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Adaptive Homeostasis has been defined as, “The transient expansion or contraction of

the homeostatic range in response to exposure to sub-toxic, non-damaging, signaling

molecules or events, or the removal or cessation of such molecules or events.” (Davies,

2016). I propose that one of the most significant examples of adaptive homeostasis

may be the adaptation of the cardiovascular system to exercise training. In particular,

endurance type training involves the generation of increased levels of free radicals such as

ubisemiquinone, superoxide, nitric oxide, and other (non-radical) reactive oxygen species

such as hydrogen peroxide (H2O2), in a repetitive manner, typically several times per

week. As long as the training intensity and duration are sub-maximal and not exhaustive

these reactive species do not cause damage, but rather activate signal transduction

pathways to induce mitochondrial biogenesis—the foundation of increased exercise

endurance. Particularly important are the NFκB and Nrf2 signal transduction pathways

which respond to reactive oxygen and nitrogen species generated during exercise. As

with other examples of adaptive homeostasis the effects are transient, lasting only as

long as the training is maintained. Unfortunately, the ability to adapt to exercise training

declines with age, perhaps as a result of impaired Nrf2 and NFκB signaling, as does

adaptive homeostasis capacity in general. Since this is an Hypothesis/Theory Paper and

not a review, I have not tried to provide a comprehensive discussion of all the literature

relating to exercise adaptation and the cardiovascular system. Rather, I have attempted

to develop the Hypothesis or Theory that adaptive homeostasis is the foundation for

adaptation of the cardiovascular system to exercise training, largely based on work from

my own laboratory, that of close collaborators, and that of key contributors over a period

of almost 40 years.

Keywords: adaptive homeostasis, exercise, cardiovascular system, redox regulation, signal transduction, Nrf2,

mitochondria, free radicals

INTRODUCTION

Adaptive Homeostasis has been defined as, “The transient expansion or contraction of the
homeostatic range in response to exposure to sub-toxic, non-damaging, signaling molecules
or events, or the removal or cessation of such molecules or events.” (Davies, 2016). Adaptive
Homeostasis applies to the expansion or contraction of the homeostatic range, for any
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given physiological parameter, including heart rate, blood
pressure, cardiac stroke volume or output, respiratory rate and
volume, etc. Although Adaptive Homeostasis pertains to any
signaling event that can regulatemultiple physiological functions,
such as heat, cold, osmotic stress, acid/base changes, nutrients,
etc. the concept was actually first described (Davies, 2016) and
subsequently further developed (Davies et al., 2017; Lomeli et al.,
2017; Pomatto and Davies, 2017; Pomatto et al., 2017a,b,c, 2018a;
2018b; Walker et al., 2018; Zhou et al., 2018) as a function
of oxidation/reduction (“Redox”) signaling. Furthermore, the
“seeds” for the whole concept of adaptive homeostasis originate
with studies of cardiovascular adaptation to exercise (e.g., Davies
et al., 1981, 1982a,b,c, 1984). Thus, Adaptive Homeostasis would
appear to be an especially good fit for this Special Research Topic
on “Redox and Nitrosative Signaling in Cardiovascular System:
from Physiological Response to Disease.”

Recently, we published more generalized treatises on the
contribution of diminished adaptive homeostasis to multiple
age-related diseases, including cardiovascular disorders (Davies
et al., 2017; Lomeli et al., 2017; Pomatto and Davies, 2017), but
here I will attempt to target the cardiovascular system, and its
responses to exercise training, specifically. Please note that this
is an Hypothesis/Theory Paper and not a review. Therefore, I
have not tried to provide a comprehensive discussion of all the
literature relating to exercise adaptation and the cardiovascular
system, and I apologize to all those whose important work has
been omitted. Rather, I have attempted to develop the Hypothesis
or Theory, largely based on work from my laboratory and that of
close collaborators over a period of almost 40 years, that adaptive
homeostasis is the basis for adaptation of the cardiovascular
system to exercise training.

DIFFERENTIATING ENDURANCE AND
SPRINT TRAINING ADAPTATIONS

One of the first studied cardiovascular signaling responses is the
exercise training effect. Exercise training also represents one of
the most widely experienced cardiovascular adaptations affecting
humans. In early studies, Holloszy et al. (Holloszy, 1967, 2008;

Abbreviations: Nrf2, nuclear factor erythroid-derived 2-related factor 2; NFκB,

nuclear factor kappa-light-chain-enhancer of activated B cells; VO2max, maximum

amount of oxygen that an individual can utilize during intense, or maximal

exercise; Hb, hemoglobin; O•−

2 , superoxide anion radical; H2O2, hydrogen

peroxide; NO•, nitric oxide radical; H2O2, hydrogen peroxide; EDL, extensor

digitorum longus muscle; RCAN1-4, regulator of calcineurin protein 1-4; HSP70,

heat shock protein 70; OGG1, DNA damage repair enzyme 8-oxoguanine-

DNA glycosylase; MnSOD, manganese superoxide dismutase (mitochondrial);

GSH, reduced glutathione; GSSG, oxidized glutathione; TFAM, mitochondrial

transcription factor A; PGC-1α, peroxisome proliferator-activated receptor-

gamma coactivator 1-alpha PGC-1α; NRF-1, nuclear respiratory factor 1; NRF-

2, nuclear respiratory factor 2; P38MAPK, mitogen-activated protein kinase A;

AMPK, AMP-activated protein kinase; SIRT1, Sirtuin1; Keap1, Kelch-like ECH-

associated protein 1; Cul3, Cullin3; Akt, the RAC-alpha serine/threonine-protein

kinase encoded by the AKT gene (also known as protein kinase B, or PKB);

PKC γ, protein kinase C gamma; EPRE or ARE, electrophile response element or

antioxidant response element; NFE2L1 or Nrf1, Nuclear factor erythroid-derived

2-related factor 1 (sometimes written as Nrf1, but which has an official symbol of

NFE2L1); Bach1, transcription regulator protein Bach1; cMyc, Myelocytomatosis

oncogene cellular homolog; MPP+, 1-methyl-4-phenylpyridine.

