
Mechanisms of Oxidative Stress Resistance in The Brain: 
Lessons Learned From Hypoxia Tolerant Extremophilic 
Vertebrates

Valentina R. Garbarino*, Miranda E. Orr*, Karl A. Rodriguez, and Rochelle Buffenstein§

Department of Physiology, Sam and Ann Barshop Institute for Aging and Longevity Studies, 
University of Texas Health Science Center at San Antonio

Abstract

The Oxidative Stress Theory of Aging has had tremendous impact in research involving aging and 

age-associated diseases including those that affect the nervous system. With over half a century of 

accrued data showing both strong support for and against this theory, there is a need to critically 

evaluate the data acquired from common biomedical research models, and to also diversify the 

species used in studies involving this proximate theory. One approach is to follow Orgel’s second 

axiom that “evolution is smarter than we are” and judiciously choose species that may have 

evolved to live with chronic or seasonal oxidative stressors. Vertebrates that have naturally evolved 

to live under extreme conditions (e.g., anoxia or hypoxia), as well as those that undergo daily or 

seasonal torpor encounter both decreased oxygen availability and subsequent reoxygenation, with 

concomitant increased oxidative stress. Due to its high metabolic activity, the brain may be 

particularly vulnerable to oxidative stress. Here, we focus on oxidative stress responses in the 

brains of certain mouse models as well as extremophilic vertebrates. Exploring the naturally 

evolved biological tools utilized to cope with seasonal or environmentally variable oxygen 

availability may yield key information pertinent for how to deal with oxidative stress and thereby 

mitigate its propagation of age-associated diseases.

Introduction

The recent death of one of the most influential bio-gerontologists of all time, Dr. Denham 

Harman (1916–2014), the founding father of the Oxidative Stress Theory of Aging, forces 

one to reflect on the tremendous impact his paradigm shifting work has had in biomedical 

research as well as the outstanding issues involving his postulate. Dr. Harman’s theory has 

enjoyed considerable impact and support as a basis of why and how we age. It also is 

considered a fundamental component of research concerning cancer, cardiovascular, and 
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neurodegenerative diseases [1, 2]. It has also been ardently embraced in ecological and 

physiological studies as a mechanistic explanation for the observed life history trade off 

associated with allocating energy to reproduction or somatic tissue maintenance [3], 

suggesting ubiquitous importance throughout life’s seasons.

Sixty years ago, Dr. Harman proposed that aging occurs when a cell is no longer able to 

balance the inevitable creation of reactive oxygen species [ROS] during aerobic metabolism 

with their neutralization by antioxidants. The irreversible destructive effects of these 

metabolic byproducts accumulate and cause oxidative damage, cellular degeneration, and 

functional decline. Additionally, they catalyze the further production of ROS that 

perpetuates damage and destruction of surrounding cells. Since damaged macromolecules in 

turn become ROS, oxidative damage becomes a self-propagating insult (Figure 1). If left 

unchecked, this catalytic chain reaction often coincides with age-associated cumulative 

damage to cellular macromolecules and organelles. Further, when inadequate repair 

processes are available, organ functionality decreases and the incidence of age-associated 

morbidities such as neurodegenerative diseases increases [4–6].

The brain, in particular, is more susceptible to oxidative stress than other organs. Although 

the brain only accounts for ~2% of body mass it consumes 15–20% of the energy generated 

in the entire body. The high mass specific metabolic rate is attributed to the high proportion 

of omega-three polyunsaturated fatty acids (PUFAs) in brain tissue [7]. These phospholipids 

are highly susceptible to peroxidation. Moreover, brain tissue contains high levels of redox-

active iron and copper further enhancing its vulnerability to oxidative stress. Brain also has 

little potential to replenish damaged cells since it is composed mostly of terminally 

differentiated neurons and glia. As deaths associated with neurodegenerative diseases 

continue to increase in prevalence with few, if any, treatment options available, here we have 

focused the on what is known about oxidative stress in the brain, the impact thereof in 

cognitive function and the mechanisms of protecting this important organ in vertebrates 

especially those living in extremely hostile habitats.

The Physiological Role of Reactive Oxygen Species in the Brain

Though oxygen provides the chemical energy essential for life, harnessing this element for 

metabolic activities carries a high cost due to the formation of highly volatile ROS. ROS are 

best known for indiscriminately attacking phospholipids, proteins and DNA. If left 

unchecked these insults can cause substantial damage at the cellular level and eventually 

affect the organism as a whole. As the central regulator of the entire organism and one of the 

most metabolically active tissues in the body, the brain must tightly regulate its oxygen 

handling and redox regulation to preserve somatic health.

