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Summary

1. The trade-off between current reproductive effort and survival is a key concept of life
history theory. A variety of studies support the existence of this trade-off but the
underlying physiological mechanisms are not well-understood. Oxidative stress has been
proposed as a potential mechanism underlying the observed inverse relationship between
reproductive investment and lifespan. Prolonged fasting is associated with oxidative
stress including increases in the production of reactive oxygen species, oxidative damage
and inflammation.

2. Northern elephant seals (NES) undergo prolonged fasts while maintaining high metabolic
rates during breeding. We investigated NES of both sexes to assess oxidative stress
associated with extended breeding fasts. We measured changes in the plasma activity or
concentrations of markers for oxidative stress in 30 adult male and 33 adult female
northern elephant seals across their 1-3 month breeding fasts. Markers assessed included
a pro-oxidant enzyme, several antioxidant enzymes, markers for oxidative damage to
lipids, proteins and DNA, and markers for systemic inflammation.

3. Plasma xanthine oxidase (XO), a pro-oxidant enzyme that increases production of
oxidative radicals, and several protective antioxidant enzymes increased over breeding in
both sexes. Males showed increased oxidative damage to lipids and DNA and increased
systemic inflammation, while oxidative damage to proteins declined across breeding. In
contrast, females showed no oxidative damage to lipids or DNA or changes in
inflammation, but showed increases in oxidative damage to proteins. XO activity,
antioxidant enzymes, oxidative damage markers, and inflammatory markers were
strongly correlated in males but these relationships were weaker or non-existent in
females.

4. NES provide evidence for oxidative stress as a physiological cost of reproduction in a
capital breeding mammal. Both sexes strongly up-regulated antioxidant defenses during
breeding. Despite this response, and in contrast to similar duration non-breeding fasts in
previous studies on conspecifics, there was evidence of oxidative damage to tissues.

"Corresponding Author: Daniel E. Crocker, crocker@sonoma.edu, Tel: 707-664-2995, Dept. of Biology, Sonoma State University,
1801 E. Cotati Ave., Rohnert Park, CA 94928.

Data Accessibility

Data for this article are deposited in the Dryad Digital Respository: http://doi.org/10.5061/dryad.q32td


http://doi.org/10.5061/dryad.q32td

1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sharick et al. Page 2

These data demonstrate the utility of using plasma markers to examine oxidative stress
but also suggest the necessity of measuring a broad suite of plasma markers to assess
systemic oxidative stress.
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Introduction

Evolutionary explanations for life history patterns assume that successful reproduction
carries potential fitness costs through reduced survival and future reproduction (Stearns
1992; Roff 2002). Although it is widely assumed that physiological processes underlie these
trade-offs (Zera & Harshman 2001; Speakman 2008), evidence for proximate mechanisms
mediating trade-offs between reproductive effort and fitness have been rare. These trade-offs
are thought to originate from the reduction of energy allocation to vital functions such as
cellular maintenance, somatic function, future reproduction and survival (Zera and
Harshman 2001). Energetically demanding activities such as male-male combat,
ornamentation, harem/territory defense and lactation are undertaken by organisms during
reproduction. In the wild, income breeding animals may increase energy intake by 60% —
190% above normal levels to faciltate increased energy expenditure for reproduction
(Gittleman & Thompson 1988). In capital breeders, the trade-off between energetic
investment in current reproduction and body condition is distinct, as reproductive effort is
supported exclusively from body reserves (Jonsson 1997; Stephens et al. 2009).

Oxidative stress has been theorized to be a potential physiological consequence of
reproductive effort that may limit investment in other important life history components
(Costantini 2008; Dowling & Simmons 2009; Monaghan, Metcalfe & Torres 2009; Metcalfe
& Alonso-Alvarez 2010; Isaksson, Sheldon & Uller 2011; Speakman & Garratt 2014). This
theory suggests that energetic trade-offs between reproductive effort and maintenance may
impact fitness costs through oxidative insult. Normal metabolism produces a variety of
reactive oxygen species (ROS) that can cause damage to biomolecules unless regulated by
enzymatic and other antioxidants (Balaban, Nemoto & Finkel 2005). Oxidative stress occurs
when ROS production exceeds the capacity of antioxidants to control their negative effects.
Because the majority of ROS are produced through normal energy metabolism, elevated
energy expenditure associated with reproduction may increase ROS production (Balaban,
Nemoto & Finkel 2005). However, organisms can still limit the occurrence of oxidative
stress by up-regulating antioxidant responses (Garratt et al. 2011, 2012).

