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ABSTRACT

Introduction: The amount of active muscle mass can influence the acute inflammatory
response to exercise, associated with reduced risk for chronic disease. This may affect those
restricted to upper body exercise, for example due to injury or disability. The purpose of this
study was to compare the inflammatory responses for arm exercise and intensity-matched
leg exercise.

Methods: Twelve male individuals performed three 45-min constant load exercise trials
following determination of peak oxygen uptake for arm exercise (VOzpeak A) and cycling
(VOzpeak c): (1) arm cranking exercise at 60%V Ozpeak A; (2) moderate cycling at 60%VOzpea
c; and (3) easy cycling at 60%VOzpeak A. Cytokine, adrenaline and flow cytometric analysis
of monocyte subsets were performed before and up to 4h post exercise.

Results: Plasma IL-6 increased from resting concentrations in all trials, however, post
exercise concentrations were higher for arm exercise (1.73+1.04pg-mL?) and moderate
cycling (1.73+0.95pg'mL?) compared with easy cycling (0.87+0.41pg-mL* P<0.04).
Similarly, the plasma IL-1ra concentration in the recovery period was higher for arm
exercise (325+139pg-mL?) and moderate cycling (316+128pg-mL™) when compared with
easy cycling (245+77pg-mL?,P<0.04). Arm exercise and moderate cycling induced larger
increases in monocyte numbers and larger increases of the classical monocyte subset in the
recovery period than easy cycling (P<0.05). The post-exercise adrenaline concentration was
lowest for easy cycling (P=0.04).

Conclusions: Arm exercise and cycling at the same relative exercise intensity induces a
comparable acute inflammatory response; however, cycling at the same absolute oxygen
uptake as arm exercise results in a blunted cytokine, monocyte and adrenaline response.
Relative exercise intensity appears to be more important to the acute inflammatory response

than modality, which is of major relevance for populations restricted to upper body exercise.
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INTRODUCTION

Cytokines can serve as markers of inflammation, and some have been associated with pro-
inflammatory (e.g. interleukin-6 (IL-6), TNF-a), others with anti-inflammatory properties
(e.g. IL-10, IL-1ra) (10). Similarly, due to their differential expression of inflammatory
markers, monocyte subsets have come into focus to be used as markers of inflammation,
CD16-positive monocytes classed as pro-inflammatory due to their limited ability to
produce significant amounts of 1L-10 (9, 37) but their capacity to produce large amounts of
TNF-a (2, 36). In this context, it is important to note that acute and chronic changes in
inflammatory markers are not necessarily a result of tissue damage or sepsis; inflammatory
markers can be modulated by a range of factors such as stress (e.g., exercise stress), or

catecholamines (10).

Exercise is effective in inducing both acute changes in markers of inflammation and
monocyte subset numbers. For example, a bout of exercise can acutely increase pro-
inflammatory cytokines such as IL-6 (26). Similarly, the pro-inflammatory monocyte
subtype is selectively up-regulated immediately following exhaustive exercise (32, 34).
Importantly, the first increase in pro-inflammatory markers is followed by longer lasting
rises in anti-inflammatory cytokines such as IL-1ra or IL-10 (26). This induction of an anti-
inflammatory environment has been suggested to be one of the factors by which exercise
may be beneficial in chronically improving an individual’s inflammatory status. As a
consequence, exercise may represent an effective method in reducing illness risk of
conditions associated with inflammatory etiology, such as cardiovascular disease or type 2

diabetes (10).
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In addition, exercise can affect leukocyte chemotaxis (20, 35). This may in part be mediated
by exercise-induced increases of plasma concentrations of monocyte chemotactic protein 1
(MCP-1), which affects monocyte chemotactic behavior (18, 20). The exercise-induced
systemic chemokine increase may disrupt concentration gradients required for chemotaxis
(18), rendering monocytes more sensitive to chemo-attractants. For example, monocyte
migration activity towards a given amount of MCP-1 can increase following exposure to

exercise-induced metabolites such as cortisol (20).

