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Regular exercise is shown to exert anti-inflammatory effects, yet the effects of acute exercise on cellular
inflammatory responses and its mechanisms remain unclear. We tested the hypothesis that sympathoa-
drenergic activation during a single bout of exercise has a suppressive effect on monocytic cytokine
production mediated by b2 adrenergic receptors (AR). We investigated the effects of 20-min moderate
(65–70% VO2 peak) exercise-induced catecholamine production on LPS-stimulated TNF production by
monocytes in 47 healthy volunteers and determined AR subtypes involved. We also examined the effects
of b-agonist isoproterenol and endogenous b- and a-agonists epinephrine and norepinephrine, and
receptor-subtype-specific b- and a-antagonists on TNF production in a series of in vitro investigations.
LPS-stimulated TNF production by peripheral blood monocytes was determined intracellularly by flow
cytometry, using an intracellular protein transport inhibitor. Percent TNF-producing monocytes and
per-cell TNF production with and without LPS was suppressed by exercise with moderate to large effects,
which was reversed by a b2-AR antagonist in spite that plasma TNF levels did not change. This inhibitory
response in TNF production by exercise was mirrored by b-AR agonists in an agonist-specific and
dose-dependent manner in vitro: similar isoproterenol (EC50 = 2.1–4.7 � 10�10 M) and epinephrine
(EC50 = 4.4–10 � 10�10 M) potency and higher norepinephrine concentrations (EC50 = 2.6–4.3 � 10�8 M)
needed for the effects. Importantly, epinephrine levels observed during acute exercise in vivo significantly
inhibited TNF production in vitro. The inhibitory effect of the AR agonists was abolished by b2-, but not by
b1- or a-AR blockers. We conclude that the downregulation of monocytic TNF production during acute
exercise is mediated by elevated epinephrine levels through b2-ARs. Decreased inflammatory responses
during acute exercise may protect against chronic conditions with low-grade inflammation.

� 2016 Elsevier Inc. All rights reserved.
1. Introduction

Stimulation of monocytes and macrophages by microbial prod-
ucts, such as bacterial cell wall compounds (e.g. lipopolysaccha-
rides, LPS, and peptidoglycans) triggers a complex cellular
immune response that activates the production of multiple mole-
cules, including proinflammatory cytokines such as TNF, IL-1b,
and IFN-c (Petrovsky and Aguilar, 2004). TNF plays a major role
in local and systemic inflammation and helps to boost innate and
adaptive immune responses to bacterial and viral infections
(O’Brien et al., 1999; Strangfeld et al., 2009). However, a sustained
production of TNF during persistent inflammation caused by
chronic infections or obesity has been implicated in the progres-
sion of variety of human diseases, including autoimmune diseases,
cardiovascular diseases and neurodegeneration (Berg and Scherer,
2005; Kollias et al., 1999). Understanding the triggers and regula-
tory mechanisms of monocytic production of TNF during normal
to exaggerated immune responses such as during chronic infec-
tions (Kiechl et al., 2001) may contribute to developing strategies
to maintain a healthy and balanced inflammatory response.

Regular physical activity is promoted for its protective effects
on a wide variety of chronic inflammatory diseases, especially car-
diovascular disease (Mathur and Pedersen, 2008; Smart et al.,
2011). Reports of how acute exercise affect inflammatory cytokine
production are inconsistent: pre- to post-acute-exercise, plasma
levels of inflammatory cytokines, including TNF, increase
(Moldoveanu et al., 2000; Starkie et al., 2001) or remain unchanged
(Starkie et al., 2005); LPS-stimulated cytokine production in cell
supernatant increases (Goebel et al., 2000), decreases (Drenth
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et al., 1998), or doesn’t change (Haahr et al., 1991); plasma TNF
levels after LPS-injection decrease (Starkie et al., 2003); and intra-
cellular cytokine production decreases (Starkie et al., 2001, 2005)
or doesn’t change (Zaldivar et al., 2006). This largely mixed state
of the literature is attributed to the varying methodology (i.e., exer-
cise intensity, duration, or type; cytokine types; or cytokine assess-
ments: plasma, stimulated cell supernatant vs. intracellular
production levels). Thus, whether and in which manner acute exer-
cise exerts immunomodulatory effects on inflammatory cytokine
production remains to be clarified. Given the marked leukocytosis
during an exercise challenge (Hong et al., 2005; Hong and Mills,
2008), intracellular levels of cytokines produced by a specific cell
population provides more definitive evidence of cellular immune
responses during exercise than total soluble levels of cytokines in
mixed cell supernatant. In addition, a clear distinction should be
made between plasma levels (‘‘spontaneous production”) and
immunological challenge-induced (e.g., endotoxin stimulation)
cellular production of cytokines in response to exercise.

