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The oxidative damage hypothesis of aging posits that the accumulation of oxidative damage is a determinant
of an animal species' maximum lifespan potential (MLSP). Recent findings in extremely long-living mammal
species such as naked mole-rats challenge this proposition. Among birds, parrots are exceptionally long-
living with an average MLSP of 25 years, and with some species living more than 70 years. By contrast,
quail are among the shortest living bird species, averaging about 5-fold lower MLSP than parrots. To test if
parrots have correspondingly (i) superior antioxidant protection and (ii) lower levels of oxidative damage
compared to similar-sized quail, we measured (i) total antioxidant capacity, uric acid and reduced glutathione
(GSH) levels, as well as the activities of enzymatic antioxidants (superoxide dismutase, glutathione peroxidase
and catalase), and (ii) markers of mitochondrial DNA damage (8-OHdG), protein damage (protein carbonyls)
and lipid peroxidation (lipid hydroperoxides and TBARS) in three species of long-living parrots and compared
these results to corresponding measures in two species of short-living quails (average MLSP=5.5 years). All
birds were fed the same diet to exclude differences in dietary antioxidant levels. Tissue antioxidants and oxida-
tive damage were determined both ‘per mg protein’ and ‘per g tissue’. Only glutathione peroxidase was consis-
tently higher in tissues of the long-living parrots and suggests higher protection against the harmful effects of
hydroperoxides, whichmight be important for parrot longevity. The levels of oxidative damageweremostly sta-
tistically indistinguishable between parrots and quails (67%), occasionally higher (25%), but rarely lower (8%) in
the parrots. Despite indications of higher protection against some aspects of oxidative stress in the parrots, the
pronounced longevity of parrots appears to be independent of their antioxidant mechanisms and their accumu-
lation of oxidative damage.

© 2012 Elsevier Inc. All rights reserved.
1. Introduction

In the 1950's, after the long-known toxicity of oxygen was linked
to the production of free radicals by aerobic metabolism (Gerschman
et al., 1954), the ‘free radical theory of aging’ was born (Harman,
1956). Over the years, this theory has evolved into the ‘oxidative
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stress theory of aging’, which is currently the most widely accepted
explanation of lifespan determination. The main physiological mecha-
nisms of this theory are the mitochondrial production of free radicals
(currently called reactive oxygen species; ROS) and the antioxidant de-
fence mechanisms that minimise oxidative damage. In its classic form,
the oxidative stress theory of aging purports that an imbalance between
ROS production and antioxidant defences leads to cumulative oxidative
damage of a variety of biological molecules and eventually leads to the
breakdown of homeostatic regulatory systems and, ultimately, to death
(Hulbert et al., 2007). This prediction was validated empirically when it
was discovered that DNA and protein damage increase with age in ver-
tebrates and invertebrates (Agarwal and Sohal, 1994a, 1996; Sohal et
al., 1994). However, it is not only ROS production and antioxidant de-
fences that might be important in lifespan determination, but also the
susceptibility of cells and tissues to oxidative damage. A modification
of the oxidative stress theory, the “membrane pacemaker theory of
aging”, suggests that membrane phospholipids vary in their susceptibil-
ity to peroxidation, leading to the production of secondary lipid-based
ROS (Hulbert et al., 2007). In our view, it is the production of both prima-
ry (superoxide andhydrogenperoxide) and secondary ROS (such as lipid
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hydroperoxide) that might determine a species maximum lifespan
(MLSP).

Antioxidant defence mechanisms vary in their importance. The
functional significance of superoxide dismutase (SOD), especially
the mitochondrial Mn-SOD, for protection against aging-related dam-
age and rates of physiological decline becomes evident in knockout
animal models. Mice lacking the Mn-SOD die soon after birth
(Lebovitz et al., 1996; Murakami et al., 1998), whereas animals lack-
ing the cytosolic Cu/Zn-SOD have a ‘normal’ phenotype and live to
adulthood, but with a shorter lifespan (Ho et al., 1998; Sentman et
al., 2006). These findings demonstrate the importance of a superoxide
degradation system, especially at the source of generation in mito-
chondria. A similar situation has been shown for GPx where
knockout-mice lacking the cytosolic GPx lived to adulthood (Ho et
al., 1997), whereas other forms of GPx were shown to be essential
for all stages of life (Yant et al., 2003). Research taking more moderate
approaches of over- and under-expression of both the Cu/Zn-SOD
(Huang et al., 2000; Seto et al., 1990; Staveley et al., 1990) and the mi-
tochondrial Mn-SOD (Jang et al., 2009; Mockett et al., 1999; Perez et
al., 2009a; Van Remmen et al., 2003) in animal models has shown
no effect on MLSP in both vertebrates and invertebrates (for current
review see Page et al., 2010). Similarly, dietary SOD supplementation
increases the average lifespan (i.e., health), but has no effect on MLSP
(Lopez-Torres et al., 1993). The conclusion from such studies is that
the various isoforms of antioxidant enzymes vary in their effects on
lifespan, and that animals have antioxidant activities that are suffi-
cient for maximum protection from oxidative processes. Although
this implies that animals should experience the same levels of oxida-
tive stress, differences in susceptibility of their tissues to oxidative
damage along with differences in rates of repair would still support
the oxidative stress theory's proposal that variable rates of cumula-
tive damage are responsible for differences in MLSP.

The long lifespan of birds is surprising as they have, on average,
(1) a higher metabolic rate, (2) higher blood glucose, (3) a higher
body temperature than similar-sized mammals (Holmes and Austad,
1995), and the highest pulmonary oxygen partial pressure of all ver-
tebrate groups (Buttemer et al., 2010). Despite being predisposed to
higher oxygen radical generation, their long lifespan suggests that
birds are resistant to aging processes. This suggestion goes back to
the early 90's when Monnier realized that birds must have special
mechanisms to prevent tissue damage, such as those through expo-
sure to advanced Maillard products (Monnier, 1990; Monnier et al.,
1991). Early research showed that the susceptibility to oxidative
damage (x-ray induced protein damage) in the tissues of mammals
and birds was inversely related to their MLSP (Agarwal and Sohal,
1996). Furthermore, studies on avian and mammalian renal tubular
epithelial cells (Ogburn et al., 1998) and primary embryonic
fibroblast-like cells (Ogburn et al., 2001) showed avian cells to be
more resistant to oxidative challenge than murine cells. Recent studies
have confirmed this pattern in finding the fibroblasts of shorter-lived
laboratory mice to be more susceptible to oxidative damage than fibro-
blasts of longer-lived wild-caught mice (Miller et al., 2011), as well
showing an inverse relation between MLSP and fibroblast sensitivity
to oxidative stress in birds (Harper et al., 2011). While variation
among species in tissue resistance to oxidative damage is likely to cor-
relate with interspecific differences in longevity, the oxidative stress
theory of aging also predicts cumulative oxidative damage among spe-
cies to be inversely related to their MLSP. Pamplona and colleagues ex-
amined lifespan influences on cumulative oxidative damage between
size-matched bird and mammalian species that differed in MLSP. They
found that the brains of long-living bird species (budgerigars and ca-
naries) had lower levels of protein and lipoxidative damage than the
brains of shorter-livingmice (Pamplona et al., 2005). In contrast, oxida-
tively damaged proteins were similar in liver mitochondria of both
short-living rats and long-living pigeons (Pamplona et al., 1996), and
higher in pigeon skeletal muscle than in rat skeletal muscle (Portero-
Otin et al., 2004). These contradictory findings raise doubts about the
contribution of cumulative oxidative damage in determining longevity
differences between species.

