERSY AND HORMESIS

The possibility that reoxygenated tissues might be significantly pro-
tected by SOD quickly captured the interest of experimental cardiolo-
gists and myocardial physiologists. As various laboratories began study-
ing various models, controversy soon appeared in the literature. There
was little agreement as to whether SOD did (Ambrosio et al., 1986; Aoki
et al., 1988; Burton, 1985; Chambers et al., 1985; Gardner et al., 1983;
McCord et al., 1989; Tamura et al., 1988; Werns et al., 1985; Woodward
and Zakaria, 1985) or did not (Buchwald et al., 1989; Menasche et al.,
1986; Myers et al., 1985; Uraizee et al., 1987) protect the reoxygenated
heart. There were many differences among the many models, including
in vitro versus in vivo, global versus regional ischemia, partial versus
complete ischemia, buffer perfused versus blood perfused, and, impor-
tantly, the concentration of SOD used. Because of the expense and
labor-intensity of the models, none of these cited studies examined
dose-response relationships. One of the first studies to vary the dose of
SOD was quite illuminating, as U-shaped curves were apparent when
SOD was used to prevent the occurrence of reperfusion-induced
arrhythmias (ventricular fibrillation and tachycardia) following 10 min
of coronary artery occlusion in isolated rat hearts (Bernier et al., 1989).
We soon reported similarly shaped curves with regard to creatine kinase
release from hypoxic/reoxygenated isolated rat hearts (Fig. 2A) and
lactate dehydrogenase release from globally ischemic/reperfused rab-
bit hearts (Fig. 2B), or area of infarct in an in vivo model of coronary
artery ligation in rabbits (Fig. 2C) (Omar et al., 1990). It is remarkable
to note the consistent loss of protection at higher doses of SOD, even
though the models differ considerably with respect to species (rat ver-
sus rabbit), end point measured (infarct size, enzyme release, arrhyth-
mogenesis, or recovery of developed ventricular pressure), source of
the SOD used (yeast in the rat and human recombinant in the rabbit)
and its schedule of administration (continuous versus a single bolus).

J. M. McCord
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Furthermore, our curves could clearly have predicted the outcomes of
some reported negative studies in the literature using the isolated rat
(Menasche et al., 1986) (see Fig. 2A) and rabbit (Myers et al., 1985)
hearts (see Fig. 2B).

HOW CAN TOO MUCH SOD BE DAMAGING?

Several potential explanations have been offered to explain the
hormetic behavior of SOD. The most common explanation is that since
SOD produces H2O2 as a product, more SOD would produce more H2O2,
which is toxic to cells (Kedziora and Bartosz, 1988; Mao et al., 1993; Norris
and Hornsby, 1990). This explanation does not hold when the SOD-cat-
alyzed reaction is competing for superoxide with spontaneous (uncat-
alyzed) dismutation, for the net reaction rates are identical in the steady-
state. The molar rate of H2O2 production is exactly one-half the molar

Superoxide dismutase and bell-shaped dose response curves
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FIGURE 2. Bell-shaped dose-response curves have been reported in various models reflecting the
ability of SOD to protect or exacerbate injury to the post-hypoxic heart. Data are re-plotted from
Omar et al. (1990) and Omar and McCord (1990). In Panel A, the black square represents data from
Menasche et al. (1986) using a similar model. Similarly, in Panel B the black square represents data
from Myers et al. (1985) using a similar model. Both of these studies reported no significant protec-
tion from SOD at these single doses.
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rate of O2·
– production, regardless of the concentration of SOD (McCord

and Fridovich, 1969). SOD will dramatically lower the steady-state concen-
tration of superoxide, but obviously cannot alter the steady-state rate of its
coversion to H2O2, as this is limited by the rate of superoxide production.
It has also been suggested numerous times that the toxicity of high-dose
SOD might be due to a weak peroxidase activity of Cu,Zn-SOD (Hodgson
and Fridovich, 1975). As seen in Fig. 2D, however, Mn-SOD shows the
same bell-shaped dose-response (Omar and McCord, 1990) as those pro-
duced by Cu,Zn-SOD (Fig. 2A, 2B, and 2C) (Omar et al., 1990), despite
its lack of such a peroxidase activity (Hodgson and Fridovich, 1975). 

