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ARTICLE INFO ABSTRACT

Keywords: Physiological stress markers may provide valuable insight for our understanding of costs of given life-history
Antioxidants strategies or of wildlife health condition, most importantly in case of threatened species. In the last decade, there
Carnivores has been growing interest in the ecological relevance of cellular oxidative stress, which would provide com-
ghﬁetah plimentary information to that obtained by the classic analyses of glucocorticoid hormones. In this study, we
L;mz: " analysed the sex and species variation of five blood-based markers of oxidative status, both molecular oxidative
P damage and antioxidant protection, in sympatric cheetahs (Acinonyx jubatus) and leopards (Panthera pardus)
Mammals 8 2 ymp Lyx ] P p
At living on Namibian farmlands. Both these terrestrial carnivores are classified as vulnerable by the International
Oxidative stress g y
Reproduction Union for Conservation of Nature. We found that female cheetahs had significantly higher serum reactive oxygen

metabolites of non-protein origin and lower glutathione peroxidase activity in whole blood than both male and
female leopards and male cheetahs. We also found that cheetahs and leopards differed in the association between
the two antioxidant enzymes glutathione peroxidase and superoxide dismutase. Correlations among oxidative
status markers were stronger in female cheetahs than leopards or male cheetahs. Our results suggest that female
cheetahs are more sensitive to local sources of stress. Our work did not corroborate the assumption that two
species with different life histories consistently differ in key physiological traits.

1. Introduction

Measures of physiological stress are commonly used to assess the
costs of given life-history events and the health status of free-living
animals. Glucocorticoids are valuable biomarkers to assess the stress
response of individuals (Romero, 2004; Angelier and Wingfield, 2013;
Dantzer et al., 2014) and the population health in ecological and con-
servation studies (Busch and Hayward, 2009; Dantzer et al., 2014).
However, glucocorticoids do not provide a direct quantification of ac-
tual physiological costs (e.g., cellular damage) an organism accrues
when being exposed to a stressor or demanding activity. Thus, in the
last decade, there has been a burgeoning of studies that tested the
connections between oxidative stress and environmental stressors or
key life-history functions in free-ranging animals (reviewed in
Costantini, 2014). Body functions like aerobic metabolism and activity
of immune cells are responsible for the production of several reactive
oxygen chemicals (e.g. free radical or non-free radical chemicals such as

superoxide anion, hydrogen peroxide, hypochlorous acid or peroxyni-
trite). While these reactive oxygen chemicals are counteracted by the
antioxidant system (enzymatic and non-enzymatic), they cause oxida-
tion of proteins, lipids and nucleic acids (Halliwell and Gutteridge,
2015). The resulting chemical modifications of biomolecules caused by
the reactive chemicals are referred as molecular oxidative damage,
which is classically being used as an endpoint to estimate the oxidative
stress level (Halliwell and Gutteridge, 2015). Eco- and conservation
physiologists have become interested in oxidative stress, recognizing
that the mechanisms needed to keep oxidative damage under control
may underlie adaptability of species to environmental stressors and
many life-history trade-offs (Costantini, 2008, 2014; Isaksson et al.,
2011; Stier et al., 2012; Beaulieu and Costantini, 2014; Speakman et al.,
2015; Alonso-Alvarez et al., 2017). There is considerable evidence that
closely related species may significantly differ in many aspects of oxi-
dative stress physiology, indicating low phylogenetic signals for some
oxidative status markers (Cohen et al., 2008; Cohen and McGraw, 2009;
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Costantini, 2014). Other factors might therefore be more important in
generating within and between species variation in makers of oxidative
status. Studies carried out on free-ranging animals demonstrated sig-
nificant links between oxidative status markers and key health and
fitness related traits or environmental factors. For example, higher va-
lues of some blood oxidative damage markers were associated with
reduced sperm quality (Helfenstein et al., 2010), high reproductive
effort (Georgiev et al., 2015), reduced survival and reproductive output
(Vitikainen et al., 2016), longer duration of restraint stress (Costantini
et al., 2017), human disturbance stemming from ecotourism (Semeniuk
et al., 2009; French et al., 2017), or sex (Costantini, 2018). Despite the
emerging interest in antioxidants and oxidative stress ecology and the
wealth of information that exists, there are still many open questions.
For example, most of the literature is focussed on birds, with much less
work having been done on other vertebrates (reviewed in Costantini,
2014). There is also very little work about the causes and consequences
of individual variation in markers of oxidative status in threatened
species. Knowledge of the variability of stress markers and of its pre-
dictors in threatened species is important for understanding and pre-
dicting the impact of ongoing environmental changes on population
viability and for planning sustainable and successful conservation
strategies.