Both the recruitment of CD16-positive monocytes into the circulation (32) and increased
concentrations of IL-6 (31) are dependent on adrenergic activation, and catecholamines can
independently induce increases in those markers. A major source of IL-6 is contracting
muscle, which explains the positive relationship of exercise time and intensity (also
associated with adrenergic activation) on circulating plasma IL-6 concentrations (26).
However, the effect of involved muscle groups on inflammatory responses has not been
studied in great detail. A number of previous upper body exercise interventions failed to
increase IL-6 over pre-exercise levels which was suggested to be potentially due to the
limited muscle mass investigated (26). However, the exercise stimuli of these interventions
were rather low in intensity (3) or involved intense but very brief exercise of the elbow
flexors only (13, 19), drastically reducing the muscle mass available in the upper limbs and
reducing the time component which is crucial to the IL-6 response (26). Conversely, Helge
et al. (12) report a higher IL-6 release from the arms when compared with the legs during
whole-body exercise. Also, more recent investigations using upper body exercise bouts of at

least 20 min demonstrate an acute cytokine response (16, 21, 22, 33).
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To date, the inflammatory effects of upper body exercise with intensity-matched lower body
exercise have not yet been compared, and it is hence not possible to transfer any findings
derived from lower body exercise into upper body exercise modalities. This is of critical
importance for populations that are restricted to these modalities, for example those with a
permanent disability or acute injury affecting the lower limbs. Importantly, these more
sedentary populations may particularly benefit from potential anti-inflammatory effects of

exercise due to their elevated pro-inflammatory resting profile (6).

Therefore, the aim of this study was to compare the inflammatory effects of arm exercise
and cycling, which were matched for (1) relative and (2) absolute intensities. (1) For the
modalities matched for relative intensities, we hypothesize a similar inflammatory response
due to the similar exercise strain. (2) For cycling exercise performed at the same absolute
intensity as arm exercise, we hypothesize a blunted inflammatory response due to the lower

exercise strain.

METHODS

Participants. Twelve recreationally trained male individuals (age: 25 * 4 years; body mass:
76 + 9 kg; VOzpea for arm exercise (VOzpeak a): 2.41 + 0.46 L-min 32.1 + 6.0 mL-kg*-min-
L VOgpeak for cycling (VOzpeak c): 3.48 + 0.57 L-min? 46.2 + 6.8 mL-kg*-min™?) gave
written informed consent to participate in this study, which was approved by the
University’s Ethics committee. Their recreational sports were American football (N=1),
cricket (N=1), football (N=3), rugby (N=1), running (N=3), tennis (N=2) and volleyball
(N=1) with an average weekly training load of 4.0 + 1.2 h-week ™.

Experimental design. Participants visited the laboratory on five occasions for two

preliminary and three main trials, which were separated by 3 to 10 days. Initially, body mass
6
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and height were determined using scales (model 770, seca, Birmingham, UK) and a
Leicester height measure (seca, Birmingham, UK). In the two preliminary trials (visits 1 and
2), VOzpeak Was determined for arm exercise (VOzpeak A) UsSing an arm crank ergometer
(Angio, Lode, Groningen, Holland) or for cycling exercise (VOzpeak c) Using a cycle
ergometer (Excalibur, Lode Groningen, Holland) in a randomized order. For this,
participants performed a graded exercise test to exhaustion, with an initial power output of
35 W (arm exercise) and 70 W (cycling), respectively; power output was then increased
every three minutes by 15 W (arm exercise) or 30 W (cycling) until exhaustion. Arm
exercise was performed in a seating position, the center of the crank at shoulder level with
arms slightly flexed at maximum reach, cycling with legs slightly flexed at maximum reach.
The data of the preliminary tests were used to determine the respective workloads for all

main trials, and settings were noted and used for all main trials.

Main trials were performed in a randomized order after a 24 h food standardization period
without caffeine and with no exercise allowed 24 h before the experiments. To account for
diurnal variations of some of the measured variables (11, 28), exercise tests were performed
in the morning (start: 07:45-09:15) for all participants and at the same time of day for each
individual participant. Main trials consisted of 45 min of steady state exercise using the
following modalities: (1) arm exercise at 60%VOzpeak A; (2) cycling at 60%VOzpeak c; and (3)
cycling at 60%VOzpeak A. A five minute warm-up was performed at 50% of the start load
before each condition. Oxygen uptake was determined in five minute intervals and power
output was adjusted if necessary. For all experiments, oxygen uptake was determined using
Douglas bags and a gas analyzer (Servomex 1440, Servomex Ltd, Crowborough, UK), and
heart rate was continuously monitored using a Polar RS400 (POLAR, Kempele, Finland)

monitor. Participants further indicated their rating of perceived exertion (RPE) on a scale
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ranging from 6 to 20 (4). Water during exercise was given ad libitum, water intake in the
post-exercise period was recorded and replicated for the remaining main trials; food and
other drinks than water were not allowed during the main trials.

Ten participants were invited to the laboratory for a 4™ main trial, which consisted of a 45
min rest period instead of the exercise intervention to carry out monocyte subpopulation
analysis at rest.