Terjung et al., 1973) had demonstrated significant cardiovascular
and skeletal muscle adaptations to endurance exercise training.
In a series of studies in the late 1970’s and early 1980’s we
set about trying to differentiate the very different adaptive
responses to physical exercise training of an endurance type,
vs. sprint or strength training (Davies et al., 1981, 1982b). We
also sought to determine the mechanism(s) underlying exercise
training adaptations although, at that time, little was known
about biological signal transduction pathways. We used young
male Sprague-Dawley laboratory rats to study adaptation to
endurance training [10 weeks of daily treadmill running, for 5
days per week at a speed of 26.8 m/min (1.0 mph), and a slope
of 8.5◦ (15% grade)]. Initially the rats ran for only 20min but
this was gradually increased each day such that, by week 5 (and
for the next 5 weeks) the rats each ran for 120min per day.
This training protocol caused only a small (14%) increase in
VO2max (maximum amount of oxygen that an animal can utilize
during intense, or maximal exercise) but increased endurance
capacity (run time to exhaustion in a treadmill run at a constant,
sub-VO2max work load) four-fold and greatly increased (actually
doubled) the mitochondrial content of skeletal muscles (Davies
et al., 1981).

Unlike the program of endurance training described above,
a regimen of sprint training (lasting 4 weeks) did not result
in any significant increases in muscle mitochondrial oxidase
capacity, or in total muscle mitochondrial mass, and only
increased VO2max by a modest 15% (Davies et al., 1982b).
The sprint training program did, however, increase the capacity
for high intensity workload, also called VO2max work load
(maximal treadmill speed at 15% grade) by 25%. The protocol
used for sprint training, over a 4 week period, involved
starting each session with a 2-min “warm-up” at a treadmill
speed of 26.8 m/min, and then gradually increasing treadmill
speed during the third minute to 97m/min. The rats were
then required to complete two 1-min periods of sprinting
at 97 m/min each day (with a 10 s rest in between). To
ensure that they were acclimatized to running on the treadmill
(but not actually trained) control rats ran for 5min at 26.8
m/min, twice per week. Despite the increases in VO2max work
load resulting from sprint training, there was no increase
in endurance capacity and (as already noted above) muscle
mitochondrial oxidase capacity and muscle mitochondrial mass
also did not change. These results were taken as evidence
that muscle mitochondrial total mass and oxidase capacity
are closely coupled with exercise endurance capacity, but that
VO2max must be determined by other factors (Davies et al.,
1982b).

In fact, the above studies (Davies et al., 1981, 1982b) also
suggested that VO2max might be largely determined by the
oxygen carrying capacity of blood and not a function limited by
mitochondrial respiration. To further test these relationships, we
next used three experimental interventions with the same strain
of laboratory rats described above: (1) Dietary Iron deficiency
and dietary repletion (Davies et al., 1982a; Maguire et al., 1982),
(2) Dietary iron deficiency and blood transfusion (Davies et al.,
1984), and (3) Dietary Vitamin E (α tocopherol) deficiency
(Quintanilha and Davies, 1982; Quintanilha et al., 1982).
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The effects of dietary iron deficiency and dietary iron repletion
on exercise performance were investigated in young male
Sprague-Dawley rats (Davies et al., 1982a; Maguire et al., 1982).
Iron deficiency was established in young, male rats by feeding
them a low-iron diet with only 2mg iron/kg, whereas the diet
fed to control animals contained 50mg iron/kg. After 42 days,
rats fed the low-iron diet had blood hemoglobin (Hb) levels of
only 3.6 ± 0.5 g/dl, whereas the control rats exhibited blood Hb
of 13.7 ± 0.6 g/dl. In the iron-deficient animals, we observed
60–85% lower muscle mitochondrial oxidative capacities in
comparison with controls; presumably this resulted from 30%
lower mitochondrial content of muscles and significantly lower
mitochondrial enzyme specific activities. In the iron-deficient
rats, both VO2 max and VO2 max work load were 50%
lower than seen in control animals, and exercise endurance
capacity was 90% lower. To reverse deficiency, the low-iron
rats were next switched to the control (iron-sufficient) diet and
we carefully mapped out the time course of iron repletion and
the recovery of muscle mitochondrial and exercise parameters.
Blood Hb was markedly in only 3 days and was accompanied
by significant improvements in both VO2max and VO2max work
load. Importantly, however, neither mitochondrial bioenergetic
functions, nor the mitochondrial content of muscle, nor muscle
mitochondrial oxidative capacity, exhibited significant increases
before day 5 of iron repletion, and exercise endurance capacity
also did not increase before day 5. From these studies of
iron-deficiency and repletion we were persuaded that muscle
mitochondrial oxidase capacity probably does not normally
impose a limit on VO2max or VO2max work load. Similarly, we
concluded that the oxidative capacity of muscle (i.e., functional
mitochondria) probably does limit exercise endurance capacity.
Parallel studies, on the same animals, revealed that the iron
deficiency protocol severely depleted mitochondrial iron sulfur
proteins and cytochromes, which then caused severe limitations
of up to 70–80% in the electron transport capacity, and ATP
production, of mitochondria (Davies et al., 1982a; Maguire et al.,
1982).