In this study, we have measured five blood-based markers of oxi-
dative status in sympatric cheetahs (Acinonyx jubatus) and leopards
(Panthera pardus) living on Namibian farmlands, and have compared
the values between the species and the sexes. Both carnivore species are
classified as vulnerable by the International Union for Conservation of
Nature (IUCN, 2018). We have used both univariate and multivariate
statistical analyses because univariate analyses provide information on
each single marker, whereas multivariate analyses extract a multi-
variate signal from all the analysed markers, which depends on the
strength and direction to which markers associate with each other.

2. Materials and methods
2.1. Ethics statement

All experimental procedures were approved by the Internal Ethics
Committee of the Leibniz Institute for Zoo and Wildlife Research (IZW,
Berlin, Germany) (permit number: 2002-04-01) and the Ministry of
Environment and Tourism of Namibia (permit numbers: 1514/2011,
1689/2012, 1813/2013, 1914/2014, 2067/2015). Samples were
transported once a year to Germany in full compliance with the
Convention on International Trade in Endangered Species (CITES) and
stored at —80 °C until laboratory analysis.

2.2. Sampling

Blood samples of 29 free-ranging cheetahs (17 males and 12 fe-
males) and 25 leopards (11 males and 14 females) were collected be-
tween 2012 and 2016 on commercial farmland in east-central Namibia
(21°45’ S to 22°45’ S and 16°30” E to 18°30” E). Data on markers of
oxidative status of 53 cheetahs have been previously published
(Costantini et al., 2017). Here, we used a subset (n = 29) of that da-
tabase to create a comparable dataset to leopards, i.e., cheetahs and
leopards did not differ in sampling date, sampling time, restraint
duration, age class, time from sampling to storage and storage duration
(t-test, all p = .12). We previously showed that storage duration did not
affect our results (Costantini et al., 2017).

Animals were trapped using box traps. These traps were equipped
with an electronic device that sent the time via SMS when the gates of
the trap closed. Once captured, animals were kept in the box traps in
the shade for several hours or overnight until the research team gath-
ered to collect blood samples and to fit GPS collars to them. Cheetahs
and leopards were immobilised by remote intramuscular injection using
a dart gun. Cheetahs were given a combination of 0.06 mg/kg
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medetomidine hydrochloride (Medetomidine 10mg/ml, Kyron
Laboratories, South Africa) and 3.2mg/kg ketamine (Ketamine 1G,
Kyron Laboratories, South Africa), while leopards were injected with
0.07 mg/kg medetomidine and 3.7 mg/kg ketamine. Blood samples
were taken between 20 and 35 min after darting, which is a timeframe
during which there are not significant changes in oxidative status
markers (Costantini, 2014). After approximately 45 to 60 min, the an-
imals were given an antidote (0.11 mg/kg atipamezole for cheetahs and
0.13 mg/kg for leopards; Antisedan, Pfizer, South Africa) and observed
until they had fully recovered from anaesthesia. Blood samples were
taken both with non-heparinised and EDTA-Vacutainer tubes (Becton
Dickinson, Franklin Lakes, USA) and transported to the laboratory at
the field station in a cooler box. At the field station laboratory, non-
heparinised tubes were spun to separate serum from blood clots. Serum
and whole EDTA blood samples were stored in liquid nitrogen in Na-
mibia.

