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In this contribution, we make the point that information on
antioxidant capacity by itself  is not sufficient to make infer-
ences about oxidative stress. To illustrate this general state-
ment, we discuss six potential scenarios, which demonstrate
that inferring variation in oxidative stress using antioxidants
alone may lead to erroneous conclusions.

Metabolic activity is a primary source of free radicals,
which are unavoidable by-products of ATP synthesis. Free
radicals, as well as non-free radical pro-oxidants, are prone to
react with any molecules around, causing oxidative damage.
Organisms have evolved multiple defence lines to prevent
oxidative damage, ranging from antioxidant enzymes to low
molecular weight antioxidants, and also specific cellular
components that repair oxidatively damaged molecules. A
disturbance in the balance between pro-oxidants and antioxi-
dants in favour of the former, leading to oxidative damage,
gives rise to an increase in oxidative stress (Sies 1991; Halliwell
& Gutteridge 2007). Here we define oxidative stress as the rate
at which oxidative damage is generated. Implicit in this
definition is that oxidative stress is a continuous variable that
is unlikely to ever be exactly zero since pro-oxidants are
continually produced and some oxidative damage is always
generated. Persistent oxidative stress may give rise to patho-
logical conditions and is increasingly implicated as a contrib-
uting factor to several human pathologies (over 150 disorders),
cellular senescence, and aging (Beckman & Ames 1998;
Hulbert 

 

et al

 

. 2007; Furness & Speakman 2008). Recent
studies show that levels of pro-oxidants and antioxidants may
also have relevant ecological and evolutionary roles and may
help understand functional interactions among life-history
traits (von Schantz 

 

et al

 

. 1999; Costantini 2008; Monaghan

 

et al.

 

 2009).
Several methods have been applied to measure antioxidant

capacity of a tissue or single classes of antioxidants (Prior &
Caro 1999; Yeum 

 

et al

 

. 2004), usually with the aim to quantify
oxidative stress. However, we would like to emphasise in this
note that comparing antioxidant capacity by itself  may not
be sufficient to make inferences about differences in levels of
oxidative stress. Although recognized by many, this point has
also been overlooked, in that conclusions on variation in oxidative
stress have often been based on variation in antioxidant levels
alone. Moreover, most commonly, antioxidant enzymes are

measured as indicative of antioxidant capacity without con-
sideration of the multiple array of non-enzymatic antioxidants
(e.g. thiols, vitamins C and E), which may be very important
to neutralize ROS. As a consequence, both the potential of
antioxidant machinery and the effects of a stressor are under-
estimated. An evaluation of the implicit assumption that
information on antioxidant capacity alone allows inferences
on oxidative stress therefore seems useful at this time, given the
growing interest in oxidative stress in evolutionary ecology.

To evaluate what can be inferred regarding oxidative stress
from variation in antioxidant capacity alone we discuss six
potential scenarios for co-variation between antioxidants,
pro-oxidants, and the resulting oxidative stress. For each
scenario we compare two states (e.g. experimental groups), 

 

A

 

and 

 

B

 

, which differ in antioxidant levels or in single classes of
antioxidants (below we will refer to antioxidant capacity
alone, but the points apply equally to measurements of single
classes of  antioxidants). To emphasize that the examined
relationships are variable in the real world we illustrate the
scenarios with examples from the literature. See Fig. 1 for a
schematic illustration of the scenarios. Note that the axes in
Fig. 1 have no scales because our aims are restricted to a
qualitative evaluation.

Suppose that 

 

B

 

 has higher antioxidant capacity than 

 

A

 

.
How can we interpret this result? Does this mean that 

 

B

 

 is
subjected to less oxidative stress than 

 

A

 

? Suppose that 

 

A

 

 and

 

B

 

 do not differ in pro-oxidant production (Fig. 1a). In this
case, 

 

B 

 

has more antioxidants per unit of pro-oxidants and,
consequently, attains a lower level of  oxidative stress (this
is the intuitive interpretation commonly encountered of  a
difference in antioxidant capacity). This pattern could arise
for any number of reasons that affect the antioxidant machinery
of 

 

A

 

 or 

 

