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Abstract

It has been known for centuries that regularly performed exercise has beneficial effects on
metabolic health. Owing to its central role in locomotion and the fact that it accounts for a large
majority of whole-body glucose disposal and fatty acid oxidation, the effects of exercise on
skeletal muscle has been a central focus in exercise physiology research. With this being said it is
becoming increasingly well recognized that both adipose tissue and liver metabolism are robustly
modified by exercise, especially in conditions of obesity and insulin resistance. One of the difficult
questions to address is if the effects of exercise are direct or occur secondary to exercise-induced
weight loss. The purpose of this review is to highlight recent work that has attempted to tease out
the protective effects of exercise, or intrinsic aerobic capacity, against metabolic and inflammatory
challenges as it relates to the treatment and prevention of obesity and insulin resistance. Recent
studies reporting improvements in liver and adipose tissue insulin action following a single bout of
exercise will also be discussed. The research highlighted in this review sheds new insight into
protective, anti-inflammatory effects of exercise that occur largely independent of changes in
adiposity and body weight.
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Introduction

It has been known for centuries that regularly performed exercise can be an effective tool
with which to improve health. In fact, in the sixth century B.C. the Indian physician Susruta
advocated exercise as a means to treat diabetes (Tipton 2008). Since these early beginnings
the field of exercise physiology, especially as it relates to insulin resistance and diabetes, has
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been heavily focused on skeletal muscle. This “muscle-centric” approach makes sense as
skeletal muscle is the primary tissue involved in locomotion, is a major site of oxygen
consumption during exercise, and serves as a primary sink for the disposal of blood glucose
under hyperinsulinemic conditions (DeFronzo 1988). Seminal work in this area has shown
that muscle contractions and exercise stimulate increases in skeletal muscle mitochondrial
content, oxygen consumption, and glucose uptake (Holloszy and Narahara 1967; Wallberg-
Henriksson et al. 1988) and increase the sensitivity of muscle to insulin (Richter et al. 1982).
While these noteworthy findings have served as key building blocks in the field, there is a
growing appreciation that extra-muscular tissues, such as adipose tissue and liver, are also
targeted by exercise and could play an important role in the improved metabolic profile
associated with exercise. For example adipose tissue is an active endocrine organ (Rosen and
Spiegelman 2006) that is dramatically influenced by exercise (Thompson et al. 2012). The
importance of adipose tissue in regulating training-induced changes in glucose homeostasis
has been recently highlighted by work demonstrating that the transplantation of adipose
tissue from trained mice into obese, insulin-resistant animals leads to improvements in
glucose homeostasis (Stanford et al. 2015). Similarly, the liver also appears toplay an
important role in mediating the beneficial effects of exercise. In individuals with
nonalcoholic fatty liver disease exercise can lead to rapid decreases in markers of liver
damage that parallel improvements in insulin sensitivity (Fealy et al. 2012). Given these
points the purpose of the current review is to highlight the effects of exercise and intrinsic
aerobic capacity on adipose tissue and liver metabolism as it relates to the treatment and
prevention of obesity, insulin resistance, and inflammation. A particular focus of this paper
will be centered upon teasing out the effects of exercise, or aerobic capacity, independent of
changes in adiposity, on the regulation of adipose tissue and liver metabolism.

Is there a protective effect of exercise training independent of weight loss?

Adipose tissue

Obesity, which is caused to a large extent by physical inactivity and over-nutrition, is
associated with a myriad of harmful conditions such as cancer (Khandekar et al. 2011), type
2 diabetes (Kahn et al. 2006), cardiovascular disease (Nakamura et al. 2014), hepatic
steatosis (Masuoka and Chalasani 2013) and neuro-degeneration (Hildreth et al. 2012). A
central event linking obesity to these comorbidities is the development of insulin resistance.
Although the pathogenesis of insulin resistance has not been fully delineated, there is a
growing appreciation that inflammation is a central event in this process. This possibility
was first documented over a century ago when it was reported that the anti-inflammatory
drug, salicylate, improved symptoms of diabetes (Williamson 1901). Some 90 years later
Hotamisligil et al. (1993) found that the messenger RNA (mMRNA) expression of the pro-
inflammatory cytokine tumour necrosis factor alpha (TNFa)) was elevated in adipose tissue
from obese, insulin-resistant rodents and that the neutralization of TNFa improved whole-
body glucose homeostasis. These ground-breaking findings, and many investigations since
(Sabio et al. 2008; Saberi et al. 2009; Stienstra et al. 2011; Wiedemann et al. 2013) have
provided strong evidence that inflammation is a causal player in the pathogenesis of insulin
resistance. With this being said, it should be noted, however, that alterations in adipose tissue
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inflammation are not always associated with parallel changes in insulin sensitivity
(Kraakman et al. 2015).

Given the purported role of inflammation in regulating glucose homeostasis, it is of great
interest to identify and optimize interventions that can be used to protect against and treat
inflammation. In this vein exercise has long been recognized as an effective lifestyle
approach with which to reduce chronic inflammation. Observational data from several large
population cohort studies have demonstrated an inverse relationship between physical
activity levels and markers of inflammation (Geffken et al. 2001; Abramson and Vaccarino
2002; Wannamethee et al. 2002). That is, individuals who reported performing more
frequent and intense physical activity displayed lower levels of systemic inflammation.
However, data from human intervention studies are mixed, with the greatest beneficial
effects of exercise seen in individuals with the highest levels of circulating inflammatory
markers at the onset of training (as reviewed in Beavers et al. (2010)). At the tissue level, a
15-week lifestyle intervention consisting of exercise training and a hypo-caloric diet reduced
markers of macrophage infiltration and pro-inflammatory gene expression in adipose tissue
from obese humans (Bruun et al. 2006). However, in this study the subjects lost a
considerable amount of weight (~18 kg), thus making it difficult to tease out the relative
contribution of exercise per se versus weight loss. In a subsequent investigation comparing
the effects of exercise and diet-induced weight loss, circulating inflammatory markers were
reduced to a much greater extent with diet-induced weight loss than with exercise training,
with those losing the greatest amount of weight experiencing the largest reductions in
circulating inflammatory markers (Christiansen et al. 2010). The association between weight
loss and the anti-inflammatory effects of exercise training has also been demonstrated in
rodent-based studies. For example, in conditions of pre-existing obesity, exercise training
reduces the expression of inflammatory markers in adipose tissue in parallel with reductions
in fat pad mass (Vieira et al. 2009a, 2009b). Similarly, initiating exercise training at the onset
of a high-fat diet prevents weight gain, macrophage infiltration, and the increase in
expression of inflammatory markers in mouse adipose tissue (Baynard et al. 2012; Yan et al.
2012). In lean, healthy mice that do not display increases in inflammatory markers, exercise
training has negligible effects on the expression of pro-inflammatory cytokines in adipose
tissue (Baynard et al. 2012). Taken together these findings provide evidence that the
beneficial effects of exercise training on inflammation are largely dependent on either the
prevention of weight gain or, in conditions of pre-existing obesity and inflammation, the
induction of weight loss.