Blood collection. Participants were lying in a supine position for venous blood sample
collection. Blood was collected into KsEDTA (for hematology and plasma marker analysis)
and heparin (for flow cytometry) containers from a superficial arm vein by venipuncture.
Collection times were before, immediately after, and at 2 h and 4 h after exercise. Apart
from the collection immediately after exercise, participants rested on a bed for 10 min
before the sample was taken.

Hematology. Monocyte numbers, hemoglobin and the hematocrit in whole blood were
determined immediately after collection using an automated hematology analyzer (Coulter
Ac-T 5diff OV; Beckman Coulter, High Wycombe, UK). Blood volume changes were
estimated from hemoglobin values (7) and monocyte numbers corrected for changes in
blood volume.

Plasma markers. Following centrifugation (10 min at 3000 rpm and 4°C) plasma was
stored at -20 °C until analysis. The following analytes were determined in duplicate by
enzyme-linked immunosorbent assay (ELISA): IL-6, IL-1ra, MCP-1 (R&D systems,
Minneapolis, US), cortisol (DRG Instruments GmbH, Marburg, Germany), and adrenaline
(IBL International GmBH, Hamburg, Germany). The within assay co-efficient of variation
for the analyses performed were (means = SD): IL-6 8.0 + 7.7%, IL-1ra 2.0 + 2.2%, MCP-1
2.2 £ 1.5%, cortisol 2.7 + 2.1%, and adrenaline: 4.1 £ 3.9%. As the focus of this study was

on plasma marker concentration affecting monocytes and other effectors rather than
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determining the fold change of plasma marker production, plasma concentration was not
corrected for plasma volume changes.

Flow cytometry. The following fluorochromes were used in this study: PE-conjugated
CD16; Alexafluor®647-conjugated CD192 (also known as CCR2, the chemoreceptor
binding monocyte chemoattractant proteins); IgG2b,x AlexaFluor®647-conjugated isotype
control (BD, Oxford, UK); and PerCP-conjugated CD14 (abcam, Cambride, UK). Within 2
h of sample collection (28), whole blood (120 pL) was incubated with the above
fluorochromes in duplicate: (1) CD14, CD16, CD192; (2) CD14, CD16, AlexaFluor®647
isotype control. Labelling was carried out on ice for 20 min, followed by lysis with FACS
lysis buffer (BD, Oxford, UK) and incubation in the dark for another 10 min. Samples were
then centrifuged for 6 min at 3800 rpm, the supernatant was removed and the cell pellet re-
suspended with 1.5 mL ice-cold PBS. The centrifugation and supernatant removal steps
were repeated, and the cell pellet was re-suspended in 400 uL ice-cold PBS for immediate
analysis with the flow cytometer (FACSCalibur equipped with the CellQuest software

package, BD Biosciences, Oxford, UK), collecting 100,000 events per sample.

Monocyte subsets (classical: CD14++CD16-, intermediate: CD14++CD16+, non-classical:
CD14+CD16++ (36)) were determined using the refined gating approach as outlined by
Ziegler-Heitbrock and Hofer (38), and their relative fraction was computed. Geometric
mean of fluorescence intensity (GMFI) was determined, and receptor expression
(percentage of cells) was determined by overlaying and subtracting the receptor distribution
from the isotype control distribution.

Statistical analyses. The SPSS 21.0 statistical package (SPSS Inc., Chicago IL, USA) was
used for all statistical analyses. We used the arm crank trial data from Paulson et al. (21) as
a foundation for our power calculations. Using GPower 3.1.9.2, we calculated we would

need 12 participants to detect a similar change in plasma IL-6 concentration in a repeated

9
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measures design with 3 conditions and 4 measurement time points, with an effect size of

0.74, 90% power, and an a of 5%.

Means and standard deviations were computed for all variables, and normality was checked
with the Shapiro Wilk test. Non-normal data were converted using inverse or logarithmic
transformations to achieve normality. A repeated measures two-way (exercise modality,
time) analysis of variance (ANOVA) was conducted on normally distributed blood derived
variables. To compare CCR2 expression and density between monocyte subsets, a repeated
measures two-way (exercise modality, subset) ANOVA was conducted on pre data. Huynh-
Feldt corrections were applied when sphericity was violated and Sidak adjustments applied
for post-hoc comparisons. Data showing significant interaction effects were further analyzed
with repeated measures ANOVAs, focusing on time points standing out following visual
inspection of plotted data. Non-normal data that were impossible to convert to achieve
normality were analyzed using Friedman tests and repeated, Bonferroni corrected Wilcoxon
signed rank tests. Physiological exercise descriptors were analysed using a one-way
(exercise modality) repeated measures ANOVA or the non-parametric equivalents for non-

normal and RPE data. Statistical significance was accepted at P < 0.05.

