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Abstract

Evidence shows that both poor physical fitness and obesity are linked to low-grade inflammation

and inflammatory diseases. However, their relative roles on inflammation and underlying

mechanisms remain unclear. Given the inhibitory effect of catecholamines on inflammatory

cytokine production, we speculated that compromised responsiveness of immune cells’ beta

adrenergic receptors (β-ARs) to agonists may be associated with constitutively elevated levels of

inflammatory cytokines. We examined circulating levels of inflammatory cytokines TNF, IL-1β,

IL-6 and β-AR sensitivity of, 70 overweight or obese compared to 26 normal-weight, otherwise

healthy individuals in order to investigate the associations among obesity, physical fitness, and

low-grade inflammation and to examine the role of β-ARs in these relationships. Cardiorespiratory

fitness was determined by VO2peak (ml/kg/min) via a treadmill exercise. Beta-AR sensitivity was

evaluated by measuring the degree of inhibition in lipopolysaccharides-stimulated monocytic

intracellular TNF production by isoproterenol. In all participants, BMI, which was initially a

predictor of IL-1β and IL-6 levels independent of demographic characteristics, no longer

significantly predicted them after controlling for fitness levels. Among the overweight or obese

participants, greater cardiorespiratory fitness was a strong predictor of lower levels of TNF and

IL-1β after controlling for the covariates. When β-AR sensitivity was controlled for, however,

fitness was no longer a significant predictor of those cytokines. Monocytic β-AR sensitivity was

negatively associated with inflammatory marker levels and diminished in obese individuals;

however, when fitness was controlled for, the significant weight group differences in β-AR

sensitivity disappeared. Our findings indicate that better cardiorespiratory fitness protects against

obesity-related low-grade inflammation and β-AR desensitization. Given the significance of β-AR

function in pathogenesis of various diseases, clinical implications of its role in the fitness-

inflammation association among the obese are profound.
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1. Introduction

Obesity is a major risk factor for an array of chronic diseases and functional morbidity

(Poirier et al., 2006), coupled with a sedentary lifestyle that a large portion of the population

leads. American Medical Association recently classified obesity as a disease, emphasizing

its direct impact on the pathogenesis of many other diseases. Conversely, regular exercise

and high levels of physical fitness, as demonstrated by large population studies, are

inversely related to all-cause and CVD mortality in the general population as well as in

individuals with chronic diseases such as type 2 diabetes (Balducci et al., 2012; Fogelholm,

2010).

Obesity and poor physical fitness often, but not always, co-occur, and their relative or

independent impact on health is unclear (Davison et al., 2010). The findings from a recent

meta-analytic review of the literature suggest that poor cardiorespiratory fitness is an

independent and a better predictor of mortality than obesity; the risk for all-cause and

cardiovascular mortality is higher in individuals with normal body mass index (BMI) and

poor physical fitness, compared to individuals with high BMI and good physical fitness

(Fogelholm, 2010). In addition, lower physical fitness significantly predicts mortality across

age groups and regardless of chronic illness presence, independent of BMI (Balducci et al.,

2012; Pedersen, 2007; Shaw et al., 2006; Sui et al., 2007). Mortality prediction by obesity

indices disappears after adjusting for fitness levels or vice versa (Sui et al., 2007).

Individuals with poor physical fitness or obesity exhibit an elevated inflammatory state

(O'Connor et al., 2009), which is an underlying factor for increased morbidity and mortality

from various diseases; however, it remains unclear whether obesity or poor fitness

independently mediates elevated inflammation or if the two share the same pathways

leading to the onset and progression of low-grade inflammation, even among initially

asymptomatic individuals (Hamer, 2007). Reports of the association between greater

cardiorespiratory fitness levels and lower circulating levels of inflammatory markers are

somewhat inconclusive depending on the markers examined (O'Connor et al., 2009). The

effect of exercise-induced IL-6 and IL-10 was postulated to counteract the actions of

proinflammatory cytokines and contribute to the beneficial health effects of exercise training

in patients with chronic inflammatory conditions (Petersen and Pedersen, 2006). Given that

weight loss leads to reductions in circulating IL-6, TNF, sTNF-R, and CRP levels regardless

of the way in which the weight loss was achieved, including hypocaloric dietary intake,

exercise, or liposuction, (Nicklas et al., 2005; You and Nicklas, 2006), the “anti-

inflammatory” exercise benefit may be primarily through reduced adipose tissue volume.