In moderate amounts, ROS are essential for normal brain/cell function. Moreover many 

endogenous cytoprotective molecules are upregulated by ROS, thereby triggering many 

adaptations to counteract and neutralize oxidative stressors [8]. Physiological ROS levels are 

extremely critical during brain development. In the developing brain, ROS contribute to 

healthy neural stem cell proliferation and differentiation and neurons produce high levels of 

physiologically active ROS to promote these critical functions. This is evidenced by 
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decreased neural stem cell (NSC) proliferation rate and altered neuronal differentiation when 

neuronal cultures are supplemented with antioxidants [9–11]. Conversely, hypoxia 

conditioned media enhances NSC proliferation and favors neuronal survival over that of 

astrocytes [12]. Standard culture atmospheric conditions also influence cell survival, 

proliferation and fate determination in induced pluripotent stem cell (iPS) neurospheres [13–

16]. While neurosphere number and size remain constant regardless of whether they are 

cultured at normal atmospheric conditions (21% O2) or under hypoxia (1–5% O2), culturing 

the iPS neurospheres in 1% oxygen increased gene expression of HIF-1A and VEGF and 

EPOR [10] angiogenic growth factors amenable to neurogenesis and brain development.

In the adult brain, ROS exerts physiological functions through the modulation of redox-

sensitive proteins. ROS second messengers, such as nitrous oxide (NO) and carbon 

monoxide (CO) promote long-term potentiation (LTP) by inducing GMP-regulated 

glutamate release [17–21]. These reversible reactions alter synaptic plasticity and cellular 

metabolism through a delicate balance where high concentrations diminish LTP and synaptic 

signaling, and low concentrations enhance these processes.

Despite an age-associated decrease in CNS metabolic function with age, oxidative stress as 

measured by altered membrane lipids, oxidized proteins, and damaged DNA increase while 

natural antioxidant levels become dysregulated even in cognitively healthy individuals [22–

24]. Gradually, physiological levels of ROS or reactive nitrogen species (RNS) start to 

exceed the brain’s innate defenses. When compensatory defenses fail to counteract excess 

oxidative stress, impairments in neuronal function and cognition occur. The precise 

mechanisms involved in brain aging that lead to oxidative stress are complex; oxidative 

damage accrual is not uniform among individuals, or in the various brain regions, or even 

among cell types within the same specific brain region.

Dealing with Excess ROS in the Brain

As post mitotic cells, neurons require highly effective mechanisms to eliminate oxidative 

damaged macromolecules. To combat ROS and eradicate damaged macromolecules, neurons 

utilize highly effective antioxidant defenses and efficient repair and removal mechanisms. 

Both autophagy and the ubiquitin proteasome system play a pivotal role in the removal of 

damaged proteins and organelles [25–27]. Chaperone interaction with these degradative 

machinery and assist in this regard. After mild oxidative stress, chaperones facilitate 

clearance of damaged macromolecules to prevent neuronal cell death both in vitro [28] and 

in vivo [29]. Not surprisingly, therefore, when proteasome populations are depleted in mouse 

forebrain neurons, oxidative damage and ROS generating oxidative stressors increase 

dramatically [30].

To combat oxidative stress-induced DNA damage (i.e., 8-oxo-7, 8-dihydro-29-

deoxyguanosine (8-oxodG) lesions or single strand nicks) cells execute base excision repair 

(BER) [31]. These repair and damage removal mechanisms decline with age [32] and can 

lead to cognitive decline [31, 33]. In particular, aged brains exhibit high levels of oxidativly-

induced DNA mutations, especially in mitochondrial DNA (mtDNA) [34–37]. mtDNA 

mutations have exceptionally dire implications in the brain as mtDNA half-life is extremely 
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long even when compared to other post-mitotic tissues (e.g., heart 7 days compared to brain 

31 days) [38]. To assess the effects of DNA oxidative damage on longevity, levels of 8-

oxodG were compared among six mammals ranging in maximum lifespan (MLS) (3.5 years, 

mice, to 46 years, horse) [38]. Short-lived species contained higher 8-oxodG than long-lived 

species; further the ratio between mtDNA and nDNA 8-oxodG levels tended to be lower in 

long-lived species than in short-lived species, 3 and 9 fold for horse and rat, respectively 

[38]. Although this study uses phylogenetically diverse species that differ dramatically in 

body size and other allometrically dependent variables that may confound the data, this 

study strongly implicates maintenance of brain mtDNA integrity as a strong correlate for 

longevity. However, it is critical to show that oxidative damage in brain tissue, regardless of 

whether these are neurons or other brain cells, is linked to altered brain function.

