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Synopsis Evolutionary biologists have been interested in the negative interactions among life history traits for nearly a

century, but the mechanisms that would create this negative interaction remain poorly understood. One variable that has

emerged as a likely link between reproductive effort and longevity is oxidative stress. Specifically, it has been proposed

that reproduction generates free radicals that cause oxidative stress and, in turn, oxidative stress damages cellular

components and accelerates senescence. We propose that there is limited support for the hypothesis because reactive

oxygen species (ROS), the free radicals implicated in oxidative damage, are not consistently harmful. With this review,

we define the hormetic response of mitochondria to ROS, termed mitochondrial hormesis, and describe how to test for a

mitohormetic response. We interpret existing data using our model and propose that experimental manipulations will

further improve our knowledge of this response. Finally, we postulate how the mitohormetic response curve applies to

variation in animal performance and longevity.

Introduction

A long-standing dogma in evolutionary biology is

that current reproduction comes at a cost to future

reproduction and longevity. While there is growing

understanding of the ecological factors that underlie

such tradeoffs (Stearns 1976; Martin 1995; Sæther

and Bakke 2000; Ricklefs 2008), the physiological

mechanism(s) that would underlie a cost of repro-

duction has proven elusive (Ricklefs and Cadena

2007; Xu et al. 2012; Speakman and Garratt 2014).

One variable that has been widely proposed as a

central element in the cost of reproduction is oxida-

tive stress (Sies and Cadenas 1985). Following the

assumption that mitochondrial reactive oxygen spe-

cies (ROS) emission increases as a consequence of

increased ATP production, the oxidative cost of re-

productive hypothesis links the high-energy demand

of reproduction with the accumulation of damage

from ROS (i.e., oxidative damage) that contributes

to a reduction in future performance and longevity

(Monaghan et al. 2009; Costantini 2014). Oxidative

damage accumulates when high levels of ROS over-

whelm the capacity of the mitochondrion and cell to

quench these highly reactive molecules with antiox-

idants. The result is a condition known as oxidative

stress. An accumulation of oxidative damage to pro-

teins, lipids, and DNA has been shown to directly

and indirectly damage intracellular structures (e.g.,

mitochondria). As a consequence, an animal’s capac-

ity to support the energetic demands of future re-

production and processes that maintain longevity is

reduced (Halliwell and Gutteridge 2015).

To test this hypothesis, investigators have most

commonly measured oxidative damage in select tis-

sue(s) and asked if oxidative damage accumulates

during reproduction. The results of these studies

have provided limited support for this hypothesis

(Selman et al. 2012; Speakman and Garratt 2014;
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Blount et al. 2016). Weak support for the hypothesis

is perhaps not surprising given that a key assumption

of the hypothesis—that increased mitochondrial ROS

emission is tied to increased mitochondrial ATP

production—is incorrect (Murphy 2009; Speakman

and Garratt 2014). Further, this approach is problem-

atic because, in many cases, data do not tie an ener-

getic or a fitness consequence with the observed

oxidative damage. Not including an energetic or fit-

ness consequence turns out to be a critical omission

given that the cellular performance and longevity ap-

pear to display a hormetic, rather than linear re-

sponse, to ROS emission. While the relationship

between ROS production and ATP production has

been addressed previously (Powers and Jackson

2008; Murphy 2009; Speakman and Garratt 2014),

this essay will focus on the significance and potential

consequences of the hormetic response to ROS.

Mitochondrial hormesis (i.e., mitohormesis)

describes an increase in mitochondrial performance

in response to low levels of ROS and a reduction in

the same variables in response to high levels of ROS

(Tapia 2006; Ristow and Schmeisser 2014; Yun and

Finkel 2014; Fig. 1). Building on the work of

Costantini et al., who suggested a role for hormesis

in the organismal response to oxidative stress

(Costantini et al. 2010, 2014; Costantini 2014), we

refine this model and suggest considering life history

variables in a mitochondrial hormetic framework

will be more effective and offer new insights into

processes underlying the changing bioenergetic ca-

pacity that animals display throughout their lives.