In obesity, macrophages are thought to switch their differentiation from wound-healing to

pro-inflammatory type when they infiltrate adipose tissue (Mosser and Edwards, 2008).

Typically, glucocorticoids and Gs-protein-coupled receptor ligands, such as catecholamines,
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adenosine, dopamine, and histamine, inhibit pro-inflammatory functions of macrophages/

monocytes. These hormones also give rise to a population of regulatory macrophages of an

anti-inflammatory phenotype that produces high levels of IL-10 and low levels of IL-12 and

TNF (Mosser and Edwards, 2008). However, this regulatory effect of neurohormones might

be blunted by decreased sensitivity of their cognate receptors on monocytes/macrophages.

Catecholamines, which are β-adrenergic receptor (AR) agonists, effectively inhibit TNF

production by monocytes (Dimitrov et al., 2013). A decreased β-AR sensitivity of cardiac

receptors was found to be linked to higher circulating levels of the inflammatory marker

CRP in healthy subjects (Euteneuer et al., 2012). In addition, inflammatory cytokines can

further contribute to the desensitisation of β-ARs to their ligands, by an elevation of G

protein–coupled receptor kinase-2 (GRK-2) (Eisenhut, 2012). Thus, we speculate that

compromised responsiveness of leukocytes’ β-ARs to the inhibitory effect of agonists may

be associated with elevated levels of inflammatory cytokine production.

Regular physical exercise is a widely advocated prevention and rehabilitation intervention

for cardiovascular health and diseases; exercise training often lead to sympathetic tone

reduction, which is associated with resting bradycardia and reduced blood pressure (BP)

(Hautala et al., 2008; Mueller, 2007). Although full understanding of regular exercise

induced bradycardia or decreased BP is lacking, changes in ARs have been postulated as a

potential mechanism. Yet, no consensus exists in the literature regarding changes to the

signal transduction pathway and sensitivity or density of β-ARs on cardiac tissue following

exercise training (Zanesco and Antunes, 2007). The evidence of the effects of regular

physical activity or greater physical fitness on β-ARs on immune cells is even more

inconclusive. Physical fitness was shown to be inversely (Butler et al., 1982; Fujii et al.,

1998; Kizaki et al., 2008), positively (Lehmann et al., 1984; Maki et al., 1987), or not

related to (Eysmann et al., 1996; Frey et al., 1989) the density of β-ARs on immune cells in

both human and animal studies.

We examined the circulating levels of inflammatory cytokines TNF, IL-1β, and IL-6 of 96

asymptomatic, normal-weight to obese individuals in order to investigate the associations

among obesity, physical fitness, and low-grade inflammation. Furthermore, in the fitness-

inflammation relationship among obese vs. normal-weight participants, we focused on the

impact of decreased responsiveness of β-ARs expressed by blood monocytes. We

hypothesized that obesity will be associated with diminished leukocyte β-AR responses to

the inhibitory effect of isoproterenol (Iso) in cytokine production, resulting in increased

basal levels of inflammatory cytokines and that better fitness will have a mitigating effect on

this pathway.

2. Materials and methods

2.1. Participants

All 96 subjects gave informed consent to the protocol, which was approved by the

University of California, San Diego Human Research Protection Program. Seventy

overweight or obese and 26 normal-weight otherwise healthy, non-smoking men and women

between ages of 18 to 65 years with normal to mildly elevated blood pressure, but without

hypertension, were included in this study from a parent trial that investigates
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prehypertension and immune activation. To confirm eligibility, all subjects underwent blood

tests for liver, metabolic, lipid, and thyroid panels, and normal resting electrocardiogram

(ECG) was confirmed. Individuals who had a current diagnosis or a history of heart, liver, or

renal disease, diabetes, psychiatric and mood disorders, severe asthma, ongoing

inflammatory diseases (e.g., rheumatoid arthritis, multiple sclerosis, lupus), acute illness,

and current pregnancy were excluded. Criteria for exclusion also included current use of

anti-inflammatory medications or other medications that are known to influence the immune

or neuroendocrine parameters of interest (e.g., beta blockers), current drug or alcohol abuse,

and smoking within 6 months of the enrolment in the study.