2.3. Laboratory analyses

We have quantified five commonly used blood-based markers of
oxidative status (e.g. Costantini et al., 2013, 2017; Vitikainen et al.,
2016; French et al., 2017). Serum reactive oxygen metabolites, a
marker of intermediate oxidative damage generated early in the oxi-
dative cascade, were measured in duplicate using the d-ROMs assay
(Diacron International, Grosseto, Italy) and values were expressed as
mM H,0, equivalents and as mM H,0, equivalents per mg of proteins
to estimate reactive oxygen metabolites generated from oxidation of
biomolecules of non-protein origin, such as fatty acids. Serum protein
carbonyls, a marker of oxidative damage to proteins, were measured in
duplicate using the Protein Carbonyl Colorimetric assay (Cayman
Chemical Company, Ann Arbor, MI, USA) and values were expressed as
nmol per mg of proteins. The serum non-enzymatic antioxidant capa-
city was measured in duplicate using the OXY-Adsorbent test (Diacron
International). Values were expressed as mM of HOCI neutralised and as
mM of HOCI neutralised per mg of proteins to estimate the antioxidant
potential of micro-molecular antioxidants (e.g. vitamins, carotenoids,
glutathione) without the contribution of protein antioxidants (i.e. non-
enzymatic micro-molecular antioxidant capacity). The activity in whole
blood of the enzyme superoxide dismutase (SOD), which prevents
oxidation due to superoxide radical, was measured in duplicate using
the Ransod assay (RANDOX Laboratories, Crumlin, UK) and was ex-
pressed as units of SOD per mg of proteins. The activity in whole blood
of the enzyme glutathione peroxidase (GPx), which prevents oxidation
due to hydrogen peroxide and organic hydroperoxides, was measured
in duplicate using the Ransel assay (RANDOX Laboratories, Crumlin,
UK) and was expressed as units of GPx per mg of proteins. The Bradford
protein assay (Bio-Rad Laboratories, Hercules, USA) with albumin as a
reference standard was used to quantify the concentration of proteins in
either sera or haemolysates. Quality controls were included in all assays
performed.

2.4. Statistical analyses

General linear models (GLMs) were used to assess relationships
between each oxidative status marker and the predictor variables spe-
cies and sex as well as their interaction. GLMs were run using the
software STATISTICA 10 (StatSoft. Inc., Tulsa, OK, USA). We then
performed the Kaiser-Meyer-Olkin (KMO) test of sampling adequacy
and Bartlett's test of sphericity to evaluate whether the dataset was
appropriate for Factor Analysis. The KMO test quantifies whether the
partial correlations among variables are strong enough (= 0.5) to
support the use of Factor Analysis. Bartlett's test evaluates the null
hypothesis that the correlation matrix is an identity matrix (i.e., each
variable correlates perfectly with itself, but has no correlation with the
other variables) — rejection of the null hypothesis indicates that the
variables are sufficiently interrelated to justify Factor Analysis. Both
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tests showed that the dataset was adequate (KMO test = 0.64; Bartlett's
test = 48.1, p < .0001), thus a Factor Analysis with Principal
Components Analysis (PCA) as extraction method was performed using
the whole dataset for both species and the correlation matrix between
the different markers of oxidative status to characterise the variability
of each group, i.e. male and female cheetahs, and male and female
leopards. Loadings of each marker on the main axes were reported as
Pearson correlation coefficient when the correlation was significant.
The integration of blood oxidative status markers (i.e. the strength of
correlations) was estimated using the relative standard deviation of
eigenvalues (SD,.(A) = VVar(A)/VN-1) of the correlation matrix ac-
cording to Pavlicev et al. (2009), Haber (2011) and Costantini et al.
(2013). It is calculated as the ratio of the square root of the variance of
eigenvalues (A) to the square root of the number of variables (N) minus
1, and varies between zero (corresponding to no correlation between
the variables) and one (perfect correlation between all variables). Ei-
genvalues were calculated by running a PCA on the correlation matrix
for each group (i.e. male and female cheetahs, and male and female
leopards), separately. GLMs were then used to assess whether the new
combined variables generated by PCA differed between species and
sexes. Finally, a Multivariate Analysis of Variance (MANOVA) was used
to assess whether the correlation matrices between markers differed
among the above-mentioned groups. This was accomplished by the fact
that the MANOVA creates new dependent variables that maximize
group differences. The new dependent variables are linear combina-
tions of the measured dependent variables, thus they depend on the
correlations between them. Both PCA and MANOVA were run using
PAST version 1.94 (Hammer et al., 2001).

3. Results

GLMs detected significant interactions between species and sex for
reactive oxygen metabolites of non-protein origin, for micro-molecular
non-enzymatic antioxidant capacity of non-protein origin and for ac-
tivity of GPx (Table 1). Post-hoc analyses showed that (1) female
cheetahs had significantly higher reactive oxygen metabolites of non-

Table 1

Outcomes of general linear models used to detect the significant predictors of
blood oxidative status markers. Significant P-values are shown in bold. The
removal of the interaction when non-significant did not change the outcomes.

