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Abstract

External and internal stimuli cause modifications to gene and biochemical pathways. In turn, demonstrating that biological systems 
continuously make short-term adaptations both to set-points, and to the range of “normal” capacity, due to mild conditional changes, or 
to subtoxic, nondamaging levels of chemical agents. This is termed as “Adaptive Homeostasis,” defined with the following: “The transient 
expansion or contraction of the homeostatic range in response to exposure to sub-toxic, nondamaging, signaling molecules or events, or the 
removal or cessation of such molecules or events.” Research from several laboratories, including our own, found that adaptive homeostasis 
declines with age in organisms as diverse as worms, flies, and mammals, and decreases with senescence in mammalian cell cultures. We suggest 
that diminishing adaptive homeostasis may play a causal role as a factor responsible for the aging phenotype. Furthermore, although studies 
of humans, animals, and model organisms are often limited to a single sex, and cell culture studies may even be conducted with lines whose 
donor’s sex was unknown, studies reveal distinct sexual dimorphism in adaptive homeostasis. Interestingly, although young males and females 
may exhibit dramatic differences in adaptive capacities and/or preferences, these distinctions are lost with age as adaptive homeostasis patterns 
converge.
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Sexual Dimorphism—General Aspects in 
Mammals and Flies

Across species, females typically outlive males. Many current lon-
gevity interventions are beneficial in a sex-specific (female-favored) 
manner (1). These differences may be a consequence of the maternal 
transmission of the mitochondrial genome. There are several non-
exclusive hypotheses for why it may be selectively advantageous for 
the mitochondrial genome to be preferentially transmitted through 
the female gamete (1). These hypotheses include: limiting the spread 
of parasitic genomes (2), limiting damage to the mitochondrial 
genome that might be greater in the relatively more metabolically 
active sperm, avoiding potential conflicts between different mito-
chondrial genome alleles in the zygote, and the potential to act as a 
driver of evolution, including evolution of the sexes (3). As a result, 
an asymmetric pattern of mitochondrial lineage arises, causing the 

mitochondrial genome to be best adapted for females, to the det-
riment of males. This is evident in mitochondrial polymorphisms, 
which have little impact on nuclear gene expression in females, but 
are detrimental to males, modifying nearly 10% of nuclear tran-
scripts (4). Additionally, D.  melanogaster strains with the same 
nuclear background, but different naturally occurring mitochon-
drial haplotypes, exhibit accelerated aging in a male-specific man-
ner (5).

Moreover, sexual dimorphism in stress and disease sensitivity is 
common in mammals, including humans. For example, women are 
more resistant to ischemic heart disease (6) and ischemic stroke (7) 
than are men, and both these diseases involve oxidative stress. Sexual 
dimorphism in mammalian stress resistance appears to be partly due 
to sex-specific hormone levels (cell nonautonomous effects). For 
example, estrogen is generally reported to be beneficial for stress 
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resistance, whereas testosterone effects are more mixed, and benefits 
may be specific to male cells (8). In addition, female cells and tissues 
are generally reported to be more resistant to stress, including oxida-
tive stress, than are male cells, independent of circulating hormones 
(cell-autonomous effects) (1). In certain cases this cell-autonomous 
female advantage correlates with increased expression of X-linked 
genes important for stress responses, such as G6PD and XIAP (9,10). 
These results suggest that the female advantage in stress resistance 
relative to males may result in part from the increased copy number 
and expression of X-linked genes in females relative to males. The 
copy number and expression level of X-linked genes is also impor-
tant in Drosophila physiology. For example, the larger body size of 
females is regulated in part by tra-on and in part by the copy number 
of the X-linked gene Myc (11).

In Drosophila, females are also reported to be generally more 
stress resistant than are males. For example, Drosophila females are 
relatively more resistant to heat stress (12), oxidative stress (13), and 
starvation stress (14). Part of this female advantage in stress resist-
ance, relative to males, may be related to the larger size of females, 
which may provide greater nutrient reserves and/or cellular redun-
dancy. In contrast, sex-specific stress adaptation appears to be regu-
lated independent of body size, as discussed further in the following 
paragraphs.