2.2. Procedure

Cardiorespiratory fitness was determined by a VO2peak (ml/kg/min) via a treadmill exercise

test using the standard Bruce protocol in which treadmill speed and grade were increased

gradually from 1.7 mph and 10% grade every 3 minutes (Borg, 1970). Subject’s expired gas

was analyzed using a Sensormedics metabolic cart (Sensormedics, Yorba Linda, CA)

equipped with Vmax software (Version 6-2A), and the ECG was monitored using Marquette

CardioSoft V.3 (GE Medical Systems, Milwaukee, WI). About a week after the peak

exercise test, blood was collected between 8 and 10 am through an intravenous catheter

inserted into an antecubital vein using minimal tourniquet. Participants fasted for 12 hours

prior to the blood sampling. Standard anthropometric data (i.e. height, weight, waist

circumference, hip circumference, and waist/hip ratio) and % fat data by Dual-Energy X-

Ray Absorptiometry (DEXA) were obtained. Blood pressure was measured using a

Dinamap Compact BP® monitor (Critikon, Tempa, FL) and defined as the average of six

seated BP measures taken over two separate days.

2.3. Cytokine levels in plasma

Blood for plasma TNF, IL-1 and IL-6 measurement was drawn in EDTA-treated vacutainers

and placed on ice. After centrifugation in a refrigerated centrifuge, plasma was stored at

−80°C until the assays were performed. Plasma cytokine levels were measured using

commercially available immunoassay kits (Meso Scale Discovery, Gaithersburg, MD). The

intra- and inter-assay variations were 6.8% and 6.4% for TNF, 8.4% and 6.0% for IL-1β,

and 8.5% and 7.8% for IL-6, respectively.

2.4. LPS-stimulated monocytic intracellular TNF production by flow cytometry

Whole blood was analyzed for LPS-stimulated intracellular monocytic TNF production. The

dose of 200 pg/mL LPS (E. coli 0111:B4, catalog # L4391, Sigma-Aldrich, St. Louis, MO)

was predetermined to be appropriate for significant activation of monocytes in preliminary

experiments, with 30 to 90% of cells producing TNF. Peripheral blood cells were incubated

in sterile polypropylene plates with or without LPS for 3.5 hours at 37°C with 5% CO2. To

stop cytokine excretion (allowing intracellular detection), brefeldin A (10 µg/mL, Sigma-

Aldrich) was added for the last 3 hours of LPS incubation.

Intracellular TNF production of monocytes was evaluated by multiparametric flow

cytometry using fluorochrome-conjugated antibodies, as described previously (Dimitrov et

al., 2013). Briefly, erythrocytes were lysed using ammonium chloride solution followed by

Hong et al. Page 4

Brain Behav Immun. Author manuscript; available in PMC 2015 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



centrifugation (5 min at 500 × g). The cell pellet was washed once with PBS, containing

0.1% azide and 0.5% bovine serum albumin, prior to incubation with monoclonal antibodies

(15 min) for the monocytes identification: HLA-DR/PE (BD Biosciences, San Jose, CA),

and CD14/APC (Biolegend, San Diego, CA). After fixation and permeabilization according

to the manufacturer’s instructions (Cytofix/Cytoperm Kit, BD Biosciences), cells were

stained intracellularly with TNF/FITC antibody (Biolegend). At least 10,000 gated

monocytes were collected for each tube on a dual-laser FACSCalibur (BD Biosciences).

Monocytes were distinguished from lymphocytes and granulocytes by means of their

forward and side scatter (FSC and SSC) characteristics and were identified as CD14+/dim

HLA-DR+ cells as shown previously (Dimitrov et al., 2013). The percentage of the

CD14+/dimHLA-DR+ cells that were positive for TNF (“% TNF+ monocytes”) was assessed.

The analysis of the flow cytometric data were performed using FlowJo (Tree star, Ashland,

OR).