To date there is little evidence supporting oxidative stress as a potential fitness cost to
reproduction. Studies on invertebrates (Salmon, Marx & Harshman 2001; Wang, Salmon &
Harshman 2001), lizards (Olsson et al. 2012), captive birds (Alonso-Alvarez et al. 2004,
2006; Wiersma et al. 2004; Bertrand et al. 2006) and free ranging birds (Casagrande et al.
2011; van de Crommenacker et al. 2012) found links between reproduction and reduced
antioxidant protection resulting in increased oxidative stress. However, evidence for
increased damage to biomolecules associated with reproduction is rare. Several studies that
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suggested oxidative damage related to reproductive effort found strong sex differences in
this feature (Heiss & Schoech 2012; Olsson et al. 2012). Studies in mammals have been
similarly equivocal, with both increased and decreased antioxidant capacity associated with
reproduction and little or no evidence for systemic oxidative damage (Speakman and Garratt
2013; Otdakowski et al. 2012; Garratt et al. 2011, Bergeron et al. 2011). Recent studies
have shown that evidence for oxidative damage varied widely with markers and tissue type
(Xu et al. 2013; Yang et al. 2013; Garatt et al. 2012). Importantly, all of these studies were
undertaken in income breeding species. One study that showed a relationship between
reproductive effort and oxidative damage in free-ranging squirrels, found these effects were
reduced by food supplementation (Fletcher et al. 2013).

Most air-breathing marine predators face unique energetic constraints while breeding due to
the temporal separation of marine foraging and terrestrial breeding. Several groups of
animals, including pinnipeds, fast for highly variable periods of time during breeding events
(Champagne et al. 2012). Extended fasting is associated with the depletion of antioxidant
stores and increased production of reactive oxygen species (ROS; Martensson 1986).
Fasting promotes the production of hydrogen peroxide and lipid hydroperoxides and the
depletion of antioxidant defenses which can cause oxidative damage and inflammation
(Crescimanno et al. 1989; Di Simplicio et al. 1997; Grattagliano et al. 2000). ROS such as
oxygen free radicals and hydrogen peroxides are produced through the activity of enzymes
such as xanthine oxidase (XO) which increase during fasting (Hille & Nishino 1995).
Because oxidative stress is a direct consequence of extended fasting, capital breeders may be
especially prone to oxidative damage from reproductive effort.

Northern elephant seals (NES; Mirounga angustirostris; Fig. 1) undertake extended fasts
during breeding. Adult male elephant seals arrive at the beach and compete to establish
dominance hierarchies used to control access to estrus females (Haley, Deutsch & Le Boeuf
1994). Combat, terrestrial locomotion and multiple breeding events lead to an average
metabolic rate of 3.1 times Kleiber’s predicted SMR (Crocker, Houser & Webb 2012). This
variation in adult male metabolic rate impacts mating success, with the most successful
males having higher metabolic rates (Deutsch, Haley & Le Boeuf 1990; Crocker, Houser &
Webb 2012). During the same period, female elephant seals give birth to a single pup and
provision it with one of the highest energy density milks found in nature for ~25 days
(Crocker et al. 2001). Female elephant seals sustain a metabolic rate on average of 2.4 times
predicted SMR during breeding. When milk energy output is included, female elephant seals
incur rates of energy output that are approaching 6 times Kleiber’s predicted SMR for one
month during the breeding fast (Crocker et al. 2001). The strong sex differences in
metabolic rates, energy output, and fasting duration in this species provide an ideal study
system with which to compare potential impacts of reproduction on oxidative stress.

To investigate the potential for oxidative stress impacts of breeding in elephant seals, we
examined differences in plasma markers for oxidative damage to lipids, protein and DNA.
We measured changes in the oxidant-producing enzyme (XO), antioxidant enzymes and
markers of systemic inflammation. We compared these variables between genders early in
breeding and as close as possible to the end of breeding. Our objective was to examine
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evidence for oxidative stress as a potential fitness cost to reproduction and to compare this
feature between the sexes.