Sex Determination in Drosophila 
Melanogaster
In Drosophila, sex determination is based on the chromosomal sex 
of the animal, where X/X is female and X/Y is male. The greater 
ratio of X chromosomes to autosomes in females activates the 
expression of a master X-linked regulatory gene (called Sex lethal, 
Sxl). Once activated, the Sxl protein maintains its own expression 
through positive-feedback regulation of its own alternative splicing, 
such that Sxl is maintained in the on-state and is actively expressed 
in females. In contrast, Sxl is in the off-state in males, and it is not 
expressed (Figure 1). The on/off state of the Sxl gene regulates dos-
age compensation (15). The Sxl protein inhibits the translation of the 
gene male specific lethal 2 (msl-2), thereby preventing the formation 
of the male-specific-lethal (MSL) transcriptional regulatory complex 
in females. In males, the msl-2 protein is expressed, the resultant 
MSL complex is targeted to the single male X chromosome, and this 
yields dosage compensation through mechanisms that are not yet 
entirely clear. The on/off state of Sxl also regulates the great major-
ity of the rest of sexual differentiation. The Sxl protein regulates the 
alternative splicing of the gene transformer (tra), such that tra is in 
the on-state and actively expressed in females, and is in the off-state 
and not expressed in males.

The tra protein in turn regulates the alternative splicing of the 
transcription factor genes doublesex (dsx) and fruitless (fru), such 
that a female-specific isoform (“F”) of each protein is expressed in 
females. In males, the dsx and fru genes undergo a default splic-
ing pattern, thereby yielding the male-specific isoforms (“M”) of 
each protein. These sex-specific transcription factors then regulate a 
large portion of the structural, functional, and behavioral differences 
between males and females. In addition, it has recently been reported 
that the tra protein also regulates female gene expression and sexual 
differentiation independent of its function as a splicing regulator, 
through mechanisms that are not yet clear but which might include 
direct transcriptional regulation (16). Consistent with the central 
regulatory role of tra protein, forced expression of tra protein in X/Y 
animals produces a female-like differentiation (“pseudo-females”), 

and in turn knock down of tra expression in X/X animals produces 
a male-like differentiation, (“pseudo-males”) (17).

Mammalian sexual differentiation is related to Drosophila sex-
ual differentiation in several ways, including the fact that females 
are X/X and males are X/Y. In mammals, dosage compensation is 
also regulated by the on/off state of a master X-linked regulatory 
gene (called Xist). Xist is in the on-state and expressed on one of 
the X chromosomes in females, and cis-inactivates most (but not all) 
genes on that X chromosome to achieve dosage compensation (18); 
the genes that “escape” from X inactivation include several impli-
cated in stress response pathways and disease. Another similarity is 
that a gene related to Drosophila dsx is expressed in a male-specific 
pattern and is required for male differentiation in mammals (called 
Doublesex and Mab3 Related Transcription factor 1, or DMRT1) 
(19) as well as in zebrafish (20) and C. elegans (called Mab3).

Adaptive Homeostasis and Stress Resistance

Homeostasis is the concept that internal conditions are maintained 
in a constant state within living organisms, despite varying external 
and even internal influences. The term homeostasis comes to us from 
the Harvard physiologist Walter Bradford Cannon, who built on 
the original concept of milieu intérieur, or a constant interior bodily 
environment, which was developed by the celebrated French physiol-
ogist Claude Bernard in 1865. The word “homeostasis” was coined 
by Cannon in 1926 to describe and extend Bernard’s milieu inté-
rieur concept, and popularized (in 1932) in his very successful book, 
The Wisdom of the Body (21). Cannon combined two words from 
Ancient Greek ὅμος (hómos, “similar”) + ιστημι (histēmi, “standing 
still”)/stasis (from στάσις) into a Modern Latin form to invent his 
term homeostasis.