2.5. β-AR responsivity to agonist (β-AR-mediated inhibition of TNF production)

Monocytic β-AR sensitivity to agonist was evaluated based on the inhibitory effect of

isoproterenol (Iso), a non-specific β-AR agonist, on the monocytic intracellular TNF

production in whole blood stimulated with LPS (Figure 1). In addition to LPS, the whole

blood was simultaneously incubated with Iso in final concentrations of 10−10, 10−9, and

10−8 M (Sigma-Aldrich). Intracellular TNF production by monocytes was evaluated by flow

cytometry in the same way as the samples treated without Iso as described above. β-AR

responsivity in TNF inhibition was calculated as the difference in monocytic %TNF

production between LPS only and LPS plus Iso of three concentrations (10−10, 10−9, or 10−8

M). As a β-AR agonist, Iso inhibits stimulated cytokine (i.e., TNF) production, and the

degree to which Iso suppresses TNF production relative to the control condition would

indicate the sensitivity of β-ARs. As peripheral blood monocytes have been shown to

possess about 1600 β2-ARs per cell in previous receptor binding studies (Landmann, 1992;

Maisel et al., 1990; Van Tits et al., 1990), they are a good cellular candidate to investigate

not only the effects of sympathoadrenal hormones but also the β-AR system of the organism.

Systematic assay optimization steps were previously taken to ensure the validity of this

method, including LPS dosage and time, establishing response curves to various agonists

and antagonists, timing of the agonist treatment, and testing mediation by the cAMP-PKA

pathway.

2.6. Statistical analysis

Statistical analyses were performed using SPSS Statistical Software (v 20.0). Descriptive

data are presented as means ± SD. Results were considered statistically significant if p≤

0.05, and all tests were two-tailed. In case of missing data, cases were excluded listwise.

BMI was calculated by the formula [weight (kg)/height (m)2]. Mean arterial pressure (MAP)

was estimated by the calculation [1/3 × systolic blood pressure + 2/3 diastolic blood

pressure]. Normality of the data was determined by the Kolmogorov-Smirnov test, and

variables that were not normally distributed were transformed as appropriate: BMI,

VO2peak (ml/kg/min), TNF, IL-1β, IL-6 values were natural log transformed. Collinearity

statistics were examined for regression analyses.
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Univariate correlations among cardiorespiratory fitness (determined by peak oxygen

consumption during exercise per minute, given body weight), obesity, inflammatory

cytokines, and β-AR sensitivity were measured by Pearson’s r in all 96 participants to

examine simple associations. Next, a series of multiple regression analysis were performed

to examine the role of fitness in inflammation, controlling for demographic characteristics

(age, gender, and race) and MAP. Firstly, in the total cohort, the independent association of

BMI (step 3) to each inflammatory cytokine was examined, controlling for the above

covariates (step 1), followed by same regression models for which fitness (step 2) was also

controlled for in order to examine the role of fitness in the obesity-inflammation relationship

(i.e., Does fitness modify/moderate the relationship between obesity and inflammation?).

Secondly, to test the hypothesis that fitness will be predictive of lower inflammation in

obese individuals, fitness was entered as step 2 for each cytokine, controlling for age,

gender, race, and MAP (step 1) in 70 overweight or obese separate from 26 normal-weight

participants. Thirdly, the role of β-AR sensitivity (step 2) in fitness-inflammation was

examined whether the predictability of fitness (step 3) for inflammatory cytokine levels

remained even after controlling for β-AR sensitivity in addition to the aforementioned

covariates (step 1). Monocytic β-AR sensitivity was also compared among normal,

overweight, and obese individuals using one-way ANCOVA with pairwise comparisons,

first controlling for age, gender, race, and MAP, then again with fitness controlled for in

order to examine the effects of fitness on the weight-based differences in β-AR sensitivity.

3. Results

3.1. Participants

Of the 96 participants 40 % were overweight and 33% were obese according to the BMI-

based weight/obesity classification. Demographic and basic physical characteristics are

presented for the separate BMI groups to provide more comprehensive characterization of

the study population (Table 1). Age and gender distribution did not differ between the

overweight or obese compared to normal-weight individuals. The race distribution in the

obese group differed from the other two groups with a greater portion of non-white persons.