Although the above studies of iron deficiency and repletion
provided temporal evidence for a dissociation between muscle
mitochondrial oxidative capacity and VO2max/VO2max workload
and, conversely, provided temporal evidence for a strong
association betweenmuscle mitochondrial oxidative capacity and
endurance capacity and between the oxygen carrying capacity of
blood and VO2max workload, no causal relationships could be
concluded. To attempt to delineate cause and effect we utilized
dietary iron deficiency and blood transfusions using young male
weanling Sprague-Dawley rats (Davies et al., 1984). Using the
same iron-deficient and control diets described above, we found
that only 21 days of dietary iron deficiency caused significant
anemia (Hb, 3.9 vs. 14.2 g/dl in controls) and major loss of
function of muscle mitochondria, such that skeletal muscle
mitochondrial total oxidative capacity was as much as 90% lower
than see in control rats. VO2max apparently declined by 50% as
a result of iron deficiency and the maximal endurance capacity
(time to exhaustion in a separate treadmill run at a constant, sub-
VO2max work load) of iron-deficient rats was only 10% of that
seen in control animals. We next took the iron deficient rats and

artificially increased their blood Hb by transfusion with packed
erythrocytes. Conversely, we decreased the Hb levels of control
rats by withdrawing blood and transfusing them with plasma.
These procedures enabled us to match the Hb of both iron-
deficient and control rats at a common value of approximately
9.5 g/dl. Raising the Hb of iron-deficient animals immediately
corrected their exercise VO2max such that it was only 15% below
control values but, importantly, we observed no improvement
whatsoever in exercise endurance capacity. These interventional
experiments yielded a direct demonstration that VO2max and
endurance capacity depend on rather different physiological
functions. Based on these results, it was posited that oxygen
delivery to tissues is a major determinant of VO2max but, in
contrast, muscle mitochondrial capacity is a major determinant
of exercise endurance capacity (Davies et al., 1984). It should
also be mentioned, however, that what determines VO2max is
still the subject of some debate, with some investigators favoring
a “cardiocentric” viewpoint whereas others consider skeletal
muscles as the limiting factor.

There are also some neural reflexes that regulate the
cardiovascular apparatus. One of these is the so called muscle
metaboreflex, which adjusts the cardiovascular response on
the basis of the metabolic conditions of working muscles.
It has been speculated that in some cardiovascular diseases,
and in the sedentary state, detraining affects this reflex by
increasing matabolite accumulation and decreasing muscle
oxidative capacity. For instance, this is the so called “muscle
hypothesis” of heart failure. The interaction of intrinsic muscle
factors and neural signaling may, thus, represent a potential link
between fatigue, cardiovascular disregulation, and the effect of
training in these pathologies.

Taken together, the above studies of endurance training; sprint
training; iron deficiency, dietary repletion, and blood transfusion;
and vitamin E deficiency all point to the conclusion that the
mitochondrial content of muscle and, of course, mitochondrial
competence have a major role in determining exercise endurance
capacity. Furthermore, increased mitochondrial biogenesis
during endurance exercise training would seem to be a key factor
in exercise adaptive homeostasis.

UBISEMIQUINONE, SUPEROXIDE, AND
HYDROGEN PEROXIDE IN EXERCISE

Our exercise studies also demonstrated, for the first time,
unequivocally that free radical generation in skeletal muscles
and liver increases during exercise, and is especially evident
during exhaustive exercise (Davies and Hochstein, 1982; Davies
et al., 1982c). Previous work by Tappel et al. (Dillard et al.,
1978) had suggested that exercise caused increased free radical
generation that could be measured as expired pentane but
this indirect methodology was criticized as being subject to
large errors due to variable pentane production by gut flora
and fauna, and various other investigators produced equivocal
results with other measures of lipid peroxidation. Our work used
the direct approach of actually measuring free radical signals
by electron spin resonance spectroscopy, and demonstrated
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increased concentrations of mitochondrial ubisemiquinone
radicals in both muscle and liver, following exercise (Davies et al.,
1982c). We were actually able to identify two discrete “pools”
of semi-stabilized ubisemiquinone with stability constants high
enough to support the physiological significance of Peter
Mitchell’s “Q Cycle Hypothesis” (Davies and Hochstein, 1982).
Of greater importance for the current discussion, however, is the
observation that reduction of molecular oxygen to the superoxide
anion radical (O•−

2 ) by ubisemiquinone is a major source of
intracellular O•−

2 generation, and much if not most of the O•−

2 so
generated rapidly dismutates to form hydrogen peroxide (H2O2)
(Cadenas and Davies, 2000).

Following heavy exercise, we found increases of 100–200%
in observable concentrations of free radicals in rat muscles and
liver (Davies et al., 1982c). The free radical signals we could
observe and measure via electron spin resonance spectroscopy
were largely attributable to mitochondrial ubisemiquinone
radicals (Davies and Hochstein, 1982). Exhaustive exercise
(but not exercise at a training level) caused significant
damage, including lipid peroxidation, diminished sarcoplasmic
reticulum and endoplasmic reticulum integrity, and diminished
respiratory control of mitochondria. In a parallel study, we
found that Vitamin E deficiency, which sensitizes animals to
increased free radical oxidative damage, caused a similar damage
profile (inmembranes, sarcoplasmic/endoplasmic reticulum, and
mitochondria) even without making the animals exercise (Davies
et al., 1982c; Quintanilha and Davies, 1982; Quintanilha et al.,
1982). Our earlier studies indicated that endurance capacity
in exercise is principally governed by the functional muscle
mitochondrial mass (Davies et al., 1981, 1982a,b, 1984), andwhen
we exercise tested the vitamin E deficient animals (with their
impaired muscle mitochondria), we found that their endurance
was indeed 40% lower than that of controls (Davies et al.,
1982c). These findings further strengthened our interpretation
that exercise training of a serious but sub-maximal nature slightly
increases free radical (ubisemiquinone and O•−

2 ) and H2O2

generation, and that this is an important component of exercise
adaptation. In contrast, maximal exercise to exhaustion increases
free radical and H2O2 generation to dangerously high levels that
can cause significant cellular damage.