At first glance, the above-mentioned data would question the utility of exercise training as
an effective means with which to modulate adipose tissue inflammation independent of its
effects on preventing and/or reversing obesity. However, what is not clear is if aerobic
exercise training would alter adipose tissue immuno-metabolism in such a way as to confer a
protective effect in the face of an inflammatory insult. In other words, would trained
individuals be better able to withstand an acute inflammatory challenge? This is an
important question to answer given the rapidity with which inflammation develops and its
purported casual role in the etiology of insulin resistance (Wiedemann et al. 2013). Over the
past several years we have been examining this question using a variety of different
inflammatory insults. We reasoned, based on the previously mentioned studies, that exercise
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training would not lead to obvious changes in the metabolic and inflammatory profile of
lean, healthy animals. However, when presented with metabolic or inflammatory insults we
surmised that noticeable differences with training would be uncovered. As an initial test of
this hypothesis we used the pharmacological agent CL 316 243 (CL). CL is a specific beta 3
adrenergic agonist that when injected into rodents causes a large induction of pro-
inflammatory genes in adipose tissue (Roth Flach et al. 2013). The induction of
inflammation with CL is likely linked to increases in adipose tissue lipolysis and fatty acid
release. Evidence for this comes from experiments in which CL-mediated increases in
markers of adipose tissue inflammation were attenuated when lipolysis was
pharmacologically blocked (Mottillo et al. 2010). In our study, mice were exercise trained
for 4 weeks and were then treated with CL or an equivalent volume of saline for 2 days after
the last bout of exercise and tissues were harvested at 4 h post-injection. In saline-treated
mice there were no detectable differences in markers of adipose tissue inflammation
between sedentary and trained mice. However, when presented with an inflammatory insult,
previously trained mice displayed an attenuated increase in pro-inflammatory genes such as
TNFa (Castellani et al. 2014).

From a mechanistic perspective the attenuated response to CL in trained mice did not appear
to be secondary to differences in lipolysis as CL-induced increases in plasma fatty acids and
glycerol were similar between sedentary and trained mice. Moreover, CL-induced increases
in the phosphorylation of hormone-sensitive lipase and extracelluar regulated kinase,
enzymes that are involved in lipolysis (Greenberg et al. 2001; Haemmerle et al. 2002), were
comparable in adipose tissue from trained and sedentary mice. Recent work has
demonstrated that the membrane associated calcium channel transient receptor potential
vanilloid 4 (TRPV4) regulates adipocyte inflammation (e et al. 2012). The knockdown of
TRPV4 in 3T3 adipocytes led to reductions in the expression of a wide range of pro-
inflammatory genes. Similarly, TRPV4-deficient mice, or mice treated with a TRPV4
antagonist, are protected against high-fat diet-induced glucose intolerance and displayed
reductions in markers of adipose tissue inflammation (Ye et al. 2012). Although only
demonstrating an associative relationship, we found that TRPV4 protein content was
reduced in epididymal adipose tissue from trained compared with sedentary mice, providing
evidence that this could be a potential mechanism through which training protects against
adipose tissue inflammation.

Based on the above findings we were further interested in determining if tissues besides
adipose were also protected against inflammatory stressors following training. To examine
this question we used a model of habitual physical activity in which mice were provided
with running wheels in their cages for ~2.5 months. During the course of the study mice ran
~4-5 km/day and at the end of the intervention were lighter and displayed greater glucose
tolerance than sedentary animals (Peppler et al. 2016). We then challenged mice with
lipopolysaccharide (LPS), a component of gram-negative bacteria, which is used to
experimentally induce severe inflammation and sepsis in experimental animals (Schertzer et
al. 2011). As with our previous study, differences in indices of inflammation in the absence
of inflammatory stimuli were subtle. However, increases in markers of liver and systemic
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inflammation were attenuated in habitually active mice, and this was associated with slight
reductions in LPS-induced insulin resistance (Peppler et al. 2016). These findings are
consistent with recent work demonstrating that LPS-induced inflammation was reduced in
subcutaneous adipose tissue biopsies from trained compared with untrained subjects (Olesen
et al. 2015) and blunted increases in cytokine secretion in human whole-blood cultures
following training (Timmerman et al. 2008).

Are animals with high intrinsic aerobic capacity protected against

metabolic insults?

Low- (LCR) and high-capacity runners (HCR)

Low aerobic capacity is a predictor of cardiovascular disease and all-cause mortality,
whereas both maintaining and improving aerobic capacity increases survival in previously
low-fitness individuals (Kodama et al. 2009; Kokkinos et al. 2010). A useful model to study
the protective role of intrinsic aerobic capacity was developed by Britton and Koch, in which
they selectively bred rats for low- or high-endurance running capacity, resulting in HCR and
LCR. After 11 generations of selective breeding, the rats in the LCR group ran
approximately 200 m before reaching exhaustion on a treadmill test while the HCR ran
nearly 2000 m before exhaustion, a 10-fold difference (Wisloff et al. 2005). Indirect
calorimetry measured during maximal treadmill testing revealed that peak oxygen
consumption is ~30 mL/(kgemin)~1 higher in HCR compared with LCR rats (Torma et al.
2014). Thus, both endurance running capacity and maximal rates of oxygen consumption
were dramatically different because of breeding for running capacity. Importantly, these
differences in running capacity are intrinsic as the rats do not have access to wheels or
treadmills and are only maintained in home-cage settings. In addition, the HCR and LCR
display traits that uniquely model low and high-fitness human subjects, including that the
LCR display obesity, cardiovascular risk factors, and fatty liver at a relatively young age
(20-30 weeks) on a normal chow diet (Thyfault et al. 2009), display earlier mortality (~6
months) (Koch et al. 2011) than high-fitness HCR rats, and are more susceptible to a variety
of disease conditions (as reviewed in Garton et al. (2016)). Britton and Koch have continued
to breed the HCR and LCR over 30 generations and information related to running capacity
and genetics are reported elsewhere (Koch et al. 2013; Ren et al. 2013).