We hypothesized an alternate explanation based not upon the prop-
erties of SOD per se, but rather upon a major physiological process being
modulated by changes in the concentration of superoxide in a cell—lipid
peroxidation. Even in a very simple chemically defined system, SOD dis-
plays bell-shaped dose-response curves if that system involves lipid peroxida-
tion. An example is the oxidation of pure linolenic acid by xanthine/
xanthine oxidase plus ferric iron (Lazzarino et al., 1994). Fig. 3 shows a
series of hormetic curves as the concentration of SOD is varied together
with the rate of O2·

– generation in such a system. At each higher rate of
O2·

– generation a new optimally protective concentration is defined. This
optimally protective SOD concentration varies linearly with rate of O2·

–

production over several orders of magnitude. In simple systems that do
not involve lipid peroxidation such as the inactivation of creatine kinase
by xanthine/xanthine oxidase, SOD shows nearly complete protection
with no indication of hormesis (McCord and Russell, 1988). 

J. M. McCord
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FIGURE 3. Bell-shaped dose-response curves produced by SOD in a simple system consisting of 3
mM linolenic acid in the presence of 4.65 μM FeCl3 and 1 mM xanthine. Superoxide was generated
by the indicated concentrations of xanthine oxidase, and inhibition of malondialdehyde formation
was noted at the indicated concentrations of SOD. Data are re-plotted from Lazzarino et al. (1994).
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SUPEROXIDE RADICAL INITIATES AND TERMINATES LIPID
PEROXIDATION

Like all other free radical chain reactions, lipid peroxidation must be
initiated by a free radical, (i.e., by a one-electron oxidation) in this case
abstracting an allylic hydrogen from a polyunsaturated side chain to cre-
ate a lipid radical (L·). The protonated form of superoxide, the
hydroperoxyl radical (HO2·), can serve as an initiating radical due to its
lipophilicity and redox potential:

HO2· + LH → H2O2 + L·

The lipid radical L· adds molecular oxygen extremely rapidly to pro-
duce a lipid dioxyl radical, which is a sufficiently good oxidant to abstract
an allylic hydrogen from another unsaturated side chain, producing a
lipid hydroperoxide (LOOH) and propagating the chain:

L· + O2 → LOO·

LOO· + LH → LOOH + L·

Typically in vivo these two reactions cycle about 15 times, such that
each initiating event results in the oxidation of about 15 polyunsaturated
fatty acid molecules. (The LOO· radical may alternatively rearrange and
break down to produce malondialdehyde and other radical products,
rather than yielding exclusively a lipid hydroperoxide product, but these
options do not affect the present discussion.) Hence, it is well-established
that superoxide can initiate lipid peroxidation. Ironically, the only way to
eliminate a radical is by reacting it with another radical. (Because radicals
have an odd number of electrons, any reaction with a non-radical must
yield a product that is another radical.) Thus, from a teleological per-
spective, it would be useful if a cell had available a continuous supply of
a relatively unreactive free radical for the purpose of promoting a radical-
radical annihilation to eliminate the very dangerous chain-propagating
lipid dioxyl radicals. We have suggested that superoxide meets these cri-
teria (Nelson et al., 1994). It is produced as a by-product of oxygen metab-
olism, and is therefore continuously available in all cells. As free radicals
go, it is relatively unreactive. Its concentration is maintained at a very low,
but non-zero value by the cellular SOD content. If lipid dioxyl radicals
were scavenged by O2·

–, then entire chains of reactions would be pre-
vented or terminated:

LOO· + O2·
– + H+ → LOOH + O2

Superoxide dismutase and bell-shaped dose response curves
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Therefore, it was hypothesized that O2·
–, in addition to being able to

liberate iron and to initiate lipid peroxidation, may also serve as a termi-
nator of lipid peroxidation, such that over scavenging the radical may
increase net lipid peroxidation (Nelson et al., 1994; Omar et al., 1990). A
functionally similar termination reaction was proposed by Thom and
Elbuken (Thom and Elbuken, 1991) whereby the protonated form of
superoxide, HO2·, reacts with LOO· to produce water, oxygen, and a car-
bonyl containing lipid peroxidation product. If either hypothesis is cor-
rect, then indices of lipid peroxidation should be high at both low con-
centrations of SOD (where initiation would be high) and at high con-
centrations of SOD (where termination would be low). At some interme-
diate SOD concentration, initiation by superoxide would be largely sup-
pressed, but termination by superoxide would still be making a contribu-
tion, and net lipid peroxidation would be at a minimum. We found these
predictions to be true (Nelson et al., 1994), and experimental verification
is shown in Fig. 4. In this model of the isolated perfused rabbit heart, 60
min of no-flow ischemia followed by reperfusion results in serious oxida-
tive stress. As the concentration of SOD in the perfusate is increased, a
new balance is restored when the concentration reaches 5 mg/l. Note
that maximal recovery of preischemic function (developed pressure)
occurs when lipid peroxidation is reduced to the minimum. These results
suggest that for any given level of oxidative stress, a single optimal con-
centration of SOD exists that will restore the superoxide level to yield the
best combination of initiation and termination (i.e., the one producing