The literature suggests an increased level of muscle-derived
IL-6 with its anti-inflammatory action as a mechanism for the
anti-inflammatory effects of acute exercise (Petersen and
Pedersen, 2006; Starkie et al., 2003). Another main mediator in
inflammatory cytokine responses during exercise appears to be
catecholamines. Immediate activation of the sympathetic nervous
system (SNS) during exercise results in markedly increased levels
of catecholamines in circulating blood (epinephrine, Epi and nore-
pinephrine, NE) (Dimsdale and Moss, 1980) and at the vicinity of
sympathetic nerve synaptic terminals (NE) (Bellinger et al.,
2008). It is well documented that sympathetic nerves densely
innervate cellular compartments of lymphoid organs and the adre-
nal glands. Sympathetic activation during acute stress (Sanders
and Straub, 2002) and exercise (Pedersen and Hoffman-Goetz,
2000; Simpson et al., 2015), or catecholamine infusion (Dimitrov
et al., 2010) influences leukocyte functions. Human leukocytes
including monocytes possess substantial numbers of beta adrener-
gic receptors (b-ARs) (Elenkov et al., 2000; Maisel et al., 1989,
1990). A number of in vitro studies reported blunted LPS-
stimulated production of inflammatory cytokines (i.e., TNF and
IL-1b) by monocytes in the presence of b-AR agonists (Severn
et al., 1992; van der Poll et al., 1996). However, previously
observed catecholamine effects on monocyte cytokine production
were achieved by concentrations of Epi (effective concentration
generating 50% of the effect [EC50] of 1.5 � 10�8 M or higher) or
NE (EC50 of 3.8 � 10�8 M or higher) well beyond physiological
levels found in blood (Farmer and Pugin, 2000; Rontgen et al.,
2004). In fact, there exists a lack of systematic investigation of b-
adrenergic-mediated inhibition of cytokine production by mono-
cytes during exercise or using physiological levels of b-adrenergic
agonists in vitro. Thus, it remains to be answered whether a bout
of moderate exercise inhibits proinflammatory cytokine produc-
tion via sympathoadrenal activation.

Another question remains as to which AR subtype is the main
mediator of the catecholamine effects on monocytic cytokine pro-
duction during acute stress such as exercise. b3-ARs are not
expressed on immune cells (Grisanti et al., 2010), and a-ARs
appear to play little role in the effects of NE on monocytic TNF pro-
duction (van der Poll et al., 1996). The literature includes mixed
evidence on whether cytokine responses by monocytes are medi-
ated by b1-AR (van der Poll et al., 1994; von Haehling et al.,
2005), b2-AR, or both subtypes (Farmer and Pugin, 2000;
Kavelaars et al., 1997; Sekut et al., 1995). This inconsistency may
be attributed to the use of pharmacological doses of NE or Epi, as
aforementioned and large doses of b-antagonists with low b1 vs.
b2 selectivity in some studies (van der Poll et al., 1994; von
Haehling et al., 2005). Limited systematic data of a side-by-side
comparison of the agonists’ effects contributes to the confusion
regarding the b1- versus b2-AR mediation of monocytic cytokine
production during acute stress such as exercise.

Hence, the aims of this study were to investigate the effects of
catecholamines on the LPS-stimulated intracellular TNF production
by monocytes during exercise and the AR subtypes involved.
Firstly, a standardized exercise challenge was employed to investi-
gate the changes in intracellular TNF production by monocytes in
relation with Epi and NE levels during an acute bout of moderate
exercise among healthy volunteers. Beta-adrenergic antagonists
were also used ex vivo to block the effect of catecholamines. This
experiment was followed by a series of in vitro investigations using
physiological doses of b-adrenergic agonists (Epi, NE, and Iso) and
highly specific b1-, b2-, and a-blockers to determine the relative
potency of adrenergic agonists and antagonists in human mono-
cytic TNF production. We hypothesized that the adrenergic activa-
tion during 20-min moderate exercise would have a suppressive
effect on monocytic intracellular TNF production, which would
be blocked by a b2-adrenergic antagonist. These findings would
be reproduced by adrenergic agonists and antagonist treatments
in vitro.
2. Materials and methods

2.1. Intracellular TNF production and detection

The dose of 200 pg/mL LPS (Escherichia coli 0111:B4, catalog #
L4391, Sigma-Aldrich, St. Louis, MO) that is found previously in
bacterial, chronic or recurrent infections (Kiechl et al., 2001;
Wiedermann et al., 1999), was determined 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 h at 37 �C with 5% CO2. To stop extracellular cytokine excretion
an intracellular protein transport inhibitor brefeldin A (10 lg/mL)
was added during the last 3 h of incubation, allowing maximal
intracellular cytokine detection.

Intracellular TNF production of monocytes was evaluated by
multiparametric flow cytometry using fluorochrome-conjugated
antibodies. Briefly, erythrocytes were lysed using ammonium chlo-
ride solution followed by centrifugation (5 min at 500g). The cell
pellet was washed one time with PBS, containing 0.1% azide and
0.5% bovine serum albumin, prior to incubation with monoclonal
antibodies (15 min) for monocyte identification: HLA-DR/PE (BD
Biosciences, San Jose, CA) and CD14/APC (Biolegend, San Diego,
CA). After fixation and permeabilization according to the manufac-
turer’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 sample
on a dual-laser FACSCalibur (BD Biosciences). Monocytes were
identified by scatter parameters and then, CD14 and HLA-DR
labeling (see Fig. 1A for the gating strategy). The percent of the
CD14+HLA-DR+ cell subpopulation that was positive for TNF (‘‘%
TNF+ monocytes”) and the median fluorescent intensity (MFI) of
TNF were assessed. Alterations in the % TNF+ monocytes and MFI
in different in vitro drug treatments are also presented as a percent
of the LPS only control, thereby eliminating inter-individual
differences in numbers of cytokine-producing cells.

Monocytes’ b-AR-mediated responsivity in TNF inhibition was
calculated as the difference in % monocytes for TNF production
between LPS only and LPS plus Iso. This assessment of b-AR-
mediated suppression of LPS-stimulated intracellular expression
of TNF by blood monocytes was termed b-AR-mediated inflamma-
tion control, ‘‘BARIC” (Hong et al., 2015). The greater values of
BARIC indicate greater bAR responsivity and thus, better bAR-
mediated inflammation regulation.
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Fig. 1. Flow cytometric dot plots from a representative subject. Plots show the
identification of TNF positive monocytes in whole blood cells that were either
unstimulated or stimulated with LPS and in either the absence or presence of
10�8 M Isoproterenol (Iso). (A) A gate (G1) is drawn around the monocyte
population based on the forward and side scatter (FSC and SSC) characteristics
(left panel) and the expression of CD14 and HLA-DR antigens (right panel). (B)
Incubation of whole blood cells without LPS resulted only in negligible amount of
intracellular TNF production by monocytes regardless of the absence (left panel) or
presence (right panel) of isoproterenol. (C) LPS-stimulation led to a substantial
activation of monocytes and intracellular TNF production (left panel) which was
inhibited by isoproterenol (right panel). The percentage of the CD14+HLA-DR+ cell
subpopulation that was positive for TNF (% TNF+ monocytes) and the median
fluorescence intensity (MFI; shown in brackets) are indicated.
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2.2. Ex vivo exercise experiments