Intrinsic aerobic capacity and short-term high-fat diets

Similar to the protective effects we reported with prior exercise training (Castellani et al.
2014; Peppler et al. 2016), sedentary but high-fitness HCR rats are protected against chronic
metabolic insults while the LCR rats are extremely susceptible (Noland et al. 2007; Naples
et al. 2010). In these studies both male (Noland et al. 2007) and female (Naples et al. 2010)
HCR rats were protected against high-fat diet-induced weight gain and insulin resistance
while the LCR displayed an expected susceptibility. Although these initial investigations
provide intriguing insight into the protective effects of intrinsic aerobic capacity, the chronic
nature of the feeding intervention allows for a period of homeostasis to occur, making it
difficult to examine the acute adaptations to nutrient excess. To examine adaptations to an
acute metabolic insult, Morris et al. (2014) fed LCR and HCR rats a low- or high-fat diet
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(45%) for 3 days and found that hepatic steatosis (liver triacylglycerol accumulation)
significantly increased in the LCR rat while the HCR displayed no change compared with
the control low-fat diet. Resting energy expenditure, when adjusted for body weight, fat
mass, and fat free mass, was increased in HCR compared with LCR rats on both low- and
high-fat diets (Morris et al. 2014). In addition, the HCR rats displayed a greater capacity to
switch from a low-fat to a high-fat diet compared with the LCR. That is the HCR rats
displayed both a greater drop in RQfrom and a bigger increase in dietary fatty acid oxidation
(measured by radiolabeled fatty acids in food tracked to expired CO5) than the LCR rats
after switching from the low- to the high-fat diet. Fatty acid oxidation in liver homogenate
and in isolated liver mitochondria was also higher in the HCR than the LCR, suggesting that
overall capacity to metabolize lipids at the whole-body level and in the liver likely also
played a role in the protection observed in HCR rats. Morris et al. also showed that selective
over-expression of hepatic proliferator-activated receptor gamma coactivator 1 alpha
(PGC-1a) with adenovirus, and a subsequent increase in liver fatty acid oxidation, protected
against high-fat diet-induced changes in whole-body metabolic flexibility, further
substantiating the critical role of hepatic fat oxidation in impacting whole-body metabolism
(Morris et al. 2012).

Intrinsic aerobic capacity and ovariectomy-induced metabolic dysfunction

A protective effect of high-intrinsic aerobic capacity has also been found against
ovariectomy-associated obesity and metabolic dysfunction. Specifically, female HCR rats
did not exhibit increases in percentage body fat or homeostasis model assessment of insulin
resistance, an index of whole-body insulin resistance, compared with LCR rats following the
surgical removal of the ovaries (Vieira-Potter et al. 2015). As in this group's previous work
(Morris et al. 2014), the protective effects of high-intrinsic aerobic capacity were associated
with increases in resting energy expenditure and physical activity in the HCR rats. While
these findings provide intriguing evidence of a protective effect of high-intrinsic aerobic
capacity against metabolic insults, it is difficult to tease out a specific mechanism that is
mediating these effects. Is there something unique about individuals with high-intrinsic
aerobic capacity that confers protection against metabolic insults or are the findings
generated from this model simply explained by increases in physical activity? A further
examination of the results from Morris et al. (2014) show that the higher energy expenditure
in the HCR rats is not solely due to greater physical activity. Indirect calorimetry allows for
measurements of total energy expenditure (all time points) and resting energy expenditure
(when animals are resting and oxygen consumption is at the lowest level). In caged rats,
resting energy expenditure makes up ~70% of total energy expenditure. Importantly, the
HCR display an ~20%-30% higher resting energy expenditure than the LCR rats,
suggesting that greater physical activity does not drive the energy expenditure phenotype.

Does acute exercise reduce inflammation and improve glucose

homeostasis?

Studying how animals that have been previously exercise trained or that possess high-
intrinsic aerobic capacity respond to nutrient and inflammatory challenges has provided new
insights into the beneficial protective effects of aerobic capacity and physical activity.
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However, the interpretation of these results is still somewhat difficult as prior training leads
to a slight prevention of weight gain, though no apparent differences in inflammatory
markers in the unstimulated condition, whereas differences in high-fat diet-induced weight
gain are apparent between LCR and HCR rats even after very short feeding interventions.
One approach to avoid this issue, and to tease out the direct effects of exercise, is to examine
the acute effects of exercise in obese, insulin-resistant animals, as differences in adiposity
and/or body weight following a single session of exercise would not be observed. In human
clinical studies, improvements in glucose homeostasis with short-term exercise training have
been demonstrated independent of weight loss (Thyfault 2008). Similarly swim exercise has
been reported to improve insulin action in adipose tissue (Oliveira et al. 2013) and liver
(Ropelle et al. 2009) from obese, insulin-resistant rats. While forced swim exercise is
stressful and has little clinical significance, similar results have been reported with treadmill
exercise. MacPherson et al. (2015) reported that a single bout of treadmill running almost
completely rescued high-fat diet-induced insulin resistance in inguinal subcutaneous mouse
adipose tissue. Rapid improvements in adipose tissue insulin action with exercise are
associated with a shift in macrophage polarization. Oliveira et al. (2013) found that acute
swim exercise led to reductions in markers of M1, pro-inflammatory macrophages, and
increases in anti-inflammatory M2 macrophages in adipose tissue from rats fed a high-fat
diet. Consistent with these findings, MacPherson et al. (2015) reported reductions in indices
of M1 macrophages, via quantitative polymerase chain reaction and immunofluorescence, in
inguinal subcutaneous adipose tissue from mice fed a high-fat diet following a single bout of
treadmill running.