Further uncertainty about the role of oxidative damage and anti-
oxidant protection in the determination of a species' maximum life-
span comes from comparisons of naked mole-rats (the longest
living rodent) with similar-sized mice (Buffenstein et al., 2008).
Nakedmole-rats, with a MLSP of >28 years, have a longevity quotient
(LQ = actual MLSP/MLSP predicted from body mass) of 5, whereas
the LQ of similar-sized mice is 0.7 (Buffenstein, 2005). Naked mole-
rats exhibit low antioxidant protection (Andziak et al., 2005), higher
levels of lipid peroxidation, protein and DNA oxidative damage in
comparison to mice, and these differences are evident from a very
young age (Andziak and Buffenstein, 2006; Andziak et al., 2006). De-
spite this disparity between the magnitude of oxidative damage and
maximum lifespan, naked mole-rats were found to have inherently
higher protein stability and increased capacity to degrade oxidised
or misfolded proteins through age-related increases in proteasome
activity (Pérez et al., 2009). Although naked mole-rats appear to
have higher protein integrity, their steady-state levels of protein
damage exceed those of mice throughout their whole lifetime. Simi-
larly high levels of oxidative damage are also apparent in other
long-living species, such as birds and bats (Portero-Otin et al., 2004;
Wilhelm Filho et al., 2007). The inconsistency of these and other studies
has provoked some researchers to doubt the importance of antioxidant
systems and oxidative damage in the determination of an animal's
maximum lifespan, as well as the general validity of the oxidative
stress theory (Buffenstein et al., 2008; Salmon et al., 2010).

The uncertainty about the pertinence of the oxidative stress theo-
ry in explaining MLSP variation among animals, particularly birds,
motivated us to examine the main physiological components of this
aging theory in birds. We selected species that overlapped in size,
but had 5-fold differences in MLSP. Included in these comparisons
were ROS production rates in several tissues (Montgomery et al., in
press) and membrane fatty acid susceptibility to oxidative damage
(Montgomery et al., 2011), but we report here tissue antioxidant de-
fence mechanisms and oxidative damage levels in three species of
long-living parrots (average LQ=2.4) and two species of size-
matched, but shorter-living quails (average LQ=0.5). If the oxidative
stress theory of aging is valid, quail are predicted to have higher rates
of tissue oxidative damage leading to a higher accumulation at the
same chronological age as comparably sized parrots. We have accord-
ingly selected parrots and quails of the same age (approximately one
year old), which, at the time of this study, the quails had reached 16–
20% of their MLSP, whereas the parrots had attained only 3–5% of
their maximum lifespan.

2. Methodology

2.1. Animals and tissue sampling

All experiments were approved by the University of Wollongong
Animal Ethics Committee and were conducted in conformity with
the NHMRC Australian Code of Practice for the Care and Use of Ani-
mals for Scientific Purposes. Six male budgerigars (Melopsittacus
undulatus) (MLSP=21 y; average mass=26.0 g) derived from wild-
type native budgerigars were purchased from a bird breeder in
Queensland, Australia. Ten Japanese quail (Coturnix japonica)
(MLSP=6 y; average mass=221.2 g) were purchased from Kyeema
Organics, Windellama, Australia; and were of mixed sex. Eight love-
birds (Agapornis roseicollis) (MLSP=25 y; average mass=48.9 g),
nine cockatiels (Nymphicus hollandicus) (MLSP=35 y; average
mass=83.2 g) and eight king quails (Coturnix chinensis)
(MLSP=5 y; average mass=45.4 g) were from a local breeder
(Andrew's Pet Shop, Smithfield, Australia) and were of mixed sex.
For cockatiels MLSP was obtained from http://www.eol.org/pages/
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1177924, while for king quails MLSP was from http://www.
cyberquail.com/faq.html and for all other species from the AnAge da-
tabase (http://genomics.senescence.info/species). All birds used in
this study were young adults and approximately one year old.

All birds had free access to water and to the same specially formu-
lated pellet diet for at least six weeks to ensure that all assessed dif-
ferences were not attributable to dietary differences. The diets were
formulated to provide adequate n−3 and n−6 polyunsaturated
fatty acids and to be palatable to parrots as well as fowl. Birds were
housed in outdoor aviaries a minimum of 2 months prior to sampling.

Following euthanasia, aliquots of liver, heart and pectoral muscle
were transferred to cryovials and stored in liquid nitrogen for subse-
quent analyses. Blood was collected into heparinised vials following
cardiac puncture and centrifuged to extract plasma, which then was
stored in liquid nitrogen prior to later analyses. Because this study
was part of a detailed investigation of oxidative stress parameters in
parrots and quails, there were insufficient amounts of some tissues
for all analyses. For budgerigars, reduced glutathione and catalase ac-
tivities were not determined in liver and heart, norwas catalase activity
measured in plasma. Furthermore, lipid hydroperoxide levels were not
determined in budgerigar plasma, nor were mitochondrial 8-OHdG
levels measured in budgerigar liver. Lipid hydroperoxide levels in liver
and 8-OHdG levels in the heart were only measured in Japanese quails
and cockatiels.

2.2. Chemicals

Quantichrom Glutathione and Uric Acid Assay Kits were pur-
chased from BioCore, Alexandria, Australia. Catalase, lipid hydroper-
oxide and 8-hydroxy-2-deoxy-Guanosine EIA kits were purchased
from Sapphire Bioscience, Redfern, Australia. The Wizard SV Genomic
DNA Purification Kit was purchased from Promega, Alexandria, Aus-
tralia. All other chemicals were obtained from Sigma, Castle Hill,
Australia.

2.3. Total antioxidant capacity

Total antioxidants in plasma were determined using two different
assays: the total antioxidant capacity (TAC) assay and the ferric re-
ducing ability (FRA) assay. The TAC assay was carried out as described
previously (Erel, 2004) using a spectrophotometer (Varian Cary 300)
controlled at 25 °C. Trolox (0.2 mM–1 mM), a vitamin E derivative,
was used as an antioxidant standard and results are shown in mM
Trolox equivalents. Total antioxidant status in heart, pectoral muscle
and liver was determined with the FRA assay. Tissues were homoge-
nised in buffer (100 mM KH2PO4, 1 mM EDTA) and a FRA reagent was
prepared as described elsewhere (Benzie and Strain, 1996). Blank,
standards (ferrous sulphate) or samples were mixed with the reagent
and, after a 4-min incubation, the absorbance was determined at
593 nm and 37 °C using a temperature-controlled spectrophotometer
(Varian Cary 300).