2.2.1. Participants
Forty seven physically and mentally healthy subjects were

studied. None had medical history of any relevant chronic disease
or mental disorder or showed signs or reports of acute illness. To
confirm eligibility, all subjects underwent blood tests for liver,
metabolic, lipid, and thyroid panels, and a normal resting electro-
cardiogram (ECG) was confirmed. Individuals who had a history
of heart disease, liver or renal disease, diabetes, psychosis, severe
asthma, pregnancy, or ongoing inflammatory diseases (e.g.,
rheumatoid arthritis, multiple sclerosis, lupus), acute illness, and
vaccination in last 7 days were excluded. Volunteers were
recruited from the local community and compensated financially
for their participation. All provided a written informed consent.
The protocol was approved by the Institutional Review Board of
University of California, San Diego.
2.2.2. Exercise tests
Participant’s maximal exercise capacity was determined by

measuring peak oxygen consumption (VO2 peak) by having partic-
ipants exercise on a treadmill (TMX 425C; Trackmaster Fitness,
Eastlake, OH) until maximal exertion (voluntary cessation). The
standard Bruce protocol was used where the speed and grade of
the treadmill increased gradually by 1.7 mph and 10% every
3 min (Hong and Mills, 2008). Subject’s expired gas was analyzed
using 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 Sys-
tems, Milwaukee, WI). Participants returned between 8:30 am
and 9:00 am 7–14 days later to exercise on the treadmill for
20 min at 65–70% of their VO2 peak, normally rated as ‘‘somewhat
hard” on Borg’s perceived exertion scale (Borg, 1970). Blood was
collected before and immediately after the 20-min exercise chal-
lenge through an i.v. catheter inserted into an antecubital vein
using minimal tourniquet. After insertion of the catheter the sub-
jects rested for about 20 min prior to taking the baseline blood
sample to avoid elevation of stress hormones and other factors
simply due to i.v. line insertion. Participants refrained from con-
suming nicotine, caffeine, or alcohol, and from vigorous exercise
24-h prior to the exercise test.
2.2.3. Effect of exercise and a b2-blocker on ex vivo LPS-stimulated
intracellular TNF production

Heparinized whole blood pre- and post-exercise was analyzed
for LPS-stimulated monocytic intracellular TNF production. To
investigate the effects of the catecholamine increase during exer-
cise on LPS-stimulated TNF production, the whole blood was also
pre-incubated with or without b2-blocker ICI 118551
(2.5 � 10�7 M; approximately 500-fold b2 to b1 selectivity (Baker,
2005)) for 20 min prior to stimulation with LPS. In addition, to
examine the responsivity of b-ARs to b-agonist stimulation, sup-
pression of monocytic TNF production by Iso (1 � 10�8 M) BARIC
was analyzed in resting blood samples.
2.2.4. Catecholamine, TNF and IL-6 levels in plasma
Blood for plasma cytokines was drawn in EDTA vacutainers

before and after the exercise and placed on ice. After centrifugation
in a refrigerated centrifuge, plasma was stored at �80 �C until the
assays were done. Plasma levels of TNF and IL-6 were measured
using commercially available enzyme-linked immunosorbent
assay kits (Meso Scale Discovery, Gaithersburg, MD). The intra-
assay variation was 4.5%. Epi and NE levels were determined by
radioenzymatic assay, as described previously (Kennedy and
Ziegler, 1990). The intra- and inter-assay coefficients of variation
for the assay are 6.5 and 11%, respectively.
2.3. In vitro experiments

2.3.1. Participants
Peripheral venous blood (10–20 mL) was obtained from the

antecubital vein of the forearm of six healthy volunteers (4 males,
2 females; mean age 40 years; range 28 to 57 years) at rest in a
seated position into heparinized vacutainers between 9:30 and
10:00 am and kept at room temperature. All provided a written
informed consent. The protocol was approved by the Institutional
Review Board of University of California, San Diego. Given the con-
sistent and large effects of b-agonists and antagonists on TNF pro-
duction by monocytes in the literature, we anticipated that a
sample size of six would result in a power of 0.8 or greater to
achieve the effect size (Cohen’s d) of around 1.5.



Table 1
Demographic characteristics and metabolic responses of the study participants
(n = 47).

Age (years) 40.9 (1.4)
Gender (No. male/female) 26/21
Race (No. Caucasian/others) 27/20
Body mass index (kg/m2) 29.3 (0.9)
VO2 peak (ml/kg/min) 32.5 (1.4)
Borg’s RPE during 20 min exercise 12.1 (0.3)
Heart rate (beats/min) at rest 80.2 (2.1)
Heart rate (beats/min) during exercise 133.3 (2.5)

Values are presented as mean (SEM); VO2 peak, peak oxygen consumption; RPE,
ratings of perceived exertion.
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2.3.2. Blood cell stimulation and treatment with AR agonists and
antagonists