Interestingly, our studies showed that the generation of
O•−

2 by purified mitochondria studied in vitro, increased as a
function of temperature (Salo et al., 1991). When we exposed
mitochondria to temperatures seen in exercising human beings
(Brooks et al., 1971a,b) we found that temperature-induced
partial uncoupling of oxygen consumption and ATP production
accounted for the increased O•−

2 generation (Salo et al., 1991).
Thus, it is possible that temperature-induced fluctuations in
the fidelity with which ubisemiquinone, and other electron
carriers, such as complexes I and III, can direct electrons along
the mitochondrial respiratory chain, resulting in a “leakage” of
electrons directly to oxygen, may account for both significant
O•−

2 generation in exercise and a limit to exercise capacity.
Of course, today everyone recognizes both O•−

2 and H2O2

as major intracellular signaling molecules. In 1983, however,
when we first demonstrated ubisemiquinone radicals in exercise,
such relationships were not understood. Despite this lack

of mechanistic understanding, we wrote, “It is tempting to
propose that exercise induced free radicals . . . . . . . . . . may be the
initiating stimulus to mitochondrial biogenesis.” (Davies et al.,
1982c). Viewed with the hindsight of current knowledge, the
results suggest that increased concentrations of ubisemiquinone
radicals, and the O•−

2 and H2O2 generated by interaction of
ubisemiquinone (and/or complexes I and III) with molecular
oxygen may provide a stimulus to the adaptive homeostasis,
including the mitochondrial biogenesis, which results from
endurance training.

EXERCISE-INDUCED GENERATION OF
REACTIVE OXYGEN/NITROGEN SPECIES
BY XANTHINE OXIDASE AND BY
NEUTROPHILS AND OTHER PHAGOCYTIC
CELLS

Since our original publications, several groups have verified
increased generation of free radicals, and other reactive
oxygen/nitrogen species in exercise (e.g., see Packer et al.,
2008; Sachdev and Davies, 2008). In addition to the O•−

2 and
H2O2 generated by ubisemiquinone, as described above, other
investigators have also described additional mitochondrial and
extra-mitochondrial sources of reactive oxygen/nitrogen species
in exercise (reviewed in Sachdev and Davies, 2008).

Xanthine oxidase is one such source of exercise-induced O•−

2
and H2O2 generation, as described by Viña et al. (Heunks
et al., 1999; Viña et al., 2000). These investigators noted that
xanthine dehydrogenase could be converted to xanthine oxidase
during intensive exercise, perhaps due to transient hypoxia.
The xanthine oxidase so produced may then generate O•−

2 and
H2O2 rather than the NADH generated by its parent xanthine
dehydrogenase. Importantly, the xanthine oxidase inhibitor
allopurinol blocked much of the oxidation seen in tissues from
intensively exercised animals.

McArdle et al. (1999) proposed that that exhaustive, eccentric,
or prolonged exercise may increase generation of reactive
oxygen/nitrogen species as a result of neutrophils, as well as
other phagocytic type cells, overwhelming antioxidant defenses
as part of an intensified immune response to cellular injury. For
example, McArdle et al. (1999) reported increased concentrations
of oxidized glutathione in extensor digitorum longus (EDL)
muscles 3 days after an extensive program of injury-inducing
contractions, although no significant glutathione oxidation
was actually evident a few hours following exercise. Other
investigators have also reported neutrophil/phagocyte activation
and reactive oxygen/nitrogen species generation with very long
duration, extreme intensity, or exhaustive exercise (Singh et al.,
1994; Wareski et al., 2000; Quindry et al., 2003; Morozov et al.,
2006).

Part of the problem with whole animal (or human) studies
of reactive oxygen/nitrogen species, especially in exercise,
is the sheer difficulty of making accurate measurements of
species that are, by their very nature, short lived in biological
systems. After reviewing the literature on generation of such
species by mitochondrial ubisemiquinone (and/or mitochondrial
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complexes I and III), xanthine oxidase, neutrophils and other
phagocytes, and various ill-defined sources, I think there are
some valuable conclusions we may draw. First, it seems clear that
there can be multiple sources of O•−

2 , H2O2, and other reactive
oxygen/nitrogen species in exercise. Second, there is clearly
a major difference between endurance exercise and sprint or
strength training. Third, both the intensity and the duration of an
exercise session affect the generation of reactive oxygen/nitrogen
species. Fourth, generation of reactive oxygen/nitrogen species
at low levels during non-exhaustive exercise (e.g., daily training
sessions) appears to be involved in mitochondrial biogenesis
whereas very high levels of reactive oxygen/nitrogen species
generation during exhaustive exercise appear to contribute to
tissue injury.