B

 

 without affecting pro-oxidants. Two-week-old calves
(

 

Bos taurus

 

) had the same level of pro-oxidants as 3-week-old
calves, but higher plasma antioxidant capacity as measured
using the FRAP method, lower oxidative damage (lipid
peroxidation), and, consequently, lower oxidative stress
(Gaál 

 

et al

 

. 2006). Now, suppose that, in addition to having
higher antioxidant levels, the levels of pro-oxidants are also
higher in 

 

B

 

. In the case shown in Fig. 1b, the higher free
radical production in 

 

B

 

 is associated with over-expression of
the antioxidant response, resulting in lower oxidative stress in

 

B

 

. Chickens (

 

Gallus gallus domesticus

 

) showed at 1 h after
supplementation of stress hormones (inducer of pro-oxidant
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production) a decrease in oxidative damage (lipid peroxidation)
and an increase of plasma antioxidant capacity (Lin 

 

et al.

 

2004), resulting in a lower oxidative stress. Two-week-old
calves (

 

B. taurus

 

) had higher levels of free radicals than their
mothers at calving, but also higher plasma antioxidant capacity
as measured using the FRAP method and antioxidant capacity
was such that oxidative damage (lipid peroxidation) and so,
oxidative stress, were lower in calves (Gaál 

 

et al

 

. 2006). In the
case shown in Fig. 1c, in both 

 

A

 

 and 

 

B

 

 the antioxidant capacity
is matched to the different pro-oxidant levels, and, consequently,
there is no difference in oxidative damage between the groups,
although such a difference would clearly be indicated when
either axis (antioxidants or pro-oxidants) would be considered
in isolation. Rats (

 

Rattus rattus

 

) produce more free radicals
than canaries (

 

Serinus canaria

 

), but rat lungs show slightly
lower levels of lipid peroxidation together with higher activity
of enzymatic antioxidants than canary lungs (López-Torres

 

et al

 

. 1993; Pérez-Campo 

 

et al

 

. 1993). This case is also well-
exemplified in a recent study on mice (Costantini 

 

et al

 

. 2008b).
Long attack latency line mice had higher serum antioxidant
capacity compared to short attack latency line mice, resulting
in similar levels of oxidative damage. In the case shown in
Fig. 1d, 

 

B

 

 is exposed to higher oxidative damage because the

antioxidant response of 

 

B

 

 to a ROS challenge, while still oper-
ating, is not sufficient to maintain oxidative damage at the
same level of 

 

A

 

. A study of human beings (

 

Homo sapiens

 

)
showed that old men had, on the one hand, higher levels of
urinary 8-hydroxy-2

 

′

 

-deoxyguanosine and of protein carbonyls
(both markers of oxidative damage), and, on the other hand,
higher activity of  antioxidant enzymes (Gianni 

 

et al

 

. 2004).
In a study of laying hens (

 

G. g. domesticus

 

), heat exposure
increased the production of free radicals and the level of lipid
peroxidation and both enzymatic and non-enzymatic antioxi-
dant systems (Lin 

 

et al

 

. 2008).
Now, suppose that 

 

A

 

 and 

 

B

 

 do not differ in antioxidant
capacity. Does this mean that 

 

A

 

 and 

 

B

 

 have same levels of
oxidative damage? Actually, 

 

B

 

 may suffer higher oxidative
damage when its production of free radicals is higher (Fig. 1e).
This case may suggest two quite different interpretations: the
antioxidant defences of 

 

B

 

 are still able to control pro-oxidant
levels or are chronically deficient. In this latter case, the
organism is unable to mount an adaptive response. A study on
captive kestrels (

 

F. tinnunculus

 

) showed that, while having
same serum antioxidant capacity and circulating carotenoids,
oxidative damage had a 32% increase in kestrels supplemented
with stress hormones (Costantini 

 

et al.

 

 2008a).