Variable Factor F P
ROMs Species 2.52 0.119
mM H,0, equivalents Sex 0.03 0.866
Species*Sex 0.46 0.501
ROMs Species 1.31 0.258
mM H,0, equivalents/mg proteins Sex 1.98 0.166
Species*Sex 6.03 0.018
Protein carbonyls Species 3.31 0.075
nmol/mg proteins Sex 0.82 0.371
Species*Sex 0.14 0.714
OXY Species 0.40 0.532
mM HOCI neutralised Sex 0.001 0.973
Species*Sex 1.15 0.288
OXY Species 0.58 0.451
mM HOCI neutralised/mg proteins Sex 1.45 0.235
Species*Sex 6.45 0.014
SOD Species 1.31 0.258
Units/mg proteins Sex 0.04 0.839
Species*Sex 0.33 0.568
GPx Species 4.94 0.031
Units/mg proteins Sex 2.96 0.091
Species*Sex 5.47 0.023
PC1 Species 0.54 0.466
Sex 0.67 0.417
Species*Sex 4.99 0.030
PC2 Species 4.66 0.036
Sex 1.07 0.301

Species*Sex 2.04 0.159
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protein origin than female leopards and male cheetahs (Fig. 1B), (2)
female cheetahs and male leopards had significantly higher micro-
molecular non-enzymatic antioxidant capacity of non-protein origin
than male cheetahs (Fig. 2B) and (3) female cheetahs had significantly
lower GPx activity than both male and female leopards and male
cheetahs (Fig. 2C). All other GLMs did not reveal any significant effect
of either species or sex, apart a significant difference in GPx between
species (Table 1).

The first two principal components of the PCA explained 65.6% of
the variance. The first principal component (PC1; 43.9% of the total
variance) was significantly related to (from lower to higher values)
higher reactive oxygen metabolites of non-protein origin
(loading = 0.65), protein carbonyls (loading = 0.77), micro-molecular
non-enzymatic antioxidant capacity (loading = 0.88) and lower SOD
(loading = —0.59). The second principal component (PC2; 21.7% of
the total variance) was related to (from lower to higher values) higher
GPx (loading = 0.90) and lower SOD (loading = —0.51). The plot of
the first two principal components (Fig. 3) showed strong overlap of the
multivariate spaces among all leopards and male cheetahs, while fe-
male cheetahs showed a different multivariate space characterized by
lower variability due to stronger correlations (i.e. higher integration
coefficient) between markers. Integration indices were 0.54 for male
cheetahs, 0.74 for female cheetahs and 0.38 for both male and female
leopards. A GLM with PC1 as a dependent variable detected a sig-
nificant interaction between species and sex (Table 1). Post-hoc ana-
lyses revealed that female cheetahs and male leopards had significantly
higher values of PC1 than male cheetahs (Fig. 4a). A GLM with PC2 as a
dependent variable detected a significant difference between species
(Table 1), with leopards having higher values than cheetahs (Fig. 4b).
The graphical results of the PCA plot were further supported by a
MANOVA (Wilks' lambda; 0.451, p = .0013), which showed that female
cheetahs differed significantly from both female (Hotelling p-
value = .0022) and male (Hotelling p-value = .0133) leopards and
from male cheetahs (Hotelling p-value = .0018).

4. Discussion

This is the first study that has explored the species and sex differ-
ences in multiple markers of oxidative status in two large free-ranging
terrestrial carnivore species. Our univariate models detected sex dif-
ferences within and between species at specific markers. The multi-
variate analyses found further sex differences that the univariate ana-
lyses did not detect. PCA indicated that female cheetahs had higher
oxidative stress than the other groups and that the species differed in
the covariation between GPx and SOD in red blood cells. Between-
species differences cannot be attributed to different blood sampling and
storage (p = .12) or plasma concentration of proteins (p = .51) used to
standardize markers because they were similar between cheetahs and
leopards.

One reason for the higher reactive oxygen metabolites (of non-
protein origin) and lower GPx activity of female cheetahs compared to
female leopards might lie in their lifetime cumulative reproductive
costs rather than their current reproductive status. Cheetah females
may have up to six cubs per reproductive event, whereas leopards have
only one or two cubs (Kingdon et al., 2013). Thus, cheetah females face
a higher reproductive effort over their lifetime. Concerning the re-
productive status at sample collection, all female leopards included in
our study were non-reproducing, while six out of 12 female cheetahs
were lactating or together with weaned cubs. In our previous work, we
found that the differences between solitary female and lactating or post-
lactating female cheetahs in oxidative status markers were rather
moderate, indicating that the higher oxidative stress of female cheetahs
might not be explained by their current reproductive status (Costantini
et al., 2017). It might be that cheetahs were being exposed to stress
before they were captured. This is possible because box traps for
cheetahs were set at marking trees in the core area of territorial males.
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Fig. 2. Boxplots showing least square means + standard error of both non-en-
zymatic and enzymatic antioxidant markers. Means that are not sharing a same
superscript (letters a and b) are significantly different from each other
(P < .05). Note that superscripts are reported only in those cases where post-
hoc tests were run. White dot = female leopard, grey dot = male leopard, white
square = female cheetah, grey square = male cheetah.