SHOCK AND STRESS PROTEINS IN
EXERCISE ADAPTATION

Very heavy or exhaustive exercise induces heat-shock (in humans
involving muscle temperatures that can reach 45◦C, and human
core body temperatures as high as 44◦C), oxidative stress (as
evidenced by increased levels of O•−

2 and H2O2), and tissue
damage, whereas daily exercise training at much lower intensity
and duration promotes mitochondrial biogenesis (100–200%
increases muscle mitochondrial mass). Following such intense
and exhaustive exercise in rats, the levels of more than 15
heat shock or oxidative stress proteins, including HSP70, were
elevated in skeletal muscle, heart, and liver tissues (Salo et al.,
1991). Different patterns of protein transcriptional responses
(incorporation of [3H]leucine into newly-synthesized proteins)
were observed in soleus, plantaris, and EDL muscles, probably
reflecting differential involvement in the exercise session and/or
differential responses to heat shock and oxidative stress. Heart,
liver, and skeletal muscles also exhibited diverse patterns of
responses to heat shock in vitro, nevertheless increased levels of
some five proteins, in particular HSP70 and an unidentified 106
kDa protein, were common findings.

Focusing more on HSP70, we found that mRNA levels (as
measured by Northern blot with a [32P]-labeled HSP70 cDNA
probe), were significantly elevated in both skeletal muscle and
cardiacmuscle following exercise, and following either both heat-
shock or oxidative stress of ex vivo tissues exposed to oxidative
stress or heat-shock in vitro (Salo et al., 1991). In exhaustive
exercise studies the levels of HSP70 mRNA in skeletal muscles
crested some 30–60min after the end of the exercise session, and
gradually decreased thereafter such that control levels were re-
established in another 5 h. HSP70 transcription and translation
may thus be seen as an appropriate physiological response
to both the elevated temperatures and increased oxidation
typical of heavy exercise. Extreme hyperthermia in very heavy
and exhaustive exercise might actually be the proximal source
for increased oxidation, because we also discovered, in this
same study, a temperature-dependent uncoupling of muscle
mitochondria (studied in vitro), with concomitant increases in
O•−

2 production: the higher the temperature applied, the more
O•−

2 generation was increased (Salo et al., 1991). Both HSP70

and HSP90 play major roles in the transport of nuclear encoded
polypeptides into mitochondria, since the bulk of essential
mitochondrial proteins are actually encoded in the cell nucleus
and transcribed on cytoplasmic ribosomes. Thus, HSP70 and
HSP90may be vital links in themolecularmechanism of exercise-
induced mitochondrial biogenesis (Salo et al., 1991). As noted
above, however, there are major differences between a program
of daily exercise endurance training at sub-maximal intensity and
duration, and a single bout of maximal and exhaustive exercise.
Thus, although it is much easier to measure the greatly increased
production/generation of heat-shock or oxidative-stress proteins
and free radicals or related oxidants following intense exercise to
exhaustion, I propose that the much smaller elevations in these
same species that occur in sub-maximal exercise, as a person
trains to increase endurance, are important factors in signaling
for mitochondrial biogenesis.

Importantly, rats that have actually completed a successful
endurance exercise training program no longer exhibit increases
in any shock or stress proteins (including no change in HSP70) at
exercise levels or durations that produce significant shock/stress
protein expression in untrained rats (Salo et al., 1991). This result
can now be seen as an early demonstration of a key aspect of
adaptive homeostasis: that the normal physiological range can
be temporarily expanded in response to signaling molecules or
events, but will return to its basal range if signaling is stopped for
a sufficient period. In this case, exercise training is the “event”
which (mediated by signaling molecules such as of O•−

2 and
H2O2) temporarily expands the physiological range for exercise
tolerance such that (after weeks of training) the daily exercise
workout level is no longer a stress; of course, as predicted by
the adaptive homeostasis theory (Davies, 2016), this will only be
true for as long as exercise training is kept up, so that a return to
sedentary lifestyle will cause the expanded physiological range to
gradually contract back to pre-training dimensions.

Working with close collaborators at the University of
Rennes in France, we have described how exhaustive exercise
increases transcription/translation of the calcineurin inhibitor
RCAN1–4 (Regulator of Calcineurin 1–4) in rat skeletal
muscles (Emrani et al., 2015). We had previously shown that
RCAN1-4 (originally called Adapt78, DSCR1, or calcipressin)
is part of a repertoire of immediate oxidative stress proteins
that actually helps to improve adaptation to oxidants by
inhibiting calcineurin, which dephosphorylates and inactivates
many other proteins required for adaptation (Crawford et al.,
1997; Ermak et al., 2002; Harris et al., 2005; Davies et al.,
2007).

The levels of RCAN1-4 were elevated in both EDL
and gastrocnemius muscles of rats, but not in their soleus
muscles, following exercise to exhaustion (Emrani et al., 2015).
Importantly, as something of an internal control, calcineurin
enzymatic activity declined in EDL and gastrocnemius as levels
of its inhibitor RCAN1 rose, but was unchanged in soleus
muscles where RCAN1 also did not increase. Unexpectedly,
the expression of calcineurin protein actually decreased in
EDL, gastrocnemius, and soleus for (thus far) unexplained
reasons. Another indicator of oxidative stress, protein
oxidation, was also elevated in EDL and gastrocnemius
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muscles, but not in soleus muscles. It was concluded that
oxidative “signals” generated during exercise, doubtless
reactive oxygen/nitrogen species, increased the expression
of RCAN1-4 protein in EDL and gastrocnemius muscles.
We, therefore, proposed that up-regulation of RCAN1-4
transcription/translation and thus, induction of the signal
transduction pathways that it regulates, is a significant element
involved in physiological adaptative homeostasis stimulated
by reactive oxygen/nitrogen species generated during exercise
(Emrani et al., 2015).