Oxidative Stress and Senescence-accelerated Mouse Models

While technologies for cognitive function assessment and in vivo brain imaging have seen 

remarkable advancements in the past decade, linking oxidative damage in the brain to 

specific cognitive and cellular functions is extremely difficult, especially with respect to 

human aging and neurodegenerative diseases. Animal models allow for better control over 

variability in genetic and environmental factors, and for in vivo findings to be validated 

through biochemical and histological assays. Many critical insights into brain oxidative 

stress have been acquired through a serendipitous outcross of an unknown albino mouse 

strain with AKR/J mice. AKR/J mice gave rise to several distinct inbred senescence-

accelerated mouse (SAM) strains [39], with spontaneous gene mutation(s) that ostensibly 

impact upon various aspects of aging. The SAMP-10 mouse strain exhibits brain atrophy 

and neurodegeneration while that of the SAMP-8 develop learning and memory deficits [40, 

41]. Several studies using SAMP mice indicate that oxidative stress greatly contributes to 

their accelerated aging phenotypes and many of these SAMP strains exhibit decreased 

antioxidant expression [42, 43]. In addition to dysregulation of these antioxidant enzymes, 

increased caspase-3 and calpain activity are also evident and coincide with cortical 

astrogliosis and neuron loss [44]. Protease dysregulation and the resulting altered removal of 

oxidatively damaged cellular components may also contribute to neuronal death in SAMP-8 

[45, 46] suggesting numerous mechanisms of accelerated aging in these mice.

In addition to exacerbating normal aging phenotypes, oxidative stress is also involved in 

pathological brain conditions. Elevated levels of cortical mtDNA deletions have been found 

in patients with Huntington’s disease [47], Parkinson’s disease [48] and Alzheimer’s disease 

(AD) [49]. Alzheimer’s pathogenesis is characterized by elevated Aβ and phosphorylated 

tau, which coincide with neurodegeneration and dementia. Elevated antioxidant expression 

in AD animal models (Tg2576 or Tg19959) revealed that SOD-2 overexpression reduced Aβ 

plaque deposition, ameliorated oxidative stress and prevented cognitive decline [50, 51]. A 

follow-up study using diffusion tensor imaging revealed that white matter tracts were similar 

between Tg2576 mice with or without SOD-2 overexpression to suggest that SOD-2 was 

exerting functional, not structural improvements [52]. A separate group used the same 

Tg2576 AD mouse, but crossed to a mouse overexpressing mitochondria-targeted catalase 

and found decreased Aβ, oxidative DNA damage and extended lifespan compared to Tg2576 

control mice [53]. Collectively these studies show that genetic restoration of antioxidants 
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greatly ameliorates AD-associated pathology and cognitive deficits in transgenic mice. 

However, supplementation of antioxidants in human clinical trials has had conflicting results 

and may even be more harmful than beneficial [54–56]. Despite a strong push from the 

pharmaceutical and neutraceutical industries, many years of study of the potential of 

antioxidant supplementation an “anti-aging” and “anti-neurodegenerative” therapy, there is 

no well-authenticated study that unequivocally demonstrates a benefit of antioxidant 

supplementation in humans or other mammals.

Constraints posed by laboratory studies

Laboratory studies can provide unparalleled opportunities to conduct carefully controlled 

comprehensive studies and tease out the inconsistent data regarding the Oxidative Stress 

Theory of Aging. However, laboratory studies come with their own suite of issues, which 

perhaps may be key in the unsuccessful attempts with antioxidant therapies to treat 

neurodegenerative/age-associated disorders in human patients. A key question is whether 

captive care adequately simulates real life situations that may alter molecular responses to 

oxidative stress and if there is indeed a tradeoff between life history traits and survival in 

laboratory animals. For example, the high oxygen content in the regulated air exchanges 

flowing through the animal facility may affect the level of oxidative stress encountered, 

especially when animals are at rest. Another confounding problem that may compromise 

oxidative stress studies is disparate food availability, both in quantity and quality, in captive 

and wild animals. Whereas animals in the wild may commonly encounter periods with 

limited food availability and may have to spend considerable time and energy foraging, 

laboratory rodents are kept in small cages that restrict exercise with an ad libitum supply of 

food. Moreover, while most rodents in the wild rest in thermally buffered burrows or 

crevices, mice in captivity usually are exposed to the same thermal conditions when resting 

and active and are chronically cold-stressed. In most animal facilities mice are housed at 

temperatures (20–24°C) well below thermoneutrality (30–32°C) and thus are required to 

expend considerable energy on facultative thermogenesis [57, 58]. With no opportunity for 

physical exercise and little mental stimulation these cold-stressed rodents often consume 

vast amounts of food relative to animals in the wild and become obese. As a result, they may 

show very different gene expression to well-exercised animals, and may develop various 

associated pathological conditions, including reduced cognitive function [59, 60] that may 

constrain or confound their central nervous system responses to oxidative stress and aging. If 

these sedentary rodents are subjected to high fat or high sugar diets they may become even 

more vulnerable to oxidative stress [61] and show marked cognitive impairments [62]. Not 

surprisingly therefore they may be more responsive to experimental manipulations that 

reduce oxidative stress or alter these detrimental environmental conditions.