Materials and Methods

STUDY SITE AND SUBJECTS

All procedures were carried out under National Marine Fisheries Services marine mammal
permit # 14636 and approved by the Sonoma State University IACUC. This study was
conducted at Afio Nuevo State Reserve, San Mateo County, CA, during the elephant seal
breeding season from January through March. Males were evaluated as an adult from
specific secondary sexual characteristics and body mass (Deutsch, Haley & Le Boeuf 1990).
Females were aged using flipper tags applied to them previously as weaned pups. Fifteen
males were sampled early in breeding (1-2 weeks fasted) and 15 males were sampled late in
breeding (9-10 weeks fasted) with 6 of the males being sampled at both sample periods.
Fourteen females were sampled early (5 days post-partum) and a separate group of 19
females were sampled late in lactation (22 days post-partum). During the initial procedure,
seals were marked with hair dye (Stamford, Conn.) for future identification.

SAMPLE COLLECTION

An initial intramuscular injection of Telazol (~0.3mg/kg for males and ~1mg/kg for
females) was used to immobilize each seal. To maintain immobilization, ketamine and
diazepam were given intravenously as needed (all drugs from Fort Dodge Laboratories, Ft.
Dodge, 1A). Blood samples were collected from the extradural vein into pre-chilled EDTA-
treated collection tubes containing 10 ul ml~2 protease inhibitor cocktail and 0.005%
butylated hydroxytoluene (Sigma-Aldrich, St Louis, MO, USA). Blood tubes were
centrifuged immediately in the field for 15 minutes at 3,300 RPM. Plasma was collected in 1
ml aliquots in cryogenic vials, and then frozen on dry ice until they were transferred to a
—-80°c freezer for storage. Standard length and axillary girth measurements were taken to
estimate the body mass of the adult males (Le Boeuf et al. 2000; Crocker, Houser & Webb
2012). Female mass was determined using a tripod and scale (MSI, Seattle, WA; * 2 kg).

SAMPLE ANALYSIS

Plasma markers analyzed and their meanings are summarized in Table 1. The plasma
activity of xanthine oxidase, an enzyme that generates superoxide and hydrogen peroxide,
was quantified using a flourometric enzyme immuno-assay (EIA; Cayman Chemical, Ann
Arbor, Ml, USA). The plasma activity of antioxidant enzymes superoxide dismutase (SOD),
glutathione peroxidase (GPx) and catalase were quantified using colorimetric assays
(Cayman Chemical). SOD catalyzes the alteration of superoxides to hydrogen peroxide and
water, while catalase and GPx catalyze the alteration of hydrogen peroxide to water and
oxygen (Zelko, Mariani & Folz 2002). Plasma 8-isoprostane (8-iso-PGF5,,) and 4-
Hydroxynonenal (4HNE) concentrations were measured as markers for lipid peroxidation
using enzyme-linked immune-sorbent assay (canine ELISA; Oxford Biomedical Research
Rochester Hills, MI; Blue Gene Biotec, Shanghai China). Plasma nitrotyrosine was
measured by ELISA as a marker for protein oxidation/nitration (Alpco Diagnostics, Salem,
NH). Plasma 8-hydroxy-2-deoxy Guanosine (8-OHG) was measured using EIA as a marker

Funct Ecol. Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sharick et al.

Page 5

for DNA oxidation (Cayman Chemical). Tumor Necrosis Factor a (TNF-a) and C-reactive

protein (CRP) concentrations were quantified in plasma as markers for inflammation using
EIA (Cayman Chemical).

DATA ANALYSIS

Results

Differences between early and late breeding samples and relationships between oxidative
stress markers in males were compared using linear mixed models to account for repeat
sampling with individual seal as a random effect. For all mixed models, a variance
components covariance structure was used for the random effect and model residuals were
assessed for approximate normality. An r2 for mixed models regressions was calculated
(Edwards et al. 2008) and regressions were visualized using the slope and intercept
parameters from the mixed model. Differences between early and late female samples and
between sexes were compared using one way ANOVA. In females, relationships between
oxidative stress markers were evaluated using simple linear regression. Results were
considered significant at p < 0.05. Statistical analyses were performed using JMP 10 (SAS
Institute Inc., Raleigh, NC).

Samples of both sexes showed impacts of breeding on body reserves. In males, body mass
late in breeding (1040+34 kg) was 27% lower than early in breeding (1430+33 kg). In
females, body mass late in breeding (332+12) was 31% lower than early in breeding
(478+15).