Is there a common mechanism that explains the protective effects of prior

exercise training and acute exercise?

Whether it is adipose tissue or liver an important question that arises from our recent studies
relates to the signal(s) activated during exercise that lead to the protective effect against
subsequent inflammatory insults. Hormesis refers to the concept that “A process in which a
low dose of a chemical agent or environmental factor that is damaging at high doses induces
an adaptive beneficial effect on the cell or organism” (Mattson 2008). In regards to the
currently discussed work it is tempting to speculate that repeated and transient spikes in
inflammation with each bout of exercise/activity could serve as signal to turn on pathways
that would mitigate subsequent inflammatory challenges. In fact there is some evidence, at
least in skeletal muscle, to suggest that this might be the case. In humans, supplementation
with resveratrol, a polyphenol compound that possesses anti-inflammatory properties (as
reviewed in Liu et al. (2015)), prevents the induction of PGC-1a (peroxisome proliferator-
activated receptor gamma coactivator 1 alpha) in skeletal muscle following 4 weeks of low-
volume, high-intensity interval training (Scribbans et al. 2014). Similarly, ibuprofen
attenuates increases in skeletal muscle protein fractional synthesis rate following a single
bout of eccentric resistance exercise (Trappe et al. 2002). In both adipose tissue (Rosa et al.
2011) and liver (Hoene and Weigert 2010) exercise has been shown to acutely increase
markers of inflammation. However, at least in the case of adipose tissue, this would appear
to be intensity-dependent as markers of inflammation are robustly increased in rat adipose
following an exhaustive bout of treadmill exercise (Rosa et al. 2011), whereas moderate-
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intensity exercise induces interleukin (IL)-6 but independent of classically recognized
inflammatory markers (i.e., TNFa)) in mouse epididymal adipose tissue (Castellani et al.
2015).

While IL-6 has traditionally been viewed as a pro-inflammatory cytokine, there is mounting
evidence to suggest that it could possess anti-inflammatory properties. For example, the
myeloid specific deletion of the alpha subunit of the IL-6 receptor leads to a worsening of
adipose tissue inflammation in mice fed a high-fat diet (Mauer et al. 2014), and
inflammation is increased in livers from whole-body IL-6 deficient compared with wild-type
mice fed a high-fat diet (Matthews et al. 2010). Given the increases in IL-6 normally
reported in conditions of obesity and insulin resistance (see Kraakman et al. (2013) for an
excellent review), these findings would perhaps suggest that IL-6 is increased as a
consequence of inflammation in an attempt to mitigate or resolve this condition. From the
standpoint of exercise, it is tempting to speculate that the acute increases in inflammation
with higher intensities of exercise could serve as a signal to induce IL-6. It should be noted,
however, that adipose tissue IL-6 signaling can be activated in the absence of inflammation
(Castellani et al. 2015) and thus the hormesis argument put forward may not hold in all
conditions. Regardless of the triggering signal(s), repeated increases in IL-6 with each bout
of exercise could condition the tissue to be better able to withstand subsequent inflammatory
challenges.

Similar to exercise training, there is associative evidence to suggest that the improvements in
adipose tissue insulin signaling and inflammatory profile with acute exercise in obese
rodents could be linked to increases in adipose tissue IL-6 signaling. In support of this, IL-6
MRNA expression and markers of IL-6 signaling such as SOCS3 (suppressor of cytokine
signaling 3) mRNA and signal transducer and activator of transcription 3 phosphorylation
are increased in parallel with reductions in M1 macrophages and increases in insulin-
stimulated Akt phosphorylation in inguinal adipose tissue from obese mice (MacPherson et
al. 2015). In contrast to higher intensity exercise in lean, healthy animals, the induction of
IL-6 signaling with exercise in adipose tissue from obese mice occurs independent of
increases in classically identified markers of inflammation such as TNFa and c-Jun N-
terminal kinase phosphorylation. These findings, while demonstrating that the triggering
signal inducing IL-6 expression in adipose could be different in lean and obese animals, both
point towards potential beneficial effects of IL-6 in modulating adipose tissue metabolism.

If in fact IL-6 serves as a mechanism to reduce adipose tissue inflammation in the setting of
obesity, and to protect against acute inflammatory challenges with exercise training, an
important question relates to the source of IL-6. Many studies, in both rodents (Ellingsgaard
et al. 2011; O'Neill et al. 2013) and humans (Ostrowski et al. 1998; Holmes et al. 2004) have
shown that circulating IL-6 levels increase with exercise. The current dogma is that the
increase in circulating IL-6 with exercise is muscle derived and signals to adipose tissue and
liver (as reviewed in Febbraio and Pedersen (2002)). However, a relatively unappreciated
fact is that exercise also increases IL-6 secretion from adipose tissue (Lyngso et al. 2002). At
least in humans, the interstitial concentration of IL-6 surrounding adipose tissue is many
times higher (ng/mL) than that found in the circulation, even after very strenuous exercise.
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Therefore, it is not clear if the increase in adipose tissue IL-6 signaling with exercise is the
result of increases in circulating IL-6 or autocrine/paracrine effects of adipose-derived IL-6.

Conclusions

The current review has highlighted recent findings demonstrating protective effects of both
exercise training, and intrinsic aerobic capacity, against inflammatory and metabolic insults
and has also discussed the powerful effects of a single bout of exercise in rescuing adipose
tissue and liver insulin action in obese rodents. Especially in the case of prior training and
acute exercise, the protective effect against inflammatory challenges seems to be mediated to
a large extent independent of significant differences in adiposityor body weight and suggesta
novel anti-inflammatory effect of exercise. Moving forward there are a number of important
questions that need to be answered including but not limited to: () What signals are
activated during exercise that lead to the protection against inflammatory insults? (/7)
Following exercise training how long do the protective effects of exercise persist? (/ij) What
mechanisms contribute to the increase in resting energy expenditure and by extension
protection against high-fat diet-induced weight gain in rats with high-intrinsic aerobic
capacity? (/v) What factors are responsible for the improvement in adipose tissue insulin
action and switch in macrophage polarization that occurs following a single bout of exercise
in obese, insulin-resistant rodents? Drilling down on these questions will provide important
new insights into the beneficial effects of exercise in protecting against and treating
derangements in whole-body and tissue-specific indices of immuno-metabolism.

