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Abstract
The association between low exercise capacity and all-cause morbidity and mortality is
statistically strong yet mechanistically unresolved. By connecting clinical observation with a
theoretical base, we developed a working hypothesis that variation in capacity for oxygen
metabolism is the central mechanistic determinant between disease and health (aerobic
hypothesis). As an unbiased test, we show that two-way artificial selective breeding of rats for low
and high intrinsic endurance exercise capacity also produces rats that differ for numerous disease
risks including the metabolic syndrome, cardiovascular complications, premature aging, and
reduced longevity. This contrasting animal model system may prove to be translationally superior,
relative to more widely-used simplistic models for understanding geriatric biology and medicine.

Clinical observations initiated the Aerobic Hypothesis
Large-scale clinical studies over the past two decades show low exercise capacity to be a
stronger predictor of morbidity and mortality relative to other commonly reported risk
factors including hypertension, type II diabetes, obesity, and smoking (Kavanagh et al.,
2003, Kokkinos et al., 2008, Myers et al., 2002). Dysfunctional aerobic energy metabolism
has been implicated in essentially all age-related disease conditions including cardiac
arrhythmias and sudden cardiac death (Akar et al., 2005). Moreover, it is well known that
regular physical activity reduces the risk of developing a large number of chronic diseases
and can be beneficial in the treatment of numerous age-related diseases (Chodzko-Zajko et
al., 2009). These clinical association studies led us to formulate the idea that variation in
capacity for oxygen metabolism is the central mechanistic determinant of the divide between
complex disease and health which we termed the Aerobic Hypothesis (Koch and Britton,
2008). We envisioned that the aerobic hypothesis could be tested prospectively by divergent
artificial selection for low and high aerobic treadmill running capacity in rats (Koch and
Britton, 2001). That is, if the aerobic hypothesis was true, we expected susceptibility to
disease would segregate with low running capacity, and resistance to disease would
segregate in rats with high running capacity and simultaneously provide unique contrasting
models for study. Still a significant challenge was that we knew of no direct principles that
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could mechanistically account for the strong link between aerobic function with morbidity
and mortality, making the initiation of a large-scale selective breeding paradigm based
solely upon clinical association an insufficient path.

Forming a Theoretical Framework
In 2011 Phillip Sharp and Robert Langer wrote: “The next challenge for biomedical research
will be to solve problems of highly complex and integrated biological systems within the
human body. Predictive models of these systems in either normal or disease states are
beyond the capability of current knowledge and technology” (Sharp and Langer, 2011). We
foresaw this challenge and aligned three scientific views that articulated a principle-based
conceptual framework. In 1978, Ilya Prigogine (Prigogine, 1978)used non-equilibrium
thermodynamic arguments to defend that systems tend to organize to a higher complexity
when the resulting system can dissipate energy faster than the independent parts. A corollary
of this idea states that entropy can temporarily decrease and ordered systems can form (order
from disorder). Prigogine declared that “Non-equilibrium thermodynamics leads to general
results independent of any specific molecular model.” Contemporaneous with Prigogine’s
theory, Hans Krebs (Baldwin and Krebs, 1981) defined the concept that metabolic cycles
evolved for greater energy transfer and Peter Mitchell discovered the chemiosmotic
mechanism of ATP formation (Mitchell, 1961). These two contributions defined critical
features for the molecular specification of energy transfer. We synthesized the ideas of
Prigogine, Krebs, and Mitchell to formulate two statements that constitute a theoretical base
for the aerobic hypothesis: 1) evolution was underwritten by energy dissipating mechanisms
(entropy) and, 2) emergence of complexity was coupled to the highly energetic nature
afforded by atmospheric oxygen. Thus, life is apparently one example of a molecular model
that resulted from the general operation of non-equilibrium thermodynamics towards
increased energy dissipation. Although speculative, these ideas do form an explanation for
the association between low oxygen metabolism and low health and can perhaps help guide
interpretation and further hypothesis development.

Artificial selection for aerobic capacity
Aerobic capacity, measured as maximal oxygen consumption (VO2max) or an endurance
run to exhaustion, is a complicated gene-environment integration between intrinsic factors
(inborn, untrained) and those accrued in response to physical training (Bouchard et al.,
1992). As an initial path, we explored the role for the perhaps “simpler” intrinsic component
of endurance exercise capacity. Maximal endurance capacity on a speed-ramped treadmill
running test was adopted as the selection criterion because it provides a strong signal
corresponding to whole-body energy transfer and can be measured somewhat objectively in
many rats. In 1996 we run-tested a large founder population (n~200) of the genetically
heterogeneous N:NIH rat stock (Koch and Britton, 2001) for the initiation of two-way
artificial selection. The N:NIH rats were developed by crossbreeding eight inbred strains
that represented widely disparate phylogenetic spectrums (Hansen and Spuhler, 1984).