Washed whole blood cells were used to clearly determine the
effects of given concentrations of b-agonists in BARIC. Blood was
diluted by 10-fold with X-VIVO medium (Lonza, Walkersville,
MD) upon drawing, and the supernatant was removed following
centrifugation (5 min at 500g) to bring existing catecholamines
to approximately 3 � 10�11 M Epi, and 2.4 � 10�10 M NE. To inves-
tigate the effects of the b- and a-agonists on the LPS-stimulated
intracellular TNF production, cells were incubated with LPS in
the absence or presence of (�)-Iso (10�11–10�6 M), (�)-Epi
(10�11–10�6 M), or (�)-NE (10�11–10�5 M) (Sigma-Aldrich). To
investigate the effect of subtype-specific b-blockers on the LPS-
stimulated cytokine production, cells were pre-incubated with
CGP 12177A (0–10�5 M, approximately 500-fold b1/b2 selectivity
(Baker, 2005)), ICI 118551 (0–10�5 M, approximately 500-fold
b2/b1 selectivity (Baker, 2005)), or betaxolol (0–10�5 M, approxi-
mately 7-fold b1/b2 selectivity (Baker, 2005)) (all from Sigma-
Aldrich), for 20 min prior to incubation with LPS and b-agonist
Iso (10�8 M). To investigate the effect of a-blockers on the LPS-
stimulated cytokine production, cells were pre-incubated with ICI
118551 (0–10�5 M), phentolamine (Sigma-Aldrich) or both, for
20 min prior to incubation with LPS and b-, a-agonists Epi
(10�8 M) or NE (10�6 M).
2.4. Statistical analysis

The % TNF+ monocytes and MFI are presented as means ± stan-
dard error of the mean (SEM). Normal distribution was confirmed
by the Shapiro-Wilk test for all variables of interest, and the statis-
tical significance was determined at p 6 0.05. In order to test the
effect of exercise on TNF production and catecholamine release,
two-tailed Student’s paired t-tests were performed prFe- to post-
exercise, in the presence or absence of a b2-antagonist. As an
exploratory analysis, Pearson correlations were performed to
examine the associations between the degrees of exercise-
induced inhibition of TNF production and the increase in cate-
cholamine levels pre- to post-exercise. As initial analyses showed
that the exercise-induced inhibition of TNF production was not
associated with age, race, BMI and VO2 peak of the participants
in this sample, no further analyses including these measures were
pursued.

For in vitro data, fitted standard curves were calculated by non-
linear regression using SigmaPlot, and the EC50 was determined as
the concentration of catecholamine required to obtain 50% inhibi-
tion of TNF production. Two-tailed Student’s paired t-tests were
used to assess the reversal effect of a- and b-blockers on
catecholamine-induced TNF inhibition in samples treated with
catecholamine alone vs. samples treated and catecholamine plus
a- and b-blockers. Cohen’s d effect size was calculated by dividing
the mean difference by the standard deviation of the difference.
3. Results

3.1. Ex vivo exercise experiments

3.1.1. Demographic characteristics and metabolic responses and
monocyte numbers during exercise

The demographic data and metabolic responses during exercise
of 47 participants in the exercise study are presented in Table 1.
Circulating monocyte numbers increased from 420 ± 25 cells/ll
pre-exercise to 607 ± 38 cells/ll post-exercise (t (37) = �6.0;
d = �0.99; p < 0.001). This increase in total monocytes also resulted
in an increase of the absolute numbers of monocytes, producing
TNF upon LPS stimulation (197 ± 14 cells per ll pre-exercise to
261 ± 20 post-exercise, t (37) = �4.2; d = �0.69; p < 0.001).

3.1.2. 20-min moderate exercise attenuates LPS-stimulated
intracellular TNF production by monocytes

A bout of 20-min moderate treadmill exercise caused a signifi-
cant decrease in % monocytes producing TNF stimulated by LPS
from 47.1 ± 2.5% pre-exercise to 42.0 ± 2.2% post-exercise (t (47)
= 5.2; d = 0.76; p < 0.001; Fig. 2A, left). This exercise effect of
decreased % TNF-producing monocytes disappeared when the cells
were pre-incubated with a highly specific b2 adrenergic antagonist
ICI 118551 prior to LPS stimulation; similar values of approxi-
mately 49% TNF+ monocytes were observed pre- and post-
exercise (Fig. 2A, right). Interestingly, pre-incubation with ICI
118551 resulted in a significant increase in % TNF+ monocytes for
both pre- and post-exercise samples (p’s < 0.001, as compared to
the condition without ICI 118551). The inhibition of monocytic
TNF production by exercise was also observed for the MFI of TNF
expression levels, indicating reduced average per-cell levels of
TNF production post exercise (t (47) = 3.0; d = 0.43; p < 0.01);
Fig. 2B, left). This MFI suppression also disappeared after the pre-
incubation with ICI 118551 (Fig. 2B, right). ICI 118551 again, led
to a significant increase in MFI for both pre and post exercise sam-
ples (p’s < 0.001). Although absence of LPS stimulation resulted in
minimal intracellular production of TNF by monocytes (Fig. 1B),
exercise led to a significant decrease in % monocytes sponta-
neously producing TNF from 0.41 ± 0.09% pre-exercise to
0.34 ± 0.09% post-exercise (t (47) = 5.6; d = 0.82; p < 0.001). The
absolute number of total monocytes spontaneously producing
TNF did not change significantly pre- to post-exercise by the fact
that the % decrease was offset by the absolute monocytes number
increase as reported above.