2.4. Enzymatic antioxidants

Superoxide dismutase (SOD), glutathione peroxidase (GPx) and
catalase (CAT) activity were determined in plasma and tissue homoge-
nates. Tissues were homogenised with an Ultra Turrax (11,000/min,
15 s) in buffer (SOD: 210 mM mannitol, 70 mM sucrose, 20 mM
HEPES, 1 mM EGTA, pH=7.5 at 25 °C) (GPx: 50 mM Tris–HCl, 5 mM
EDTA, 1 mM dithiothreitol (DTT), pH=7.5 at 25 °C) (CAT: 50 mM
KH2PO4, 1 mM EDTA, pH=6.7 at 25 °C). Homogenates were centri-
fuged at 4 °C and 1500 g for 5 min (SOD) or at 10,000 g for 15 min
(GPx, CAT) and the supernatant used for the assay. SOD activity was
measured as the inhibition of the rate of cytochrome c reduction by su-
peroxides which was followed at 550 nm and 25 °C using a
temperature-controlled spectrophotometer (Varian Cary 300), adapted
from amethod described elsewhere (McCord and Fridovich, 1969). The
activity of GPxwas determined indirectly as the decrease in NADPH ab-
sorption at 340 nm and 25 °C, as described elsewhere (Maral et al.,
1977). A reaction cocktail was prepared by mixing azide buffer
(9.2 ml, 50 mM NaH2PO4, 0.4 mM EDTA, pH=7.0 at 25 °C, addition of
1 mM Na-azide), glutathione reductase (100 μl, 100 μ/ml) and GSH
(50 μl, 200 mM) into a 1 mg beta-NADPH vial. The reaction cocktail
was mixed with blank, standard or sample and H2O2 (5 μl, 0.042% (v/
v)) was added to start the reaction. GPx standards were diluted in
10 mM NaH2PO4, 1 mM DTT, pH=7.0 at 25 °C. Catalase was measured
in plasma, liver and heart of all animals using the Catalase Assay Kit
from Cayman Chemicals (Sapphire Bioscience, Redfern, Australia).

2.5. Non-enzymatic antioxidants

Plasma uric acid levels were determined using a commercially
available kit (QuantiChromTM Uric Acid Assay Kit, Bioassay Systems).
GSH levels were determined in blood, heart and liver using a com-
mercially available kit (QuantiChromTM Glutathione Assay Kit, Bioas-
say Systems). Tissues were homogenised with an Ultra Turrax
(11,000/min, 15 s) in 50 mM KH2PO4, 1 mM EDTA, pH=6.7. Tissue
homogenates were centrifuged for 15 min at 10,000 g and 4 °C, and
the supernatant used for the assay.

2.6. DNA damage — 8-OHdG

DNA damage was determined in freshly extracted heart and liver
mitochondria using the 8-hydroxy-2-deoxy-guanosine (8-OHdG)
EIA Kit from Cayman Chemicals (Sapphire Bioscience, Redfern, Aus-
tralia). Briefly, mitochondria were isolated and mitochondrial DNA
was extracted using a commercially available kit (Wizard SV Genomic
DNA Purification System, Promega). The DNA was heat denatured at
95 °C for 10 min and digested for 1 h at 50 °C using nuclease P1
(43 ng/μg DNA, Sigma-Aldrich N8630). Nuclease P1 was diluted in ac-
etate buffer (20 mM C2H3O2Na·3H2O, 5 mM ZnCl2, 50 mM NaCl,
pH=5.3 at 50 °C). The pH of each sample was adjusted to 8.0 with
1 M Tris and alkaline phosphatase was added (1 μ/100 μg DNA). The
mixture was incubated at 37 °C for 30 min, boiled for 10 min and
then placed on ice. The reported GC content of mitochondrial DNA
is similar in all species examined (NCBI genome database: budgerigar
44% (NC009134), rosy-faced lovebird 48% (NC011708), cockatiel 46%
(NC015192), king quail 44% (NC004575), Japanese quail 44%
(NC003408).

2.7. Protein damage — protein carbonyls

Tissues were homogenised in buffer (50 mM KH2PO4, 1 mM EDTA,
pH=6.7) and the homogenate centrifuged for 15 min at 10,000 g and
4 °C. Nucleic acids were removed using 1% streptomycin (incubation
at room temperature for 15 min, followed by centrifugation at
6000 g, 10 min, 4 °C) (Pamplona et al., 1996), and the supernatant
used for the assay. Protein carbonyls were derivatized to 2,4-dinitro-
phenylhydrazone by reaction with 2,4-dinitrophenylhydrazine
(DNPH) as described previously (Levine et al., 1990). The procedure
included incubation with DNPH for 1 h, several washing steps with
trichloroacetic acid and an ethanol–ethyl acetate mixture, and a
final resuspension of the dinitrophenylhydrazone in guanidine
hydrochloride.

2.8. Measures of lipid peroxidation

Lipid hydroperoxides were determined in plasma and liver using a
Lipid Hydroperoxide Assay Kit from Cayman Chemicals (Sapphire
Bioscience, Redfern, Australia). The TBARS (thiobarbituric acid reac-
tive substances) assay was used to measure malondialdehyde
(MDA). Tissues were homogenised in buffer (100 mM KH2PO4,
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1 mM EDTA). Blank, standard (tetramethoxypropane) or samples
were mixed with butylated hydroxytoluene (BHT, 3 mM) and thio-
barbituric acid (TBA, 0.4% (w/v) in 10% acetic acid solution (v/v), pH
5.0), and incubated for 1 h at 90 °C. Butanol was added and the sam-
ples centrifuged for 10 min at 7500 rpm. The absorbance of the buta-
nol phase was determined at 532 nm. To minimise artificial lipid
peroxidation during the TBARS reaction due to high temperatures
and low pH values which are necessary to be applied, we used excess
BHT which is an antioxidant and which was shown to decrease lipid
peroxidation during the measurement (Jentzsch et al., 1996).

2.9. Statistical analysis

Data analyses were performed using JMP 5.1 (Statistical Analysis
System Institute Inc., Cary, NC, USA). Results are expressed as
means with their standard errors, with P 0.05 set as the significance
level. Data were tested for normality using the Shapiro–Wilk W test
and homogeneity of variance using the O'Brien and Brown–Forsythe
tests. Data not normally distributed were compared using non-
parametric Wilcoxon/Kruskal–Wallis tests and any data showing
unequal variance were compared using a Welch ANOVA. A one-way
ANOVA was completed with the bird species as the independent
variable and each antioxidant/oxidative damage biomarker as the
dependent variable. Means were then compared using the Tukey–
Kramer honestly significant difference test. When examining the
relation between measured variables and MLSP, we used linear re-
gression of species means followed by a one-way ANOVA to test for
significance of the slope. We recognise that traits among closely
related pecies cannot be considered to be statistically independent if
phylogenetic signals strongly influence the evolution of those traits
(Felsenstein, 1985), but the oxidative stress theory of aging predicts
convergence of longevity traits at mechanistic levels. Furthermore,
by choosing species from two groups that overlap in size, we have
eliminated the known influence of body mass on MLSP in our
comparisons (Ricklefs, 2010; Wasser and Sherman, 2010). All bird
species, except the budgerigars, were of mixed sex. Antioxidant levels
and oxidative stress biomarkers were statistically compared between
genders. There was no effect of gender on any of the measurements
so we assume that the effect of gender is negligible for all birds
used in this study.