Exercise also modifies the level/activity of the of
mitochondrial outer-membrane-associated DNA damage
repair enzyme 8-oxoguanine DNA glycosylase (OGG1) in
skeletal muscle (Radak et al., 2009). Following 8 weeks of a
swimming endurance training program, mitochondrial levels
of carbonylated proteins were decreased (compared with
control animals) and nuclear OGG1 activity was increased.
These effects were reversed during de-training. Interestingly,
OGG1 levels in muscle were increased following exercise
endurance training, and this increase was reversed to control
levels by de-training. It seems possible that endurance training
may actually increase the transport of OGG1 across the
mitochondrial membranes and into the matrix, thus potentially
increasing the capacity for OGG1-mediated repair of oxidized
DNA. In contrast, the decline in muscle OGG1 levels seen
with physical inactivity could actually diminish the effective
transport of OGG1 into mitochondria and decrease DNA
repair (Radak et al., 2009). Finally, the mitochondrial Lon
protease which protects the mitochondrial matrix against
accumulation of oxidatively damaged proteins by selectively
degrading them (Bota and Davies, 2002; Bota et al., 2002;
Pomatto et al., 2016) is significantly induced by exercise (Koltai
et al., 2012).

SIGNAL TRANSDUCTION PATHWAYS
REGULATING CARDIOVASCULAR
ADAPTATIVE HOMEOSTASIS IN EXERCISE

From the work of many laboratories it has become abundantly
clear that many forms of transient adaptation are mediated
by discrete signal transduction pathways. Thus, for example,
the shock, stress, or adaptive proteins discussed in the section
above do not just increase (or decrease) expression on their
own. Instead, dedicated signal transduction pathways exist
within all cells to initiate, regulate, and terminate adaptive gene
expression responses. Such adaptive homeostasis related signal
transduction pathways involve sensor proteins in the cytoplasm
which undergo a series of complex protein–protein interactions,
transport proteins for nuclear translocation, and binding to
specific regulator regions of target proteins to initiate increased
transcription. Similarly, inhibitory sensor proteins can regulate
the systematic down-regulation of gene expression once the
need for an adaptive response has passed. Several such signal
transduction pathways that operate during exercise adaptation
are discussed in the sub-sections below.

The NFκB Signal Transduction Pathway in
Exercise Adaptation
The nuclear factor kappa-light-chain-enhancer of activated B
cells, or NFκB, signal transduction pathway contributes to
adaptation and protection from oxidative stress. Under non-
stressful conditions, the NFκB transcription factor resides in the
cytosol, where it is bound to its specific inhibitor protein, IκB
(Baeuerle and Baltimore, 1988a). Following exposure to H2O2

(or some other reactive oxygen species), NFκB is translocated
to the cell nucleus, where it can bind to the upstream promoter
regions of multiple target genes through its DNA binding
subunits, p50 and p65. Binding of p50 and p65 to target gene
promoters then elicits transcriptional activation of those target
genes (Baeuerle and Baltimore, 1988b; Meyer et al., 1994).
The gene encoding the mitochondrial (manganese containing)
form of superoxide dismutase, or Mn-SOD, contains one such
upstream promoter region, and its expression is upregulated by
NFκB. Binding of NFκB to the Mn-SOD gene promoter region
was originally reported by Wan et al. (1994), but the finding by
Hollander et al. that an exhaustive exercise session significantly
increased expression of Mn-SOD did not come for several years
(Hollander et al., 2001). These results, subsequently confirmed
by Ji et al. (2004), provided an example that exercise can
induce adaptation and increased protection through superoxide
dismutase.

Gomez-Cabrera et al. (2005) examined the effect of xanthine
oxidase, via the inhibitory activity of allopurinol on NFκB
activation in rats, following intensive exercise to exhaustion.
The investigators found that that if, the rats received a dose of
allopurionol prior to exercise, they exhibited far less oxidation
of glutathione (GSH oxidized to GSSG) than did rats that
were exercised with no allopurionol pre-treatment. The results
were interpreted to mean that normally during intense exercise
to exhaustion glutathione is oxidized by H2O2 generated by
xanthine oxidase but that this can be prevented by inhibiting
xanthine oxidase with allopurinol. Importantly, the allopurionol-
treated rats also exhibited significantly less adaptation through
the NFκB pathway. For example, the activity of Mn-SOD, among
that of other inducible enzymes, increased significantly in the
control animals after exhaustive exercise but was induced to
a far lesser extent in rats that had received the allopurinol
pre-treatment. These results provided additional evidence that
NFκB plays a significant role in adaptation to oxidative stress
via triggering by H2O2. Indeed, it has been found that NFκB
can remain bound to target genes for many hours, or even
for days, after exercise (Hollander et al., 2001) presumably
causing continued elevated transcription of multiple adaptive
enzymes (Gomez-Cabrera et al., 2005), thereby and playing a
very important role in adapting to exercise-induced oxidative
damage. Because of these observations, Gomez-Cabrera et al.
(2005) also suggested that if reactive oxygen species play such
major roles in initiating adaptive responses (for example via
NFκB) then the practice of supplementing the diets of athletes
with antioxidants should probably be reconsidered, or even
discarded.
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Mitochondrial Biogenesis Signal
Transduction Pathways—Mitochondrial
Transcription Factor a (TFAM) and
Peroxisome Proliferator-Activated
Receptor-Gamma Coactivator 1-Alpha
(PGC-1α)—In Exercise Adaptation
Mitochondrial transcription factor A (TFAM) peroxisome
proliferator-activated receptor-gamma coactivator 1-alpha
(PGC-1α) are major regulators of the mitochondrial genome
(Gleyzer et al., 2005; Kaasik, 2009). In contrast nuclear
respiratory factors1 and 2 (abbreviated NRF-1 and NRF-2
respectively), can control expression of many nuclear genes
that actually encode mitochondrial proteins. TFAM, NRF-1,
and NRF-2 are, in turn, controlled by peroxisome proliferator-
activated receptor-gamma coactivator 1-alpha (PGC-1α)
(Olesen et al., 2010). PGC-1α induces mitochondrial biogenesis,
following activation (phosphorylation) by the mitogen-activated
protein kinase (p38 MAPK) or AMP-activated protein kinase
(AMPK) (Holloszy, 2008; Viña et al., 2009; Olsen, 2010).
Additionally it has been shown that Sirtuin1 (SIRT1), also known
as NAD-dependent deacetylase sirtuin-1, catalyzes PGC-1α
deacetylation, which also activates the coactivator (Wareski et al.,
2000; Nemoto et al., 2005).