3.1.3. 20-min moderate exercise induces no change in TNF but
significant increase in IL-6 and catecholamine levels in plasma

As expected, exercise induced marked SNS activation, as indi-
cated by significantly elevated circulating catecholamine levels.
Epi increased by 40% from 3.0 � 10�10 M (55.3 ± 2.1 pg/ml) pre-
exercise to 4.1 � 10�10 M (74.6 ± 2.5 pg/ml) post-exercise (t (47)
= �9.8; d = �1.5; p < 0.001). NE increased by 30% from
2.4 � 10�9 M (414 ± 16.4 pg/ml) pre-exercise to 3.0 � 10�9 M
(508 ± 20.4 pg/ml) post-exercise (t (47) = �4.0; d = �0.59;
p < 0.001). Plasma TNF levels did not change pre- to post-exercise
(8.6 ± 0.6 pg/ml to 8.6 ± 0.5 pg/ml). Plasma IL-6 levels increased
from 1.47 ± 0.27 pg/ml pre-exercise to 1.61 ± 0.29 pg/ml post-
exercise (t (47) = �2.0; d = �0.29; p = 0.05).

3.2. In vitro experiments

3.2.1. b-AR agonists inhibit LPS-stimulated intracellular TNF
production by monocytes in vitro

To determine the relative potency of Epi, NE, and Iso in regula-
tion of TNF production (‘‘BARIC”) we challenged washed whole



Fig. 2. Effect of exercise on LPS-stimulated intracellular TNF production in
monocytes. (A) Acute exercise results in inhibition of % TNF+ monocytes (left).
The effect disappears when cells are incubated with b2 blocker ICI 118551 (right).
(B) Inhibition of monocytic TNF production by exercise is also observed for the MFI
of TNF (left). The effect, again, disappears when cells are incubated with b2 blocker
ICI 118551 (right). **p < 0.01 for a pre- and post-exercise comparison. ***p < 0.01 for
a pre- and post-exercise comparison or for a comparison between blood cells
treated in the absence vs. presence of ICI 118551.

Fig. 3. Effect of the b-AR agonists isoproterenol (Iso), epinephrine (Epi) and
norepinephrine (NE) on LPS-stimulated intracellular TNF production by monocytes.
Washed whole blood cells from 6 healthy donors were stimulated with LPS
(200 pg/mL) in the absence or presence of isoproterenol (10�11–10�6 M), epinephr-
ine (10�11–10�6 M) or norepinephrine (10�10–10�5 M). Data are presented as mean
values ± SEM. (A) The % TNF+ monocytes, (B) the % TNF+ monocytes expressed as %
of the LPS only control (without b-AR agonists), (C) the MFI of monocytic TNF
expression and (D) the MFI as % of the LPS only control. The fitted standard curves
are calculated by nonlinear regression using SigmaPlot.
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blood cells with LPS in the presence or absence of a b-AR agonist
Iso and b- and a-agonists Epi and NE in broad range of concentra-
tions (10�11–10�5 M) in vitro. The % TNF+ monocytes was reduced
by all AR agonists in a dose-dependent and agonist-specific man-
ner (Fig. 1C for Iso effects of a representative subject). The effective
concentration generating 50% of the effect (EC50) was
4.7 � 10�10 M for Iso, 1 � 10�9 M for Epi – 2 times higher than
the EC50 of Iso, and 4.3 � 10�8 M for NE – 100 times higher than
the EC50 of Iso (Fig. 3A). The maximum suppression of TNF produc-
tion was reached at Iso and Epi concentrations of 10�8 M, which
reduced the % TNF+ monocytes to 42% of those in the absence of
Iso or Epi (Fig. 3B). In the presence of Iso and Epi at the concentra-
tion of 3.16 � 10�10 M the % TNF+ monocytes was 76% and 90% of
those in the absence of Iso (t (6) = 6.3; d = 2.6; p < 0.01) and Epi
(t (6) = 5.6; d = 2.3; p < 0.01), respectively (Fig. 3B). NE also reduced
the % TNF+ monocytes, although with significantly less potency.
The inhibition produced by NE alone first reached significance at
the concentration of 10�8 M, and the maximum inhibition was
achieved at 10�6 M, which reduced the % TNF+ monocytes to 45%
of those without NE (t (6) = 10.5; d = 4.3; p < 0.001).

The inhibition of monocyte TNF production by Iso, Epi and NE
was also observed for the MFI in a dose-dependent and agonist-
specific manner. Compared to the % TNF+ monocytes, MFI values
appeared more reflective of the inhibitory effect of catecholami-
nes: the EC50 was 2.1 � 10�10 M for Iso, 4.4 � 10�10 M for Epi – 2
times higher than the EC50 of Iso, and 2.6 � 10�8 M for NE – 100
times higher than the EC50 of Iso (Fig. 3C). Reduction of TNF first
became significant at a concentration of 1 � 10�10 M for both Iso
and Epi and at 10�8 M of NE (t (6) = 3.6; d = 1.5; p < 0.05, t (6)
= 4.4; d = 1.8; p < 0.01, t (6) = 2.9; d = 1.2; p < 0.05, for Iso, Epi and
NE, respectively). Maximum inhibition was achieved at Iso and
Epi concentrations of 10�8 M, and a NE concentration of 10�6 M,
which reduced MFI to 25%, 25% and 26%, respectively, of those
without b-AR agonists (Fig. 3D).
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3.2.2. b-AR antagonists block the inhibitory effect of Iso on LPS-
induced intracellular TNF production by monocytes in a b-AR subtype-
specific manner