The average BP was greater, and cardiorespiratory fitness was lower in the overweight or

obese compared to normal-weight groups. Overall, cardiorespiratory fitness was associated

with self-reported levels of leisure time physical activity levels in all (r= .25, p< .05).

Mean (SD, range) plasma inflammatory cytokine levels for all participants were 5.57 pg/ml

(3.14, 1 – 14.7) for TNF, 0.59 pg/ml (0.47, 0.04 – 2.20) for IL-1, and 0.98 pg/ml (0.59, 0.01

– 2.69) for IL-6. Cytokine levels for the separate BMI groups are presented in Table 1. As

often seen also in other studies reporting blood levels of IL-1 in asymptomatic individuals,

IL-1 levels for 23% of the participants were below the detectable level thus, excluded from

the analyses. When these 22 participants were compared with the rest with detectable levels

there were no differences in age, BP, BMI, or VO2peak.

3.2. Univariate associations among obesity, fitness, and inflammation in all participants

Firstly, in all 96 participants, there were positive, univariate associations between obesity

indices and inflammatory cytokine levels as anticipated. BMI was positively correlated with
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plasma IL-1β (r= 0.38, p≤ 0.001) and IL-6 (r= 0.27, p≤ 0.01). Specifically for central

adiposity, % trunk fat assessed by DEXA was positively associated with plasma IL-1 (r=

0.26, p< 0.05) and IL-6 (r= 0.26, p< 0.05). The correlation coefficients between plasma TNF

levels and BMI and % trunk fat were r= 0.17 and 0.16, respectively but were not statistically

significant. Waist circumference also showed similar results with BMI and % trunk fat in its

association with inflammatory cytokine levels.

Cardiorespiratory fitness determined by VO2peak (ml/kg/min) was negatively associated

with obesity indices BMI (r= −0.54, p< 0.0001), % trunk fat (r= −0.74, p< 0.0001), and

waist circumference (r= −0.38, p< 0.0001), as hypothesized. Fitness was also negatively

correlated with age (r= −0.28, p< 0.01), but its negative correlation with MAP (r= −0.15)

was not statistically significant. Negative, univariate correlation between fitness and

inflammatory cytokines were at a statistically marginal level of around p= 0.1: TNF (r=

−0.15), IL-1β (r= −0.19), and IL-6 (r= −0.17).

3.3. Role of fitness in obesity-related inflammation

BMI was an independent predictor of IL-1β (β= .32, p< .05) and IL-6 (β= .31, p< .01) levels

after controlling for demographic variables and BP in all participants (2 step model).

However, a three-step multiple regression (step 1: age, race, gender, MAP; step 2: fitness;

step 3: BMI) revealed that BMI was no longer a significant predictor of inflammatory

cytokine levels after controlling for fitness in addition to the demographic characteristics

and BP. Although no longer significant, BMI added 0, 2.6, and 4% R2 in the final model for

TNF, IL-1β, and IL-6 levels, respectively. And, the standardized β coefficient for BMI was

the greatest among all predictors in the final model for IL-1β (β= .25) and IL-6 (β= .30)

levels. For TNF levels, however, the coefficient for fitness (β= −.25) was the largest in the

final model. Nonetheless, neither BMI nor fitness was a significant predictor of

inflammatory cytokine levels independent of each other (i.e., when the other is controlled

for in the model).

In order to further investigate whether physical fitness protects against obesity-related low

grade inflammation, the predictability of cardiorespiratory fitness for inflammatory cytokine

levels was examined among the 70 overweight or obese separate from the 26 normal-weight

participants using multiple regression analyses. After controlling for covariates age, race,

gender, and MAP, fitness explained additional 8% of the variance in TNF (p< 0.05), 14% in

IL-1β (p< 0.01), and 4% in IL-6 (p= 0.09) levels (Table 2). Among age, race, gender, MAP,

and fitness, cardiorespiratory fitness was the strongest predictor of levels of all three

inflammatory cytokines with the greatest β coefficient, although gender was also a

significant predictor for the levels of TNF and IL-1. Men showed higher levels of TNF and

IL-1β than women in our sample. In 26 normal-weight individuals, age, race, gender, MAP,

and fitness together explained 25, 10, and 12% of the variance in plasma levels of TNF,

IL-1β, and IL-6, respectively, but none of the predictors was significant. Standardized β

coefficients of fitness predicting the inflammatory cytokine levels for the normal-weight

participants were smaller than those among the overweight or obese, except for IL-6 levels.