Acknowledgments

J.P.T. is funded by National Institutes of Health RO1 DK-088940 and Veterans Affairs Merit Review 101
RX000123. D.C.W. is funded by a Tier Il Canada Research Chair in Lipids, Metabolism and Health.

References

Abramson JL, Vaccarino V. Relationship between physical activity and inflammation among
apparently healthy middle-aged and older US adults. Arch Intern Med. 2002; 162:1286-1292. DOI:
10.1001/archinte.162.11.1286 [PubMed: 12038947]

Baynard T, Vieira-Potter VVJ, Valentine RJ, Woods JA. Exercise training effects on inflammatory gene
expression in white adipose tissue of young mice. Mediators Inflamm. 2012; 2012:767953.
[PubMed: 23319832]

Beavers KM, Brinkley TE, Nicklas BJ. Effect of exercise training on chronic inflammation. Clin Chim
Acta. 2010; 411:785-793. [PubMed: 20188719]

Bruun JM, Helge JW, Richelsen B, Stallknecht B. Diet and exercise reduce low-grade inflammation
and macrophage infiltration in adipose tissue but not in skeletal muscle in severely obese subjects.
Am J Physiol Endocrinol Metab. 2006; 290:E961-E967. DOI: 10.1152/ajpend0.00506.2005
[PubMed: 16352667]

Castellani L, Root-Mccaig J, Frendo-Cumbo S, Beaudoin MS, Wright DC. Exercise training protects
against an acute inflammatory insult in mouse epididymal adipose tissue. J Appl Physiol (1985).
2014; 116:1272-1280. DOI: 10.1152/japplphysiol.00074.2014 [PubMed: 24674860]

Castellani L, Perry CG, Macpherson RE, Root-McCaig J, Huber JS, Arkell AM, et al. Exercise-
mediated IL-6 signaling occurs independent of inflammation and is amplified bytraininginmouse
adipose tissue. J Appl Physiol (1985). 2015; 119:1347-1354. [PubMed: 26472868]

Christiansen T, Paulsen SK, Bruun JM, Pedersen SB, Richelsen B. Exercise training versus diet-
induced weight-loss on metabolic risk factors and inflammatory markers in obese subjects: a 12-

Appl Physiol Nutr Metab. Author manuscript; available in PMC 2017 August 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Thyfault and Wright

Page 10

week randomized intervention study. Am J Physiol Endocrinol Metab. 2010; 298:E824-E831. DOI:
10.1152/ajpendo.00574.2009 [PubMed: 20086201]

DeFronzo RA. Lilly lecture 1987 The triumvirate: beta-cell, muscle, liver A collusion responsible for
NIDDM. Diabetes. 1988; 37:667-687. [PubMed: 3289989]

Ellingsgaard H, Hauselmann I, Schuler B, Habib AM, Baggio LL, Meier DT, et al. Interleukin-6
enhances insulin secretion by increasing glucagon-like peptide-1 secretion from L cells and alpha
cells. Nat Med. 2011; 17:1481-1489. DOI: 10.1038/nm.2513 [PubMed: 22037645]

Fealy CE, Haus JM, Solomon TP, Pagadala M, Flask CA, McCullough AJ, Kirwan JP. Short-term
exercise reduces markers of hepatocyte apoptosis in nonalcoholic fatty liver disease. J Appl
Physiol (1985). 2012; 113:1-6. DOI: 10.1152/japplphysiol.00127.2012 [PubMed: 22582214]

Febbraio MA, Pedersen BK. Muscle-derived interleukin-6: mechanisms for activation and possible
biological roles. FASEB J. 2002; 16:1335-1347. DOI: 10.1096/fj.01-0876rev [PubMed:
12205025]

Garton FC, North KN, Koch LG, Britton SL, Nogales-Gadea G, Lucia A. Rodent models for resolving
extremes of exercise and health. Physiol Genomics. 2016; 48:82-92. DOI: 10.1152/
physiolgenomics.00077.2015 [PubMed: 26395598]

Geffken DF, Cushman M, Burke GL, Polak JF, Sakkinen PA, Tracy RP. Association between physical
activity and markers of inflammation in a healthy elderly population. Am J Epidemiol. 2001;
153:242-250. DOI: 10.1093/aje/153.3.242 [PubMed: 11157411]

Greenberg AS, Shen WJ, Muliro K, Patel S, Souza SC, Roth RA, Kraemer FB. Stimulation of lipolysis
and hormone-sensitive lipase via the extracellular signal-regulated kinase pathway. J Biol Chem.
2001; 276:45456-45461. DOI: 10.1074/jbc.M104436200 [PubMed: 11581251]

Haemmerle G, Zimmermann R, Hayn M, Theussl C, Waeg G, Wagner E, et al. Hormone-sensitive
lipase deficiency in mice causes diglyceride accumulation in adipose tissue, muscle, and testis. J
Biol Chem. 2002; 277:4806-4815. DOI: 10.1074/jbc.M110355200 [PubMed: 11717312]

Hildreth KL, Van Pelt RE, Schwartz RS. Obesity, insulin resistance, and Alzheimer's disease. Obesity
(Silver Spring). 2012; 20:1549-1557. DOI: 10.1038/0by.2012.19 [PubMed: 22310232]

Hoene M, Weigert C. The stress response of the liver to physical exercise. Exerc Immunol Rev. 2010;
16:163-183. [PubMed: 20839498]

Holloszy JO, Narahara HT. Nitrate ions: Potentiation of increased permeability to sugar associated
with muscle contraction. Science. 1967; 155:573-575. DOI: 10.1126/science.155.3762.573
[PubMed: 6015873]

Holmes AG, Watt MJ, Febbraio MA. Suppressing lipolysis increases interleukin-6 at rest and during
prolonged moderate-intensity exercise in humans. J Appl Physiol (1985). 2004; 97:689696. doi:
10.1152/japplphysiol 00195.2004.