Homeostasis explains how, even when summer temperatures soar 
to 100°F, or winter temperatures plunge to −20°F, human beings can 

Figure  1.  Drosophila sex determination. In males (X/Y), Sxl gene is not 
expressed and tra gene is not expressed. The dsx and fru genes undergo 
default splicing to produce the male isoforms (“M”), which then regulate 
male cell differentiation. In females (X/X), Sxl is expressed and negatively 
regulates MSL-2 expression to regulate dosage compensation. Sxl protein 
also regulates alternative splicing of tra such that tra is expressed. The tra 
protein in turn regulates female-specific splicing of dsx and fru to produce 
the female isoforms (“F”) and female cell differentiation. In addition, tra 
protein acts through as-yet unclear mechanisms (“?”) to regulate female 
gene expression and cell differentiation. Please see text for details.
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maintain internal core body temperature of 98.6°F. In some ways, 
Bernard’s concept of a constant milieu intérieur, and Cannon’s incorpo-
ration of stasis into his term homeostasis, has biased subsequent gener-
ations of physiologists to think of normal functions as being unvarying. 
Yet we know that “normal” core temperature is not one specific num-
ber but rather exhibits a range of 97.6–99.6°F. Under certain condi-
tions, even that range can expand or contract somewhat. In point of 
fact, Cannon (21) actually wrote, “…..The word (homeostasis) does 
not imply something set and immobile, a stagnation. It means a condi-
tion – a condition which may vary, but which is relatively constant.”

In recent years, it has become clear that organisms from bacteria 
to humans can transiently and reversibly adapt to a wide variety 
of stresses, if they are first exposed to a sufficiently low level, i.e., 
subtoxic or only mildly toxic, stress, and allowed a sufficient period 
of time in which to “turn on” various protective systems. Thus, all 
organisms, so far studied, exhibit powerful adaptive responses to 
heat stress, cold stress, glucose stress, oxidative stress, reductive 
stress, food deprivation, hypoxia or anoxia, chemical toxins, heavy 
metals, exercise, mechanical stress, salt stress, alcohol, osmolarity, 
emotional and psychosocial stresses, and many more (22,23).

Many have considered that the transient adaptive responses 
referred to above result from a damage-repair process in which dam-
age to nucleic acids, proteins, and/or lipids can turn-on responses 
that essentially overcompensate and provide excess protection for 
a period of time before being reset to basal levels. Indeed, certain 
DNA repair processes, for example in response to oxidative dam-
age, do fall into this category (24). Along the same lines, the term 
hormesis was suggested by Southam and Erlich (25) to describe 
the process by which sublethal damage caused by small doses of a 
toxin or poison would produce an exaggerated repair response in 
which the organism actually becomes stronger than it was previ-
ously. Hormesis appears to be a biological corollary of the views of 
philosopher Friedrich Wilhelm Nietzsche, who stated: “That which 
does not kill us makes us stronger.”

Hormesis has been eloquently and extensively championed by 
physiologist and toxicologist, Edward J. Calabrese, who has made 
major contributions to our understanding of the importance of 
biphasic dose–response curves (26). The problem with hormesis, 
however, is its association with repair or restoration of damage, to 
produce a stronger organism. Although this may apply for select 
cases of DNA repair (24), we now have numerous examples of 
situations in which the homeostatic range for multiple functions is 
transiently expanded or contracted, without any damaging initiating 
stimulus and, therefore, with no repair process.

In experiments conducted during recent years, we have discov-
ered that resistance to multiple forms of stress is not a static prop-
erty of cells, tissues, or organisms. Indeed, all protective systems thus 
far studied exhibit great transient plasticity in response to extremely 
minor changes in, oxygen, oxidants, temperature, acid, alkali, salt, 
etc. Multiple publications now demonstrate that, a wide variety of 
small changes that cause no damage at all are still capable of inducing 
transient protective mechanisms (13,27–32). Because these transient 
modifications of the homeostatic range are not examples of repair 
or restoration of damage to produce a stronger organism, they do 
not qualify as examples of hormesis. Similarly, neither hereostasis nor 
allostasis (33,34), with their psychological overtones and requirements 
for overall nervous system control, seem adequate to describe transient 
variations in the homeostatic range that occur as discrete responses 
to (nondamaging) changes in the levels of internal or environmen-
tal factors. Thus, the term “adaptive homeostasis” was coined to 
describe processes by which small, nondamaging, changes in external 

or internal parameters may cause short-term, transient, and reversible 
expansions or contractions of the homeostatic range for resistance to, 
or protection against, more severe stresses (35). Operationally, adap-
tive homeostasis has been defined as follows, “The transient expan-
sion or contraction of the homeostatic range in response to exposure 
to sub-toxic, nondamaging, signaling molecules or events, or the 
removal or cessation of such molecules or events.”(35).