J. M. McCord
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FIGURE 4. Relationships of net lipid peroxidation and functional recovery of isolated rabbit hearts
to administered dosages of SOD following ischemia-reperfusion. Recovery of developed pressure cor-
relates inversely with net lipid peroxidation as assessed by thiobarbituric acid-reactive substances in
the coronary effluent. Maximal recovery of developed pressures was seen at a dosage of 5 mg SOD/L
in the coronary perfusate. Data are re-plotted from (Nelson et al., 1994).
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minimal net lipid peroxidation). Any concentration of SOD other than
the optimal leads to increased lipid peroxidation and therefore to
increased oxidative stress.

THEORETICAL PREDICTIONS

Fig. 5 presents the expected mathematical relationships between
SOD concentration (which is inversely related to superoxide concentra-
tion) and initiation, termination, and net lipid peroxidation. Panel A
shows that as SOD concentration increases (and O2·

– decreases) initiation
(at least that fraction dependent upon superoxide) would decrease
according to an inverse rectangular hyperbola, asymptotically approach-
ing zero initiating events at infinite SOD. Panel B shows the expected
effect on chain length. At the highest concentration of O2·

– (no SOD) the
chain length would approach unity, reflecting complete suppression of
propagation reactions. At the lowest concentration of the radical (high
SOD) the chain length would be maximal (limited only by other termi-
nators such as vitamin E, or by the mutual annihilation of propagating

Superoxide dismutase and bell-shaped dose response curves
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FIGURE 5. The predicted mathematical relationships between SOD concentration (which is inverse-
ly related to superoxide concentration) and lipid peroxidation. Panel A shows the relationship
between SOD and initiation events, while Panel B shows the relationship between SOD and termi-
nation events (in terms of chain length). The equations for the rectangular hyperbolic functions are
shown in the respective panels. As net lipid peroxidation is reflected by the product of initiation
events times chain length, that resulting equation is plotted in Panel C, showing the predicted mini-
mum at a certain concentration of SOD.
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radicals). This produces another inverse rectangular hyperbolic function
in the opposite direction. Net lipid peroxidation, shown in Panel C, is
represented by the product of initiation events times chain length. Panel C
shows the curves from Panels A and B replotted on a semilog coordinate,
along with the curve produced by multiplying initiation by chain length.
Note that the net amount of lipid peroxidation displays a minimum at a
specific, optimal concentration of SOD. It is an inverted bell-shaped
curve. Fig. 5 shows the remarkable similarity in shape of this theoretical-
ly predicted curve for net lipid peroxidation and that obtained experi-
mentally by monitoring lipid peroxidation products generated by an iso-
lated perfused heart (Fig. 4). This convinces us that the superoxide radi-
cal can act both as initiator of lipid peroxidation and terminator of lipid
peroxidation. This realization provides a rational basis for the bell-shaped
dose-response curves observed for SOD in systems involving lipid peroxi-
dation, and argues that, for any specific set of conditions, there is a sin-
gle, optimally protective concentration of SOD. It underscores the impor-
tance of balance between oxidants and antioxidants.

An understanding of hormetic behavior has allowed us to reconcile
seemingly contradictory early studies using single doses of exogenous SOD
in isolated organ preparations as pointed out in Figs. 2A and 2B. We can
also use this understanding to reconcile seemingly contradictory studies