With this paper, we describe the characteristics

required to identify a variable as hormetic. We de-

scribe the cellular responses that underlie a specific

form of hormesis termed mitochondrial hormesis

and recommend how to identify a mitohormetic re-

sponse in cells and organisms. Finally, we will describe

how mitochondrial hormesis applies to existing data,

how experimental manipulation of ROS may help us

to further understand how organisms respond to ROS,

and briefly, postulate how the mitohormetic response

could be responsible for life history variation among

species. Much of this paper focuses on the potential

positive effects that reproduction can have on future

performance via mitochondrial hormesis. We also ex-

plain how ROS could benefit cellular performance

while simultaneously contributing to an accumulation

of damage that has a delayed impact on mitochondrial

function that could reduce future performance and

hasten senescence. Our examples focus on females

for the sake of simplicity and because the energetic

demand of reproduction is typically higher for females

than males. As a consequence, selection on the

physiological mechanisms that support reproduction

is thought to be stronger in females than males

(Hayssen and Orr 2017).

The hormetic response and mitochondria

A variable that exhibits hormesis displays a biphasic

response to a stressor, where lower levels of exposure

to the stressor are beneficial and high levels are dam-

aging. A response can be defined as hormetic when a

benefit is detected. These benefits include, but are

not limited to, enhanced growth rate, increased re-

productive output, and increased longevity; the

mechanisms that underlie these benefits include

those that protect against cellular damage or enhance

metabolism (Stebbing 1982; Calabrese and Baldwin

2003). Hormetic responses include innate dose–re-

sponse effects and the priming effects of repeated

exposure to a stressor (Stebbing 1982; Calabrese

and Baldwin 2003; Costantini et al. 2010;

Costantini 2014).

Mitochondria and cells are constantly exposed to

ROS and, to a lesser extent, reactive nitrogen species

(RNS), and most ROS/RNS are produced as a

byproduct of electron loss from the electron trans-

port system (ETS) during oxidative phosphorylation.

ROS are formed when electrons react with oxygen

and RNS are formed when electrons react with ni-

trogen (Balaban et al. 2005), and for simplicity the

term ROS is used in this review. The occurrence of

ROS in the mitochondrial matrix, intermembrane

space, and the cytosol is commonly associated with

two rapid responses: (1) readily available antioxi-

dants quench ROS and prevent or reduce its capacity

Fig. 1 The predicted response to ROS exposure under a linear

response and mitohormetic response. The response to ROS can

be indicated by its impact on mitochondrial performance or on

an animal’s fitness. Under a linear response (black line), ROS

becomes increasing damaging with relative exposure. Under a

mitohormetic response, modest levels of ROS benefits perfor-

mance while high levels negatively impact metabolism and fitness

(adapted from Zhang and Hood 2016).
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to cause further damage, or (2) ROS oxidize existing

proteins, lipids, and DNA causing oxidative damage

(Sies and Cadenas 1985; Monaghan et al. 2009;

Murphy 2009). A third, non-mutually exclusive re-

sponse is also possible. Cells and mitochondria de-

tect a change in levels of ROS (i.e., change in the

redox environment) and the change stimulates sig-

naling event(s) that result in a beneficial intracellular

response (Dröge 2002; Ray et al. 2012; Schieber and

Chandel 2014). Increases in ROS production have

been shown to affect a number of signaling pathways

(e.g., increase endogenous antioxidants, upregulate

enzymatic processes responsible for repairing dam-

age, and elevate mitochondrial volume within cells

[Morimoto and Santoro 1998; D’Autr�eaux and

Toledano 2007; Sano and Fukuda 2008]). When

ROS levels are modest, these processes not only

compensate for potential negative effects, but they

can result in changes to mitochondrial and cellular

function to better match the current environment.

For instance, sustained positive effects of ROS have

been consistently observed with regular exercise and

modest caloric restriction (Sohal and Weindruch

1996; Gredilla and Barja 2005; Ristow and

Schmeisser 2011; Merry and Ristow 2016). The phys-

iological responses to increased ROS are thought to

be responsible for the enhanced longevity commonly

associated with each of these conditions (Radak et al.

2005). These observations led Tapia (2006) to define

the response of cells to ROS exposure as a specialized

form of hormesis that he called mitochondrial horm-

esis. The significance of this cellular and organismal

response has been championed by Ristow, Yan, and

others (Tapia 2006; Ristow and Zarse 2010; Ristow

2014; Yun and Finkel 2014).