Because aerobic endurance capacity is a highly polygenic trait, it was likely that divergent
selection would be successful. By 2011 we had selectively bred for 28 generations (n
=11,606 rats phenotyped) and the low and high lines differed in maximal running capacity
about 7-fold. The low capacity runners (LCR) exhausted on average after running about 250
meters and the high capacity runners (HCR) exhausted at 2,000 meters. Pedigree-based
maximum likelihood methods showed that the proportion of total phenotypic variation
explained by the additive effects of genes was about 40% for each line (i.e., narrow sense
heritability, h2= 0.40).
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The major genetic hypothesis is that functional alleles at multiple interacting loci that affect
intrinsic aerobic capacity have been enriched or fixed differentially between the LCR and
HCR. It is critical that the models are maintained as genetically heterogeneous lines by using
a rotational mating paradigm that minimizes inbreeding (Koch et al., 2011). Compared to
inbred strains, in which essentially all loci have been taken to fixation, outbred selected lines
maintain genetic complexity, allowing combinations of allelic variants at multiple
interacting loci to be enriched by selection pressure (Carlborg et al., 2006). As a result, the
LCR-HCR model system is better suited to discover epistatic interactions, modifier genes,
and synergistic actions. Importantly, the concurrent breeding of the LCR and HCR at every
generation allows the lines to serve as reciprocal controls for environmental influences.

Tests of the Aerobic Hypothesis
At generation 10 of selection, we gathered LCR and HCR rats that differed 4-fold in
endurance running capacity to first test if disease features had segregated differentially
between the lines. We discovered that adult LCR rats develop cardiovascular risks consistent
with the metabolic syndrome including large gain in visceral adiposity, increased blood
pressure, dyslipidemia, endothelial dysfunction occurring within carotid arteries, and insulin
resistance (Wisloff et al., 2005). Using a more mechanistic approach with LCR and HCR
rats from generation 18 (Kivela et al., 2010), we found that gene expression differences
related to oxidative phosphorylation and fatty acid metabolism in skeletal muscle correlated
significantly with disease risk phenotypes such as physical activity levels, serum high
density lipoproteins, and mitochondrial structure. Further extensive study has revealed that
LCR, relative to HCR, harbor numerous clinically relevant conditions including increased
susceptibility to cardiac ventricular fibrillation (Lujan et al., 2006), hepatic steatosis
(Thyfault et al., 2009), disordered sleep (Muncey et al., 2010) , diminished behavioral
strategies for coping with stress (Burghardt et al., 2011), increased sensitivity to the
deleterious effects of a high fat diet (Noland et al., 2007, Novak et al., 2010), and reduced
capacity for oxidation of lipids in skeletal muscle (Lessard et al., 2009), liver (Thyfault et
al., 2009), and heart (Wisloff et al., 2005). The segregation of low intrinsic endurance
exercise capacity with low health status provided unbiased evidence in support of the
aerobic hypothesis. This outcome, no matter how striking, is still associational and does not
provide information at the level of proving biologic cause-and-effect.

Response to Environments
Of major clinical relevance is the response of the LCR/HCR model system to positive and
negative health environments. Two environment interventions are shown to retrieve the
higher risk features of the LCR. First, caloric restriction (CR) of 30% applied for three
months reduced body mass, and reduced both glucose and insulin intolerance (Figure 1A,
1B, and 1C). CR also reduced serum and tissue (liver and muscle) triglyceride levels and
reversed inflammation, oxidative stress, and fibrosis in liver (Bowman et al., 2010). Second,
exercise training for six weeks was shown to increase maximal oxygen consumption
(VO2max) by 38% and was accompanied by significant improvements in morphological and
dynamic indices of both diastolic and systolic cardiac function (Hoydal et al., 2007, Wisloff
et al., 2005). Of direct clinical relevance, LCR demonstrate a larger increase in VO2max and
greater reduction in features of the metabolic syndrome in response to high-intensity aerobic
interval training compared to continuous moderate-intensity exercise (Figure 1D) (Haram et
al., 2009).