In our own work on transient adaptation to oxidative stress, we 
have found that protein turnover can be radically altered by bio-
chemical modifications to the key proteolytic enzymes, Proteasome 
and the mitochondrial Lon protease (36,37), which can undergo 
biochemical alteration to differentially modify the cellular pro-
teome. The nuclear form of Proteasome, for example, undergoes 
post-translational ADP-ribosylation by poly ADP-ribose polymer-
ase in response to signaling by oxidants such as hydrogen peroxide 
(H2O2), and this modification increases nuclear Proteasome’s ability 
to degrade histone proteins (36).

In addition to such very rapid post-translational adaptations, 
transient adaptive responses in gene expression profiles can allow 
cells and organisms to cope with a far greater range of conditions. 
Many such adaptive alterations to the homeostatic range are medi-
ated by discrete signal transduction pathways that transiently alter 
transcription/translation (38,39). A good example of such pathways 
is the Keap1-Nrf2 system which regulates the expression of a wide 
variety of stress-responsive genes (28,30,40,41). Clearly, the Keap1-
Nrf2 signal transduction pathway can effect transient but power-
ful changes in the homeostatic range of cellular defenses against 
electrophiles and oxidants, yet it is not an example of heterostasis, 
allostasis, or hormesis; hence, the need for the more accurate and 
appropriate term, adaptive homeostasis.

Sex-Dependent Adaptive Homeostasis

In 2001, a report released from the Institute of Medicine suggested 
the importance of sex as a biological variable (42). However, it 
garnered little attention, and even less implementation within the 
scientific community. Less than half of all clinical trials report out-
comes separated by sex, and only 22%–42% of all studies report 
the sex of the animals used (43). Moreover, sex-identification in cell 
culture studies is even less prevalent. Indeed, one study found that 
less than 20% of cardiology studies reported the sex of the donors 
from whom cells were derived (44). Additionally, a study surveying 
findings published in the American Journal of Physiology, found that 
none of the 2013 publications included the sex of the donors from 
whom cell lines originated (43). Fortunately, the 2014 mandate, 
released from the National Institutes of Health, requires research-
ers to account for cell and animal sex as a biological variable (43), 
which may hopefully, change this oversight in the future.

Despite growing evidence suggesting the importance of a cell’s 
donors’ sex, this variable is commonly given little attention in cell 
culture studies, further contributing to the lack of insight about 
sex influences on biological responses. Irrespective of donor sex, 
cells contain the same general architecture, including nuclei, mito-
chondria, endoplasmic reticulum, etc.; and show similar functional 
characteristics, including proliferation, metabolic processes, and 
apoptosis (43). Hence, many may assume that sex has few implica-
tions for the mechanics of signaling pathways. However, as mounting 
research demonstrates, the need to account for a cell’s sex is crucial in 
understanding pathways that are necessary for sex-based differences 
in disease presentation and mortality, including those responsible for 
the day-to-day adaptive responses necessary for cellular homeostasis.
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Adaptive Response to Oxidative Stress
Responding to oxidative stresses involves multiple cellular adap-
tive stress responses that have recently been described as “adap-
tive homeostasis (35),” as described above. The ability of a cell to 
transiently and dynamically regulate key antioxidant defenses and 
stress-responsive enzymes is critical to maintain cellular homeosta-
sis. Activation of key stress-protective signaling pathways, is largely 
mediated by the Keap1-Nrf2 transcriptionally regulated pathway 
(30,40), which activates increased expression of various antioxidant 
defense mechanisms and stress-responsive enzymes.

Some of the earliest measures of adaptation, and one still 
employed in present-day studies, is the assessment of stimulated 
growth. Studies as far back as the 1950s, showed that transient 
exposure of yeast or bacteria to low concentrations of hydrogen per-
oxide (H2O2) (45,46), or antibiotics (47), resulted in increased cel-
lular growth. Studies in cell culture identified a similar phenomenon, 
wherein exposure of embryonic chick cells to antibiotics (strepto-
mycin) (48), mouse liver cells treated with multiple pesticides (49), 
and human lung fibroblasts exposed to small amounts of ginseng 
and hydrocortisone (50), all promoted increased cell proliferation. 
However, in many of these early cell culture studies, the sex of a cell 
was not taken into consideration. As a result, we have limited insight 
about the extent of a cell’s sex on the adaptive stress response.