J. M. McCord
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FIGURE 6. Reconciliation of literature reports describing transgenic mice overexpressing SOD1 to
different degrees. Our empirical dose-response curve from the data in Fig. 2D is seen here as the
dashed curve. If pathological stress doubles the rate of superoxide production, then the curve would
shift to the right (solid curve), such that optimal protection requires twice as much SOD, and 1x wild-
type (wt) expression becomes inadequate. Results from three published studies of Tg-mice are
shown: Point “1”, a 2-fold overexpressing mouse (Deshmukh et al., 1997); Point “2”, a 2.7-fold over-
expressing mouse (Chen et al., 2000); and Point “3”, a 4.2-fold overexpressing mouse (Levy et al.,
2002). The data are normalized to their respective wild-types.
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of transgenic (Tg) mice, where varying but fixed levels of endogenous SOD
expression have been achieved in Tg mouse lines depending on gene
copy number and promoter efficiency. Fig. 6 examines results from three
such published studies of Tg mice overexpressing SOD1 to different
degrees, superimposed on our own empirical dose-response curve (from
the data in Fig. 2D, seen here as the dashed curve in Fig 6). This curve
assumes that in a healthy wild-type mouse, the normal 1X expression level
of SOD1 provides near optimal biological outcome. If we further assume
that a pathological stress such as ischemia followed by reperfusion might
double the rate of superoxide production in a tissue, then we can imag-
ine that the dose-response curve would be shifted to the right (solid curve
in Fig. 6), such that the optimal biological outcome would require twice
as much SOD expression. Let us first look at the results of a study exam-
ining intestinal reperfusion injury in a Tg mouse line overexpressing
SOD1 by 2-fold (Deshmukh et al., 1997). These authors observed that the
Tg mice showed only 26% as much increase in lipid peroxidation as their
wild-type counterparts. These data are normalized to wild-type and plot-
ted as the point labeled “1” in Fig. 6, falling close to its predicted position
on the solid curve. Another study of a Tg mouse line overexpressing
SOD1 by 2.7-fold examined myocardial ischemia-reperfusion in isolated
hearts, measuring lactate dehydrogenase release as a marker of tissue
damage (Chen et al., 2000). Here the Tg mice showed only 40% as much
enzyme release as their wild-type counterparts. These data are normal-
ized to wild-type and plotted as the point labeled “2” in Fig. 6, again
falling at its predicted position on the solid curve. In a third study of a Tg
mouse line, this time overexpressing SOD1 by 4.2-fold, transient in utero
ischemia-reperfusion was produced in pregnant mothers. After 24 h of
reperfusion in utero the fetal brains were analyzed for lipid peroxidation
products (Levy et al., 2002). Here the Tg mice showed 76% more lipid per-
oxidation than their wild-type counterparts. These data are normalized to
wild-type and plotted as the point labeled “3” in Fig. 6, again falling near
the predicted position on the solid curve. Remarkably, very similar and
predictable results are obtained whether is SOD dosed in vivo by trans-
genic manipulation or ex vivo in isolated organs perfused with purified
exogenous SOD at various concentrations.

CONCLUSIONS AND PRACTICAL IMPLICATIONS

An obvious and far-reaching conclusion to draw from these observa-
tions is that the optimally protective concentration of SOD under any set
of circumstances is at the top of the bell-shaped curve, but that the curve
is not static. Rather, the curve will shift to the right as the flux of superox-
ide production increases due to a variety of pathophysiological conditions,
including ischemia-reperfusion, inflammation, redox-cycling drugs or
xenobiotics, hyperoxia, and even normal aging. Adding to the complexity

Superoxide dismutase and bell-shaped dose response curves
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is the likelihood that the curve may shift to the right in one particular
organ if the pathology is organ-specific, as would be the case following a
heart attack or stroke. It is precisely these bell-shaped curves, we believe,
that have made clinical applications of SOD1 or SOD2 so problematic. To
maintain plasma concentrations of therapeutically administered enzymes
in a range that varies by no more than two- or three-fold becomes clinically
difficult with proteins that are rapidly cleared by the kidneys. It might be
pointed out here that the apparent toxicity of high-dose SOD appears to
be manifest only in injured tissues where lipid peroxidation is increased,
and superoxide may not be the exclusive initiator. If lipid peroxidation is
not ongoing, elevated concentrations of SOD appear to do no harm to tis-
sues until they reach 5- or 6-fold above wild type.