Curiously, among the normal-weight individuals, greater fitness appeared to predict a

greater level of plasma IL-6 (β= 0.35).
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3.4. Role of β adrenergic receptors in the relationship of fitness to inflammation

The receptor sensitivity of β-ARs on monocytes was determined based on the degree of

inhibition in LPS-stimulated intracellular TNF production by Iso, a β-AR agonist (difference

between % TNF-producing monocytes after PBS vs. 10−8 M Iso treatments). Firstly,

univariate correlation revealed that monocytic β-AR sensitivity was negatively correlated

with BMI (r= −0.36, p< 0.0001) and also with central adiposity as measured by % trunk fat

(r= −0.24, p< 0.05) and waist circumference (r= −0.32, p< 0.01) in all participants.

Furthermore, monocytic β-AR sensitivity significantly differed among the BMI-based

weight groups after controlling for demographic covariates (age, gender, race and MAP) (p<

0.05), and pairwise comparisons revealed that the obese individuals exhibited significantly

lower receptor sensitivity than the normal-weight group (Figure 2). The difference between

the obese and overweight groups was marginal (p= 0.066). However, when fitness was also

controlled for, the significant weight group differences in β-AR sensitivity disappeared, and

only the fitness and gender effects were significant (p’s< 0.05). Cardiorespiratory fitness

was positively associated with β-AR sensitivity (r= 0.24, p< 0.05). Of interest, this fitness-β-

AR sensitivity relationship was only evident among the overweight or obese individuals

(Figure 3). Furthermore, β-AR-mediated inhibition of stimulated TNF production was

negatively associated with plasma levels of TNF (r= −0.34, p≤ 0.001), IL-1β (r= −0.30, p<

0.01), and IL-6 (r= −0.26, p< 0.05).

When β-AR responsivity was entered as the step 2 in regression models with age, race,

gender, and MAP in step 1, fitness (step 3) was no longer a significant predictor for plasma

levels of cytokines in overweight or obese participants, as was seen in previous analyses

(Table 2). This indicated that β-AR responsivity modulated the fitness-inflammation

relationship, especially in the overweight or obese. For TNF levels, β-AR responsivity and

gender were significant predictors in the final model such that diminished β-AR sensitivity

and male gender predicted elevated levels of TNF. Smaller β-AR sensitivity, male gender,

and non-White race significantly predicted higher IL-1β levels.

4. Discussion

Mounting evidence shows that obesity/adiposity is directly linked to low-grade

inflammation. As inflammation is an underlying condition for various chronic diseases, the

obesity-inflammation link is of great clinical significance. The literature also indicates the

benefits of cardiorespiratory fitness and regular physical activity against inflammatory

diseases. However, the evidence of direct fitness impact on inflammation is less conclusive,

and the underlying mechanisms remain unclear. We show in this investigation that

cardiorespiratory fitness plays a protective role in lowering systemic levels of inflammatory

cytokines in overweight or obese individuals. In addition, we show that these fitness effects

on obesity-related inflammation are largely influenced by responsivity of monocytic β-ARs

to Iso in inhibition of TNF production and that this β-AR-mediated regulation of TNF

production is diminished in obese individuals. Finally, our findings indicate that greater

fitness is predictive of greater β-AR responsivity, which is in turn predictive of lower levels

of systemic proinflammatory cytokine levels.

Hong et al. Page 8

Brain Behav Immun. Author manuscript; available in PMC 2015 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Greater cardiorespiratory fitness predicted lower TNF and IL-1β, but not IL-6 levels, after

controlling for demographic characteristics and BP in the overweight or obese individuals.