CHANGES IN PLASMA ENZYMES WITH BREEDING

Plasma enzymes suggested higher levels of pro-oxidant stress in response to breeding that
were countered by robust upregulation of antioxidant enzymes in all individuals. Both sexes
exhibited a significant increase in XO activity across the breeding fast (F1 207 = 8.5, p <
0.0082; F1 32 = 14.2, p < 0.0007; Table 2). Males showed significant increases in SOD
(F1,23.3=11.4,p <0.0027), GPx (F1 12 = 8.6, p = 0.01) and catalase activities (F1 156 = 7.1,
p = 0.02) between early and late samples (Table 2). Females exhibited increased GPx (F1 32
= 6.8, p < 0.014) and catalase activities (F1 32 = 4.7, p = 0.038) late in breeding while SOD
values were similar at both samples. (p > 0.05; Table 2).

When comparing sexes, female XO activities were higher than that of males at both early
and late sample periods (F1 2g = 74.1, p = 0.0001; F1 33 = 73.8, p = 0.0001, respectively).
Plasma SOD activity was higher in females than in males in the early breeding samples
(F1,26 = 20.10, p = 0.0001). All other enzyme activities were similar between the sexes
within sampling periods (p > 0.05).

CHANGES IN OXIDATIVE DAMAGE WITH BREEDING

Males exhibited evidence for increased oxidative damage to lipids in response to breeding.
This change was not present in females. Males exhibited significant increases in 8-iso-
PGF,, across the breeding fast (F1 59 = 7.8, p = 0.02), while 4HNE concentrations were
similar between samples (F1 135 = 3.4, p = 0.09; Table 3). Female elephant seals showed no
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significant differences in either 8-iso-PGFy, (F1 31 = 0.94, p = 0.34) or 4HNE (F1 3, = 0.11,
p = 0.74) across the breeding fast (Table 3). Despite this difference lipid peroxidation
markers were similar between the sexes at both time points (p > 0.05).

Males exhibited evidence for reduced oxidative damage to proteins across breeding that
contrasted with evidence for increased protein damage in females. The marker for protein
oxidation/nitration showed opposite patterns between the sexes. Plasma NT significantly
decreased across the breeding fast in male seals (F1 216 = 15.73, p < 0.001), while females
demonstrated a significant increase in NT (F1 32 = 4.6, p = 0.04) across lactation (Table 3).
This resulted in females having higher levels of NT than males late in breeding (F1 33 =
12.30, p = 0.001).

Males exhibited evidence for increased damage to DNA in response to breeding that was not
present in females. The plasma marker for DNA oxidation (8-OHG) significantly increased
across the breeding fast in male northern elephant seals (F1 5.8 = 6.9, p = 0.04), while female
northern elephant 8-OHG concentrations were similar between samples (p = 0.40; Table 3).
When comparing sexes, males had higher concentrations of 8-OHG at both early and late
samples (F1 2 = 97.6, p = 0.0001, F1 33 = 36.9, p = 0.0001, respectively).

INFLAMMATORY MARKERS

Males exhibited evidence for increased systemic inflammation in response to breeding that
was not present in females. TNF-a showed significant increases across the breeding fast in
males (F1 11,8 = 7.97, p = 0.02; Table 3). In contrast, CRP levels were low and did not vary
between male sampling periods (F1 114 = 0.95, p = 0.35; Table 3). Females showed no
significant differences in the concentrations of either TNF-a (F1 32 = 0.20, p = 0.66) or CRP
(F1,32=0.03, p = 0.87) across the breeding fast (Table 3). Despite this difference neither
inflammation marker differed between the sexes at either time point.

ASSOCIATIONS OF OXIDATIVE STRESS MARKERS

Many of the indices of oxidative stress (XO, antioxidant enzymes, markers of oxidative
damage, and markers of inflammation) showed significant associations. As XO levels
increased in males, there was a parallel increase in 8-is0-PGF,,, (r2 = 0.54, Fi26=3112,p<
0.0001) but that effect was lacking in females (p = 0.90; Figure 2). Plasma XO activity was
associated with NT levels in males and females, but in opposite fashions. Male exhibited
decreasing NT concentrations with increasing XO activities (r2 = 0.16, F107=5.42,p=
0.03) while NT concentrations in females increased (r? = 0.24, F132=9.81, p=0.004)
(Figure 3).

Plasma levels of antioxidant enzymes covaried within the sexes with a strong association of
catalase and GPx activities for males (r?2 = 0.67, F1,11 =23.20, P = 0.0005) and females (r2=
0.38, F1 32 = 18.76, p < 0.0001) (Figure 4). Plasma levels of 8-iso-PGF,, were strong
predictors of TNF-a in adult males (r? = 0.70, Fy o7 = 67.68, p < 0.0001) and females (1% =
0.74, F1 31 = 85.59, p < 0.0001) (Figure 5).