Hormetic processes are likely to underlie organis-

mal capacity to respond to numerous exogenous and

endogenous variables, ultimately affecting survival

and probability and timing of reproduction

(Costantini et al. 2010; Costantini 2014). Previous

work by Costantini et al. focused on the protective

effects of hormesis against oxidative damage

(Costantini et al. 2006, Costantini and Moller 2009;

Costantini 2014). We take this one step further to

suggest that hormetic processes may alter the respi-

ratory performance of mitochondria, providing a di-

rect link to the capacity of an individual to allocate

energy to life history events.

How to identify mitochondrial hormesis

The most convincing demonstration of a hormetic

response includes documentation of both the fitness

benefit and mechanism that underlies the benefit.

For example, Zhang et al. (2018a) compare two

groups of laboratory mice, one that had access to

a running wheel for 1 month before reproduction,

and one that did not have access to a running

wheel. A subsample from each group was collected.

As predicted, the skeletal muscle mitochondria dis-

played higher mitochondrial respiratory capacity

(respiratory control ratio, as described below) and

the liver, skeletal muscle, and heart had higher mi-

tochondrial density in mice that ran compared with

mice that did not run (Zhang et al. 2018a). Then,

the remaining females were bred. Females that had a

wheel before reproduction gave birth to a larger

litter that was heavier at weaning relative to the

litters born to mice that did not have access to a

wheel (Zhang et al. 2018a; Fig. 2). This improved

bioenergetic capacity before reproduction and the

greater allocation of energy to subsequent reproduc-

tion (both based on offspring number and mass) is

highly suggestive of a mitohormetic response. The

authors of this study concluded that a known stim-

ulus of ROS production (i.e., exercise) was respon-

sible for improved reproductive fitness.

The collection of longitudinal data from the same

individuals provides the ideal condition for identify-

ing mitohormetic effects, but longitudinal studies are

logistically challenging because obtaining tissue sam-

ples often necessitates sacrificing the experimental

Fig. 2 Litter size at birth (A) and cumulative mass of the litter at

weaning (B) for females with and without access to a running

wheel before reproduction. Adapted from Zhang et al (2018a).
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animals. Nevertheless, investigators may present data

suggestive of mitohormesis. For example, in longitu-

dinal studies investigators may find improved fitness

following the detection of improvement in a physi-

ological variable that is positively correlated with

mitochondrial performance. In finite studies, inves-

tigators may find improved mitochondria perfor-

mance that has the potential to benefit future

fitness. For example, in the running study described

above, Zhang et al. (2018a) showed that liver mito-

chondria of post-lactating females that had access to

a running wheel displayed a higher respiratory con-

trol ratio (RCR; described below) and higher mito-

chondrial density. These mice also had increased

lipid peroxidation, as indicated by levels of a perox-

idation byproduct 4-hydroxynonenal (4HNE)

(Zhang et al. 2018a). Likewise, Mowry et al. (2016)

found that the liver of multiparous-year-old, wild-

derived house mice displayed higher lipid peroxida-

tion (4HNE) and a trend toward greater maximal

mitochondrial phosphorylation rate (state 3 respira-

tion, P¼ 0.06) relative to nulliparous mice. Despite

the increase in oxidative damage observed in both

studies the enhanced mitochondrial measures suggest

the females had greater potential to allocate more

energy to liver function at the time of sacrifice.

A reduction in mitochondrial performance com-

monly accompanies aging, both in the presence and

absence of age-related disease (Ferguson et al. 2005;

Navarro and Boveris 2007). Perhaps the most inter-

esting question that could not be addressed by the

studies described above is would the females with

enhanced mitochondrial performance and greater oxi-

dative damage have a enhanced or reduced lifespan?

Several studies have shown fitness consequences of

increased oxidative damage (Noguera et al. 2012;

Barreto and Burton 2013; Pap et al. 2018), but this

is not consistent in all species or conditions. In some

instances, measures of oxidative damage in individ-

ual organs are not correlated with a reduction in

fitness, indicating that the costs of carrying that

damage are minimal. For example, the naked mole-

rat carries 2–10� more oxidative damage in its urine

and several organs relative to laboratory mice

matched for physiological age (Andziak et al.