Female cheetahs enter in these core areas rarely and when they do so,
they might encounter the territory holders (Caro, 1994). Such en-
counters are likely to be stressful for females because males are often
aggressive towards females (Caro, 1994). Thus, it is probable that fe-
males are under stress when they are in territories of males. When fa-
cing with predictable or unpredictable events, organisms develop a
suite of behavioral and physiological adjustments to maintain their
homeostasis (Wingfield et al., 1998; Romero, 2004; Angelier and
Wingfield, 2013). In particular, the hypothalamus-pituitary-adrenal
axis plays an important role in the homeostasis maintenance through
the release of glucocorticoid hormones. Glucocorticoids induce a
number of metabolic modifications in the organism, including changes
in the expression of antioxidant genes and in the activity of antioxidant
enzymes or in the generation of oxidative damage that can be detect-
able within hours (Lin et al., 2004; Costantini et al., 2011).

Prior work on the same study populations of cheetahs and leopards
revealed that the serum cortisol concentration after trapping was si-
milar between male and female leopards, but was significantly higher in
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Fig. 1. Boxplots showing least square means +
standard error of oxidative damage markers. Means
that are not sharing a same superscript (letters a and
b) are significantly different from each other
(P < .05). Note that superscripts are reported only
in those cases where post-hoc tests were run. White
dot = female leopard, grey dot = male leopard,
white square = female cheetah, grey square = male
cheetah.

Fig. 3. Plot of the first two principal components showing a strong overlap of
the multivariate spaces among all leopards and male cheetahs, while female
cheetahs have a different multivariate space characterized by lower variability
in the oxidative profile. Black dot = female leopard, red dot = male leopard,
green dot = female cheetah, blue dot = male cheetah. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

124 ab a a b 1.2 - *
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Fig. 4. Boxplots showing least square means + standard error of PC1 and PC2.
Means that are not sharing a same superscript (letters a and b) are significantly
different from each other (P < .05). Note that superscripts are reported only in
those cases where post-hoc tests were run. * indicates P < .05. White
dot = female leopard, grey dot = male leopard, white square = female
cheetah, grey square = male cheetah, white diamond = leopard, grey dia-
mond = cheetah.

female than in male cheetahs (Heinrich et al., 2017). This result might
indicate that female cheetahs are more sensitive to sources of stress
than male cheetahs. However, the serum cortisol concentration we
measured in cheetahs and leopards (Heinrich et al., 2017) provides a
short-term view about the stress reactivity of animals while being re-
strained and does not provide any clue about cortisol levels before
being caught. Nevertheless, female cheetahs might have been under
higher long-term stress than the other sex and species groups, because
of the high strength of correlations among the measured oxidative
status markers, which significantly increase when the organism is being
exposed to both a short- and long-term stressful situation (Dotan et al.,
2004).
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Our data also revealed differences between cheetahs and leopards in
the association of the two enzymes GPx and SOD. The higher values of
PC2 of leopards than cheetahs indicate that in leopards individuals with
higher activity of GPx also tended to have higher activity of SOD.
Leopards actually had a higher GPx/SOD ratio (females = 0.55,
males = 0.51) than that of cheetahs (females = 0.32, males = 0.49),
indicating that leopards had a more balanced ratio between activities of
the two enzymes. This result appears to be mainly due to cheetah fe-
males having high constitutive SOD but much lower GPx activity than
other groups. Thus, cheetah females might have high enzymatic capa-
city to dismutate the excess of inherent superoxide anion generation,
but low capacity of removing peroxides, whose production may be a
consequence of the routine or long-term stress associated to exploring
the territory containing territorial males. Prior work also found that
unbalanced activities of the two enzymes GPx and SOD may be asso-
ciated with ageing (De Haan et al., 1995), diseases status (Park et al.,
2007) or pollution (Jayawardena et al., 2017). We currently do not
know whether such differences in the GPx/SOD ratio have functional
consequences.