In males, CRP levels increased with body mass (r2 = 0.27, F113.2=4.97,p<0.044). In
females, variation in body mass was associated with several variables. Catalase activity (r2 =
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0.18, F1 31 = 6.50, p = 0.02), GPx activity (r2=0.24, F131=9.38, p=0.005) and XO
activity (r2 = 0.22, F1 31 = 8.43, p=0.007) increased with declining body mass.

Discussion

NES provide evidence for oxidative stress and inflammation as a cost of breeding in a free-
ranging mammal. Both sexes exhibited strong up-regulation in antioxidant enzyme
activities. Despite these robust responses, male NES exhibited increased plasma levels of
several markers of oxidative stress and inflammation and females exhibited increases in
protein oxidative/nitrosative damage across their breeding fasts. These changes suggest that
oxidative stress may result in damage to tissue and contribute to fitness costs of reproduction
in this species.

PRO-OXIDANT ENZYME LEVELS INCREASE ACROSS BREEDING

Both male and female NES exhibited significant increases in the plasma activity of pro-
oxidant XO across the breeding fast. This suggests increased ROS production due to the
purine salvage/recycling process undertaken by NES (Sofianez-Organis et al. 2012). XO is
involved in the purine degradation process by catalyzing the oxidation of hypoxanthine to
xanthine then to uric acid (Hille & Nishino 1995). Purine recycling contributes to an
increase in ATP supply under the potential detrimental conditions of prolonged fasting.
Under specific conditions such as tissue ischemia or prolonged fasting, XO enzyme activity
can increase, resulting in increased superoxide and hydrogen peroxide production (Parks,
Bulkley & Granger 1983). Females had significantly higher levels of XO activity at both the
early and late sample periods. This indicates that despite higher metabolic rates and fasting
durations in males, females are incurring potentially higher rates of ROS production from
purine degradation than males. The difference may reflect the high nutrient requirements of
lactation in females, where nutrient delivery to the mammary gland may be prioritized over
other processes. In addition to XO activity, it has been shown that fasting is associated with
strong up-regulation of the renin-angiotensin system (RAS) (Ortiz et al. 2006) with resultant
angiotensin-11 mediated up-regulation of NADPH oxidase 4 (Nox4) (Vazquez-Medina et al.
2010, 2013). This together with XO may contribute to increased oxidant production over the
breeding fast.

CHANGES IN ANTIOXIDANT ENZYMES

In response to increased XO activity (and potentially Nox enzymes) there was a strong
upregulation in plasma concentrations of three key antioxidant enzymes (SOD, GPx and
catalase). These three antioxidant enzymes work in unison to scavenge ROS produced as a
byproduct of many cellular functions including the activity of XO, Nox and cellular
respiration. As evident in plasma, male NES significantly up-regulated the activity of all
three key antioxidants while females significantly increased the activity of Catalase and GPx
across the breeding fast. SOD activities in females were significantly higher at the early
breeding sample period when compared with males suggesting that they maintained higher
levels of SOD prior to the early sampling. Increased plasma enzymatic activities of all three
key antioxidant enzymes indicate a robust response to prevent oxidative damage and
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inflammation during the breeding fast for both sexes. In general, antioxidant responses were
correlated among individuals of both sexes, suggesting coordinated up-regulation.

OXIDATIVE DAMAGE TO LIPIDS

An increase in ROS production coupled to an insufficient antioxidant response can result in
oxidative damage. One important target for free radical injury is the peroxidation of lipids.
A widely used marker of lipid peroxidation is the free radical catalyzed peroxidation of
membrane arachidonic acid, the prostaglandin 8-iso-PGF,, (Morrow et al. 1990). Male NES
had a significant increase in the concentration of isoprostanes while female values did not
change across breeding, suggesting greater oxidative stress in males. The 50% increase in 8-
is0-PGF,, in late breeding males is similar to the effects sizes for plasma values in
association with human disease states like asthma or coronary artery disease (Wang et al.
2006; Wood et al. 2000). There was a strong relationship between XO and lipid
peroxidation in the male NES, suggesting a direct relationship between ROS production and
the peroxidation of lipids during the breeding fast. This interaction may result from the high
sustained rates of energy expenditure while fasting in breeding males.