2006). Despite this high level of oxidative damage,

mole-rats display high protein stability, high resis-

tance to H2O2 induced cell death, and an exception-

ally long lifespan (Perez et al. 2009). In another

study, oxidative damage has been shown to be a

relatively trivial player in the accumulation of mito-

chondrial DNA mutations in old individuals (Itsara

et al. 2014; Pinto and Moraes 2015). These studies

suggest that caution should be used in considering

the accumulation of oxidative damage as the sole

indicator of future fitness.

Methods for quantifying mitochondrial performance

Identification of mitochondrial measures that could

contribute to mitohormesis should include a mea-

sure of ROS production and/or oxidative damage,

and measures of mitochondrial performance.

Measures of antioxidants levels can also provide

valuable information for understanding the oxidative

stress response. ROS production can be detected by

using amplex red (Armstrong and Whiteman 2007).

To detect a change in metabolic performance of mi-

tochondria, RCR and ETS complex activity (Spinazzi

et al. 2012) can be measured. RCR is a measure of

the relative amount of oxygen used by mitochondria

when they are working at their maximum capacity

(state 3) divided by the amount of oxygen used

when ADP is not available (state 4). The RCR is

particularly valuable because a negative change in

almost any aspect of oxidative phosphorylation will

lower RCR (Brand and Nicholls 2011). Other meas-

ures, such as the P/O ratio (i.e., a measure of phos-

phorylation efficiency) and the enzymatic activity of

ETS complexes (i.e., an index of electron transport

capacity), provide valuable information. In addition,

the relative number of mitochondria present is also a

key variable that responds to relative ROS levels and

influences ATP production by any given organ.

Relative citrate synthase activity and mitochondrial

copy number are common measures of relative mi-

tochondrial density (Leek et al. 2001; Clay Montier

et al. 2009). Markers of oxidative damage to lipids

(e.g., 4HNE, F2-isoprostanes, malondialdehyde),

proteins (e.g., protein carbonyls, protein thiol oxida-

tion), and DNA (e.g., 8-hydroxy-20-deoxyguanosine;

comet assay) can be used to compare oxidative dam-

age between treatment groups. Numerous assays and

antibodies are also available for measuring the activ-

ity and protein levels of antioxidants. The relative

accuracy and precision of each assay should be care-

fully considered (Powers et al. 2010).

Many investigators have measured oxidative dam-

age and antioxidant levels in the blood as a relative

indicator of oxidative stress. Blood can be collected

from most vertebrates without sacrificing the animal

and it, therefore, affords the investigator the oppor-

tunity to evaluate oxidative stress and collect data

on the fitness of the same individual over time.

However, not all biomarkers of oxidative damage

and antioxidants in blood accurately reflect pro-

cesses occurring in individual organs. For example,

Argüelles et al. (2004) found that only serum lipid
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hydroperoxides (but not thiobarbituric acid reactive

substances, protein carbonyls, and total antioxidant

activity) were an adequate marker for oxidative

damage in the liver, spleen, heart, and kidney fol-

lowing exposure to cytotoxic diets with varying lev-

els of iron and manganese. In contrast, Veskoukis

et al. (2009) reported that two markers not sup-

ported in the aforementioned study by Arguelles

(i.e., thiobarbituric acid reactive substances and pro-

tein carbonyls), and glutathione disulfide and cata-

lase can reflect the redox status in skeletal muscle,

heart, and/or liver. Furthermore, recently described

methods for evaluating the respiratory function of

nucleated red blood cell mitochondria, such as in

birds, are intriguing (Stier et al. 2017) but additional

work is needed to understand the role that red

blood cell mitochondria play in animal physiology.

To detect whether a response to a change in ROS

production is beneficial or harmful to mitochondrial

function, it is also critically important to consider

the timing of sample collection. Zhang et al.

(2018b) recently described the temporal response to

an acute increase in ROS production. X-irradiation

was used as a pro-oxidant because it increases ROS

while exposing the animal to few extraneous side-

effects; in addition, X-irradiation evenly impacts all

exposed areas (in this case, the whole animal)

(Szumiel 2012; Koch and Hill 2017; Zhang et al.