3. Results

3.1. Antioxidant levels in plasma

We measured total antioxidant capacity of plasma using two dif-
ferent methodological approaches: TAC (total antioxidant capacity)
and FRA (ferric reducing ability). Whereas in the TAC assay the anti-
oxidant system is challenged via the production of a hydrogen radical
and the total antioxidant response against this radical is measured
(Erel, 2004), the FRA assay utilizes the ability of reductants, in this
case biological antioxidants, to reduce ferric ions (Benzie and Strain,
1996). As each approachmeasures only certain antioxidant molecules
and, therefore, has its limitations (Prior and Cao, 1999), we per-
formed both assays on all plasma samples.

In the TAC assay, proteins and uric acid compose the majority of
the measured serum total antioxidant reaction (Erel, 2004). The TAC
assay is commonly used by field biologists (e.g., Cohen et al., 2007)
to indicate an individual's antioxidant capacity, as it is relatively
non-invasive and requires only a small amount of blood. In contrast,
the antioxidants measured with the FRA assay comprise mainly uric
acid, GSH, alpha-tocopherol, ascorbic acid and bilirubin-related com-
ponents (Janaszewska and Bartosz, 2002). Because the antioxidant
activity of proteins in the FRA assay is low, high plasma protein con-
centration (especially albumin) won't muffle the antioxidant
response and therefore, variations in other, less concentrated antioxi-
dants can be quantified (Benzie and Strain, 1996).

Before summarizing relations between MLSP and measured vari-
ables, we call attention to our use of species' averages for all correla-
tion analyses instead of using a multi-level approach that considers
individuals as nested components. Although the latter method is
more likely to identify significant correlations, it is also biassed in pro-
ducing these more often when variance is high. Accordingly, we have
taken a statistically conservative approach, with the consequence of
reducing the likelihood of finding significant relations between mea-
surement variables and MLSP. We have therefore identified both sta-
tistically significant and near-significant correlations in the text and
figures.

The results for both TAC and FRA are depicted in Fig. 1A. Both as-
says show that plasma total antioxidant capacity does not correlate
with MLSP of birds, although the FRA assay tends towards a negative
correlation (p=0.06).

Reduced glutathione (GSH) and uric acid are important non-
enzymatic antioxidants and both show a trend towards a negative
correlation with MLSP (p=0.052; Fig. 1B and C, respectively). Both
antioxidants are the main reactants in the FRA assay and the slightly
negative correlation of FRA and maximum lifespan is lost when the
uric acid and GSH contributions are subtracted. Although the FRA
and TAC assays are used to measure the total antioxidant response
of a system, differences in values between species are mainly due to
differences in a small number of antioxidants and do not truly reflect
a total antioxidant response.

The activities of SOD, GPx and CAT enzymes were measured to ob-
tain insights into the capacity of plasma to degrade superoxide and
H2O2. Whereas SOD and GPx levels are similar in all bird species we
examined, CAT levels show a trend towards a negative correlation
with MLSP (Fig. 1). As we were interested in the functional aspects
of a tissue's antioxidant mechanisms, we did not differentiate be-
tween different enzyme isoforms (e.g., different SOD enzymes).

3.2. Antioxidant levels in tissues

Previous studies of tissue antioxidants often use different denomi-
nators to express their results, most commonly either ‘per mg protein’
or ‘per g tissue’ (e.g. Andziak et al., 2005; Cutler, 1984). Species may
vary in the protein content of their tissues and consequently the choice
of the denominator might affect interpretation of the data. Therefore,
we determined the protein content of liver, heart and skeletal muscle
(Table 1) and present all antioxidant values on a ‘per mg of protein
basis’ in Figs. 2, 3 and 4, and on a ‘per g of tissue’ basis in Table 1. Tissue
protein content in the birds examined tends to increase with MLSP in
heart and skeletal muscle, but only liver protein content shows a signifi-
cant, but negative, correlation with lifespan (Table 1).

Total antioxidant capacity of liver, heart and skeletal muscle was
only determined using the FRA assay. In the liver, total antioxidant ca-
pacity as well as GSH does not correlate with maximum lifespan, ei-
ther on a ‘per mg protein’ (Fig. 2) or on a ‘per g tissue’ (Table 1)
basis. Examining the enzymatic antioxidants in liver, it is only gluta-
thione peroxidase that tends to have a positive correlation with
MLSP (p=0.08; Fig. 2). On a “per g of tissue” basis, catalase, SOD
and GPx show no tendency to correlate with MLSP (Table 1).

In the heart and in skeletal muscle, the same antioxidants were
examined as in the liver, with none of them correlating with MLSP
on either ‘per mg of protein’ (Figs. 3 and 4) or ‘per g of tissue’ bases
(Table 1). As in liver, however, skeletal muscle glutathione peroxi-
dase levels tend to increase with MLSP (p=0.1; Fig. 4)

3.3. Oxidative damage in plasma and tissues

Protein carbonyl levels were measured as a biomarker for oxida-
tive protein damage, whereas the extent of lipid peroxidation was



Fig. 1. The relationship between plasma antioxidant levels and maximum lifespan potential (MLSP) of quails and parrots is shown. (A) Total antioxidant capacity (TAC) and ferric
reducing ability (FRA), (B) uric acid, (C) reduced glutathione, (D) superoxide dismutase, (E) glutathione peroxidase, and (F) catalase. Shown are means±SEM, n=6 for budger-
igars, n=8 for king quails and lovebirds, n=9 for cockatiels and n=10 for Japanese quails. Linear regression was employed followed by a one-way ANOVA as an indication of fit.
Letters next to data points: A = King quail, B = Japanese quail, C = Budgerigar, D = Lovebird, E = Cockatiel.

Table 1
Maximum lifespan (MLSP), body mass, tissue protein content, levels of enzymatic and non-enzymatic antioxidants and oxidative damage in parrots and quails. Values are expressed
on a ‘per g tissue’ basis.

Parameter Tissue King quail Japanese quail Budgerigar Lovebird Cockatiel Correlation with MLSP

MLSP (years) 5 6 21 25 35
Body mass (g) 45.4±1.0 A 221.2±9.3 B 26.0±0.7 C 48.9±0.8 A 83.2±2.3 D

Number animals used 8 10 6 8 9
Protein (mg total protein/g tissue) Liver 231±95 A 195±26 A 149±26 A 144±25 A 99±14 A p=0.006, R=0.94)

Heart 150±24 A 106±25 A 326±24 B 159±9 A 347±62 B N.S.
Muscle 265±115 A 164±51 A 599±92 B 197±30 A 395±52 B N.S

Non-enzymatic antioxidants
Ferric reducing ability (mmol Fe(II)/g tissue) Liver 18.4±2.4 A 4.2±0.7 BC 11.3±1.3 ABC 16.0±3.7 A 2.7±0.5 BC N.S.

Heart 6.0±0.6 AB 1.6±0.5 A 12.2±2.7 B 8.1±1.6 AB 6.9±1.5 B N.S.
Muscle 2.3±0.4 A 1.2±0.2 A 6.2±0.4 B 2.3±0.3 A 4.0±0.6 C N.S

Reduced glutathione (μmol/g tissue) Liver 2.7±1.1 A 3.1±0.7 A 1.4±0.3 B 3.0±0.3 A N.S.
Heart 2.3±0.5A 2.3±0.4 A 1.7±0.6 A 10.9±2.5 B N.S.