With the use of b-AR antagonists with varying specificity, the
b-AR subtypes mediating the TNF inhibition by Iso was investi-
gated via competition assays. Washed whole blood was pre-
incubated with increasing amounts of either CGP 12177A (highly
selective b1 blocker, in 10�10–10�5 M), ICI 118551 (highly selective
b2-blocker, in 10�10–10�5 M) or betaxolol (b1-blocker with rela-
tively low b1/b2 selectivity, in 10�10–10�5 M), prior to the addition
of Iso (10�8 M) and LPS (200 pg/mL). There was no difference in %
TNF+ monocytes between cells treated with LPS only (without Iso
or antagonists) and the cells treated with LPS and CGP 12177A,
ICI 118551 or betaxolol without Iso (Fig. 4). In the presence of
Iso, the previously seen suppression of % TNF+ monocytes was
gradually reversed in accordance with increasing amounts of a
b2-blocker, ICI 118551, and reached the levels of those without
Iso at the concentration of 10�6 M (Fig. 4B). In contrast, a
b1-blocker CGP 12177A did not reverse the effect of Iso (Fig. 4A).
Betaxolol inhibited the effect of Iso only when used in very high
concentration at 10�5 M, an effect most likely achieved through
its b2-blocking activities (Fig. 4C). The same results for all b-
blockers were observed for the MFI values (results are not shown).
These findings suggest that b-agonist inhibition of LPS-induced
intracellular TNF production in monocytes is mediated by ARs of
the b2 subtype.
Fig. 4. b2-AR but not b1-AR antagonists reverse the inhibitory effect of Isoproterenol
(Iso) on LPS-induced intracellular TNF production by monocytes. Washed whole
blood cells from 5 healthy donors were pre-incubated with (A) CGP 12177A (highly
selective b1-blocker, 0–10�5 M), (B) ICI 118551 (highly selective b2-blocker, 0–
10�5 M) or (C) betaxolol (b-blocker with low b1/b2 selectivity, 0–10�5 M) for 20 min
prior to incubation with LPS (200 pg/mL) and isoproterenol (10�8 M). Results are
expressed as mean ± SEM of % TNF+ monocytes. Black bars (left) indicate cells
treated with LPS plus isoproterenol, and clear bars (right) indicate cells treated with
LPS only as references (without blockers). ICI 118551 and high concentrations of
betaxolol, but not CGP20712A (black circles) reversed the inhibitory effect of Iso
(*p < 0.05; **p < 0.01; ***p < 0.001). Blockers did not affect LPS-stimulated TNF
expression by themselves (clear circles).
3.2.3. ICI 118551, but not a-AR antagonist phentolamine reverses the
inhibitory effect of Epi and NE on LPS-induced intracellular TNF
production in monocytes

In addition to their b-adrenergic effects, Epi and NE exert
a-adrenergic activity. Thus, the potential role of a-adrenergic
activity of Epi and NE in the modulation of TNF production was
examined using ICI 118551 and a-AR antagonist phentolamine in
competition assays. Washed whole blood cells were pre-
incubated with increasing amounts of either ICI 118551
(10�10–10�5 M), phentolamine (10�10–10�5 M) or both, prior to
the addition of 10�8 M Epi or 10�6 M NE and 200 pg/mL LPS. There
was no difference in the % TNF+ monocytes between blood treated
with LPS only (without Epi or antagonists) and the blood treated
with LPS and ICI 118551 or phentolamine (Fig. 5). In the presence
of Epi, the previously seen suppression of the % TNF+ monocytes
was gradually reversed in accordance with increasing amounts of
ICI 118551, and reached the levels of those without Epi at the ICI
118551 concentration of 10�7 M (Fig. 5). In contrast, phentolamine
did not affect the inhibitory effect of Epi (Fig. 5). The addition of ICI
118551 together with phentolamine to cells incubated with LPS
and Epi resulted in the % TNF+ monocytes similar to those found
after the addition of ICI 118551 alone. The same results were also
found when NE was used instead of Epi. These findings show that
a-adrenergic activity of Epi and NE did not play a role in modula-
tion of monocytic TNF production.
3.2.4. Association between exercise-induced inhibition of monocytic
intracellular TNF expression and increased b-AR agonists in vivo and
b-AR sensitivity in vitro

To explore whether the degree of exercise-induced inhibition of
% TNF+ monocytes was directly associated with the increases in
catecholamine levels, we examined Pearson correlation coeffi-
cients between the difference in % TNF+ monocyte and increases
in catecholamine levels pre- to post-exercise. Exercise-induced
inhibition of % TNF+ monocytes did not correlate with the pre- to
post-exercise change in Epi or NE levels (r = 0.12, p = 0.44;
r = �0.20, p = 0.19, for Epi and NE, respectively). Additional analy-
ses showed that the magnitude of exercise-induced inhibition of
% TNF+ monocytes was positively correlated with BARIC at rest
(r = 0.49, p < 0.001).

4. Discussion

Previous in vivo studies report inconsistent results in the effects
of acute exercise on TNF production, and in vitro studies demon-
strate inhibitory effects of catecholamines on TNF production only
in concentrations well beyond physiological levels. We show that a
short single bout of 20-min moderate treadmill exercise has an
inhibitory effect on both LPS-stimulated and spontaneous % mono-