2018b). In contrast, toxins such as paraquat and di-

quat differentially impact various organ systems and

likely do so in a manner that is not similar to envi-

ronmental or physiological pro-oxidants (Koch and

Hill 2017). ROS emission, oxidative damage to lipids

(4HNE) and proteins (protein carbonyls), and mito-

chondrial respiratory function of liver and skeletal

muscle tissue, among other variables, were evaluated

at several points following irradiation, and each were

compared with non-irradiated control mice. In the

liver and skeletal muscle, ROS production and oxi-

dative damage to lipids and proteins increased in the

first 1 h–1 day following irradiation (Fig. 3A–D).

However, liver and skeletal muscle oxidative damage

to lipids and proteins returned to baseline after

10 days, while mitochondrial ROS production

decreased below the non-irradiated controls

(Fig. 3A–D). Ten days after irradiation, the enzy-

matic activity of the liver mitochondrial complexes

I, III, and IV and the enzymatic activity of skeletal

muscle mitochondrial complex 1 was higher com-

pared with the non-irradiated control mice

(Fig. 3E, F). In addition, the liver mitochondrial

RCR returned to control levels after a decrease that

was observed at day 1 (Zhang et al. 2018b). In sum,

10 days after irradiation, the mitochondria in the

liver and muscle (albeit not as pronounced) of irra-

diated mice outperformed control mice. Two impor-

tant take-home messages of this study are that if

responses to oxidative stress were quantified only

in one tissue and one time point (i.e., 1 day or

only 10 days post-exposure) (Fig. 3) the conclusions

would be dramatically different, and it takes a con-

siderable period of time for cells to respond to an

acute oxidative event.

While this example represents the response to an

acute pro-oxidant, the response to a lower level,

chronic, or repeated increase in ROS may be quite

different. Most studies have investigated the cost of

reproduction during a reproductive event, but the

example above highlights just how ephemeral

changes in oxidative status and mitochondrial respi-

ration can be. To evaluate changes following repro-

duction, we compiled data from Hyatt et al. (2018a,

2018b) and asked if RCR, ROS production, oxidative

damage, or antioxidants changed between peak lac-

tation (i.e., 14 days post-partum) and 1-week post

weaning (i.e., 28 days post-partum) in Sprague-

Dawley rats. We found that when compared with

peak lactation, at 1-week post weaning liver mito-

chondrial ROS production and skeletal muscle oxi-

dative damage (both to lipid and proteins) decreased

and several liver antioxidants and skeletal muscle

SOD2 increased (P< 0.05, Supplementary

Materials). Any of a number of stressors including

atypical temperatures, pathogen, low food availabil-

ity, social stress, and aging, among others, could

stimulate deviations from the baseline level of ROS

being produced by the mitochondria (Costantini

2010). Thus, the challenge for researchers is selecting

an appropriate time to collect data. If the goal of a

study is to evaluate the impact of an oxidative event

on future performance, whether associated with re-

production or otherwise, it is likely more appropri-

ate to collect samples after organs have returned to a

stable state (e.g., post weaning) rather than risking

collection at time when changes are short-lived (e.g.,

peak lactation) and unlikely to have persistent

impacts on performance (Zhang and Hood 2016).

Current models of mitochondrial
hormesis and its application to life
history

In applying mitochondrial hormesis to a life history

framework, dose–response and priming effects

should be expected. Dose–response effects are those

that determine the immediate response to a novel

stressor. Exposure to a stressor may have a positive

or negative impact on cellular performance. The
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simultaneous response to multiple stressors, for in-

stance if an animal is exposed to a pathogen during

reproduction, can have an additive (Fig. 4A), syner-

gistic (Fig. 4B), or antagonistic (Fig. 4C) effect

(Stebbing 1982; Calabrese and Baldwin 2003). The

relative impact that individual stressors have on ox-

idative stress and the type of interaction that occurs

between multiple stressors will ultimately determine

whether their interaction benefits performance or

hinders it.

For example, exercise, which is a classic example

of mitochondrial hormesis, stimulates a priming ef-

fect, also referred to as adaptive effects, (Halliwell

and Gutteridge 2015). Exercise is associated with reg-

ular fluctuations in ROS emission. It is a repeated

stressor whose benefits may increase or be main-

tained when the activity occurs regularly but not

continuously. ROS in skeletal muscle typically

increases during intense activity but then drops

lower than the untrained state between bouts of ex-

ercise (Powers and Jackson 2008). This effect makes

it less likely that the threshold between a beneficial

and detrimental effect of ROS will be crossed, and

appears to do so by reducing the baseline ROS levels

(Judge et al. 2005), resulting in a left shift along the

x-axis in the mitohormetic response curve (Fig. 4D).