Enzymatic antioxidants
Superoxide dismutase (U/g tissue) Liver 6557±1035 A 578.1±123.7 B 3122±1020 C 3613±1158 C 431.2±95.3 B N.S.

Heart 102.8±59.5 A 1011±154 B 37.5±13.1 A 51.6±17.2 A 1854±594 B N.S.
Muscle 9444±2042 A 394.2±157.0 B 13188±5661 AC 3116±730 D 27051±1137 C N.S.

Glutathione peroxidase (U/g tissue) Liver 612.8±132.7 A 207.7±24.6 A 1117±267 B 533.2±133.8A 436.0±21.7 A N.S.
Heart 4678±1923A 312.9±36.6 B 9582±2824 C 1059±172 D 4653±1552A N.S.
Muscle 507.8±172.2 AB 166.4±15.4 A 1508±235 C 345.8±34.9 A 958.3±152.1 B N.S.

Catalase Liver 7438±1928 A 1544±229 B 364.2±54.4 C 620.4±157.6 C N.S.
(U/g tissue) Heart 3983±1591 A 694.2±162.1 B 399.5±51.4 B 2037±509 A N.S.
Oxidative damage
Protein carbonyls (nmol/g tissue) Liver 227.6±105.3 A 211.8±28.8 A 43.9±8.0 A 144.3±38.6 A 150.5±23.4 A N.S.

Heart 352.6±75.1 AB 56.1±13.9 B 101.4±31.9 B 118.0±84.1 B 565.3±141.3 A N.S.
Muscle 217.3±42.0 AB 144.6±17.3 B 177.0±35.9 AB 301.0±70.6 AB 324.8±50.0 A N.S.

TBARS (nmol/g tissue) Liver 88.1±34.5 A 21.7±5.2 B 54.4±15.4 AB 36.9±5.9 AB 17.9±4.1 B N.S.
Heart 40.9±5.2 AB 12.4±2.3 B 88.8±22.1 C 62.4±15.8 AC 33.7±6.0 AB N.S.
Muscle 43.0±10.4 AB 15.2±2.7 B 143.3±15.1 C 48.6±4.4 A 16.9±2.0 B N.S.

Lipid hydroperoxide
(pmol/g tissue) Liver 18.0±4.4 A 58.2±12.8 B

All values are expressed as means±SEM. Values for each antioxidant without a common superscript are significantly different (pb0.05). See methods for statistical analysis.
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Fig. 2. The relationship between liver antioxidant levels and maximum lifespan potential (MLSP) of quails and parrots is shown. (A) Ferric reducing ability, (B) reduced glutathione,
(C) superoxide dismutase, (D) glutathione peroxidase, and (E) catalase. Shown are means±SEM, n=6 for budgerigars, n=8 for king quails and lovebirds, n=9 for cockatiels and
n=10 for Japanese quails. Linear regression was employed followed by a one-way ANOVA as an indication of fit. Letters next to data points: A = King quail, B = Japanese quail, C =
Budgerigar, D = Lovebird, E = Cockatiel.
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determined by measuring lipid hydroperoxide (intermediate product
of lipid peroxidation) and malondialdehyde levels (end product of
lipid peroxidation), and mitochondrial 8-OHdG levels were deter-
mined as a marker for mitochondrial DNA damage. Due to the re-
stricted size of some tissues, it was not possible to get a full set of
oxidative damage measures in all species. Consequently, we have
depicted these measurements as histograms instead of as correlations
Fig. 3. The relationship between heart antioxidant levels and maximum lifespan potential (M
(C) superoxide dismutase, (D) glutathione peroxidase, and (E) catalase. Shown are means±
n=10 for Japanese quails. Letters next to data points: A = King quail, B = Japanese quail,
with MLSP. Oxidative damage was statistically compared (i) between
each species (statistical differences highlighted by letters above bars),
(ii) between short-living (the 2 quail species) and long-living (the 3
parrot species) bird species as one group each (statistical differences
highlighted by asterisks), and (iii) as a correlation with MLSP when
oxidative damage was determined in four or more bird species (all
correlations with MLSP were non-significant).
LSP) of quails and parrots is shown. (A) Ferric reducing ability, (B) reduced glutathione,
SEM, n=6 for budgerigars, n=8 for king quails and lovebirds, n=9 for cockatiels and
C = Budgerigar, D = Lovebird, E = Cockatiel.
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Fig. 4. The relationship between skeletal muscle antioxidant levels and maximum lifespan potential (MLSP) of quails and parrots is shown. (A) Ferric reducing ability, (B) superoxide
dismutase, and (C) glutathione peroxidase. Shown are means±SEM, n=6 for budgerigars, n=8 for king quails and lovebirds, n=9 for cockatiels and n=10 for Japanese quails.
Letters next to data points: A = King quail, B = Japanese quail, C = Budgerigar, D = Lovebird, E = Cockatiel.
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We have determined protein carbonyl levels in four tissues (plas-
ma, liver, heart and skeletal muscle) in all five species. In all tissues,
besides the plasma, we have calculated the protein carbonyl levels
on a ‘per mg of protein’ (Fig. 5) and on a ‘per g of tissue’ basis
(Table 1). Whereas using ‘per mg of protein’ as a denominator gives
insights about the concentration of carbonylated proteins as a per-
centage of total protein content, expressing the results on a ‘per g of
tissue’ basis highlights the differences in the intensity of protein damage
within a tissue. On a ‘per mg of protein’ basis (or ‘per ml’ in the case of
Fig. 5. Oxidative damage in parrot and quail tissues. Oxidative damage was determined as pr
and mitochondrial 8-OHdG levels (mitochondrial DNA damage). Shown are means±SEM, n
for Japanese quails. Statistical differences are shown between individual species and betwe
plasma), protein carbonyl levels differ between individual species and
are lower in parrot plasma in comparison to quail plasma. In liver,
heart and skeletal muscle, protein carbonyl levels differ between spe-
cies, but are similar in short-living and long-living birds (Fig. 5). When
expressed ‘per g of tissue’, carbonyl content of skeletal muscle shows a
tendency to increase directly with MLSP (p=0.12), whereas other tis-
sues give no indication of lifespan influences.

Malondialdehyde (MDA) levels were measured using the TBARS
assay. Despite the view that the TBARS assay is an imprecise measure
otein carbonyls (protein damage), lipid hydroperoxides and TBARS (lipid peroxidation)
=6 for budgerigars, n=8 for king quails and lovebirds, n=9 for cockatiels and n=10
en quails (black bars) and parrots (grey bars).

image of Fig.�4
image of Fig.�5


218 M.K. Montgomery et al. / Experimental Gerontology 47 (2012) 211–222
of lipid peroxidation due to complex formation of thiobarbituric acid
with other compounds besides MDA, this assay is still viewed to be
useful for providing a broad overview about differences in oxidative
damage between species and tissues (Moore and Roberts, 1998). Be-
cause of the non-specificity of this assay, however, we will refer to
TBARS levels instead of MDA levels. In all tissues, there is no differ-
ence in TBARS levels, either when short-living and long-living birds
are compared as two groups, or when TBARS levels are compared as
a correlation with MLSP (Fig. 5). The absence of differences in liver,
heart and skeletal muscle is similarly apparent when results are com-
pared on a ‘per g tissue’ basis (Table 1).