Hotamisligil GS, Shargill NS, Spiegelman BM. Adipose expression of tumor necrosis factor-alpha:
direct role in obesity-linked insulin resistance. Science. 1993; 259:87-91. DOI: 10.1126/science.
7678183 [PubMed: 7678183]

Kahn SE, Hull RL, Utzschneider KM. Mechanisms linking obesity to insulin resistance and type 2
diabetes. Nature. 2006; 444:840-846. DOI: 10.1038/nature05482 [PubMed: 17167471]

Khandekar MJ, Cohen P, Spiegelman BM. Molecular mechanisms of cancer development in obesity.
Nat Rev Cancer. 2011; 11:886-895. [PubMed: 22113164]

Koch LG, Kemi OJ, Qi N, Leng SX, Bijma P, Gilligan LJ, et al. Intrinsic aerobic capacity sets a divide
for aging and longevity. Circ Res. 2011; 109:1162-1172. DOI: 10.1161/CIRCRESAHA.
111.253807 [PubMed: 21921265]

Koch LG, Pollott GE, Britton SL. Selectively bred rat model system for low and high response to
exercise training. Physiol Genomics. 2013; 45:606-614. [PubMed: 23715262]

Kodama S, Saito K, Tanaka S, Maki M, Yachi Y, Asumi M, et al. Cardiorespiratory fitness as a
quantitative predictor of all-cause mortality and cardiovascular events in healthy men and women:
a meta-analysis. JAMA. 2009; 301:2024-2035. DOI: 10.1001/jama.2009.681 [PubMed:
19454641]

Kokkinos P, Myers J, Faselis C, Panagiotakos DB, Doumas M, Pittaras A, et al. Exercise capacity and
mortality in older men: a 20-year follow-up study. Circulation. 2010; 122:790-797. DOI: 10.1161/
CIRCULATIONAHA110.938852 [PubMed: 20697029]

Appl Physiol Nutr Metab. Author manuscript; available in PMC 2017 August 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Thyfault and Wright

Page 11

Kraakman MJ, Allen TL, Whitham M, Iliades P, Kammoun HL, Estevez E, et al. Targeting gp130 to
prevent inflammation and promote insulin action. Diabetes Obes Metab. 2013; 15(S3):170-175.
DOI: 10.1111/dom.12170 [PubMed: 24003934]

Kraakman MJ, Kammoun HL, Allen TL, Deswaerte V, Henstridge DC, Estevez E, et al. Blocking IL-6
trans-signaling prevents high-fat diet-induced adipose tissue macrophage recruitment but does not
improve insulin resistance. Cell Metab. 2015; 21:403-416. DOI: 10.1016/j.cmet.2015.02.006
[PubMed: 25738456]

Liu FC, Tsai YF, Tsai HI, Yu HP. Anti-inflammatory and organ-protective effects of resveratrol in
trauma-hemorrhagic injury. Mediators Inflamm. 2015; 2015:643763. [PubMed: 26273141]

Lyngso D, Simonsen L, Bulow J. Interleukin-6 production in human subcutaneous abdominal adipose
tissue: the effect of exercise. J Physiol. 2002; 543:373-378. DOI: 10.1113/jphysiol.2002.019380
[PubMed: 12181307]

MacPherson RE, Huber JS, Frendo-Cumbo S, Simpson JA, Wright DC. Adipose tissue insulin action
and IL-6 signaling after exercise in obese mice. Med Sci Sports Exerc. 2015; 47:2034-2042. DOI:
10.1249/MSS.0000000000000660 [PubMed: 25785928]

Masuoka HC, Chalasani N. Nonalcoholic fatty liver disease: an emerging threat to obese and diabetic
individuals. Ann N Y Acad Sci. 2013; 1281:106-122. DOI: 10.1111/nyas.12016 [PubMed:
23363012]

Matthews VB, Allen TL, Risis S, Chan MH, Henstridge DC, Watson N, et al. Interleukin-6-deficient
mice develop hepatic inflammation and systemic insulin resistance. Diabetologia. 2010; 53:2431-
2441. DOI: 10.1007/s00125-010-1865-y [PubMed: 20697689]

Mattson MP. Hormesis defined. Ageing Res Rev. 2008; 7:1-7. doi:10.1016/j.arr 2007.08.007.
[PubMed: 18162444]

Mauer J, Chaurasia B, Goldau J, Vogt MC, Ruud J, Nguyen KD, et al. Signaling by IL-6 promotes
alternative activation of macrophages to limit endotoxemia and obesity-associated resistance to
insulin. Nat Immunol. 2014; 15:423-430. DOI: 10.1038/ni.2865 [PubMed: 24681566]

Morris EM, Meers GM, Booth FW, Fritsche KL, Hardin CD, Thyfault JP, Ibdah JA. PGC-1a
overexpression results in increased hepatic fatty acid oxidation with reduced triacylglycerol
accumulation and secretion. Am J Physiol Gastrointest Liver Physiol. 2012; 303:G979-G992. doi:
10.1152/ajpgi.00169 2012. [PubMed: 22899824]

Morris EM, Jackman MR, Johnson GC, Liu TW, Lopez JL, Kearney ML, et al. Intrinsic aerobic
capacity impacts susceptibility to acute high-fat diet-induced hepatic steatosis. Am J Physiol
Endocrinol Metab. 2014; 307:E355-E364. DOI: 10.1152/ajpend0.00093.2014 [PubMed:
24961240]

Mottillo EP, Shen XJ, Granneman JG. B3-adrenergic receptor induction of adipocyte inflammation
requires lipolytic activation of stress kinases p38 and JNK. Biochim Biophys Acta. 2010;
1801:1048-1055. doi:10.1016/j bbalip.2010.04.012. [PubMed: 20435159]

Nakamura K, Fuster JJ, Walsh K. Adipokines: a link between obesity and cardiovascular disease. J
Cardiol. 2014; 63:250-259. doi:10.1016/j.jjcc.2013.11 006. [PubMed: 24355497]