Like regular exercise, reproduction in iteroparous

species is associated with numerous physiological

processes that display periodicity, and thus, could

allow for priming. The energy demand of the

reproductive female may go up and down between

reproductive events. Milk synthesis is up- and down-

regulated throughout the day. The demands placed

on skeletal muscle of foraging parents fluctuate with

Fig. 3 Change in the mitochondrial ROS production (A, B), lipid peroxidation (4HNE) (C, D), and complex 1 activity (E, F) in the liver

(A, C, E) and skeletal muscle (B, D, F) of virgin wild-derived mice exposed to 500 rad x-radiation. Note that if data had only been

collected 1 day post-exposure (black bars) or 10 days post-exposure (white bars), the interpretation of the response would have been

very different. Different letters above the bars indicate statistical significance. Adapted from Zhang et al (2018b).
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cycles of activity. The duration and intensity of each

event could determine if there is an increase in ROS

production during the event and whether this is

ephemeral or persistent. In many species, the perfor-

mance of females increases over their first few repro-

ductive bouts (Fig. 5). While much of this change

may be due to variation in experience (Lunn et al.

1994), it is also likely that some proportion of var-

iation in performance is attributable to the priming

effects of mitochondrial hormesis.

When the reproductive performance of females is

evaluated throughout an animal’s life (e.g., clutch or

litter size, offspring mass), reproductive performance

often increases early in a female’s reproductive life,

but in many species, performance also declines late

in an animal’s life (Fig. 5). Again, studies of exercise

physiology may provide insight into the processes

that underlie how mitochondria respond to many

extended and intense bouts of increasing energy ex-

penditure. Exercise can become detrimental when

bouts of activity become too long and too frequent,

providing physiological systems no chance to recover

(Fehrenbach and Northoff 2001). Excessive exercise

can lead to DNA oxidation, strand breaks, and

DNA–protein cross-links in muscle. If not adequately

repaired, these changes can contribute to alterations

in DNA sequence, metabolic dysfunction, and even

cancer (Fehrenbach and Northoff 2001). Excessive

exercise can also negatively impact organs peripheral

to the skeletal muscle, as is indicated by DNA dam-

age in circulating leukocytes, which impairs their

immune function (Tuan et al. 2008). Like excessive

exercise, it is feasible that repeated reproduction is

associated with an accumulation of mitochondrial

DNA damage. However, 70–90% of all mitochondria

within an organ may have to accumulate mitochon-

drial DNA damage before it is possible to detect re-

duced mitochondrial respiratory function (Fayet

et al. 2002; Trifunovic and Larsson 2008). As a con-

sequence, the damage that accumulates in reproduc-

tive animals may not be revealed until late life. And

in some cases, that threshold may never be reached;

in that case, no difference in longevity between re-

productive and non-reproductive animals would be

revealed.

Experimental manipulation of ROS

An important caveat of the running-before-

reproduction study described above (Zhang et al.

2018a) is that the relationship between RCR follow-

ing running and reproductive output was merely a

correlation. Numerous physiological changes under-

lie adaption to exercise. And thus, it is possible that

Fig. 4 Effect of interacting stressors on change in ROS levels on cellular performance and fitness. Figure include examples of (A)

positive and negative additive effects, synergistic effects (B), antagonistic effects (C), and priming effects (D).
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the observed difference in reproductive output be-

tween groups was a consequence of a physiological

process other than ROS. This could also be true of

any proposed effects of reproduction on RCR. One

method of confirming this effect would be to uncou-

ple the change in ROS with other physiological var-

iables by inducing ROS experimentally.

Experimentally induced increases or reductions in

ROS can be used to confirm dose–response effects

and determine if priming effects impact reproductive

performance or other activities or responses. In the

case of dose–response effects, different levels of ROS

exposure can be used to characterize the hormetic

response curve, or ROS can be altered during a spe-

cific event, such as reproduction, to determine

whether the responses to ROS are additive or not.