Another important marker of lipid peroxidation is the final product of membrane lipid
peroxidation 4HNE (Esterbauer, Schaur & Zollner 1991). This marker of lipid peroxidation
did not increase with breeding in females but showed a marginal increase in males (p =
0.09). Thus there appeared to be greater impacts of lipid peroxidation due to breeding in
plasma markers for males. Circulating fatty acid concentrations triple across lactation in
females reaching concentrations that exceed 3mM (McDonald & Crocker 2006; Houser,
Champagne & Crocker 2007) while males exhibit lower stable fatty acid concentrations
across breeding (Crocker et al. 2012). Thus enhanced lipid peroxidation in plasma does not
likely reflect changes in circulating fatty acids but rather oxidative damage to tissue cell
membrane lipids.

OXIDATIVE DAMAGE TO PROTEINS

Male and female NES both had significant changes in the marker for oxidative damage to
protein across the breeding fast, but in opposite directions. NT concentrations decreased
significantly in males, where females exhibited significant increases across the breeding fast.
Females showed significantly higher levels of NT near the end of breeding when compared
to males. This indicates that females are incurring oxidative/nitrosative damage to proteins
where males are incurring oxidative damage to lipids and DNA. Nitrotyrosine is a product of
tyrosine nitration mediated by reactive nitrogen species (RNS). In healthy humans, NT is
usually undetectable under normal conditions (Kaur & Halliwell 1994; Fukuyama et al.
1997). The 35% increase in NT levels between early and late lactation females is similar to
the elevations seen in human patients with septic shock (Ohya et al. 2002).

One possible explanation for the sex difference in NT concentrations would be simply the
circulating levels of tyrosine available for nitration. Breeding males exhibit low levels of
protein catabolism (Crocker, Houser & Webb 2012), while females mobilize large amounts
of protein for milk synthesis and exhibit increased levels of protein catabolism late in the
fast (Crocker et al. 1998). However, females exhibit plasma tyrosine concentrations that
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decline over lactation and are significantly lower than males (Houser & Crocker 2004). Thus
sex differences in plasma NT are not likely due to tyrosine availability and more likely
reflect differences in systemic RNS and NO production and potentially increased superoxide
production by endothelial Nox proteins.

Protein damage marker NT varied with pro-oxidant XO activity in both sexes but in
opposite directions. Males exhibited decreasing NT concentrations with plasma XO
suggesting that associated increases in antioxidant enzymes were sufficient to prevent
nitrosative damage to proteins. The strong positive association of plasma XO and NT in
females suggests that XO influenced ROS production was a significant contributor to
nitrosative stress in this group.

OXIDATIVE DAMAGE TO DNA

Increased oxidative DNA damage evident in the plasma of males may reflect the high
sustained metabolic rates necessary for breeding (Crocker, Houser & Webb 2012) and in
combination with changes in lipid peroxidation markers and TNF-a represent strong
evidence for oxidative stress in breeding males. Studies in humans have suggested that
increases in plasma 8-OHG, similar to that of NES, were found during sustained aerobic
exercise and that oxidative DNA damage correlated with rates of oxygen consumption (Loft
et al. 1994). The 7% increase in plasma 8-OHG across breeding in males is similar to the
magnitude of changes seen after hypoxic exercise in humans (Mgller et al. 2001) and the
increased levels of DNA damage found in males compared to females reflect differences in
rates of metabolism measured in previous studies (Crocker et al. 2001, 2012)

INFLAMMATORY MARKERS

Adult male NES showed evidence of increased systemic inflammation across breeding.
Cumulative impacts of oxidative damage can promote inflammation and immune challenges
that result in oxidative stress (Schneeberger, Czirjak & Voigt 2013). TNF-a has a principle
function of initiating the inflammatory reactions in the immune system as well as being an
activator molecule in the cell apoptotic pathway (Micheau & Tschopp 2003). Male NES had
a significant increase (74%)in the plasma concentrations of TNF-a, whereas values were
stable in females.

In both male and female NES there was a strong positive relationship between 8-iso-PGF,,
and TNF-a. This relationship was present in lactating females despite lack of consistent
changes across breeding in either marker. These relationships suggest that oxidative damage
is associated with up regulation of TNF-a in adipose and other tissue in NES. In obesity
models increased ROS in adipose tissue precedes up-regulation of cytokines that have
profound impacts on immune function and insulin signaling (Eriksson 2007). The
association of membrane lipid peroxidation with TNF- a suggests that oxidative stress
directly promotes production of this important inflammatory cytokine.