Insights Arising from Comparative Biology Studies ~ the Evolutionary 

Paradigm

A common general assumption that “below the surface” all species share the same 

biochemical, molecular and cellular process, so experimental findings based upon laboratory 

mice and rats would apply to all mammals including humans. Disappointingly, this does not 
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appear to be the case. While we have successfully cured neurodegenerative diseases many 

times over in mice, many of the promising preclinical findings based upon lab rodents have 

not translated into effective human treatments [63]. Given that many of the concerns raised 

in the role of oxidative stress, aging and neurodegeneration commonly arise through studies 

solely using mice and rats in a tightly controlled laboratory environment, there is a dire need 

for additional animal models that show different ecophysiological strategies as well as 

longevity traits. Species that have adapted to extreme environments (e.g., with pronounced 

seasonal thermal fluctuations or low oxygen) or that are extremely long-lived such as the 

naked mole-rat [64] may be particularly useful [57, 65–67]. Such unusual, highly adapted 

species enable one to test the ubiquity of findings observed in traditional laboratory models, 

and evaluate whether nature has already evolved the appropriate mechanisms to overcome 

the cellular and molecular challenges posed by oxidative stress.

Lessons from Hypoxia-Tolerant Animals

The detrimental effects of brain hypoxia/ischemia have been reported in all vertebrate phyla 

ranging from fish to mammals [68, 69]. The high mass specific metabolic rates evident in 

the brains of both poikilothermic and homeothermic species is attributed to the oxygen-

dependent maintenance of neuronal plasma membrane ionic gradients essential for normal 

brain function [70]. When energy substrates are limited as commonly occurs in response to 

hypoxia, hypoglycemia, or a decline in cerebral perfusion, neurons encounter a critical 

shortage of energy and the neuronal membrane potential becomes compromised (Figure 2 

and 3). The ensuing spontaneous depolarization causes an increase in intracellular calcium, 

and dysregulated release of neurotransmitters. Particularly devastating is spontaneous 

glutamate release, which eventually culminates in excitotoxic cell death [71, 72]. Despite the 

low levels of metabolism associated with hypoxic/ischemic events, the high levels of 

intracellular cations and ADP increase mitochondrial ROS production (Figure 4). 

Deleterious levels of ROS are further exacerbated by ischemia-induced RNS (peroxynitrite) 

formation, and the effects of DNA-repair enzyme PARP-1 inducing NAD+ dysfunction and 

the concomitant impact upon mitochondrial respiration [71]. Reoxygenation/reperfusion 

following hypoxia/ischemia events coupled with the acute increase in metabolism also gives 

rise to considerable oxidative stress (Figure 4). Mitochondria are not the only source of ROS 

during reoxygenation, rather nicotin-amide adenine dinucleotide phosphate (NADPH)-

oxidase (NOX) is a key component, and elevation in NOX often causes considerable 

neuronal death [73].

Many tissues experience oxygen tension markedly lower than air (21%, 156mmHg); the 

brain is no exception [74]. In the central nervous system (CNS) PO2 values are highly 

conserved among mammalian species, but are brain region specific with highest levels in the 

pia (8%, 60mmHg) and low levels in the midbrain (0.55%, 4.1mmHg) [75]. While certain 

brain regions are extremely sensitive to oxygen tension (i.e. hippocampal CA1 and 

cerebellar granule cells [76–78], hypoxia itself is not necessarily detrimental to most brain 

neurons. This is especially evidenced by studies on hibernating (decreased metabolic rate 

due to low temperatures), bromating (winter dormancy), estivating (decreased metabolic rate 

due to high temperatures), and hypoxia and anoxic tolerant vertebrates. Tolerance of extreme 
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variation in oxygen availability is evident in fish, amphibians, turtles, snakes, birds and 

mammals [69, 79, 80].

Both changes in environmental temperature and hypoxia induce hibernation or brumation in 

select endothermic and ectothermic species. Both conditions are characterized by decreased 

activity, metabolic rate and body temperature resulting in reduced cerebral blood flow [80, 

81]. These changes coupled with pronounced changes at the cellular level in ion channel 

concentration, kinase activity and other protective mechanisms contribute to both metabolic 

depression and the formation free radicals (Figure 4). The sudden tissue oxygen reperfusion 

during arousal initiates a rapid increase in mitochondrial activity and also results in oxidative 

stress and ensuing tissue damage [82]. In the case of the brain, this phenomenon is opposite 

to the physiological conditions during a stroke and rather reflects the damage associated 

with therapeutic reperfusion. Instead of depleting the oxygen flow to the brain, the brain 

experiences a dramatic oxygen surge and concomitant oxidative stress. Many species have 

naturally evolved mechanisms to cope with such extremes in oxygen availability and 

strikingly hibernating mammals appear particularly tolerant of both hypoxia and 

reoxygenation induced oxidative stress. For example, in sharp contrast to data from mice, 

arctic ground squirrels (AGS), Urocitellus parryii, even when euthermic show no signs of 

neuronal injury following 10 minutes of ischemia [83]. How extremophiles tolerate large 

swings in oxygen availability and oxidative stress has far reaching application in both aging 

and age-associated diseases.