Given the studies reporting an increased level of muscle-derived IL-6 with its anti-

inflammatory action as a mechanism for the anti-inflammatory effects of exercise (Petersen

and Pedersen, 2006; Starkie et al., 2003), the impact of fitness on IL-6 compared to other

clearly proinflammatory cytokines may differ. In addition, our finding that the impact of

fitness on IL-6 levels appeared to be greater among the normal-weight individuals may

indicate a potentially confounding effect of adiposity in the fitness-IL-6 relationship,

especially, as IL-6 is also produced by adipocytes. We also found a positive fitness-IL-6

association among the normal-weight participants. Thus, distinguishing whether physical

fitness mitigates overall inflammation mainly via lowering proinflammatory, facilitating

anti-inflammatory, or affecting both pathways requires further investigation.

We report that the diminished monocytic β-AR-mediated inhibitory control of TNF

production among overweight or obese individuals was associated with elevated

inflammatory cytokine levels. Given the inhibitory control that β-adrenergic hormones (i.e.,

epinephrine and norepinephrine) exerts over cellular immune activities, including

inflammatory cytokine production, it is highly plausible that desensitized or less (β-agonist)

responsive ARs on immune cells would lead to elevated inflammatory cytokine production.

Immediate activation of the sympathetic nervous system (SNS) during acute exercise results

in markedly increased levels of catecholamines in circulating blood (Epi and NE) (Dimsdale

and Moss, 1980; Hong et al., 2004; Hong et al., 2005) and at the vicinity of sympathetic

nerve synaptic terminals (NE) (Bellinger et al., 2008). Human leukocytes including

monocytes possess substantial numbers of Gαs-coupled β-ARs (Elenkov et al., 2000; Maisel

et al., 1989; Maisel et al., 1990), and LPS-stimulated production of inflammatory cytokines

(i.e., TNF-α and IL-1β) by monocytes is suppressed in the presence of catecholamines

(Severn et al., 1992; van der et al., 1996).

There is equivocal evidence in β-AR density on immune cells in relation to fitness or

exercise training (Butler et al., 1982; Eysmann et al., 1996; Frey et al., 1989; Fujii et al.,

1998; Kizaki et al., 2008; Lehmann et al., 1984; Maki et al., 1987) and paucity of β-AR

sensitivity findings in the current literature. We previously reported that catecholamine

responses during acute bout of moderate exercise (Hong et al., 2005) and a laboratory

psychological stressor (Hong et al., 2004) were smaller among individuals who were

physically fit or regularly exercised. It has also been shown that exercise training and

pharmacological treatments using a β-blocker ameliorated age-dependent impairment of β-

AR signaling and enhanced cardiac responsiveness to adrenergic stimulation, which was

mediated by the suppression of GRK-2 protein levels (Leosco et al., 2007). These results

show that re-sensitization of β-ARs can be achieved through regular exercise and/or

blocking agonist binding. Sympathoadrenal activation during an acute bout of exercise

immediately subsides upon termination of exercise. We postulate that repeated episodes of

transient SNS activation during exercise followed by swift recovery and catecholamine

clearance after exercise (“SNS efficiency”) may facilitate highly responsive ARs in fit

individuals. Thus, we further speculate that regular exercise or improved physical fitness

may be an efficacious non-pharmacological therapeutics against β-AR desensitization, given
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the findings of the β-blocker effects in altering β-AR sensitivity in conditions such as

hypertension (Feldman et al., 1984; McAllister, Jr. et al., 1979; Michel et al., 1990), chronic

stress (Mills et al., 1999; Rief et al., 2010), and obesity (Eikelis and Esler, 2005; Rahmouni,

2010; Straznicky et al., 2008).