Researchers have found that PGC-1α is readily induced by
both acute and regular exercise and plays a significant role in
muscle mitochondrial biogenesis (Terada et al., 2002; Pilegaard
et al., 2003; Ikeda et al., 2006; Hart et al., 2014; Marton et al.,
2015). Inmost of these studies, SIRT1, AMPK, NRF-1, and TFAM
also accompanies (or preceded) mitochondrial biogenesis (Koltai
et al., 2017). Of particular significance is the finding that aging is
associated with a significant decline in mitochondrial biogenesis,
but that exercise training can partially reverse this trend (Koltai
et al., 2012). Importantly, PGC-1α levels decline with age but
are at least partially restored with exercise training (Koltai et al.,
2012). Also at least partially restored to “youthful” levels by
exercise training in this study were SIRT1, AMPK, NRF-1, and
TFAM, as well as actual markers of increased mitochondrial
biogenesis.

The Nuclear Factor Erythroid-Derived
2-Related Factor 2 (Nrf2) Signal
Transduction Pathway in Exercise
Adaptation
The Keap1-Nrf2 signal transduction pathway is vitally important
in regulating cellular and organismal adaptation to reactive
oxygen and nitrogen species. This relationship is a widely
observed biological phenomenon that has been verified (with
Nrf2 orthologs) in numerous eukaryotic systems, including
yeast, various mammalian/human cells, Caenorhabditis elegans
nematode worms, Drosophila melanogaster flies, mice, rats, and
human beings (Pickering et al., 2012; Zhang et al., 2015; Davies
et al., 2017; Pomatto and Davies, 2017; Pomatto et al., 2017c,
2018a,b; Raynes et al., 2017). In mammals, Nrf2 is found in the
cytoplasm where it forms part of a complex with Keap1 and
several other proteins. The Cullin3 (Cul3) component of the

Keap1-Nrf2 complex is actually an E3-ubiquitin ligase enzyme
that rapidly polyubiquitinylates Nrf2 thus causing its degradation
by the 26S proteasome. Since Nrf2 is synthesized at high levels,
this process ensures that cytoplasmic Nrf2 undergoes constant
and rapid turnover.

Upon exposure to oxidants or electrophiles, Nrf2 detaches
from the Keap1 (Kelch-like ECH-associated protein 1
complex, avoids polyubiquitinylation, and instead undergoes
phosphorylation by the serine/threonine kinase Akt (the RAC-
alpha serine/threonine-protein kinase encoded by the AKT gene,
also known as protein kinase B, or PKB) and protein kinase C
gamma (PKC γ). Phosphorylated Nrf2 is then transported into
the cell nucleus where it can bind to the upstream electrophile
response elements or EPRE’s (also called antioxidant response
elements, or ARE’s) of hundreds of target genes involved in
cellular protection and adaptive homeostasis. Binding of Nrf2
to a target gene’s EPRE/ARE causes increased transcription and
translation, and elevated levels of the protective/adaptive protein
encoded by that gene. Activation of the Nrf2 signal transduction
pathway is a key, required, element for many forms of effective
adaptive homeostasis, and inhibiting or blocking activation also
forstalls adaptation. Nuclear factor erythroid-derived 2-related
factor 1 (sometimes written as Nrf1, but which has an official
symbol of NFE2L1) often binds to EPRE/ARE sites where it
only poorly induces transcription and is, thus often seen as an
inhibitor of Nrf2 responses (although NFE2L1 has its own target
genes as well). In addition, both the transcription regulator
protein Bach1 and the oncogene cMyc (Myelocytomatosis
oncogene cellular homolog) appear to act as true physiological
inhibitors of Nrf2 signaling (by different mechanisms) and both
increase with age (Zhang et al., 2015; Zhou et al., 2018); this
finding may go some way to explaining the loss of Nrf2 signaling
responsiveness with aging.

If any tissue might be expected to undergo adaptive
homeostasis in response to exercise training it would be skeletal
muscle, and careful studies indicate that this is actually the case
(Davies et al., 1981, 1982a,b, 1984). A strong link between Nrf2
signaling and mitochondrial biogenesis in exercise was reported
byMerry and Ristow (2016). These authors reported that reactive
oxygen and nitrogen species activate Nrf2 signaling in exercise,
and work through induction of NRF-1 and TFAM to induce
mitochondrial biogenesis and production of antioxidant enzymes
in skeletal muscles. The authors further reported that mice with
impaired Nrf2 signaling were unable to increase mitochondrial
mass, endurance capacity, or whole body energy expenditure to
the same extent as wild-type mice, following a 5 week program
of treadmill endurance training. The duration and intensity of
exercise also clearly affects Nrf2 signaling responses, with longer
and more intense bouts of exercise being more effective (Li et al.,
2015).