Antioxidant Mechanisms

The African lungfish (Protopterus dolloi) is a prime example of an extremophile. Lungfish 

are found in the hot arid regions of Africa and can survive prolonged droughts lasting 

several years with no access to food or water by entering a prolonged period of estivation in 

which they surround themselves in a relatively impermeable mucous cocoon [84]. During 

estivation, H2O2 detoxification and anti-oxidant protein levels of MnSOD and CuZnSOD 

(Table 1), enzymes that catalyze superoxide detoxification, are elevated in lungfish brains. 

These may serve as compensatory mechanisms to cope with the higher levels of 4-

hydroxynonenal adducts, a marker for oxidative and nitrative damage that occur during 

estivation [84] and prevent the accrual of oxidative damage when most repair pathways are 

barely functioning during this dormancy period.

In response to extreme cold, lower vertebrates in their brumation and hibernating mammals 

and birds show a wide range of equivocal antioxidant data providing no general consensus as 

to whether it is the period of hypoxia or reoxygenation that is the most stressful and 

requiring better antioxidant protection. The general consensus, however, is that these 

extremophiles show upregulation of the antioxidant armory to combat the oxidative stress 

associated with either hypoxia or reoxygenation [80]. Very different effects may be evident 

in blood and the various tissue samples making data interpretation difficult and cautioning 

investigators on the need to examine more than one tissue or even brain region.

Many extremophilic species express high levels of antioxidants constitutively. For example, 

studies have shown that hatchlings of painted turtles (Chrysemys picta) have an enhanced 

antioxidant defense system that allows them to withstand oxidative stress amassed during 
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periods of super-cooling, freezing, or hypoxia [85]. Other species may produce more 

antioxidants during both brumation or during the arousal period while in the spring and 

summer have relatively poor antioxidant defenses. Both goldfish and garter snakes fall into 

this category [86]. Another example is the marsh frog, Rana ridibunda, that upon arousal 

from its winter dormancy, as metabolic rate increases, markers of both oxidative stress and 

antioxidants are heightened. Remarkably, within one hour of rewarming when exposed to 

20°C, levels of the oxidative stress marker thiobarbituric acid reactive substances [TBARS] 

decrease by 50% to suggest that these animals have mechanisms for detoxifying ROS and 

lipid peroxides in the short arousal period [87]. In contrast, the European common frog Rana 
temporaria, as expected, displays lower oxidative metabolism in the brain during brumation 

than in the spring during peak metabolic activity. Brains from these frogs collected in the 

spring display higher levels of GSH antioxidant (Table 1), and increased sulfane sulfur 

compounds that prevent lipid peroxidation and the production of ROS [88]. This study 

suggests that oxidative damage protection may be up-regulated in the spring to cope with 

their more aerobically active period [88] rather than during the period of anoxia. In contrast, 

the carp, gold fish and leopard frog show higher levels of antioxidants during brumation than 

when active [69]. During periods of hypoxia, less oxidative damage in brain tissue is 

evident, and this is attributed to elevated glutathione peroxidase [GPx] whereas SOD and 

catalase had similar levels during both hypoxia and reoxygenation [89].

Similar equivocal findings are evident in heterothermic birds and mammals. Studies from 

the hibernating greater horseshoe bat, Rhinolophus ferrumequinum, have demonstrated 

pronounced global gene differential expression in the brains between hibernating and non-

hibernating seasons [90]. Specifically, glutathione peroxidase-3 gene activity (Table 1), 

which functions in H2O2 detoxification, is increased by 8 fold in the active brain compared 

to the torpid brain for this horseshoe bat [90]. Trying to elucidate the mechanism by which 

hibernating squirrels are able to maintain low levels of oxidative stress throughout 

hibernation and arousal, it was reported that antioxidants rose in the ground squirrel 

(Citellus citellus) in response to winter conditions [91]. Similarly, the 13-lined ground 

squirrel (Spermophilus tridecemlineatus), upregulates catalase in both brain and heart tissue 

[92] (Table 1). During its torpid period, plasma and cerebrospinal fluid ascorbate levels were 

3–4 fold greater than during euthermia, whereas brain levels were significantly lower during 

hibernation than when the squirrels were active [93]. Brain levels of superoxide dismutase, 

glutathione peroxidase and glutathione reductase were however similar between hibernating 

and active squirrels [92].