Another potential source of differences between cheetahs and leo-
pards might lie in the immune system. We showed previously that the
bacterial killing capacity of cheetahs was twice as high as that of leo-
pards (Heinrich et al., 2016, 2017). Part of the bacterial killing capacity
relies on the oxidative burst, i.e. the release of free radicals from leu-
cocytes (Sorci and Faivre, 2009). The action of free radicals is not
specifically directed against pathogens, thus they may cause oxidative
damage to biomolecules such as lipids or proteins (Sorci and Faivre,
2009).

In conclusion, the results of our work demonstrate that female
cheetahs had a different blood oxidative profile as compared to male
cheetahs and leopards, possibly reflecting higher dysregulation of the
oxidative balance. Although in our study region, female cheetahs do not
show any noticeable signs of reduced fitness, our results call for further
work to understand whether females either face higher reproductive
costs than female leopards or are being exposed to an unknown source
of stress. Physiological measurement tools have strong potential to
uncover unnoticed costs that might negatively affect fitness in the long-
term, particularly in threatened species such as the cheetah and the
leopard. Thus, the use of oxidative status markers in combination with
other physiological markers might enhance the success of conservation
and management programs of endangered carnivores.

Although cheetahs and leopards are phylogenetically related, they
showed both similarities and differences in blood oxidative status. This
might be based on their different life histories, which would not cor-
roborate the assumption that two such species consistently differ in key
physiological traits. A multi-species approach would be needed to infer
on physiological adaptations (Garland and Adolph, 1994). Finally, our
work showed how the use of multivariate models may help to detect
differences in oxidative status that univariate approaches may not de-
tect.

Funding

We thank the Leibniz Institute for Zoo and Wildlife Research (IZW)
in Germany and the Messerli Foundation in Switzerland for the main
funding, and the GRK2046 from the German Research Foundation
(DFG) for additional funding and stimulating discussion. DC was sup-
ported by the Alexander von Humboldt Foundation.

Acknowledgments

We thank two anonymous reviewers for providing comments on our
manuscript, the Ministry of Environment and Tourism in Namibia for
permission to conduct this study, the Namibian farmers for their col-
laboration and help, Dirk Bockmiihl, Sonja Heinrich, Ivan Palmegiani,
Ruben Portas and Bernd Wasiolka for their valuable help in the field to

12

Comparative Biochemistry and Physiology, Part A 227 (2019) 8-13

capture and sample the cheetahs and leopards.
Conflict of interest statement

The authors declare that the research was conducted in the absence
of any commercial or financial relationships that could be construed as
a potential conflict of interest.

References

Alonso-Alvarez, C., Canelo, T., Romero-Haro, A.A., 2017. The oxidative cost of re-
production: theoretical questions and alternative mechanisms. Bioscience 67,
258-270.

Angelier, F., Wingfield, J.C., 2013. Importance of the glucocorticoid stress response in a
changing world: theory, hypotheses and perspectives. Gener. Comp. Endocrinol. 190,
118-128.

Beaulieu, M., Costantini, D., 2014. Biomarkers of oxidative status: missing tools in con-
servation physiology. Conserv. Physiol. 2, cou014.

Busch, D.S., Hayward, L.S., 2009. Stress in a conservation context: a discussion of glu-
cocorticoid actions and how levels change with conservation-relevant variables. Biol.
Conserv. 142, 2844-2853.

Caro, T., 1994. Cheetahs of the Serengeti Plains: Group Living in an Asocial Species.
University of Chicago Press, Illinois, USA.

Cohen, A.A., McGraw, K.J., 2009. No simple measures for antioxidant status in birds:
complexity in inter- and intraspecific correlations among circulating antioxidant
types. Funct. Ecol. 23, 310-320.

Cohen, A.A., McGraw, K.J., Wiersma, P., Williams, J.B., Robinson, W.D., Robinson, T.R.,
Brawn, J.D., Ricklefs, R.E., 2008. Interspecific associations between circulating an-
tioxidant levels and life-history variation in birds. Am. Nat. 172, 178-193.

Costantini, D., 2008. Oxidative stress in ecology and evolution: lessons from avian stu-
dies. Ecol. Lett. 11, 1238-1251.

Costantini, D., 2014. Oxidative Stress and Hormesis in Evolutionary Ecology and
Physiology. Springer-Verlag, Germany, pp. 348.

Costantini, D., 2018. Meta-analysis reveals that reproductive strategies are associated
with sexual differences in oxidative balance across vertebrates. Curr. Zool. 64, 1-11.