Lipid hydroperoxides were determined in plasma of four species
and in the liver of two bird species (Japanese quails and cockatiels).
In plasma, parrots exhibit significantly higher lipid hydroperoxide
levels than quails (Fig. 5). In the liver, cockatiels have significantly
more lipid hydroperoxide than Japanese quails, both a ‘per mg pro-
tein’ (Fig. 5) and on a ‘per g tissue’ basis (Table 1).

We measured 8-OHdG levels in isolated liver and heart mitochon-
dria and calculated the results in pmol 8-OHdG/μg DNA (Fig. 5). In the
liver, 8-OHdG levels are significantly higher in the long-living parrots
in comparison to the short-living. In the heart, mitochondrial DNA
damage was measured in only two species (Japanese quails and cock-
atiels) and is present in a similar concentration in both species.

4. Discussion

The overall conclusion from this study is that neither antioxidant
defences nor the accumulation of oxidative damage vary in a manner
predicted by the oxidative stress theory of aging. None of the antioxi-
dant defences or the oxidative stress biomarkers we measured showed
a statistically significant correlationwithMLSP, demonstrating that nei-
ther superior antioxidant protection nor a high resistance to oxidative
damage can account for the long lifespan of parrots. Importantly, the
lack of a relationship between MLSP and levels of antioxidants and
oxidative damagemarkers occurredwhether expressed ‘permgprotein’
or ‘per g tissue’. In many physiological comparisons, enzyme activities
and tissue composition are commonly expressed using either ‘per mg
of protein’ or ‘per g of tissue’, but rarely both. As protein content ‘per g
of tissue’ can differ inter-specifically, as in our study, between species
comparisons based on ‘per unit protein content’ may be misleading.
Overall, it is physiologically more relevant to consider how highly con-
centrated an antioxidant is within a specific amount of tissue, as the
more antioxidant ‘molecules’ that occur within a cell/tissue, the better
the overall protection of that tissue against oxidants, irrespective of its
protein content. Furthermore, the majority of antioxidants, especially
the enzymatic antioxidants, are proteins themselves. Because we failed
to find a consistently significant correspondence between antioxidant
defences or amounts of oxidatively damaged products on a tissue
mass-specific basis, we believe this casts further doubt on the relevance
of the oxidative stress theory of aging.

Our results agree with findings in naked mole-rats that show low
antioxidant protection (Andziak et al., 2005) and high levels of oxida-
tive damage (Andziak et al., 2006; Pérez et al., 2009) in these ex-
tremely long-living rodents compared to same-sized short-living
mice. In this regard, our study adds to a growing body of evidence
that antioxidant defence mechanisms and the accumulation of oxida-
tive damage are not involved in the determination of maximum life-
span as envisaged by the oxidative stress theory of aging (Buffenstein
et al., 2008; Salmon et al., 2010). Because we have measured both ox-
idative damage and antioxidant activities in a range of tissues, we can
examine how these variables differ individually as well as how they
co-vary in the context of longevity differences.

The dismutation of mitochondrial superoxide by the SOD enzymes
is likely the first line of antioxidant defence against damage by ROS
(Halliwell, 1999). We found no correlation between SOD activities
in any tissue and maximum lifespan. Our finding in birds agrees
with research showing a lack of correlation between SOD activities
in liver, brain and heart and MLSP in mammals (Tolmasoff et al.,
1980). More recently, a study comparing 14 endothermic vertebrate
species showed that the cytosolic Cu/Zn-SOD did not correlate with
MLSP in any tissue, whereas the mitochondrial Mn-SOD showed a
positive correlation with MLSP, but only in the brain (Page et al.,
2010). This contrasts with studies of Caenorhabditis elegans that
found only cytosolic Cu/Zn-SOD activities to have any effect on
MLSP (Gems and Doonan, 2009). Our finding of lack of difference in
SOD activities in relation to MLSP among bird species in our study is
consistent with similar levels of overall oxidative damage in the
same tissues.

The tripeptide GSH, being the co-substrate for both glutathione
peroxidases and glutathione-S-transferases, is important in the de-
toxification of endogenous molecules and in the protection against
oxidative damage (Kaplowitz, 1980; Wendel and Cikryt, 1980). The
most consistent positive relationship with MLSP among birds in our
study was for GPx. High GPx activities are expected to protect against
the production of hydroxyl radicals from hydrogen peroxide via the
Fenton reaction, whereby the non-enzymatic reaction of hydrogen
peroxide and transition metals favours the formation of hydroxyl radi-
cals, which are extremely reactive and will damage the first molecule
they encounter (Halliwell and Gutteridge, 2007). The high GPx activi-
ties in the parrots might therefore provide precautionary mechanisms
to guard against production of hydroxyl radicals, or be a response to in-
herently high levels of oxidative stress associated with high production
rates of hydrogen peroxide and lipid hydroperoxides. Because the rela-
tively higher GPx activities in liver and muscle of parrots were accom-
panied by high lipid hydroperoxide levels, we interpret this as further
evidence of high oxidative stress levels in these tissues.

Catalase is a major antioxidant enzyme as it is involved in the de-
composition of H2O2 (but not other hydroperoxides) and has one of
the highest turnover rates of all enzymes (Evans, 1907). Unlike GPx
activities, catalase tends towards a negative correlation with maxi-
mum lifespan among our birds, which raises the question as to
whether this pattern has functional significance. In this respect, it is
of interest that catalase is predominantly found in peroxisomes in
both mammalian (De Duve and Baudhuin, 1966; Deisseroth and
Dounce, 1970) and avian cells (Scott et al., 1969). Peroxisomes are
the site of the final synthetic step of highly polyunsaturated fatty
acids (PUFA), such as DHA (docosahexanoic acid). These 22-carbon
PUFA result from a single cycle of beta-oxidation of a 24-carbon
PUFA (Sprecher, 2000). The process of beta-oxidation in peroxisomes
differs from beta-oxidation in mitochondria in that hydrogen perox-
ide is produced as a by-product in peroxisomes, whereas H2O is the
by-product in mitochondria (Alexson and Cannon, 1984). Therefore,
differences in catalase levels between parrots and quails more likely
mirror differences in rates of PUFA synthesis rather than differences
in mitochondrial ROS production. A high PUFA synthesis rate would
accompany high rates of membrane turnover, which, in turn, are
expected to accompany elevated rates of lipid peroxidation. Although
quail tissues showed lower lipid hydroperoxide levels than those of
parrots, this might not be a result of lower oxidative stress, but in-
stead reflect a faster rate of degradation and removal of lipoxidation
end products.