Approximately 5% of the human cellular genome is located on 
the sex chromosomes (51), of which, 1000–2000 genes are located 
on the X chromosome (51), and less than 50 genes are located on the 
Y chromosome (52). As females have two X chromosomes, whereas 
males have only one, increases the likelihood that sex-linked pro-
teins and their biochemical function, may be biased towards males 
or females. In an attempt to catalog transcriptional differences based 
on a cell donors’ sex, 115 female-derived and 118 male-derived 
lymphoblastoid cell lines were studied, and 10 autosomal genes were 
identified as having a sex-specific expression pattern (53). These 10 
targets were found to participate in an array of cellular processes, 
including cell adhesion, zinc ion binding, apoptosis, transcription, 
and structural support (53). Additionally, genes that are homologous 
between the sex chromosomes, may encode slightly different protein 
products, as is the case for the ribosomal protein S4, a component of 
the 40S subunit (54). Taken together, these findings suggest potential 
differences in cellular responses which may favor one sex over the 
other, depending on the environment.

Oxidative Stress From Cells to Model 
Organisms

Mammalian Cell Culture
One of the major threats to cellular homeostasis is oxidative stress. 
Inability to block the accumulation of oxidized proteins, can decrease 
cellular function. Endogenous metabolic processes can increase intra-
cellular levels of free radicals and related oxidants, including super-
oxide (O2˚−)(55) and hydrogen peroxide (H2O2) (56). Additionally, 
extracellular sources such as air pollution, pesticides, UV, and ion-
izing radiation, all contribute to protein oxidation within cells, and 
in extracellular fluids and compartments (57). Initial in vitro cellular 
studies found that although high concentrations of H2O2 are dam-
aging to cells, lower, nontoxic amounts were capable of stimulat-
ing cell proliferation (45,58). Key initial studies provided one of the 
first cellular models to demonstrate that low concentrations of H2O2 
(nM–µM) do not damage cells, but activate the stress-responsive 
pathway to increase protection. In these investigations, HA-1 cells 
(45,58) of the Chinese hamster ovary fibroblasts line (female), were 

pretreated with various low concentrations of H2O2 [100 µM–200 
µM] and, when challenged with a much higher, normally lethal H2O2 
concentration exhibited much improved viability (25%–45%).

Studies using mouse embryonic fibroblasts (of unknown sex ori-
gin) and the immortalized leukemia K562 cell line (female origin) to 
assess protein turnover, identified the ability of low signaling levels 
of H2O2 to activate key stress-protective enzymes such as the 20S 
proteasome (27,28,59). Further studies using primary human dermal 
fibroblasts (sex origin unknown) showed that pretreatment of early-
passage cells with low signaling concentrations of H2O2, elicited a 
robust increase in cellular proliferation and clearance of oxidized 
proteins, which was lost in late passage cells (60).

Additional cell culture studies demonstrated that increased syn-
thesis of both the regulator of calcinuerin 1 (RCAN1) protein and 
the mitochondrial Lon protease, in response to low (nM–µM) signal-
ing levels of extracellular H2O2 both contribute to protective adap-
tive responses; these studies were all conducted in female-derived 
mammalian cell lines. The first identification of the short-term induc-
ibility of RCAN1 in response to H2O2 (61), was conducted using 
HA-1 cells. Later identification found that upregulation of RCAN1, 
in turn, stimulated increased superoxide dismutase production (62). 
Other cell culture studies investigated the inducibility of the mito-
chondrial ATP-dependent Lon protease in response to low (nM–µM) 
signaling levels of extracellular H2O2. A rhabdomyosarcoma cell line 
(female) was used for the first demonstration of the robust cellular 
inducibility of the Lon protease to low-stimulatory doses of H2O2 
(37). Follow-up studies found that treatment with low signaling lev-
els of H2O2 achieved strong induction of Lon protease expression 
in early-passage human lung fibroblasts (female) and prevented the 
accumulation of oxidized proteins if these cells were subsequently 
exposed to (normally) toxic levels of H2O2; importantly, both Lon 
induction and protection against protein oxidative damage were lost 
on cellular senescence (63).