It is likely that species differences in antioxidant responses to hypoxia and reoxygenation in 

animals undergoing prolonged periods of dormancy may reflect different strategies for 

dealing with the pervasive problems associated with oxidative stress. Some species 

constitutively exhibit high levels under non-stressed conditions. Others raise levels as they 

enter hibernation presumably in anticipation of the oxidative stress they will either encounter 

during their torpid periods or during the metabolically costly periods of arousal. Still others 

have transiently raised levels during either arousal or torpor. Despite the accrual of 

considerable data documenting these comparative differences much work remains to be done 

before we can fully understand the role of antioxidants in assisting these extremophiles 
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survival in harsh environments, and the mechanisms regulating their expression in the brains 

of these animals.

Alternative Mechanisms: Regulation of Protein Homeostasis: Chaperones, Proteasomes 
and Autophagy

Extreme-living species also use other protein homeostatic mechanisms to prevent the 

accumulation of oxidatively damaged proteins within a cell and aid in the repair and 

recovery of tissues after hypoxic or reoxygenation events. Molecular chaperones protect 

proteins from unfolding stressors and also help traffic damaged proteins, preventing them 

from aggregating or damaging other molecules. The induction of the heat shock protein 

family of chaperones may be triggered by both oxidative stress and temperature changes [94, 

95]. Hibernating ground squirrels show increased levels of heat shock protein (HSP) HSP70 

family protein GRP78, and its transcription factor ATF4 [96, 97] (Table 2). High constitutive 

levels of the molecular chaperone, HSP72 also have been reported in anoxia tolerant turtle 

species; this phenomena appeared brain specific and was not found in other tissues (Table 2) 

[98]. In addition, in response to anoxia a number of other HSPs including HSP25/27, 

HSP40, HSP60, and HSP90 are induced [98–101]. Further, heat shock factor 1 (HSF1) the 

transcription factor responsible for activating the heat shock response [102] reportedly 

increases in response to anoxia in these turtles [101]. During this type of oxidative stress, 

activation of the heat shock response may help maintain protein stability, as well as pre-

condition proteins for re-oxygenation, preventing them from accruing damage upon a return 

to normoxia. In the brain, this could provide neuronal protection against widely varying 

oxygen states. Further, chaperones such as HSP72 and HSP25 have been shown to aid in the 

adaptation of protein degradation machinery to the oxidative stress environment to maintain 

function [28] and stabilize substrates for more efficient degradation [103].

Both autophagy and proteasome activity are upregulated in animals encountering chronic 

oxidative stress. Autophagy induction prior to, or triggered by, a mild oxidative stress is 

neuroprotective [104, 105]. Conversely, inhibiting autophagy exacerbates the toxicity of 

oxidative stress and the levels of oxidative damage (reviewed in [27]). However, neurons 

require a delicate balance as excessive or chronic upregulation of autophagy promotes 

neuronal death [106, 107]. Proteasome chymotrypsin-like (ChT-L) activity cleaves proteins 

at hydrophobic sites and generally is activated in response to oxidative damage [108], 

thereby preventing the accumulation of damaged proteins to pathological levels. The 

proteasome, itself, may be a target of oxidative stress [109, 110], and once sufficiently 

damaged its function is impaired [110]. Generally, this is detrimental to neuronal function as 

the proteasome is responsible for several aspects of synaptic function, such as spinogenesis 

[111], presynaptic neurotransmission [112], long-term potentiation [113], synaptic scaling 

[114], apical dendrite outgrowth/polarization [115, 116], dendritic arborization [117], and 

synapse formation/elimination [118]. Animals that live with chronic oxidative stress are 

likely to have evolved mechanisms to protect and maintain proteasome function. For 

example, the proteasome-associated chaperone HSP70 was induced under anoxic conditions 

in the cerebellum of the epaulette shark (Hemiscyllium ocellatum) [119]. This hypoxia and 

anoxia tolerant species also showed positive modulation of proteasome degradation during 
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oxygen deprivation in the cerebellum perhaps to prevent excitotoxicity and protect cerebellar 

dendrites from damage during these stress events [120].