Costantini, D., Marasco, V., Mgller, A.P., 2011. A meta-analysis of glucocorticoids as
modulators of oxidative stress in vertebrates. J. Comp. Physiol. B. 181, 447-456.

Costantini, D., Monaghan, P., Metcalfe, N., 2013. Loss of integration is associated with
reduced resistance to oxidative stress. J. Exp. Biol. 216, 2213-2220.

Costantini, D., Wachter, B., Melzheimer, J., Czirjak, G.A., 2017. Socioecological and en-
vironmental predictors of physiological stress markers in a threatened feline species.
Conserv. Physiol. 5, cox069.

Dantzer, B., Fletcher, Q.E., Boonstra, R., Sheriff, M.J., 2014. Measures of physiological
stress: a transparent or opaque window into the status, management, and conserva-
tion of a species? Conserv. Physiol. 2, cou023.

De Haan, J.B., Cristano, F., Lannello, R.C., Kola, I., 1995. Cu/Zn-superoxide dismutase
and glutathione peroxidase during aging. Biochem. Molec. Biol. Intern. 35,
1281-1297.

Dotan, Y., Lichtenberg, D., Pinchuk, I., 2004. Lipid peroxidation cannot be used as a
universal criterion of oxidative stress. Prog. Lipid Res. 43, 200-227.

French, S.S., Neuman-Lee, L.A., Terletzky, P.A., Kiriazis, N.M., Taylor, E.N., Denardo,
D.F., 2017. Too much of a good thing? Human disturbance linked to ecotourism has a
“dose-dependent” impact on innate immunity and oxidative stress in marine iguanas,
Amblyrhynchus cristatus. Biol. Conserv. 210, 37-47.

Garland, T., Adolph, S.C., 1994. Why not to do two-species comparative studies: limita-
tions on inferring adaptation. Physiol. Zool. 67, 797-828.

Georgiev, A.V., Thompson, M.E., Mandalaywala, T.M., Maestripieri, D., 2015. Oxidative
stress as an indicator of the costs of reproduction among free-ranging rhesus maca-
ques. J. Exp. Biol. 218, 1981-1985.

Haber, A., 2011. A comparative analysis of integration indices. Evol. Biol. 38, 476-488.

Halliwell, B.H., Gutteridge, J.M.C., 2015. Free Radicals in Biology and Medicine. 4th
edn. Oxford University Press, Oxford, UK.

Hammer, @., Harper, D.A.T., Ryan, P.D., 2001. PAST: paleontological statistics software
package for education and data analysis. Palaeont. Electr. 4 9pp. http://palaeo-
electronica.org/2001_1/past/issuel_01.htm.

Heinrich, S.K., Wachter, B., Aschenborn, O.H.K., Thalwitzer, S., Melzheimer, J., Hofer, H.,
Czirjék, G.A., 2016. Feliform carnivores have a distinguished constitutive innate
immune response. Biol. Open 5, 550-555.

Heinrich, S.K., Hofer, H., Courtiol, A., Melzheimer, J., Dehnhard, M., Czirjak, G.A.,
Wachter, B., 2017. Cheetahs have a stronger constitutive innate immunity than
leopards. Sci. Rep. 7, 44837.

Helfenstein, F., Losdat, S., Mgller, A.P., Blount, J.D., Richner, H., 2010. Sperm of col-
ourful males are better protected against oxidative stress. Ecol. Lett. 13, 213-222.

Isaksson, C., Sheldon, B.C., Uller, T., 2011. The challenges of integrating oxidative stress
into life-history biology. Bioscience 61, 194-202.

TUCN, 2018. The IUCN Red List of Threatened Species. Version 2018-1. http://www.
iucnredlist.org.

Jayawardena, U.A., Angunawela, P., Wickramasinghe, D.D., Ratnasooriya, W.D.,
Udagama, P.V., 2017. Heavy metal-induced toxicity in the Indian green frog: bio-
chemical and histopathological alterations. Environ. Toxicol. Chem. 36, 2855-2867.

Kingdon, J., Happold, D., Butynski, T., Hoffmann, M., Happold, M., Kalina, J., 2013.
Mammals of Africa, 1st edn. vol. 5 Bloomsbury Publishing, London, UK.