A genetically-engineered chimeric recombinant human SOD
(SOD2/3) has been produced by combining portions of the SOD2 and
SOD3 genes (Gao et al., 2003). This chimeric molecule has better phar-
macological properties than any of the naturally occurring enzymes, and
may eliminate some of the dose-response problems that have been
described here (Hernandez-Saavedra et al., 2005). A comparison of the
effects of SOD2/3 in a variety of in vivo models at varying dosages pro-
duced a dramatically flattened bell curve. This may reflect the unusual
properties of SOD2/3 regarding its subcellular location (on the outer
surfaces of cells or bound to intracellular matrix), its size (small enough
to extravasate easily), and its near-neutral charge (which facilitates both
both extravasation and binding). If these factors are considered with
regard to the three natural forms of SOD (SOD1 in the cytosol, SOD2 in
the mitochondrial matrix, SOD3 in the extracellular and nuclear com-
partments) one realizes that changes in the activities of the isozymes may
not produce equivalent effects with regard to hormetic behavior. That is,
changing the SOD activity in any given subcellular compartment and/or
binding location within a compartment may affect the shape or magni-
tude of the resulting hormetic curve.

While this review has focused on hormetic behavior that is strictly
related to the dual effects of superoxide as initiator and terminator of
lipid peroxidation, it is interesting to consider other data suggesting that
hormetic behavior might also result from the signal transducing roles of
the radical. As primitive life forms evolved in an increasingly aerobic envi-
ronment, living with the unavoidable production of superoxide became a
fact of life. The concentration of this omnipresent yet evanescent free
radical afforded the cell with a realtime indicator of such important infor-
mation as the availability of a food supply, reflected by mitochondrial
oxidative activity. An abundance of food signals a good time for a cell to
divide. Not surprisingly, cells learned to undergo mitosis when mild
oxidative stress signaled an abundance of energy. One might wonder
what would happen to this signaling system if the cell produced so much
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SOD that this signal to divide might be extinguished. One possibility is
that the cell would simply cease to divide. When scientists began to pro-
duce SOD-transfected cell lines and SOD-transgenic mice it became
apparent that there was an upper limit of perhaps eight- to ten-fold to the
amount of SOD over expression that could be tolerated (Norris and
Hornsby, 1990). There is a growing appreciation of the roles played by
superoxide and its dismutation product hydrogen peroxide in the regu-
lation of cell growth (Burdon, 1995), while other signal transduction
pathways seem to generate superoxide specifically for signaling purposes.
A family of NADPH oxidases, activated by such stimuli as angiotensin II,
tumor necrosis factor-α, and insulin, regulate the activation of distinct
protein kinases (Anilkumar et al., 2008) that have the potential to affect
vascular smooth muscle and cardiac hypertrophy, endothelial activation,
angiogenesis, and atherosclerosis. Hence, the aberrant regulation of
these signals by too much or too little SOD activity could, in theory, give
rise to many additional instances of hormetic behavior.

An exciting alternative approach to the therapeutic use of exogenous
SODs is the controlled induction of the family of antioxidant enzymes
regulated directly or indirectly by the Antioxidant Response Element
(ARE). The ARE is a promoter element activated by the transcription fac-
tor Nrf2. A number of phytochemicals long known to traditional medi-
cine appear to be a safe and effective means of upregulating these
enzymes in humans via Nrf2-dependent mechanisms (Chen and Kong,
2004; Nelson et al., 2006). Interestingly, these phytochemicals themselves
display strong hormetic effects which reflect their abilities to stimulate or
inhibit multiple signaling pathways, with different effects occurring at dif-
ferent ED50 concentrations of the phytochemical. Unfortunately, much of
the literature in this area has not utilized dose-response curves, but rather
has examined fixed, high concentrations of the phytochemicals. The con-
centrations examined are often not pharmacologically achievable and
therefore of questionable physiological relevance. The studies have often
overlooked dramatic ARE activation at lower concentrations that disap-
pears at the higher concentrations. An awareness of hormesis is essential
for studies involving signal transduction pathways.

Finally, it should be noted that the antioxidant enzymes are largely
coordinately regulated, directly or secondarily, by ARE-regulated pro-
moters. It may be highly artificial to manipulate the concentration of
SOD alone, observing effects on net lipid peroxidation, when in vivo the
entire network of antioxidant enzymes would more likely be induced in
concert. This means that glutathione levels would be raised via increased
synthesis, glutathione reductase and peroxidases would be induced to
eliminate lipid hydroperoxides, and various peroxiredoxins would also be
induced. All of these actions would serve to limit lipid peroxidation.
Hence, an animal’s natural response to oxidative stress might be much
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less likely to produce hormetic effects than laboratory experiments that
manipulate any single antioxidant enzyme such as SOD. 
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