In spite of the mixed findings of β-AR density resulted from exercise training, our findings

evidently indicate greater fitness is predictive of greater β-AR responsivity to Iso in

inhibiting TNF production, which is in turn predictive of lower levels of systemic

proinflammatory cytokine levels. Our findings highlight the importance of building and

maintaining physical fitness, especially among overweight or obese individuals, as it appears

to mitigate the obesity-related proinflammatory state. Further investigations to confirm the

alterations in β-AR sensitivity as a result of obesity/adiposity and physical fitness are

warranted to establish temporal and causal relationships. Physical training results in

decreased number of myocardial β2-ARs, leading to reduced sympathomimetic effects in

animals (Plourde et al., 1991; Sylvestre-Gervais et al., 1982; Werle et al., 1990), but mixed

evidence remains, and training effects on inflammation mediated by changes in leukocyte

β2-ARs are largely unknown. In addition, whether β-AR sensitivity fully mediates the

fitness-inflammation association in obese individuals requires further examination in a

larger trial, as it was beyond the capacity of this study. Additionally, our findings that men

showed higher inflammatory cytokine levels independent of other factors are in line with the

similar findings by others, and lower inflammatory cytokine levels in women is thought to

be the role of estrogen (An et al., 1999; Cartier et al., 2009; Ershler and Keller, 2000). The

gender effects on inflammation, the mechanisms, including the role of estrogen, and

potential gender by fitness or obesity interactions warrant further investigation.

Of note, in our current investigation the relationships among obesity, fitness, and systemic

inflammation were as evident, if not more, using a simple index of BMI compared to the

indices of central adiposity (i.e., % trunk fat, waist circumference). This does not imply

diminished significance of central adiposity in obesity-related inflammation, as

overwhelming evidence exists, showing its impact on various diseases. It should be also

noted that our findings regarding the protection physical fitness provides against low grade

inflammation is not entirely independent of one’s degree of obesity/adiposity. In our group

of asymptomatic individuals, the effect of fitness appeared to be greater among the obese,

which is an encouraging public health message but does not fully clarify relative impact of

fitness vs. obesity on inflammation. In addition, given the complexity of immunological

consequences of β2-AR engagement regarding immune cell types, temporality of receptor

vs. antigen stimulation, and immune parameters (Sanders, 2012), our findings should be

interpreted within its context.

We show that better cardiorespiratory fitness protects against obesity-related low-grade

inflammation and also against β-AR desensitization, which was evident among obese

individuals. Together with the findings of the association between elevated inflammation

and lower β-AR sensitivity, our results indicate that even among overweight or obese

individuals, maintaining better cardiorespiratory fitness through regular physical activity

would mitigate chronic immune activation and inflammation, leading to reduced risk for

various diseases. These findings could send a readily implementable public health message
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that improvement in physical fitness leads to better health via reduced inflammation among

overweight or obese individuals without placing a sole emphasis on weight loss. Given the

implications of elevated sympathetic activation and AR dysregulation in CVD (Brodde et

al., 1984; Lohse et al., 2003), our findings also may shed light on an underlying mechanism

of exercise benefits in patients with CVD.
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Research highlight

Cardiorespiratory fitness protects against obesity-related low-grade inflammation which

may be in part via better β adrenergic receptor function.
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Fig.1.
Flow cytometry histograms of LPS-stimulated intracellular TNF expression by monocytes

from a representative subject without (A) and with (B) 10−8 M Iso stimulation in the

absence (shaded peaks; as a negative control) and presence (clear peaks) of anti-TNF/FITC

antibody. The numbers represent the % TNF-expressing monocytes of total monocytes,

showing suppression of TNF production by Iso.

Hong et al. Page 16

Brain Behav Immun. Author manuscript; available in PMC 2015 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig.2.
β-AR sensitivity, assessed by the degree of the inhibition of monocytic TNF (mTNF)

production by 10−8, 10−9, or 10−10 M Iso in three BMI-based weight categories; normal-

weight vs. overweight vs. obese individuals, controlling for age, gender, race, and MAP.

Beta AR sensitivity values of three weight groups for three Iso concentrations are depicted

to showcase a clear dose response. Values are presented as mean ± SEM. Overall between

group differences were significant for all Iso concentrations (p’s< 0.05). *p< 0.05 denotes

statistical differences for pairwise comparisons with Bonferroni correction for multiple

comparisons.
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Fig.3.
Scatterplots showing the correlation between physical fitness (VO2peak) and β-AR

sensitivity (measured as inhibition of monocytic TNF (mTNF) production by 10−8 M Iso) in

normal-weight (A) vs. overweight or obese (B) individuals. Correlation coefficients and

significance are computed from the log-transformed data of VO2peak, while the raw data are

presented in the graph.
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