RESULTS

Cytokine and chemokine responses. In all trials, plasma IL-6 increased from resting
concentrations (P < 0.01), however, an exercise x time interaction (P = 0.04) indicated a
more pronounced increase immediately post exercise for arm exercise and moderate cycling
compared with easy cycling (Figure 1). Similarly, resting plasma IL-1ra concentration rose
to higher values for both arm exercise and moderate cycling in the recovery period when

compared with easy cycling (P<0.05). The MCP-1 plasma concentration increased from pre

10
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to post but was significantly reduced in the recovery period (P<0.05), but no modality
difference was found (P = 0.81). Increases in adrenaline from pre to post exercise were
found for all modalities (P<0.001), but the post-exercise adrenaline concentration was
higher for arm exercise than for easy cycling (P=0.02, Table 1). The plasma cortisol
concentration was lower in the recovery period for all exercise modalities (P<0.05), with no
difference between modalities (Table 1).

Blood and plasma volumes were reduced for all exercise modalities and rest at post
exercise, with no significant exercise x time interaction effect (P = 0.16 and 0.19 for blood
and plasma volume, respectively; Table 1).

Monocyte responses. Monocyte numbers were increased in response to all exercise
interventions (P < 0.05), however, easy cycling resulted in a blunted response (Figure 2).
When compared with easy cycling, arm exercise and moderate cycling also induced a larger
increase of the classical monocyte subset in the recovery period. All exercise modalities
induced a reduction in the intermediate and pro-inflammatory monocyte subset in the
recovery period.

Analyzing exercise trials together with the resting trial, no exercise x time interaction effects
were found for CCR2 (P > 0.21) implying a similar development over time for all
modalities. Both CCR2 cell expression and CCR2 GMFI differed between monocyte
subsets, and a general decrease of those variables was found in all monocyte subsets in the
recovery period (Figure 3, Table 2).

Exercise responses. The exercise intervention resulted in distinctively different
physiological and psychophysiological responses, the lowest heart rate and rating of
perceived exertion values found for easy cycling (Table 3). Arm exercise and easy cycling
did not differ with regards to absolute oxygen uptake; arm exercise and moderate cycling

did not differ with regards to their respective relative oxygen uptake.

11
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DISCUSSION

The main finding of this study was that arm exercise and cycling at the same relative
exercise intensity induces a comparable acute systemic inflammatory response; however,
cycling at the same absolute oxygen uptake as arm exercise results in a blunted response.
This is evidenced for IL-6 and IL-1ra plasma concentration, the monocyte counts and the
increase of the percentage of classical monocytes. Lower responses for easy cycling were
also observed for plasma adrenaline concentration, heart rate, and the rating of perceived
exertion. The largest change for most anti-inflammatory markers was found at 2 h post
exercise, with many returning towards baseline levels by 4 h post exercise. These results are
in line with the proposed hypotheses and support the usefulness of upper body exercise as a

means to induce an acute inflammatory response.

This is the first study to compare the cytokine (IL-6, IL-1ra) and chemokine (MCP-1)
response in intensity-matched trials between arm and cycling exercise. Another novelty is
the investigation of the monocyte subset response in this exercise modality comparison.
Finally, as a range of anti-inflammatory markers are induced with a time lag following
exercise (26), observing responses up to 4 h post exercise is an advantage over a number of
exercise studies limiting their analysis to up to an hour into the recovery period (22, 23, 25,

32, 34).

Cytokine and chemokine responses. Consistent with previous research, the acute IL-6
response was followed by increases in IL-1ra for all modalities, as IL-6 can independently
up-regulate anti-inflammatory cytokines such as IL-10 or IL-1ra (30). The arm exercise

modality investigated in the present study further allowed the analysis of inflammatory
12
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responses induced by a smaller muscle group. Upper body exercise interventions that
showed cytokine responses in able-bodied and disabled populations demonstrate a link to
sympathetic activation (16, 22, 33). For example, both the adrenaline and the IL-6 response
are blunted in individuals with sympathetic dysfunction (16, 22). This reinforces the role of
adrenaline as an important factor to increase plasma IL-6 concentration, as it can
independently induce an IL-6 response (31). The present results corroborate these data: The
lowest adrenaline response was found for easy cycling, the modality with a blunted
inflammatory response. Low circulating levels of adrenaline may affect the inflammatory
response through direct mechanisms, such as their action on adrenergic receptors on
leukocytes, governing cytokine secretion (17) or by adrenaline dependent recruitment of
leukocyte subgroups into the circulation (24, 29). Both adrenaline (15) and IL-6 (26) are
involved in glucose metabolism; adrenaline may therefore also indirectly influence the
inflammatory response through potential interaction effects. Further to differences in the
adrenaline response, differences in sympathetic activation between exercise modalities were
also reflected in the heart rate and RPE responses, which were lowest for the easy cycling

modality.