Uric acid is an important scavenger of singlet oxygen and other
radicals (Ames et al., 1981; Cutler, 1984) and is responsible for up
to 90% of the variation in plasma total antioxidant capacity between
bird species (Cohen et al., 2007). Furthermore, uric acid is able to
form stable complexes with ferrous or ferric ions, protecting tissues
and extracellular surroundings from these radical generators
(Davies et al., 1986). We demonstrated a trend towards a negative re-
lationship of uric acid with MLSP. Assuming that high antioxidant
protection might be an indirect marker of high oxidative stress levels,
this might indicate lower levels of oxidative stress in parrots. Indeed,
parrots exhibit less protein damage in plasma in comparison to quails.
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However, protein carbonyl content in plasma was the only oxidative
stress marker that was lower in the longer-living parrots. In contrast,
TBARS and lipid hydroperoxide levels were similar or higher in the
parrots, respectively, perhaps again reflecting differences in capacity
for repair and removal between these bird groups.

It is functionally appealing to measure total antioxidant capacity
(TAC) rather than the activity of individual antioxidants, because
TAC measures both the summation of single antioxidants effects as
well as their synergistic and antagonistic interactions (Cohen et al.,
2007). The FRA and TAC assays respond to different aspects of a tis-
sue's total antioxidant system. The FRA assay measures mainly the ac-
tivity of low-molecular weight molecules, such as uric acid, alpha-
tocopherol, ascorbic acid and bilirubin (Benzie and Strain, 1996). It
is arguable whether those assays measuring total antioxidant capaci-
ty that include damage to macromolecules are truly measuring bio-
logically relevant total antioxidant defences. In the TAC assay we
used (see Fig. 1A), the results are expressed as ‘Trolox equivalents’,
a water-soluble form of Vitamin E. Proteins are the main antioxidant
component determined in the TAC assay, especially in plasma where
proteins are present in high concentrations, and it is suggested that
the sulfhydryl groups of their amino acids are mainly responsible
for their antioxidant function (Erel, 2004). Are such proteins really
equivalent to vitamin E (an antioxidant that can be easily regenerated)?
Should they be considered as biologically pertinent antioxidants? A
broad definition of an antioxidant could be “any substance that, when
present at low concentrations compared with those of an oxidisable
substrate, significantly delays or prevents oxidation of that substrate”
(Halliwell and Gutteridge, 2007). Taking this definition into account,
proteins do indeed have antioxidant capacity, however they get
damaged during the interaction with ROS, and have to be repaired or
degraded, both being an energetically expensive process. Despite their
incidental antioxidant function, proteins damaged by ROS potentially
add to cumulative oxidative damage, which might, therefore, offset
their antioxidant benefits. Furthermore, uric acid is a major component
measured in the TAC assay. Although the TAC assay has the advantage of
being a functional measure, different antioxidants (such as uric acid)
exhibit different kinetics in the TAC reaction complicating the interpre-
tation of the results, especially in birds where plasma uric acid content
is high and varies dramatically between species (Cohen et al., 2007).We
have tried to circumvent this problemby additionallymeasuring a variety
of individual antioxidants.

Overall, our results on antioxidant activities in the species we
studied show these measures to be poor predictors of MLSP. While
there may be some concern that the diet we provided to all birds af-
fected their antioxidant capabilities by not allowing them to choose
foods they would encounter in free-living situations, we do not be-
lieve any of the birds in our study to be dietarily constrained. The ex-
perimental diet was common to all birds in this study and was
carefully designed with a full complement of pertinent amino acids,
trace minerals, and vitamins in amounts known to sustain both
groups of birds. Furthermore, our findings are consistent with the
outcomes of genetic manipulation of antioxidant capacity in mice
(reviewed by Perez et al., 2009b) and C. elegans (reviewed by Gems
and Doonan, 2009) that show minimal effect on MLSP. In contrast,
improvement of the antioxidant defence systems has positive effects
on age-related disease models by decreasing disease progression or
severity. Oxidative stress and antioxidants may therefore have stron-
ger effects on healthy aging rather than lifespan extension (see
Salmon et al., 2010). In this context, rather than concentrating on
how alteration of single antioxidants influences MLSP, it may be
more beneficial to consider how oxidative stress generally affects phys-
iological processes by examining the signalling networks that manage
antioxidant and ROS levels in vivo (for review see Muller et al., 2007).

Given the vagaries of measuring pro-oxidation and anti-oxidant
balance in animals, it is appealing to consider quantification of oxida-
tive damage products to be a valid indicator of overall oxidative
stress. It is important to recognise, however, that measurements of
oxidative stress biomarkers in tissue samples collected at a specific
age are the net consequence of a number of interacting processes in-
volving ROS damage, damage repair, and removal of damaged products
that precede the sampling point. Because oxidatively damaged mole-
cules may be quickly repaired or removed from the cellular surround-
ings, interspecific variation in biomarker levels may not be indicative
of differences in oxidative stress, but, instead, may reflect differences
in repair and removal rates, such as differences in nuclease and protea-
some activities. Portero-Otin et al. (2004) showed a higher protein car-
bonyl content in the long-living pigeon than in the short-living rat,
which was due to the pigeons having a lower disposal rate of damaged
protein because of lower proteasome activity. Our results suggest that
the high MLSP of parrots is not associated with low levels of oxidative
damage. However, as we did not determine repair or removal rates,
the actual intensity of tissue damage by ROS is not known. Irrespective
of the underlying reasons for their accumulation, measurements of ox-
idatively damaged products among species with variable MLSP pro-
vides a means to examine whether such accumulation affects lifespan,
which is the main tenet of the oxidative stress theory of aging.

Our measurements of oxidative stress biomarkers refute the oxi-
dative stress theory in showing most to be either unrelated or exactly
opposite to predictions in relation to MLSP. This differs from observa-
tions that oxidative damage increases with age, both in invertebrates
(Agarwal and Sohal, 1994a, b) and in vertebrates (Sohal et al., 1994),
but agrees with conclusions reached by more recent studies. Exami-
nation of extremely long-living species such as pigeons (Portero-
Otin et al., 2004), naked mole-rats (Andziak and Buffenstein, 2006;
Pérez et al., 2009) and bats (Buffenstein et al., 2008; Wilhelm Filho
et al., 2007) reveal these long-living species to have unexpectedly
high levels of protein damage and lipid peroxidation. Due to such in-
consistent findings, researchers in the aging field have started to
question the importance of cumulative oxidative damage as a general
determinant of lifespan (Buffenstein et al., 2008).