Upregulated proteasome activity also appears to be the case for the subterranean dwelling 

naked mole-rat (Heterocephalus glaber) in both liver and brain [121–123]. These rodents 

commonly encounter periods of extreme hypoxia when resting in nests 8 feet below the 

surface. When actively excavating foraging burrows, they encounter normoxic atmospheres 

as their burrows are unsealed and exposed to above ground conditions [124, 125]. The 

cytosolic fractions of various tissues, including the brain, exhibit the highest levels of 

oxidative stress [126]. Not only is the activity of proteasomes in this fraction high but naked 

mole-rat proteasomes in the cytosolic fractions are also extremely resistant to oxidative 

stressors and other proteasome inhibitors [127]. Proteasome protection against inhibition is 

not due to intrinsic properties of the naked mole-rat proteasome but rather appears to be due 

to an extraneous transferable cytosolic factor that also can protect both human and yeast 

proteasomes from inhibition [127]. This protective factor has among its constituents the 

molecular chaperones HSP40 and HSP70 [127]. An increase in chaperone expression and 

proteasome activity may represent one of the mechanisms that sustain brain integrity in 

extremophiles, thereby, preventing cell death, senescence and neurodegeneration in response 

to hypoxia and reoxygenation and may also be a key component in the extension of 

maximum lifespan. Brain HSP60, HSP72, Glucose-Regulated Protein, 78kDa (GRP78), and 

GRP94 protein expression correlate positively with maximum life span potential when the 

brains of 13 mammalian and bird species are examined [128]. Together, these brain data 

suggest that key heat shock chaperones and their concomitant impact upon proteostasis are 

linked to sustained brain health and species longevity. This also supports our findings linked 

to the beneficial effects of rapamycin on protein homeostasis in mouse brains [129].

Oxidative stress and the naked mole-rat, tolerance to hypoxia and 

hyperoxia

Despite high levels of proteolytic degradation and the chaperone mediated removal of 

damaged proteins, the extremely long-lived naked mole-rat (for review see [125]) exhibits 

high levels of oxidatively damaged macromolecules evident even in young animals when 

compared to shorter-lived mice [130]. Ratios of GSH/GSSG reveal a pro-oxidant milieu and 

levels of antioxidant defenses appear similar to those of mice. Of the brain regions 

examined, the hippocampus appears the least protected with low levels of HSP70, 

antioxidant capacity, and proteasome activity [123]. Despite this non-protective profile as 

well as high levels of beta amyloid (Aβ), a protein causally associated with Alzheimer’s 

disease [131] and phosphorylated tau [132], there is no overt evidence for neurodegenerative 

disease even in 30-year-old naked mole-rat brains. Further, antioxidant defenses seemingly 

do not account for the naked mole-rats’ ability to withstand oxidative damage (Table 1). 

These contradictory findings suggest that naked mole-rats either utilize other protective 

mechanisms to maintain brain integrity, like neuregulin-1 [133], or they have evolved 

mechanisms to utilize high levels of ROS and low oxygen, as occurs in development, 

throughout life. Several studies comparing naked mole-rat and mouse brain response to 

differing levels of carbon dioxide and oxygen support this premise. For example, the naked 
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mole-rat is able to recover normal brain function after being exposed to doses of carbon 

dioxide that are fatal to mice. Hippocampal neurons of the naked mole-rat consistently 

tolerate oxygen deprivation for over 5 hours, and show no signs of neural degradation even 

24 hours after exposure, suggesting evidence of hypoxia tolerance in the adult brain of naked 

mole-rats [134]. Further, naked mole-rat brains maintain synaptic function much longer than 

mice in reduced oxygen, and recover from 30-minute periods of no oxygen [124], an 

experiment that would routinely kill a mouse [135]. The naked mole-rat maintenance of the 

neonatal, hypoxia tolerant NMDA receptor subunit, GluN2D, may contribute to this extreme 

hypoxia tolerance [136] and likely is an adaptation to living in environments with variable 

partial pressures of oxygen.

Novel Organism may help us to redefine the Oxidative Stress Theory of 

Aging

Molecular oxidation commonly occurs in response to myriad stimuli including 

environmental stress, injury, infection, poor nutrition, and exposure to various toxins. The 

level of damage accrued is partly dependent upon the ability of a wide variety of both 

enzymatic (e.g., superoxide dismutase) and non-enzymatic antioxidants to neutralize the 

bulk of ROS, and other cytoprotective mechanisms that can detoxify, repair, and eliminate 

damaged macromolecules, allowing for the survival of aerobic organisms. However, it 

cannot be overlooked that ROS are necessary components of several cellular pathways such 

as cellular differentiation, regulation of immunity, autophagy and longevity, and metabolic 

adaptation to hypoxia [137], and have even been shown to be necessary for the maintenance 

of adult stem cells in the hippocampus [138]. There is much debate as to whether the 