Fig. 5. b2-AR antagonist, ICI 118551, but not a-AR antagonist, phentolamine,
reversed the inhibitory effect of epinephrine (Epi) on LPS-induced intracellular TNF
production by monocytes. Washed whole blood cells from 4 healthy donors were
pre-incubated with ICI 118551 (0–10�5 M, circles) or phentolamine (0–10�5 M,
diamonds) for 20 min prior to incubation with LPS (200 pg/mL) and epinephrine
(10�8 M). Results are expressed as mean ± SEM of % TNF+ monocytes. The black bar
(left) indicates cells treated with LPS plus epinephrine, and the clear bar (right)
indicates cells treated with LPS only as references (without blockers). ICI 118551
(black circles) reversed the inhibitory effect of Epi when compared to the control
without Epi (clear circles; yp < 0.05; yyyp < 0.001). Whereas, phentolamine treatment
(black diamonds) did not reverse the inhibitory effect of Epi compared to the
control without Epi (clear diamonds; ***p < 0.001). There was no effect of phento-
lamine on TNF expression. Of note, the values of LPS plus ICI 118551 (clear circles)
and LPS plus phentolamine (clear diamonds) treatments overlap greatly.
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cytic intracellular TNF production and per cell production ex vivo as
measured by flow cytometry with moderate to large effects. We
also conclude that this inhibitory effect of exercise on TNF produc-
tion is mediated by increased catecholamine levels via b2-ARs since
the exercise effect disappears when cells are treated with b2-
adrenergic antagonists. These findings further the current knowl-
edge of the anti-inflammatory function of acute exercise and its
mechanisms. Our investigation also corroborate previous findings
that the primary cytokine released in the circulation during and
after acute moderate exercise is IL-6 (Mathur and Pedersen,
2008; Petersen and Pedersen, 2006; Starkie et al., 2003), whereas
circulating levels of TNF are often unaffected. It is unclear if this
discrepancy in cellular production of TNF and its levels that are
detectable in circulating blood pre- to post-exercise is indicative
of differential effects of Epi on stimulated intracellular production
versus endogenous release of TNF, or indicative of differing Epi
effects on various cellular sources. In addition, it should be also
noted that in spite of decreased % TNF-producing monocytes and
per-cell TNF production levels pre to post exercise the absolute
numbers of TNF+ monocytes unchanged or increased due to
exercise-induced monocytosis and hemoconcentration. Nonethe-
less, the results of a decreased proportion and per-cell based
TNF-production by monocytes upon an immunological challenge
support anti-inflammatory effects of exercise.

Regular exercise has a protective role against chronic metabolic
and cardiovascular diseases, in part due to its anti-inflammatory
effect. These disorders have been associated with chronic low-
grade systemic inflammation, which includes the increase of TNF
production, for example by activated macrophages in adipose tis-
sue. Inflammation is also key pathophysiology in insulin resistance
and atherosclerosis. The present evidences for the anti-
inflammatory role of regular exercise has been recently reviewed
(Gleeson et al., 2011). Furthermore, now it is understood that each
bout of exercise induces anti-inflammatory environment, includ-
ing increased production of IL-6 by myokines that is able to sup-
press TNF (Petersen and Pedersen, 2005; Starkie, 2003);
inhibition of adipose tissue infiltration by monocytes and macro-
phages; reduced expression of Toll-like receptors on monocytes
and macrophages; phenotypic switching of macrophages within
adipose tissue; and an increase in the circulating numbers of T reg-
ulatory cells (Gleeson et al., 2011). Our current findings add cate-
cholamines to this list of acute exercise-induced mediators that
have anti-inflammatory effect and thereby might have a protective
role against chronic inflammatory diseases.

The magnitude of the exercise effect on TNF was comparable to
those seen in our in vitro experiments with 3.16 � 10�10 M Epi or
1 � 10�8 M NE. Given that the exercise raised levels of Epi from
3 � 10�10 to 4.7 � 10�10 M (�55 to 90 pg/mL) and NE from
2.6 � 10�9 to 3.2 � 10�9 M (�450 to 550 pg/mL) among our partic-
ipants, endogenous Epi, released by the adrenal medulla during
SNS activation, supposedly contributed to the acute exercise-
induced suppression of the LPS-stimulated intracellular TNF
production by peripheral blood monocytes. However, the
exercise-induced inhibition of the intracellular TNF production
did not correlate to the increase in plasma Epi levels pre- to
post-exercise, which may be attributed to the individual variability
in the sensitivity of the b-ARs on monocytes. It can be speculated
that the overall SNS over-activation indicated by greater Epi
release during exercise may have contributed to attenuated sensi-
tivity to b-ARs. Indeed, our exploratory analysis showed greater b-
AR sensitivity to 10�8 M Iso at rest, resulting in greater inhibition
of TNF production, was positively correlated with the degree of
inhibition in TNF production by exercise. These data also imply
the promising utility of b-adrenergic agonist-stimulated monocytic
intracellular TNF production as a method to assess AR-mediated
regulation of cytokine production in relation to various health
and disease-related factors. Particularly, we have shown better
AR-mediated inflammation regulation by monocytes among indi-
viduals with higher physical fitness levels (Hong et al., 2014),
which have been correlated with a decreased sympathetic tone
and low catecholamine levels at rest (Mueller, 2007) and therefore
might have an increased AR responsiveness.

Although elevated NE levels were also found in blood during
acute exercise, NE is less likely to be a contributor in the inhibition
of circulating monocytes’ intracellular TNF production we
observed, as our in vitro data indicate the effectiveness of NE only
in concentrations well beyond those found in blood. At the same
time, the overall role of NE cannot be disregarded, as the spleen,
which is richly innervated by sympathetic nerves (Bellinger et al.,
2008; Elenkov et al., 2000; Madden, 2003) and has been recently
identified as a reservoir of activated monocytes (Mebius and
Kraal, 2005), appears to be one of the major compartments from
which immune cells traffic to peripheral blood during acute stress
(Dhabhar et al., 2012) and exercise (Nielsen et al., 1997). We have
also shown that non-classical monocyte subset (identified by
CD14dim cells) more readily traffic to the circulation during moder-
ate exercise (Hong and Mills, 2008), while intracellular TNF levels
in these monocytes significantly decreased pre- to post-exercise
(Dimitrov et al., 2013). The demargination response during acute
stress is likely to be mediated by high splenic levels of NE released
from sympathetic nerves via b2-ARs in spite of low affinity. In addi-
tion, production of Epi from NE by immune cells themselves may
be plausible, given the evidence of extra-adrenal production of
Epi (Kennedy et al., 1995). Thus, the independent or combined role
of Epi and NE in the inhibition of monocytic cytokine production
via b2-ARs during acute stress remains to be further clarified.