We have carefully chosen particular biomarkers to evaluate oxida-
tive damage, but we are aware of their limitations. For example, al-
though protein carbonyls are commonly used as an oxidative
damage biomarker, not all protein modifications lead to the forma-
tion of carbonyl groups. In the case of methionine, because of its sulf-
hydryl (−SH) group, it does not produce a carbonyl product, but
instead forms methionine sulfoxide (Brot and Weissbach, 1991;
Moskovitz et al., 2001). We did not measure methionine sulfoxide
in this study, however others have found a negative correlation be-
tween the methionine content in heart and brain and maximum life-
span (Pamplona and Barja, 2006; Pamplona et al., 2005). Although
our measurements of protein damage do not explain longevity differ-
ences between the bird species we studied, it is possible that other
markers of protein damage (alpha-keto acids, dimerization and
cross-links) might be higher in the short-living bird species
(Bourdon and Blache, 2001; Negre-Salvayre et al., 2008). The same
uncertainty applies to our measured products of DNA damage and
lipid peroxidation. For example, different methodological approaches
exist to measure 8-OHdG and, dependent on the method used, 8-
OHdG levels can vary up to 1000-fold, making comparisons about
the actual rates of damage almost impossible (Collins, 2005). This is
mainly due to DNA oxidation occurring during the process of sample
preparation (ESCODD, 2002). As we have used the same methodolog-
ical approach in all species and tissues, we can assume that a similar
rate of background oxidation occurred in all samples. Furthermore,
our results lie within the range of DNA damage reported previously
(Sohal et al., 1994; Takasawa et al., 1993). Despite the limitations of
ourmeasurements, we emphasise that the substantialMLSP differences
between the species we studied should have resulted in significant dif-
ferences in most measures of oxidatively damaged products, irrespec-
tive of their specificity, if the oxidative stress theory is a robust
explanation of longevity differences among species.
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We unequivocally conclude from our results that antioxidant sys-
tems and oxidative damage alone do not explain the MLSP differences
between parrots and quails. However, these are only two components
of the oxidative stress theory, and there is potential for other oxida-
tive stress parameters, such as mitochondrial ROS production, the
susceptibility of tissues to oxidative damage, and unknown interac-
tions between them, to contribute to the differences in lifespan be-
tween these groups. We recognise the complexity of the oxidative
stress theory of aging and have consequently examined other compo-
nents of oxidative stress in these five bird species. These include mi-
tochondrial ROS production in three tissues (Montgomery et al., in
press) and membrane fatty acid composition in seven tissues
(Montgomery et al., 2011). ROS production was measured in intact
erythrocytes (superoxide, hydroxyl radical and peroxynitrate) as
Fig. 6. “Average quail/average parrot” values for mitochondrial ROS production, antioxidant
parrot species examined. A dotted line was added representing “average quail/average p
value=5 because of the, on average, 5-fold longevity difference between quails and parro
highlighted through an asterisk (pb0.05). * For membrane peroxidation index, the “averag
well as in isolated heart, liver and skeletal muscle mitochondria as
basal and maximum rates of ROS formation using two substrates for
the respiration chain. Membrane fatty acid composition was deter-
mined and the peroxidation index (PI) was calculated to determine
their susceptibility to oxidative damage. This combined analysis al-
lows us to compare these components across the 5 species and better
place the antioxidants and oxidative damage results into context.

The main strength of the parrot–quail comparison in examining
the oxidative stress theory of aging is the 5-fold longevity difference
between these groups. Consequently, we would expect substantial
differences in the relative size of measured variables between the
parrots and quails and not just statistical significance. With this rea-
soning, we have plotted “average quail value/average parrot value”
ratios for the complete set of pertinent variables we measured
s, membrane peroxidation index and markers of oxidative damage of the five quail and
arrot” value=1, and a second dotted line represents “average quail/average parrot”
ts. Significant differences between the average quail and the average parrot values are
e quail/average parrot” values were cubed (see Discussion).
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(Fig. 6). For comparative purposes we have also plotted two reference
lines in this figure; one for ratio=1 (i.e., quail average=parrot aver-
age) and the other representing “average quail/average parrot”
ratio=5, which corresponds to the magnitude of MLSP difference be-
tween these groups. For the mitochondrial ROS production, antioxi-
dant and oxidative damage categories, we have plotted the direct
ratio of each “average quail/average parrot” value, because, in the ab-
sence of better knowledge, we have assumed a simple linear relation-
ship between longevity and the particular parameter (e.g. doubling of
ROS production might be associated with halving of longevity, etc.).
By contrast, for themembrane PI category, the values plotted are (aver-
age quail/average parrot)3. This transformation is justified because, un-
like the other categories, we already know that the relationship
between membrane PI and longevity is not simple and linear. In a
wide variety of birds and mammals, the PI is proportional to the
−0.30 power of MLSP for skeletal muscle phospholipids, and the
−0.36 power of MLSP for liver mitochondrial phospholipids (Hulbert,
2010). If we assume for tissues in general that PI is proportional to
MLSP−0.33, then such a relationship can be transformed to MLSP being
inversely proportional to PI3. For this reason we have plotted the cube
power of the “average quail/average parrot” ratio for the membrane PI
values in Fig. 6.

It is obvious from examination of these ratios that none of the pa-
rameters associated with the oxidative stress theory is of similar mag-
nitude to the 5-fold longevity difference between parrots and quails
(Fig. 6). For the majority (71%) of the parameters, there is no statisti-
cally significant difference between short-living quails and long-
living parrots. For others, some of the quail values are significantly
higher than the parrot values (11%), while for the remainder (18%)
of the comparisons, the parrot values are significantly greater than
the quail values. Interestingly, the pattern of significant differences
in the quail and parrot values point towards a higher ROS production
and more oxidative damage in the long-living parrots than the short-
living quails. Whereas early studies repeatedly suggested that differ-
ences in mitochondrial ROS production are associated withMLSP varia-
tion inmammals and birds (e.g. Herrero and Barja, 1997; Lambert et al.,
2007), more recent studies raise doubts about the importance of oxida-
tive damage in MLSP variation (Portero-Otin et al., 2004; Andziak et al.,
2005). Our extensive examination of oxidative stress parameters in
birds adds to a growing body of evidence that mitochondrial ROS pro-
duction, the accumulation of oxidative damage and membrane suscep-
tibility to peroxidation alone are not able to explain the long lifespan of
parrots. The category in Fig. 6 that showed the greatest variation be-
tween quails and parrots was the antioxidants, and even these are not
able to explain the long lifespan of parrots. Phospholipid composition
of whole tissue andmitochondrial membranes, as seen in Fig. 6, was al-
most identical in quails and parrots (Montgomery et al., 2011).

We are left with the conclusion that the 5-fold differences in MSLP
between quail and parrots are not explained by corresponding differ-
ences in antioxidant activities or cumulative levels of oxidatively
damaged products. We are aware that each measure of oxidative
damage carried out in this study lacks specificity and has low validity
when analysed individually, but that the sum of all measures gives us
a reasonable picture about oxidative damage and allows us to state
without reservation that oxidative damage is not accumulating at dif-
ferent rates in birds with very different MLSP. Although this refutes
an underlying tenet of the oxidative stress theory of aging, it does
not necessarily eliminate oxidative stress as contributing to differ-
ences in MLSP among these or other species. Comparative analyses
of individual variables pertaining to oxidative stress presume a direct
and linear relationship between each variable being measured and its
contribution to oxidative stress. Given the complex and dynamic in-
teractions between multi-level antioxidant and pro-oxidant compo-
nents of oxidative stress, it is unlikely that any single measure can
be assumed to act in a stoichiometric manner. Furthermore, it is likely
that rates of oxidative damage change over a species lifetime and that
the onset of these changes may be sudden and differ chronologically
among species with different MLSP. For example, there is evidence
for age-related decreases in ROS stimulation of up-regulation of anti-
oxidants in mammalian muscle (Jackson and McArdle, 2011), thus
making these tissues more vulnerable to oxidative damage. Attention
should now be directed toward examining age-related differences in
oxidative stress and related damage among species differing in
MLSP, with consideration of changes in homeostatic regulation of
critically important modulators of oxidative stress, such as iron
(Kell, 2009).
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