To evaluate priming effects of reproduction, ROS

could be induced before the reproductive event to

determine if altered ROS production changes future

reproductive performance (as indicated by Zhang

et al. 2018a) or ROS could be induced after repro-

duction to determine if reproduction impacts the

ability to respond to a future ROS stressor. These

approaches have been effectively applied to birds,

Drosophila, and C. elgans (Wang et al. 2008; Stier

et al. 2014; Yee et al. 2014; Costantini et al. 2016).

Costantini et al. (2016) increased oxidative damage

in female canaries before reproduction by injecting

them with DL-buthionine-(S, R)-sulfoximine. DL-

buthionine-(S, R)-sulfoximine inhibits the synthesis

of the antioxidant glutathione which reduces the

proportion of ROS being quenched. Birds that were

exposed to DL-buthionine-(S, R)-sulfoximine had

higher blood oxidative damage and delayed onset

of reproduction, but no difference in reproductive

output relative to the controls (Costantini et al.

2016). It would have been informative to evaluate

this effect across a range of DL-buthionine-(S, R)-

sulfoximine doses to assess the differential effects of

ROS on the onset of breeding and reproductive out-

put. More experimental studies are needed to deter-

mine the direct role of ROS exposure on variance in

reproductive performance and longevity. It would be

particularly informative to confirm dose-dependent

priming effects, targeted at directly revealing the pos-

itive and negative effects of ROS at different levels of

exposure.

Interspecific variation in life history and
the mitohormetic curve

The role that the mitohormetic response curve may

play in the evolution of species-specific life-history

strategies is completely unexplored and would be

worthy of future investigation. Animals with longer

lifespans typically display lower levels of ROS produc-

tion. For example, Herrero and Barja (1998) showed

that ROS production from the heart is lower in

longer-lived domestic canaries (Serinus canaria) and

parakeets (Melopsittacus undulatus) than shorter-lived

laboratory mice (Mus musculus). In addition,

Lambert et al. (2007) showed a negative correlation

between longevity and heart ROS production among

10 species of mammals.

In addition, we also know that within species,

ROS levels can vary among populations and these

differences can correlate with multiple life history

traits. Two ecotypes of the western terrestrial garter

snake (Thamnophis elegans) are found in northeast

California. The slow-living ecotype, which is found

in grassy meadows, experiences low predation and

displays low litter sizes (4.3 young) and a relatively

long lifespan (8 years). In contrast, the fast-living

ecotype, found at the rocky shore, experiences high

predation and displays larger litter sizes (8.8 young)

and relative shorter lifespans (4 years) (Bronikowski

and Arnold 1999; Schwartz and Bronikowski 2011).

The relatively K-selected slow-living ectomorph dis-

plays lower ROS production in the liver and has a

greater efficiency of DNA repair in red blood cells

compared with the relatively r-selected fast-living ec-

tomorph (Robert and Bronikowski 2010; Schwartz

and Bronikowski 2011).

It is unknown if priming or selection can change

the relative shape of the mitohormetic curve, alter-

ing the threshold at which ROS becomes damaging,

and the amplitude, which determines how beneficial

or how detrimental a change in ROS may be. In

addition, the extent that stressors of different

Fig. 5 Common pattern of energy allocated to each reproductive

event across the life of a female. Total energy allocated to re-

production is typically indicated by offspring number or mass but

many also be indicated by direct measure of the energy content

of young.
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magnitudes and frequencies influence ROS production

and longevity warrants further study. Interestingly,

the longest-lived rodent, the naked mole rat

(Heterocephalus glaber), which displays high levels of

oxidative damage but high protein stability, also dis-

plays ROS levels that fall in the center of the ROS and

longevity curve (Andziak et al. 2006; Perez et al. 2008).

This suggests that while their propensity to repair ox-

idative damage deviates from comparably sized spe-

cies, the ROS levels do not (Lambert et al. 2007).

This finding further emphasizes the importance of

considering the type of response to ROS exhibited in

life history studies.

Conclusions

Observations published in the biomedical literature

provide overwhelming evidence that a change in

ROS can contribute to a hormetic response. To date,

comparative biologists have primarily considered the

mitohormetic framework when interpreting unex-

pected results. We argue that the cellular and organis-

mal response to ROS should be fundamental in

forming our hypotheses and designing our studies.

Taking into account the complexity of responses to

ROS, it is vital to make further progress in character-

izing how biogenetic processes contribute to variation

in the life history patterns and fitness of individuals.
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