Lin, H., Decuypere, E., Buyse, J., 2004. Oxidative stress induced by corticosterone


http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0005
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0005
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0005
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0010
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0010
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0010
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0015
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0015
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0020
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0020
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0020
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0025
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0025
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0030
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0030
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0030
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0035
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0035
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0035
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0040
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0040
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0045
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0045
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0050
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0050
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0055
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0055
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0060
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0060
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0065
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0065
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0065
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0070
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0070
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0070
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0075
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0075
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0075
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0080
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0080
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0085
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0085
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0085
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0085
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0090
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0090
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0095
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0095
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0095
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0100
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0105
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0105
http://palaeo-electronica.org/2001_1/past/issue1_01.htm
http://palaeo-electronica.org/2001_1/past/issue1_01.htm
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0115
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0115
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0115
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0120
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0120
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0120
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0125
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0125
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0130
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0130
http://www.iucnredlist.org
http://www.iucnredlist.org
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0140
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0140
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0140
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0145
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0145
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0150

D. Costantini et al.

administration in broiler chickens (Gallus gallus domesticus) - 2. Short-term effect.
Comp. Biochem. Physiol. Part B 139, 745-751.

Park, E.-M., Ramnath, N., Yang, G.Y., Ahn, J.-Y., Park, Y., Lee, T.-Y., Shin, H.-S., Yu, J., Ip,
C., Park, Y.-M., 2007. High SOD and low GPX activities in RBC predict susceptibility
of lung cancer patients to radiation pneumonitis. Free Radic. Biol. Medic. 42,
280-287.

Pavlicev, M., Cheverud, J.M., Wagner, G.P., 2009. Measuring morphological integration
using eigenvalue variance. Evol. Biol. 36, 157-170.

Romero, L.M., 2004. Physiological stress in ecology: lessons from biomedical research.
Trends Ecol. Evol. 19, 249-255.

Semeniuk, C.A.D., Bourgeon, S., Smith, S.L., Rothley, K.D., 2009. Hematological differ-
ences between stingrays at tourist and non-visited sites suggest physiological costs of
wildlife tourism. Biol. Conserv. 142, 1818-1829.

Sorci, G., Faivre, B., 2009. Inflammation and oxidative stress in vertebrate host—parasite
systems. Philos. Trans. R. Soc. 364, 71-83.

Speakman, J.R., Blount, J.D., Bronikowski, A.M., Buffenstein, R., Isaksson, C., Kirkwood,

13

Comparative Biochemistry and Physiology, Part A 227 (2019) 8-13

T.B.L., Monaghan, P., Ozanne, S.E., Beaulieu, M., Briga, M., Carr, S.K., Christensen,
L.L., Cochemém, H.M., Cram, D.L., Dantzer, B., Harper, J.M., Jurk, D., King, A.,
Noguera, J.C., Salin, K., Sild, E., Simons, M.J., Smith, S., Stier, A., Tobler, M.,
Vitikainen, E., Peaker, M., Selman, C., 2015. Oxidative stress and life histories: un-
resolved issues and current needs. Ecol. Evol. 5, 5745-5757.

Stier, A., Reichert, S., Massemin, S., Bize, P., Criscuolo, F., 2012. Constraint and cost of
oxidative stress on reproduction: correlative evidence in laboratory mice and review
of the literature. Front. Zool. 9, 37.

Vitikainen, E.I.K., Cant, M.A., Sanderson, J.L., Mitchell, C., Nichols, H.J., Marshall, H.H.,
Thompson, F.J., Gilchrist, J.S., Hodge, S.J., Johnstone, R.A., Blount, J.D., 2016.
Evidence of oxidative shielding of offspring in a wild mammal. Front. Ecol. Evol.

4, 58.

Wingfield, J.C., Maney, D.L., Breuner, C.W., Jacobs, J.D., Lynn, S., Ramenofsky, M.,
Richardson, R.D., 1998. Ecological bases of hormone-behavior interactions: the
“emergency life history stage”. Amer. Zool. 38, 191-206.


http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0150
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0150
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0155
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0155
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0155
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0155
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0160
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0160
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0165
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0165
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0170
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0170
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0170
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0175
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0175
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0180
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0180
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0180
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0180
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0180
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0180
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0185
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0185
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0185
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0190
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0190
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0190
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0190
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0195
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0195
http://refhub.elsevier.com/S1095-6433(18)30145-4/rf0195

	Sex and species differences of stress markers in sympatric cheetahs and leopards in Namibia
	Introduction
	Materials and methods
	Ethics statement
	Sampling
	Laboratory analyses
	Statistical analyses

	Results
	Discussion
	Funding
	Acknowledgments
	Conflict of interest statement
	References