Cumulatively, the majority of cell culture studies assessing the 
inducibility of adaptive homeostatic responses by extracellular 
hydrogen peroxide employ female-derived cell lines (with some stud-
ies in cells from donors of unknown sex origin). Thus, although we 
can say with some confidence that H2O2 adaptation is a generalized 
property of mammalian cells derived from female donors, we cannot 
yet make the same assertion for cells derived from males and we can-
not make any meaningful male/female comparisons.

Model Organisms
Hydrogen peroxide adaptation
When first identified within the cell, H2O2 was aptly considered a 
noxious molecule, due to the fact that high amounts cause cellular 
havoc if left unchecked. However, the paradigm has shifted, and at 
low, physiologically relevant, concentrations H2O2 is now recog-
nized as a crucial cellular signaling molecule. At low concentrations, 
H2O2 can act as an insulin mimetic (64), trigger cell proliferation 
(45), and activate various transcription factors involved in the adap-
tive stress response (65).

Further evidence suggests that signaling amounts of H2O2 work 
to induce transcription factors that are necessary for key adaptive 
cellular responses, in part due to activation of the insulin-like recep-
tor (InR) (66). Moreover, the same downstream targets appear acti-
vated on low concentrations of H2O2, including the AKT pathway 
(64) and Nrf2 activation (29). For example, in response to H2O2 
pretreatment, studies using C. elegans and D. melanogaster showed 
that both stress tolerance (41,67) and adaption (29,41) were reliant 
on Nrf2 transcriptional regulation. Additionally, knock-down of the 
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Nrf2 homolog in D. melanogaster (CnC) (29) and C. elegans (Skn-
1) (41) caused a corresponding loss of the adaptive stress response.

Recent findings in D. melanogaster implicate sex differences in 
H2O2-mediated adaptation. Females pretreated with low, signaling 
(and nondamaging) amounts of H2O2 and subsequently challenged 
with higher, toxic levels of H2O2, showed increased survival com-
pared to females that had not been pretreated; importantly, male 
flies exhibited no adaptive response to H2O2 (13,29). Additionally, 
two crucial proteases, the 20S proteasome and the mitochondrial 
Lon protease, exhibited a female-specific adaptive response to H2O2 
(13,29). Females showed elevated expression and activity of both 
enzymes, whereas males showed no change, irrespective of H2O2 pre-
treatment. Thus, male and female Drosophila differ significantly in 
adaptive response pathways for oxidative stress.

One possible explanation for this physiological adaptive dif-
ference between males and females may be attributed to disparities 
within the insulin-like signaling pathway, as female D. melanogaster 
have higher insulin-like receptor expression compared to males (68). 
Indeed, mutant female D. melanogaster, lacking the insulin recep-
tor, show increased lifespan, whereas males are not affected (68). 
Together, these findings may suggest why females are more sensitive 
(and potentially more responsive) to low, nondamaging amounts of 
the insulin-mimetic, H2O2. Nor is the lack of male adaptive response 
due to insufficient H2O2 dosage, as higher concentrations resulted only 
in toxicity (29).

Moreover, recent work suggests the female-favored adaptive 
response may be caused by specific tissues. Female D. melanogaster 
typically have a larger body size and show a higher rate of turnover 
of their intestinal epithelium, both during homeostasis and periods of 
stress, compared to males (69). Removal of the female-specific form 
of transformer, limited to the fat bodies, resulted in the neuronal syn-
thesis of the insulin-like peptide, and the resulting limited growth of 
peripheral tissues in females (70). Similarly, female-favored intestinal 
growth enables a robust response to tissue damage and improved 
metabolic modulation, compared to the male intestinal epithelium 
(71). Indicating the impact individual tissues can have on growth, 
and potentially, the adaptive response.