The impact of exercise on immune cells and its biological impli-
cations should be evaluated with both cell function and redistribu-
tion in consideration. Catecholamines inhibit cytokine production
in monocytes on a per cell basis, while it leads to cellular mobiliza-
tion into the blood, hence increased cell numbers (Dimitrov et al.,
2010). Both effects are mediated via signaling cascade that involves
b2-ARs and increase in cyclic AMP production. On a functional level



S. Dimitrov et al. / Brain, Behavior, and Immunity 61 (2017) 60–68 67
the exercise effect is inhibitory, on a cellular the effect depends lar-
gely on the post-exercise traffic of monocytes, e.g., in the wounded
tissue, back to the marginal pool, in the adipose tissue, in the bone
marrow, etc. Human studies on the post-exercise redistribution of
immune cells to different tissue compartments are largely lacking.
Animal studies suggest that exercise may limit the traffic of
immune cells into inflamed adipose tissue via different mecha-
nisms, which would have an anti-inflammatory effect (Gleeson
et al., 2011). The cells instead probably traffic post-exercise back
to the marginal pool and place of infections and injury (Dhabhar
et al., 2012).

Systematic comparisons of differing Epi and NE effects on TNF
production by monocytes in relation to AR subtypes is lacking in
the literature. The relative degrees of binding affinity and cyclase
stimulation are Iso > NE = Epi for b1 receptors, Iso � 2xEpi� NE
for b2 receptors, and Iso > NE > Epi for b3 receptors in CHO cells
transfected with b1, b2 or b3 human AR subtypes (Hoffmann
et al., 2004). Our in vitro findings in differing potency of agonists
and antagonists (Iso = 2xEpi� NE) further confirm our conclusion
that the effects of catecholamines on monocytic TNF production
during exercise are mediated by b2-ARs. Studies using highly speci-
fic antagonists report findings that are in agreement with ours
(Farmer and Pugin, 2000) yet, the regulatory role of b1-AR in TNF
production is reported in studies that employed high doses of b1-
antagonists (i.e. metoprolol, bisoprolol) with poor b1/b2 specificity,
thus presumably blocking b2-ARs (van der Poll et al., 1994). Our
findings of betaxolol, a b1-blocker with greatly diminished b1/b2
specificity (Baker, 2005) strongly suggest such by exhibiting its
effect against Iso in TNF inhibition only at a very high concentra-
tion, 10�5 M. But, a highly selective b1-antagonist CGP 12177A
had no effect even at the highest concentration, 10�5 M. In addition
to their b-AR mediated activity, Epi and NE are shown to potentiate
LPS-stimulated TNF production in macrophages via binding to a-
ARs (Spengler et al., 1990). However, our results of little difference
in TNF production upon b2- and a combination of a- and b2-
blockers demonstrate that acute exercise effects on TNF production
by peripheral blood monocytes via a-ARs is unlikely. This might be
explained by the fact that in contrast to macrophages, monocytes
don’t express substantial numbers of a-ARs (Rouppe et al., 1999).

The lowest concentrations of Epi found to inhibit LPS-induced
TNF production in previous studies were 10�5 M (Rontgen et al.,
2004), 10�7 M (van der Poll et al., 1996), or 10�7 to 10�8 M (for
THP-1 cells and whole blood cells, respectively) (Severn et al.,
1992). The minimum effective concentration reported for NE varies
from 10�5 to 10�8 M, depending on the method and the concentra-
tion of LPS used (Rontgen et al., 2004; van der Poll et al., 1994; von
Haehling et al., 2005). In contrast we have found that Iso and Epi in
concentrations of 1 � 10�10 M and NE at 10�8 M already inhibit
monocytic TNF. The maximum inhibition in our study was
achieved at relatively low concentrations of 10�8 M Epi and
10�6 M NE. This discrepancy in effective agonist concentrations
may be in part attributed to a smaller dose of LPS we used for stim-
ulating the cells, 0.2 ng/mL compared to 1 to 1000 ng/mL typically
used in previous studies. The greatest inhibitory effect of NE on
TNF production is also observed in studies using low concentra-
tions of LPS of 0.2 ng/mL (Rontgen et al., 2004) or 1 ng/mL (van
der Poll et al., 1994) compared to higher doses. Given that the inhi-
bitory effects of catecholamines on monocytic TNF production are
less pronounced when high concentrations of LPS are used and that
levels of 200 pg/mL are more likely to be clinically relevant (Kiechl
et al., 2001; Wiedermann et al., 1999), optimal antigen concentra-
tions should be used when designing such experiments.

Findings from our study together provide comprehensive
evidence that the elevation of circulating levels of Epi during
20-min moderate exercise inhibits spontaneous and LPS-
stimulated intracellular production of TNF by blood monocytes
mediated by b2-ARs. Given the suggested anti-inflammatory effects
of exercise to combat many inflammatory diseases, the evidence of
cytokine modulatory effect of relatively brief and moderate-
intensity exercise is promising. It should be noted that our study
is not to disregard the anti-inflammatory role of other hormones
or cytokines such as glucocorticoids/cortisol (Petrovsky and
Harrison, 1998), IL-6 and IL-10, which are also elevated during
acute exercise (Mastorakos et al., 2005; Starkie et al., 2003). It is
also of note that our findings of monocytic TNF production refer
to intracellular levels of TNF in the presence of a protein transport
inhibitor, which may or may not directly reflect the TNF levels that
would have been secreted. Furthermore, because our investigation
was in healthy individuals clinical implications of our evidence of
the inhibitory effect of catecholamines on TNF production for indi-
viduals with chronic infections or inflammatory disease should be
considered with caution. Given the pivotal role of TNF in low-grade
inflammation in various pathological conditions (Branen et al.,
2004; Groeneveld et al., 2006; Mathur and Pedersen, 2008;
Petersen and Pedersen, 2006), future investigation of how and to
what extent exercise-induced catecholamine release leads to
potential down-modulation of TNF production in chronic inflam-
matory diseases is warranted.
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