IMPACTS OF BODY RESERVES

Body mass was significantly related to several markers of oxidative stress. Variation in body
mass was inversely associated with systemic inflammation in males. Smaller females
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exhibited higher plasma XO activity and greater antioxidant responses as evidenced by
plasma catalase and GPx. These relationships are important to note because they suggest
that variation in available energy reserves for reproduction were related to oxidative stress
and inflammation. Several previous studies have shown strong relationships between body
reserves and the level of reproductive effort in NES (Crocker et al. 2001; Crocker, Houser &
Webb 2012). These relationships may be mediated in part by impacts of body reserves on
oxidative stress during breeding.

USE OF PLASMA MARKERS

The ability to measure plasma changes in several markers suggests the utility of plasma
markers for assessing oxidative stress in wildlife systems. Oxidative stress and response may
vary widely in different tissues and individuals may allocate defenses in a tissue specific
manner (Xu et al. 2013; Yang et al. 2013). While plasma markers are commonly used in the
detection of severe pathologies in the clinical literature, their use for assessing natural
variation in oxidative stress is less well established. The use of plasma markers facilitates
research in a wide variety of systems where destructive or tissue sampling is not possible.
The strong association of several markers in the males gives insight into systemic levels of
oxidative stress. Several recent studies have stressed the variability in oxidative stress
responses measured in plasma and various tissues (Xu et al. 2013; Yang et al. 2013). Many
published studies select an individual marker for assessment of oxidative stress or damage
(e.g. Nussey et al. 2009). In the present study, use of a single plasma marker would have
resulted in differing assessments of the potential for oxidative damage. The variability in
evidence for damage among the markers stresses the importance of measuring a suite of
markers to assess oxidative stress, particularly when making measurements in plasma.
Future studies should attempt, when possible, to assess tissue-specific variation in oxidative
stress markers and their relationship to plasma measurements to better understand the
mechanisms underlying potential fitness costs associated with oxidative stress.

LIFE HISTORY IMPLICATIONS

These data provide evidence that oxidative stress associated with breeding is a potential
physiological cost of reproduction. These effects may constitute underlying mechanisms of
fitness costs to reproduction. Previous studies yielding equivocal or negative results used
income breeders as research systems. Compensatory increases in energy intake may help
avoid some of the effects evident in an extreme capital breeder like the NES. The direct
allocation trade-offs associated with capital breeding and the high energy costs associated
with polygyny and abbreviated lactation may increase fitness costs to reproduction in marine
vertebrates that breed on land. These mechanisms may underlie strong relationships between
body reserves and reproductive effort as well as apparent impacts of foraging success on
natality (Crocker et al. 2006). The wide variation in reproductive success among males and
the high reproductive payoff for successful males may select for levels of sustained energy
expenditure while fasting despite negative physiological impacts that potentially influence
health and survival. In contrast, females may mediate rates of milk delivery and terminate
lactation relative to body reserves (Crocker et al. 2001), thus mitigating oxidative stress and
tissue damage when compared to males.
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While the NES is extreme in its level of sustained fasting energy expenditure during
breeding it is also well adapted to defend against oxidative damage. NES exhibit near
complete depletion of blood oxygen stores while diving (Meir et al. 2009) and exhibit a
robust ability to avoid oxidative damage despite extreme hypoxia and extended fasting when
not breeding. (Vazquez-Medina et al. 2010, 2011a, 2011b, 2013). Given these responses,
our results provide strong evidence for systemic oxidative damage as a cost of reproduction
in polygynous male NES and suggest the possibility of tissue specific impacts of
reproductive effort in other species.
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Fig. 1.
Adult male elephant seals compete for dominance during breeding. Photo Credit: Tanguy de

Tillesse.
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Relationship between plasma concentrations of xanthine oxidase and lipid peroxidation
marker 8-Isoprostane (8-1s0-PGF5,) in breeding adult male (closed circles) and adult female
(open circle) northern elephant seals. 8-isoprostane increases as xanthine oxidase activity for
males but not for females. (y = —20.35 + 0.85x), r? = 0.54, F1262 =31.12, p<0.001).
Regression slope and intercept for males is from mixed model regression.
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Relationship between the plasma concentrations of xanthine oxidase and nitrotyrosine (NT)
in adult breeding male (closed circles) and female (open circles) northern elephant seals.