Paraquat adaptation
Paraquat is a redox-cycling agent that has frequently been used to 
test stress resistance in D. melanogaster (72). However, a recent find-
ing showed that males pretreated with micromolar adaptive amounts 
of paraquat showed improved survival when challenged with a sub-
sequent toxic dose, whereas females were unaffected (13). This sex-
dependent difference may be mediated by differences in paraquat 
sensitivity. Indeed, paraquat has been found to activate the JNK path-
way (73), as overexpression of JNK signaling, in male dopaminergic 
neurons, improved survival in male D. melanogaster (74).

Although the mechanism of male-specific paraquat adaptation is 
presently unknown, there are some potential pathways that it may 
activate. Paraquat reacts with NADPH oxidase enzymes and molecu-
lar oxygen in the mitochondria and the cell membrane to generate 
the paraquat radical and the superoxide anion radical (O2˚

−) (75). In 
turn, superoxide is rapidly dismutated into H2O2 by superoxide dis-
mutases. Thus, paraquat generates both O2˚

− and H2O2 within cells, 
in contrast to exposure to H2O2 alone, as discussed in the prior sec-
tion. Paraquat has been shown to increase the expression of key anti-
oxidant enzymes, including superoxide dismutase and catalase, which 
can catalyze the breakdown of superoxide (76). Moreover, within the 
hippocampal region, male rats showed higher catalase and superoxide 
dismutase activity compared to females (77).

Additionally, unlike females, male D. melanogaster show greater 
sensitivity to paraquat-induced behavioral disruptions. Increased 
dopamine levels, conferred male-favored paraquat resistance, and 
vice versa (78). Notably, increased expression of the D1-like dopa-
mine receptor (DAMB) increased paraquat sensitivity in a male-spe-
cific manner (78). Moreover, DAMB is expressed at higher levels in 
adult males relative to adult females. Indicating, that males poten-
tially have a greater basal expression of O2˚

− sensitive pathways, such 
as DAMB, compared to females.

Heat Shock From Cells to Model Organisms

Mammalian Cell Culture
The heat shock response was one of the earliest subtypes of the cel-
lular stress response identified. Heat shock proteins (HSPs) are 
ubiquitous chaperones, and one of the first lines of defense against 
proteotoxic stress (79). A highly evolutionarily conserved process, 
the heat shock response is primarily activated by the heat shock 
factor (HSF), in response to slight temperature elevation above the 
homeostatic threshold (80), as well as to other forms of stress (81). 
Cells pretreated with mild heat shock, show improved thermotoler-
ance, against a subsequent, much more severe, heat exposure which 
would otherwise be lethal. This phenomenon was originally reported 
in mouse embryonic fibroblasts (82) and with a chicken lymphoma 
cell line (83). However, in both instances, the sex of the cell donor 
was unknown. Further studies to understand the adaptive increase 
in the heat shock response have largely relied on mouse embryonic 
fibroblasts (cell type unknown or unreported) (84,85), human embry-
onic kidney cell line HEK293 (female) (85,86), and the adenocarci-
noma HeLa cell line (female) (85,87,88). These results suggest that 
the majority of our understanding of the adaptive cellular heat shock 
response in vertebrate cells is limited to females.

Model Organisms
A mild heat stress applied early in life can produce increased resist-
ance to subsequent heat stress in Drosophila (heat stress adapta-
tion), and can also yield modest increases in life span (89,90); the life 
span increase is often referred to as “hormesis.” Similarly, repeated 
mild heat stress has beneficial effects on growth and function of 
cultured human cells undergoing aging in vitro (91). Heat stress in 
Drosophila causes rapid induction of the heat shock proteins (hsps), 
including the highly conserved cytoplasmic Hsp70 (12). Consistent 
with an important role for the hsps in heat stress resistance, dele-
tion of all 5 of the genes encoding Hsp70 causes reduced resistance 
to heat stress in Drosophila (92). Moreover, consistent with a role 
for Hsp70 in hormesis, flies transgenic for extra copies of Hsp70 
exhibited a greater life span extension on mild heat stress than did 
controls (90). When males and females have been compared, males 
show a greater increase in life span in response to mild heat stress 
than do females (90).