Fig. 1. Relationship between pro-oxidants, antioxidants and oxidative stress. Oxidative stress, defined as the rate at which oxidative damage is
generated, increases when antioxidant levels decrease for a given level of pro-oxidants. Hence oxidative stress increases from top left corner to
bottom right corner as indicated by background shading (darker indicates higher oxidative stress level). Dashed lines are ‘iso-oxidative stress’
lines, in that all combinations of anti- and pro-oxidant levels on the line yield the same level of oxidative stress. The solid line represents
combinations of anti- and pro-oxidants with an equal level of oxidative stress as the C-group. In a–f different hypothetical situations are
compared with respect to possible ways that two (experimental) groups (a) and (b) could differ from a control (c) group. See main text for further
explanation.
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Finally, what if  

 

B

 

 has lower pro-oxidant production than
A, but still has higher antioxidants? In this case (Fig. 1f), 

 

B

 

has lower oxidative damage and, so, oxidative stress than 

 

A

 

.
Nestling kestrels (

 

Falco tinnunculus

 

) exposed to immune
response-induced free radicals have higher oxidative damage
and lower serum antioxidant capacity than controls (Costantini
& Dell’Omo 2006).

Given this array of scenarios (most of which can be illus-
trated with examples from the literature), we argue that total
antioxidant capacity of a tissue or the level of a single class of
antioxidants as markers of oxidative stress is not sufficient to
make inferences about oxidative stress without supplemental
information on oxidative damage or free radical production.
Note that our aim is no more than to illustrate that each of our
interpretations listed above can be valid in a particular case,
and not to develop general guidelines as to how variation in
antioxidant capacity should be interpreted.

Altogether, these studies show that different components
of the redox system may respond differently to a challenge.
Consequently, variation in antioxidant levels does not neces-
sarily mirror the variation in oxidative stress that organisms
experience. This variation is such that measuring total
antioxidant capacity of a certain tissue or a single class of
antioxidants alone may lead to interpretations regarding
oxidative stress that are opposite to the correct interpretation
(compare e.g. Fig. 1a,c, where the difference in antioxidants
is similar, but the oxidative stress differs in opposite direction
in the two situations). We are aware that the system may also
be more complicated than those listed in our examples. In
fact, species may greatly differ in their tolerance to stressors
generating oxidative stress. For example, naked-mole rats
have similar levels of pro-oxidants and antioxidants to those
of mice and suffer higher oxidative damage, but naked-mole
rats live substantially longer than mice (Hulbert 

 

et al.

 

 2006).
The low proportion of unsaturated lipids in cell membranes,
combined with the higher susceptibility of unsaturated fatty
acids to oxidative damage, has been suggested to explain the
naked-mole rat paradox (Hulbert 

 

et al

 

. 2006). Thus interpre-
tation of interspecific variation in antioxidant capacity has
additional complications, over and above the complexities
in our comparisons between experimental groups that are (on
average) similar in genetic background and physiology.

Although we see problems in making inferences regarding
oxidative stress on the basis of information on antioxidant
capacity alone, we like to stress that this does not mean that
we consider data on antioxidant capacity uninteresting.
Information on pro- and antioxidants will be required to
understand how a particular level of oxidative stress arises,
which is in itself  an interesting issue. In this context experi-
mental studies that manipulate anti- and pro-oxidants are of
particular value (see e.g. Zhang 

 

et al

 

. 2004; Galván & Alonso-
Alvarez 2008) to further elucidate and examine the processes
determining the level of oxidative stress. For example, it would
be interesting to determine whether high antioxidant levels
reflect a large reserve of unused antioxidants or up-regulated
antioxidant production in response to oxidative stress. This is
relevant in that individuals may differ in the levels of antio-

xidants (e.g. dietary antioxidants) stored in tissues, as well as
in expression of genes modulating the redox system.

In conclusion, information on antioxidant capacity by
itself is not sufficient to make inferences about oxidative stress.
So, we suggest that a marker of antioxidant capacity should
always be associated with at least a marker of oxidative dam-
age when the aim is to make inferences about oxidative stress.
A discussion of the merits of various markers of oxidative
damage falls outside the scope of this article, but has been
extensively discussed elsewhere (e.g., Prior & Cao 1999;
Dotan 

 

et al.

 

 2004; Yeum 

 

et al

 

. 2004; Monaghan 

 

et al.

 

 2009).
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