Naples SP, Borengasser SJ, Rector RS, Uptergrove GM, Morris EM, Mikus CR, et al. Skeletal muscle
mitochondrial and metabolic responses to a high-fat diet in female rats bred for high and low
aerobic capacity. Appl Physiol Nutr Metab. 2010; 35(2):151-162. DOI: 10.1139/H09-139
[PubMed: 20383225]

Noland RC, Thyfault JP, Henes ST, Whitfield BR, Woodlief TL, Evans JR, et al. Artificial selection for
high-capacity endurance running is protective against high-fat diet-induced insulin resistance. Am
J Physiol Endocrinol Metab. 2007; 293:E31-E41. DOI: 10.1152/ajpend0.00500.2006 [PubMed:
17341547]

Olesen J, Bienso RS, Meinertz S, van Hauen L, Rasmussen SM, Gliemann L, et al. Impact of training
status on LPS-induced acute inflammation in humans. J Appl Physiol (1985). 2015; 118:818-829.
doi:10.1152/japplphysiol.00725 2014. [PubMed: 25549765]

Oliveira AG, Araujo TG, Carvalho BM, Guadagnini D, Rocha GZ, Bagarolli RA, et al. Acute exercise
induces a phenotypic switch in adipose tissue macrophage polarization in diet-induced obese rats.
Obesity (Silver Spring). 2013; 21:2545-2556. DOI: 10.1002/0by.20402 [PubMed: 23512570]

Appl Physiol Nutr Metab. Author manuscript; available in PMC 2017 August 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Thyfault and Wright

Page 12

O'Neill HM, Palanivel R, Wright DC, Macdonald T, Lally JS, Schertzer JD, Steinberg GR. 11-6 is not
essential for exercise-induced increases in glucose uptake. J Appl Physiol. 2013; 114:1151-1157.
doi:10 1152/japplphysiol.00946.2012. [PubMed: 23449935]

Ostrowski K, Hermann C, Bangash A, Schjerling P, Nielsen JN, Pedersen BK. A trauma-like elevation
of plasma cytokines in humans in response to treadmill running. J Physiol. 1998; 513(3):889-894.
DOI: 10.1111/j.1469-7793.1998.889ba.x [PubMed: 9824725]

Peppler WT, Anderson ZG, Sutton CD, Rector RS, Wright DC. Voluntary wheel running attenuates
lipopolysaccharide-induced liver inflammation in mice. Am J Physiol Regul Integr Comp Physiol.
2016; 310:R934-R942. DOI: 10.1152/ajpregu.00497.2015 [PubMed: 26887432]

Ren YY, Overmyer KA, Qi NR, Treutelaar MK, Heckenkamp L, Kalahar M, et al. Genetic analysis of
a rat model of aerobic capacity and metabolic fitness. PLoS ONE. 2013; 8:e77588.doi: 10.1371/
journal.pone.0077588 [PubMed: 24147032]

Richter EA, Garetto LP, Goodman MN, Ruderman NB. Muscle glucose metabolism following exercise
in the rat: increased sensitivity to insulin. J Clin Invest. 1982; 69:785-793. DOI: 10.1172/
JCI110517 [PubMed: 6804492]

Ropelle ER, Pauli JR, Cintra DE, Frederico MJ, de Pinho RA, Velloso LA, De Souza CT. Acute
exercise modulates the Foxol/PGC-1a pathway in the liver of diet-induced obesity rats. J Physiol.
2009; 587:2069-2076. doi:10 1113/jphysiol.2008.164202. [PubMed: 19273580]

Rosa JC, Lira FS, Eguchi R, Pimentel GD, Venancio DP, Cunha CA, et al. Exhaustive exercise
increases inflammatory response via Toll like receptor-4 and NF-KBp65 pathway in rat adipose
tissue. J Cell Physiol. 2011; 226:1604-1607. DOI: 10.1002/jcp.22490 [PubMed: 20945364]

Rosen ED, Spiegelman BM. Adipocytes as regulators of energy balance and glucose homeostasis.
Nature. 2006; 444:847-853. DOI: 10.1038/nature05483 [PubMed: 17167472]

Roth Flach RJ, Matevossian A, Akie TE, Negrin KA, Paul MT, Czech MP. B3-Adrenergic receptor
stimulation induces E-selectin-mediated adipose tissue inflammation. J Biol Chem. 2013;
288:2882-2892. doi:10 1074/jbc.M112.412346. [PubMed: 23235150]

Saberi M, Woods NB, de Luca C, Schenk S, Lu JC, Bandyopadhyay G, et al. Hematopoietic cell-
specific deletion of toll-like receptor 4 ameliorates hepatic and adipose tissue insulin resistance in
high-fat-fed mice. Cell Metab. 2009; 10:419-429. DOI: 10.1016/j.cmet.2009.09.006 [PubMed:
19883619]

Sabio G, Das M, Mora A, Zhang Z, Jun JY, Ko HJ, et al. A stress signaling pathway in adipose tissue
regulates hepatic insulin resistance. Science. 2008; 322:1539-1543. DOI: 10.1126/science.
1160794 [PubMed: 19056984]

Schertzer JD, Tamrakar AK, Magalhaes JG, Pereira S, Bilan PJ, Fullerton MD, et al. NOD1 activators
link innate immunity to insulin resistance. Diabetes. 2011; 60:2206-2215. DOI: 10.2337/
db11-0004 [PubMed: 21715553]

Scribbans TD, Ma JK, Edgett BA, Vorobej KA, Mitchell AS, Zelt JGE, et al. Resveratrol
supplementation does not augment performance adaptations or fibre-type-specific responses to
high-intensity interval training in humans. Appl Physiol Nutr Metab. 2014; 39(11):1305-1313.
DOI: 10.1139/apnm-2014-0070 [PubMed: 25211703]

Stanford KI, Middelbeek RJ, Townsend KL, Lee MY, Takahashi H, So K, et al. A novel role for
subcutaneous adipose tissue in exercise-induced improvements in glucose homeostasis. Diabetes.
2015; 64:2002-2014. DOI: 10.2337/db14-0704 [PubMed: 25605808]

Stienstra R, van Diepen JA, Tack CJ, Zaki MH, van de Veerdonk FL, Perera D, et al. Inflammasome is
a central player in the induction of obesity and insulin resistance. Proc Natl Acad Sci U S A. 2011;
108:15324-15329. [PubMed: 21876127]