The Age-Dependent Loss of Adaptive 
Homeostasis

With age, the adaptive response diminishes in the nematode worm 
and fruit-fly. In the case of the 20S proteasome, 60 day old female 
D. melanogaster not only lose their adaptive increase in 20S protea-
some expression and activity, but the loss is accompanied by a parallel 
rise in basal expression, suggesting a compensatory mechanism (93). 
Similarly, 10-day-old C. elegans showed increased basal expression of 
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the 20S proteasome, yet inability to induce an adaptive response (41). 
Importantly, induction of the Lon protease with H2O2 exposure in D. 
melanogaster is also lost with age, beginning at 35 days (13). Together, 
these results suggesting the rise in basal levels of stress-responsive 
markers may be due to an organism’s attempt to combat chronic, low-
grade oxidative stress throughout the lifespan (Figure 2).

Simply forcing the expression of Nrf2 or its regulators is not suffi-
cient to restore the adaptive response. Specifically, chronic overexpres-
sion of the C. elegans homologue, Skn-1, improved stress resistance 
with age, yet did not restore the adaptive response (41). Conversely, 
chronic knockdown of the Nrf2 cytosolic inhibitor, Keap1, increased 
stress resistance in 60-day-old D. melanogaster, but was unable to 
produce a female-specific adaptive response (93). These results imply 
that simply forcing the overexpression of Nrf2 is not enough to restore 
the dynamic and highly attuned processes of the adaptive response.

Indeed, more is not always better. Several studies show that 
overexpression of stress-responsive proteins such as the hsps 
(12,94) and SOD (95,96) can extend life span in invertebrates. In 
contrast, several studies show that chronic overexpression of vari-
ous antioxidant enzymes is not sufficient to extend rodent lifes-
pan (97); and in some studies overexpression of stress response 
enzymes was detrimental (13,98). Chronic overexpression of 
stress response enzymes was not sufficient to restore adaptation 
in aged animals (41). Indeed, aging, itself, is associated with basal 
elevation in various stress-responsive proteins, including hsps (12), 
the 20S proteasome, and inhibitors of Nrf2, such as Bach1 and 
c-Myc (23,41,93), potentially to counteract the age-associated rise 
in reactive oxygen species. Surprisingly, findings from long-lived 
species showed lower basal levels of reactive oxygen species com-
pared to short-lived species (99). Hence, longer-lived organisms 
may be more efficient at limiting oxidative damage throughout the 
lifespan. This may be an example of an energy-efficient approach: 
it may be energetically less costly to lower endogenous oxidant 
levels compared to the high cost of protein synthesis as would be 
necessary in elevating the expression level of protective enzymes 
and/or replacing damaged proteins.

Thus, one approach to prevent loss of adaptive homeostasis 
with age (13,41) could be to focus on lowering the accumulation 
of damage, rather than simply forcing the chronic overexpression 

of stress-responsive defenses, especially because our attempts so far 
have demonstrated a “ceiling effect” in the activation of adaptive 
stress responses.

Conclusions

In the majority of studies seeking to discover the underlying mecha-
nisms behind the age-related decline in adaptive homeostasis, sex 
has been largely overlooked. This is evident in many cell culture 
studies, wherein the majority of cell lines studied are female-derived. 
However, as we and others have reported, sex does impact the stress 
response. Thus, as we seek approaches to find successful drug and 
therapeutic solutions for age-associated diseases, accounting for dif-
ferences in sex may be a potential lynchpin for success.

Additionally, the adaptive differences between the sexes afford 
us a unique model to understand the mechanisms not only by which 
females live longer, but why males live shorter lives. Future mech-
anistic studies reliant on cell culture should strive to incorporate 
both male- and female-derived cell lines to fill this gap. As well, this 
work serves to highlight the benefits model organisms, especially 
D. melanogaster, offer the scientific community in further solving 
this puzzle. The ability to achieve adaptation in one sex, without 
affecting the other is crucial. Moreover, the observation that both 
sexes lose the adaptive response with age implies that these path-
ways converge over time. Additionally, the relative ease of genetic 
manipulation of fly sex determination may further help to increase 
our understanding behind adaptive differences that are highly sexu-
ally dimorphic and age dependent. Lastly, as human beings are liv-
ing longer, but not necessarily healthier lives, it is paramount that 
we develop approaches that are beneficial to both sexes.
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