Recent work has identified critical features of skeletal muscle metabolism that are
diminished in sedentary LCR relative to HCR and can be retrieved by exercise training
(Lessard et al., 2009, Lessard et al., 2011). Insulin-stimulated glucose transport, insulin
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signal transduction, and rates of palmitate oxidation were lower in sedentary LCR versus
sedentary HCR. The lower levels of glucose and lipid metabolism in the LCR were
associated with decreased protein levels of β2-adrenergic receptor, nuclear orphan receptor
Nur77, uncoupling protein-3, and fatty acid transporter (FAT/CD36). Exercise training
increased the levels of all four of these proteins and reversed the impairments to glucose and
lipid metabolism in the LCR. Nur77 (Figure 1E) is hypothesized to be a critical
transcriptional regulator of glucose utilization and lipid metabolism during exercise in
humans (Lewis et al., 2010).

Exposure of LCR rats to a high fat diet caused body weight gain, increased fat mass and
further elevation in their insulin resistance that is present when on standard rat diet.
Surprisingly, these metabolic variables were not changed by a high fat diet in the HCR rats.
As a partial explanation, the high fat diet decreased hepatic oxidative capacity in the LCR,
but not the HCR rats (Noland et al., 2007). Subsequent work has shown that LCR have a
higher economy of fuel use relative to the HCR when fed either a normal or high fats diet
(Novak et al., 2010).

Because numerous positive physiological and biochemical features segregated with selection
for high aerobic capacity, we hypothesized this would also be true for behavior-related traits
(Wikgren et al., 2012) . In discrimination-reversal and T-maze tasks, the HCR rats
significantly out-performed the LCR rats, most notably in phases requiring flexible
cognition (Wikgren et al., 2012). Further exploration of this initial observation is warranted
because behavior is the most complex clinical phenotype to understand. Robust differences
between the LCR and HCR for features related to memory and learning would amplify the
utility of this animal model system significantly.

Aging
Risk factors for complex diseases together with declines in physical activity and cardiac
function occur with aging. Indeed, it has been demonstratedthat a reduction of the usual age-
related decline in cardiac function prolongs lifespan (Gonzalez et al., 2008). With the
possibility of defining contrasting models, it was of large interest to know if cardiac function
declined more rapidly in the LCR relative to the HCR as a function of aging. We evaluated
left ventricular cardiomyocyte morphology, contractility, and intracellular Ca2+ handling
between LCR and HCR adults (15–20 months) versus old (>25 months). During progression
from adult to old age ventricular myocytes from LCR developed pathological morphology
(Figure 2A-D) and a substantial decline in contractile function (Figure 2E & F) due to
impaired intracellular Ca2+ handling (Figure 2G & H) relative to that observed in HCR.
These cellular changes represent an important structural and functional basis for reduced
cardiac function in the aged heart (Gonzalez et al., 2008).

Longevity
The first tests of survivability (Koch et al., 2011) in these rat models, using generation 14
rats (Norwegian University of Science and Technology, Trondheim, Norway) and repeated
at generations 15 and 17 (University of Michigan, Ann Arbor, Michigan), revealed that
longevity segregated strongly with capacity between the strains. The median age of death
was 23.5 months for LCR and 30.1 months for HCR rats, representing a 28% difference in
life expectancy, with no significant difference for maximal lifespan between females and
males within lines. The survival outcome for all 3 generations combined is plotted in Figure
3A and a calculated hazard ratio of 5.7 indicates the rate of death in LCR was almost 6 times
the rate of death in HCR. Standard necropsy profiles demonstrated, however, that age-
related lesions were not different in incidence or severity between the LCR and HCR rats,
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suggesting that an overt disease condition was not over-represented in rats bred for low
intrinsic capacity.

For humans, each incremental increase in exercise capacity measured in METs (metabolic
equivalents, i.e., multiples of resting oxygen uptake) is equivalent to a 13 % increase in
survival. That is, those with an exercise capacity of >7 Mets (fit category) have a 50–70%
decrease in mortality risk compared with those achieving <5 METS (low-fit category)
(Kokkinos et al., 2008). Using our contrasting LCR-HCR model system, we provided first
demonstration that serial assessments of intrinsic aerobic capacity measured across lifespan
can be significant predictors of age at death (Koch et al., 2011). For example, at mid-life (15
months), each 10 ml/kg0.75/min increase in VO2max associated with 8 and 10 month
extensions in lifespan for rats in the HCR and LCR strains, respectively (Figure 3B).
VO2max continued as a predictor of lifespan for HCR rats at both 20 and 25 months of age,
and at 20 months of age for LCR rats. The more complicated phenotype of distance run to
exhaustion served as a significant but less powerful predictor of lifespan for HCR rats, but
not LCR. For example, for HCR rats 14 months of age, the capacity to run an additional 0.5
km at exhaustion was associated with living an additional 5 months (Figure 3C).