Thompson D, Karpe F, Lafontan M, Frayn K. Physical activity and exercise in the regulation of human
adipose tissue physiology. Physiol Rev. 2012; 92:157-191. DOI: 10.1152/physrev.00012.2011
[PubMed: 22298655]

Thyfault JP. Setting the stage: possible mechanisms by which acute contraction restores insulin
sensitivity in muscle. Am J Physiol Regul Integr Comp Physiol. 2008; 294:R1103-R1110. DOI:
10.1152/ajpregu.00542.2007 [PubMed: 18381969]

Thyfault JP, Rector RS, Uptergrove GM, Borengasser SJ, Morris EM, Wei Y, et al. Rats selectively
bred for low aerobic capacity have reduced hepatic mitochondrial oxidative capacity and

Appl Physiol Nutr Metab. Author manuscript; available in PMC 2017 August 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Thyfault and Wright

Page 13

susceptibility to hepatic steatosis and injury. J Physiol. 2009; 587:1805-1816. DOI: 10.1113/
jphysiol.2009.169060 [PubMed: 19237421]

Timmerman KL, Flynn MG, Coen PM, Markofski MM, Pence BD. Exercise training-induced lowering
of inflammatory (CD14+CD16+) monocytes: a role in the anti-inflammatory influence of
exercise? J Leukoc Biol. 2008; 84:1271-1278. DOI: 10.1189/jIb.0408244 [PubMed: 18664531]

Tipton CM. Susruta of India, an unrecognized contributor to the history of exercise physiology. J Appl
Physiol (1985). 2008; 104:1553-1556. DOI: 10.1152/japplphysiol.00925.2007 [PubMed:
18356481]

Torma F, Koltai E, Nagy E, Ziaaldini MM, Posa A, Koch LG, et al. Exercise increases markers of
spermatogenesis in rats selectively bred for low running capacity. PLoS ONE. 2014;
9:€114075.doi: 10.1371/journal.pone.0114075 [PubMed: 25493948]

Trappe TA, White F, Lambert CP, Cesar D, Hellerstein M, Evans WJ. Effect of ibuprofen and
acetaminophen on postexercise muscle protein synthesis. Am J Physiol Endocrinol Metab. 2002;
282:E551-E556. DOI: 10.1152/ajpendo.00352.2001 [PubMed: 11832356]

Vieira VJ, Valentine RJ, Wilund KR, Antao N, Baynard T, Woods JA. Effects of exercise and low-fat
diet on adipose tissue inflammation and metabolic complications in obese mice. Am J Physiol
Endocrinol Metab. 2009a; 296:E1164-E1171. DOI: 10.1152/ajpendo.00054.2009 [PubMed:
19276393]

Vieira VJ, Valentine RJ, Wilund KR, Woods JA. Effects of diet and exercise on metabolic disturbances
in high-fat diet-fed mice. Cytokine. 2009b; 46:339-345. DOI: 10.1016/j.cyt0.2009.03.006
[PubMed: 19362852]

Vieira-Potter VVJ, Padilla J, Park YM, Welly RJ, Scroggins RJ, Britton SL, Koch LG, Jenkins NT,
Crissey JM, Zidon T, Morris EM, Meers GM, Thyfault JP. Female rats selectively bred for high
intrinsic aerobic fitness are protected from ovariectomy-associated metabolic dysfunction. AmJ
Physiol Regul Integr Comp Physiol. 2015; 308:R530-R542. DOI: 10.1152/ajpregu.00401.2014
[PubMed: 25608751]

Wallberg-Henriksson H, Constable SH, Young DA, Holloszy JO. Glucose transport into rat skeletal
muscle: interaction between exercise and insulin. J Appl Physiol. 1988; 65:909-913. [PubMed:
3049515]

Wannamethee SG, Lowe GD, Whincup PH, Rumley A, Walker M, Lennon L. Physical activity and
hemostatic and inflammatory variables in elderly men. Circulation. 2002; 105:1785-1790. DOI:
10.1161/hc1502.107117 [PubMed: 11956120]

Wiedemann MS, Wueest S, Item F, Schoenle EJ, Konrad D. Adipose tissue inflammation contributes
to short-term high-fat diet-induced hepatic insulin resistance. Am J Physiol Endocrinol Metab.
2013; 305:E388-E395. DOI: 10.1152/ajpendo.00179.2013 [PubMed: 23736545]

Williamson RT. On the treatment of glycosuria and diabetes mellitus with sodium salicylate. Br Med J.
1901; 1:760-762. DOI: 10.1136/bm;j.1.2100.760 [PubMed: 20759517]

Wisloff U, Najjar SM, Ellingsen O, Haram PM, Swoap S, Al-Share Q, et al. Cardiovascular risk
factors emerge after artificial selection for low aerobic capacity. Science. 2005; 307:418-420.
DOI: 10.1126/science.1108177 [PubMed: 15662013]

Yan L, DeMars LC, Johnson LK. Long-term voluntary running improves diet-induced adiposity in
young adult mice. Nutr Res. 2012; 32:458-465. DOI: 10.1016/j.nutres.2012.05.006 [PubMed:
22749182]

Ye L, Kleiner S, Wu J, Sah R, Gupta RK, Banks AS, et al. TRPV4 is a regulator of adipose oxidative
metabolism, inflammation, and energy homeostasis. Cell. 2012; 151:96-110. DOI: 10.1016/j.cell.
2012.08.034 [PubMed: 23021218]

Appl Physiol Nutr Metab. Author manuscript; available in PMC 2017 August 21.



	Abstract
	Introduction
	Is there a protective effect of exercise training independent of weight loss?
	Adipose tissue
	Liver

	Are animals with high intrinsic aerobic capacity protected against metabolic insults?
	Low- (LCR) and high-capacity runners (HCR)
	Intrinsic aerobic capacity and short-term high-fat diets
	Intrinsic aerobic capacity and ovariectomy-induced metabolic dysfunction

	Does acute exercise reduce inflammation and improve glucose homeostasis?
	Is there a common mechanism that explains the protective effects of prior exercise training and acute exercise?
	Conclusions
	References