Oxidative Damage Theory of Aging is self-explanatory in its current iteration. Certainly, 

studies with non-traditional model species that have evolved to cope with extreme and 

variable conditions suggest that this theory is not correct in all of its assumptions; most 

display higher ROS levels than common model organisms, yet live exponentially longer and 

healthier lives. Findings in extreme models do not discount the amassed data concerning the 

responses of traditional short-lived model organisms to oxidative stress. However, results 

attained from extreme models suggest that more efficient evolved mechanisms and processes 

to deal with high levels of stress are yet to be discovered. We suggest that utilizing a broader 

array of model organisms will engender a more thorough understanding of oxidative stress, 

including detoxification mechanisms. Perhaps, the unique protective or compensatory 

processes naturally harnessed by extreme species will hold promising therapeutic potential, 

and they should not be ignored.
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Figure 1. The Oxidative Stress Theory of Aging
As an inevitable byproduct of aerobic respiration, the mitochondria in a normally 

functioning cell create reactive oxygen species (ROS). ROS in moderate amounts are 

beneficial and essential for normal cell signaling and cellular immunity. In a normally 

functioning cell, antioxidants may adequately neutralize excess ROS. If levels of ROS are 

unchecked they cause oxidative damage to the cellular constituents (protein, lipids, and 

DNA). These macromolecules may be protected to some extent by molecular chaperones 

mechanisms or, if damaged, removed from the cell by either autophagy or the proteasome. 

Damage that cannot be repaired or removed may accrue in the cell leading to impaired 

function and cell death. These cellular changes may accrue as the organism gets older, 

giving rise to the deleterious aging phenotype.
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Figure 2. A schematic of how hypoxia may induce neuronal death
Inadequate oxygen availability to meet metabolic demands gives rise to an intracellular 

energy crisis that compromises ATP-dependent processes in the cell. As a result of the 

dysfunction of the Na+/K+ pumps the ionic gradients between intracellular and extracellular 

compartments cannot be maintained, and membrane potential is altered and synaptic 

function impaired. Membrane depolarization leads to the release of neurotransmitters. The 

most abundant excitatory neurotransmitter is glutamate, which promotes the opening of 

calcium channels. The rapid influx of calcium leads to the activation of various degradative 

pathways as well as to the activation of nitric oxide (NO) synthase and the formation of 

reactive oxygen and nitrogen species (RON). Increased free radicals and catabolic pathways 

damage cell membranes, structural proteins and DNA, triggering apoptosis and neuronal 

death.
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Figure 3. Effects of hypoxia on neurons
Neurons may undergo hypoxia-induced cell death due to a loss of membrane potential, 

increased Ca2+ influx and resultant glutamate-mediated excitotoxicity. In contrast, neurons 

from species that have evolved to live in harsh environments (extremophiles) have evolved 

mechanisms to preserve neuronal membrane potential. By downregulating ion channel 

expression and activity, especially NMDA receptor activity, the Ca2+ influx and spontaneous 

neurotransmitter release is prevented and membrane potential is maintained.
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Figure 4. Both hypoxia and reoxygenation induce oxidative stress
Despite lower metabolic activity during hypoxia and predominant reliance on glycolysis for 

energy production, altered ion flux and nitric oxide synthase activity give rise to an increase 

in free radical generation. During periods of reoxygenation and arousal from torpor the 

increase in metabolic rate leads to an increase in reactive oxygen and reactive nitrogen 

(RON) formation and concomitant oxidative stress.
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Table 1
Brain antioxidant defenses in extreme organisms and laboratory mice compared to 
controls

All organisms (excluding mice) in this table show oxidative stress/damage resistance in the brain. All show 

increases in antioxidant defenses except for the 13-lined Ground Squirrel, and the Naked Mole-rat.

Antioxidant Animal Levels

Superoxide Dismutase (SOD) 13-lined Ground Squirrels (S. tridecemlineatus) --

Lung Fish (P.dolloi)

Glutathinone Peroxidase (GPx) 13-lined Ground Squirrels --

Greater Horseshoe Bats (R. ferrumequinum)

Naked Mole-rats (H. glaber)

Aging Mice (M. musculus, C57BL6)

Glutathione Reductase (GR) 13-lined Ground Squirrels --

Glutathione (GSH) European Common Frog (R. temporaria)

Catalase (CAT) 13-lined Ground Squirrels

Aging Mice

Thiobituric acid related substances (TBARS) Painted Turtle (C. picta)

Marsh Frog (R. ridibunda)

--
signifies there is no change between control and experimental animals

↑
signifies an increase in levels from control to experimental animals

↓
signifies a decrease in levels from control to experimental animals
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Table 2
Heat Shock Proteins (HSPs) upregulated in the brain tissue of oxidative stress resistant 
animals in response to oxidative stress

Heat Shock Protein Animal

GRP78 13-lined Ground Squirrel (S. tridecemlineatus)

HSP25/27 Red-eared Terrapin (T. scripta elegans)

Naked Mole-rat (H. glaber)

HSP40 Red-eared Terrapin

Naked Mole-rat

HSP60 Red-eared Terrapin

13-lined Ground Squirrel

HSP70/72 Epaulette Shark (H. ocellatum)

Red-eared Terrapin

13-lined Ground Squirrel

Naked Mole-rat

HSP90 Red-eared Terrapin
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