Concluding Remarks
The broad premise that oxidative energy metabolism is mechanistically connected with
longevity is attractive because it has the power to shape the multiplicity of biological
networks that influence essentially every phenotype across a lifespan (Kirkwood, 2005).
Additionally, endurance capacity fulfills the fundamental criteria for service as a biomarker
of aging as suggested by The American Federation for Aging Research. That is, endurance
capacity predicts the rate of aging accurately, represents a basic underlying process, can be
tested repeatedly without harm, and can be evaluated in animals (Johnson, 2006). Our
results, coupled with the view that multicellular complexity was afforded by the steep
thermodynamic gradient of an oxygen atmosphere (Falkowski et al., 2005), provide a basic
logic for mechanistically connecting complex disease, aging, and longevity with aerobic
energy metabolism.
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Figure 1.
Positive health environments reversed complex disease risk in low capacity runner (LCR)
rats. (A) Caloric restriction (CR) reduced body mass (A) in LCR to reach the equivalent of
HCR on ad libitum (AL) feeding and improves glucose (B) and insulin (C) tolerance
compared to AL-LCR. (Figure 1A-C is reprinted from Bowman et al: 2010. Caloric
restriction reverses hepatic insulin resistance and steatosis in rats with low aerobic capacity.
Endocrinology, 151(11), 5157– 64. Copyright 2010, The Endocrine Society). (D) Maximal
oxygen uptake (VO2max) increased more with aerobic interval trainig (AIT) relative to
continuous moderate exercise (CME) in LCR. Significantly different between AIT and CME
(*, P < 0.05). Significantly different from sedentary (SED) (§, P< 0.01; #, P< 0.05). Figure
D is reprinted from Haram et al: 2009. Aerobic interval training vs. continuous moderate
exercise in the metabolic syndrome of rats artificially selected for low aerobic capacity.
Cardiovascular Research, 81(4):723–3 by courtesy from The European Society of
Cardiology. (E) Exercise training increased the protein content of several important
regulators of carbohydrate and lipid metabolism in skeletal muscle of LCR. The protein
content for nuclear orphan receptor Nur77, quantified using Western blot analysis, is shown
for LCR compared to high capacity runners (HCR) in the sedentary (SED) and exercise
trained (EXT) conditions. Figure E is reprinted from Lessard et al:2011. Exercise training
reverses impaired skeletal muscle metabolism induced by artificial selection for low aerobic
capacity. Am J Physiol by courtesy from The American Physiological Society.
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Figure 2.
Cardioventricular myocytes were more compromised in low capacity runner (LCR)
compared to high capacity runner (HCR) as a function of aging. Shown here are results for
adult rats (15–20 months) compared to rats at old age (25 months). Markers of pathological
morphology for the LCR include: (A) increased cell length and cell width, (B) reduced
transverse (T)-tubule density quantified from images stained with Di-8-ANEPP, and (C)
degeneration/necrosis in light micrographs (hematoxylin and eosin stain) of myocardium in
old LCR but not in old HCR; vacuoles are marked with arrowsand interstitial fibroplasia
marked by letter F (bar=50 μm). Dynamic functional properties of myocytes were also more
diminished in LCR versus HCR as a function of aging and included: (D) reduced isolated
fractional shortening and increased time to 50% re-lengthening, (E) lessened amplitude of
systolic Ca2+ transients, and (F) reduction in Ca2+spark frequency: images are confocal
micrographs from quiescent cells. (Figure 2 is reprinted by courtesy from the American
Heart Association. Koch et al.: 2011. Intrinsic aerobic capacity sets a divide for aging and
longevity. Circ Res, 109, 1162–72).
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Figure 3.
A. Survival curves for data combined from aerobic rats at generations 14, 15, and 17 (n= 63
LCR and n= 76 HCR). Hazard ratio indicates rate of death in LCR rats was almost 6 times
greater than for HCR. B. VO2max measured at 15, 20, and 25 months of age was a strong
predictor of survival for rats. C. Distance run to exhaustion estimated at 3, 14, and 21
months of age was a significant, but less strong predictor of survival, relative to VO2max for
HCR, but not for LCR rats. Summed, Figure 3 data represent the first demonstration that
longevity can segregate with an almost purely intrinsic aerobic endurance phenotype.
(Figure 3 is reprinted by courtesy from the American Heart Association. Koch et al.: 2011.
Intrinsic aerobic capacity sets a divide for aging and longevity. Circ Res, 109, 1162–72.)
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