Even though the myocardium is constantly at work
throughout life, Muthusamy et al. (2012) found that a session
of acute endurance exercise resulted in Nrf2 signaling, with
resultant enhancement of several antioxidant protective systems
and defense pathways in the heart muscle of wild-type mice.
Importantly, this protective example of adaptive homeostasis
was not seen in Nrf2 double mutant mice. In a study published in
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FIGURE 1 | Adaptive homeostasis in exercise training. Reactive oxygen and nitrogen species such as O•−

2 , H2O2, and NO• activate cytoplasmic signaling proteins

such as Nrf2, NFκB, TFAM, and PGC1α to translocate to the cell nucleus where they bind to upstream promoter regions of hundreds of target genes to initiate

transcription and (ultimately) translation. The protein products of these target genes include mitochondrial proteins encoded in the nucleus, leading to mitochondria

biogenesis, and numerous other adaptive and protective proteins. These changes in gene expression and increased mitochondrial biogenesis (in addition to other

metabolic alterations) lead to increased exercise endurance capacity. The training effect is a transient process of expanding the range of adaptive homeostasis and it

only lasts as long as the training stimulus is maintained. If training is discontinued then detraining results in adaptive homeostasis returning the range of endurance

capacity to pre-training levels.

the same year, Gounder et al. (2012) reported that Nrf2 signaling
is normally impaired in the hearts of aged mice (and humans).
They found that aged mice (>23 months) exhibited multiple
signs of significant cardiac oxidative stress following a single
bout of high-intensity endurance-type exercise, in comparison
with young mice (∼2 months). Furthermore, the aged mice
failed to elicit a significant Nrf2 response to the endurance test.
In a study of human males, Done et al. (2016) found that a single
bout of cycling exercise elicited substantial Nrf2-dependent gene
expression in peripheral blood mononuclear cells collected from
young (23 ± 1 years) men, whereas the Nrf2 responses of aged
(63 ± 1 years) men were significantly blunted. Providing more
hope for the future, however, Gounder et al. (2012) found that a 6
week program of daily exercise training at more moderate levels
was successful in eliciting an Nrf2-dependent adaptive response.
This result raises the hope that older individuals may still be able
to reap the benefits of Nrf2-dependent adaptive homeostasis, as
long as the exercise stimulus is not too intense or exhaustive.

Another tissue/organ that might not have been expected to
exhibit exercise adaptations is the brain. Nevertheless, Tsou
et al. (2015) reported that 4 weeks of treadmill exercise training

effectively diminished several of the negative neuronal effects
of 1-methyl-4-phenylpyridine (MPP+) in a rodent model of
Parkinson disease. The authors implicated Nrf2 signaling in their
positive results, and further found that Nrf2 knock-down, using a
lentivirus-carried shNrf2 delivery system, blocked the protective
effects of exercise training. These results, and those above,
indicate that Nrf2 has a widespread systemic role in exercise
adaptation, including mitochondrial biogenesis. More in-depth
reviews of the role(s) of Nrf2 in exercise adaptive homeostasis
have recently been published (Done and Traustadóttir, 2016;
Madhusudhanan and Rajasekaran, 2016).

CONCLUSIONS

The studies discussed above show that endurance exercise
training involves significant adaptive homeostasis of the
cardiovascular system, including extensive biogenesis of
mitochondria. In fact, muscle mitochondrial oxidative
capacity can now be seen as a major determinant of endurance
exercise capability, and types of training that do not increase
mitochondrial biogenesis (e.g., sprint training) also do not
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increase endurance capacity. Furthermore, impairment of
mitochondrial functionality and capacity (e.g., by iron deficiency
or vitamin E deficiency) imposes major limitations to exercise
endurance capacity (Figure 1).

Adaptive homeostasis during exercise training is mediated
by discrete signal transduction pathways operated by signaling
proteins such as NFκB, TFAM, PGC-1α, Nrf2, and others.
Redox regulation of signal transduction pathways by reactive
oxygen species such as O•−

2 and H2O2, and reactive nitrogen
species such as NO• (the nitric oxide radical), is a key factor in
inducingmitochondrial biogenesis and increased cellular damage
protection. Importantly, effective redox signaling, mitochondrial
biogenesis, and increasing endurance capacity come as a result
of sub-maximal intensity/duration exercise bouts. In other
words, low levels of reactive oxygen/nitrogen species generated
during serious but sub-maximal exercise training sessions are
effective in recruiting signal transduction pathways to induce
mitochondrial biogenesis. In contrast, exercise sessions involving
maximal intensity or maximal endurance (e.g., exercise to
exhaustion) generate much higher levels of reactive oxygen
and nitrogen species that cause cellular damage and actually
diminish effective adaptation. Thus, damage is not a necessary,
or desirable, component of exercise adaptive homeostasis in the
cardiovascular system.

Finally, the ability of the cardiovascular system to adapt to
exercise training diminishes with age. Obviously, many factors
are involved in producing the “aging phenotype,” and there are
clearly many components that contribute to age-related declines,

but one important factor appears to be progressively ineffective
redox signal transduction and mitochondrial biogenesis with
advancing age. In this regard, increasing levels of the Nrf2
inhibitors Bach1 and cMyc, that are observed with advancing
age, may contribute to an age-dependent compromise of exercise
adaptive homeostasis in the cardiovascular system. On a more
positive note, with which to end, Kwak (2013) found that
although aging is typically associated with a gradual decline in
cardiac function, “. . . ..exercise training not only improves cardiac
function but also decreases the risk of heart disease.” Specifically,
Kwak found that chronic exercise training effectively diminished
the age-associated mitochondrial-mediated apoptosis in the
aging heart (reviewed in Kwak, 2013), giving hope that alternative
pathways or mechanisms may exist to mediate the beneficial
effects of exercise in older individuals.
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