Males: y = 692.27 -3.5x, r2 = 0.16, F127.7=5.42, p=0.03; females:y=—215.21 + 11.52x, r
=0.24, F1 31 = 9.8, p = 0.004. Regression slope and intercept for males is from mixed model

regression.
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Figure4.
Relationship between plasma concentrations of antioxidant enzymes catalase and GPx in

breeding adult male (closed circles, solid line) and female (open circles, dashed line)
northern elephant seals. Males: y = 42.44 + 9.96x, r2 = 0.67, F111.3 = 23.16, p = 0.0005;
females:y = 122.34 + 4.34x, r2 = 0.38, F131 =18.76, p = 0.0001. Regression slope and
intercept for males is from mixed model regression.
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Relationship between plasma concentrations of 8-isoprostane (8-1s0-PGF,,,) and tumor-
necrosis factor- a (TNF-a) for breeding male (closed circles, solid line) and female (open
circles, dashed line) adult northern elephant seals. Males: y = 4.80+0.66x, r2 = 0.70, Fio7=
67.68, p<0.0001; females: y = 1.72+0.92x, r2 = 0.74, F1 31 = 85.59, p<0.0001. Regression
slope and intercept for males is from mixed model regression.
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Markers for oxidative stress measured in plasma samples early and late in breeding in male and female

northern elephant seals.

Table 1

Marker

Purpose

Category

Xanthine oxidase (XO)
Superoxide dismutase (SOD)
Catalase

Glutathione peroxidase (GPx)
8-isoprostanes (8-is0-PGF,)
4-hydroxynoneal (4-HNE)
Nitrotyrosine

8-hydroxy-2-deoxyguanosine (8-OHG)

Pro-oxidant Enzyme
Antioxidant enzyme
Antioxidant enzyme
Antioxidant enzyme
Lipid peroxidation

Lipid peroxidation

Protein nitrosylation

DNA oxidation

Oxidative stress

Oxidative defense
Oxidative defense
Oxidative defense
Oxidative damage
Oxidative damage
Oxidative damage

Oxidative damage
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Plasma level means (Mean = S.E.M.) for the pro-oxidant and antioxidant enzymes between early breeding (1-
2 weeks males, 1 week females) and late breeding (9-11 weeks males and 4 weeks females) adult northern

elephant seals.

Early BreedingMales LateBreedingMales Early Breeding Females Latebreeding females

XO (WU mL) 42.00 +2.45" 53.20 +2.87"" 7224 +251"
SOD(U mL™) 117 +0.10" 1.89+0.17" 1.80 £0.09"
Catalase (nmol min~ mI~%) 11.1+09 169+1.7" 144+15

GPx (nmol min~t mI~1) 129.3+11.9 2297+ 277" 165.3 +16.4

85.93 +2.51""
1.94+0.12

23.0+3.2°

236.4 +20.1"

XO: xanthine oxidase; SOD: superoxide dismutase; GPx: glutathione peroxidase.
*
denotes significant changes across breeding.

N
Denotes significant differences between sexes within early and late sample periods.
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Plasma level means (S.E.M.) for the markers of lipid, protein and DNA oxidation between early breeding (1-2
weeks males, 1 week females) and late breeding (9—-11 weeks males and 4 weeks females) adult northern

elephant seals.

Early Breeding Males LateBreedingMales Early Breeding Females Latebreeding females

Damage markers

8-i50-PGFy, (ng mI~Y) 15.81+3.10 23.67+3.92
4-HNE (ug mi™Y) 2151+234 27.68 £1.93"
Nitrotyrosine (nM) 593.7+215 470.6 + 20.2°"
8-OHG (ng mI™) 3.01+002" 3.22+0.04""

Inflammation markers
TNF-a (pg mL™2) 13.38+2.59 23.24+259™"
CRP (ug mL™%) 0.29 £ 0.02 0.26 + 0.02

12.26 +3.20
22.40+4.30

589.3 +£23.4

2.64 £0.05"

14.03 + 4.07

0.27£0.01

16.93 % 3.39
2419 +3.32
795.1 +80.5™"

2.55 +0.08"

16.24 + 3.08"
0.27£0.02

8-is0-PGF2(: 8-isoprostanes; 4-HNE: 4-hydroxynoneal; 8-OHG: 8-hydroxy-2-deoxyguanosine; TNF-a: Tumor necrosis factor- a; CRP: C-reative

protein.
*
denotes significant changes across breeding.

AN
Denotes significant differences between sexes within early and late sample periods.
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