The strain on individual muscle fibers was likely to be smallest during the easy cycling
modality. Muscle is a producer of IL-6, and calcium-dependent pathways of cytokine
secretion are essential for a normal physiological response (14). Muscle contractions are
accompanied by increases in intracellular calcium levels; the easy cycling modality with the
least intense contractions is therefore expected to result in lower amounts of IL-6 secreted
by muscle. As the upper and lower body exercise modalities were matched for relative and
absolute VO, it therefore seems that relative, rather than absolute exercise intensity

influences the inflammatory response to a greater extent. Corroborating this, Helge et al.
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(12) showed that full body exercise simultaneously using the arms and legs at the same
relative intensity resulted in a similar absolute IL-6 release in the upper body compared with
the lower body, despite the muscle mass in the upper body in their investigation being ~3
times smaller than the muscle mass of the lower body. However, it must be pointed out that
the structure and function of the exercising skeletal muscle is likely to differ between
modalities. For example, differences in the fibre type distribution may exist between arm
and leg muscles, which may explain the lower citrate synthase activity, indicative of aerobic
capacity, that has been found previously in arms when compared with legs in a similar
population to the present study (12). This again may be associated with the higher rates of
glycogenolysis during arm exercise at the same relative intensity as leg exercise (1). Higher
rates of glycogenolysis deplete glycogen stores more quickly which in turn is associated
with enhanced IL-6 secretion (26). This may hence also represent a mechanism by which
upper body exercise induces an inflammatory response. Furthermore, the recreational
training status of the participants of the present study meant that arm cranking related
training was not part of their routine, whereas lower extremity activities were more
consistent with their sports. This difference in training status of the arms and legs may result
in higher physiological strain during arm exercise when compared with cycling at the same
relative intensity, which may also contribute to the significant difference in adrenaline found
between arm exercise and easy cycling, but not between moderate and easy cycling. It must
hence be acknowledged that arm and leg muscles are potentially functionally different in the
studied participant group. We therefore conclude that the extent of the inflammatory
response was independent of exercise modality (arm cranking vs cycling) when performed
at the same relative intensity. However, it would be misleading to state that the

inflammatory response is independent of muscle mass per se, as the most dramatic increases
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in IL-6 to date have been observed when exercising with large muscle groups, such as

during running (26).

The exercise-induced increase in the plasma concentrations of the chemokine MCP-1 are in
line with previous research (34). In the present study, this increase was independent of
modality, but in contrast to IL-6, also independent of intensity. The chemotactic capacity of
MCP-1 is mediated by its interaction with the CCR2 receptor found on monocytes; MCP-1
further induces the production of IL-6 by monocytes (18). Together with adrenaline and
cortisol related mechanisms, the increase of MCP-1 post exercise may therefore initiate
increases in monocyte numbers into the circulation and be partly responsible for the pro-
inflammatory environment immediately post exercise. In the recovery phase, the down-
regulation of MCP-1 below resting levels may help to suppress the inflammatory response
and represent another factor that helps creating the anti-inflammatory environment

associated with the health benefits of exercise (10).

Monocyte responses. In line with the present results, Shantsila et al. (28) report a selective
up-regulation of the classical monocyte subset following short (~12-15 min) exhaustive
running exercise, with a down-regulation of non-classical monocytes in the recovery period.
Other investigators failed to measure responses in the recovery period, but found exercise
intensity to be positively related to the acute changes in monocyte subsets (34), even though
these responses differed to those reported in the present study: Very intense and short
exercise can up-regulate the non-classical monocyte subset immediately after exercise, as
shown during 1-min exhaustive cycling (32) or 12-15-min cycling to exhaustion (34). The
discrepancy in the monocyte response post exercise may stem from the major increases

(279%) in adrenaline (32), compared with the ~50% increase in the present study for arm
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exercise and moderate cycling. Indeed, blocking B-adrenergic receptors significantly
reduces the exercise-induced mobilization of non-classical monocytes into the circulation
(32). Similar patterns of leukocyte mobilization have been found when modulating core
temperature or exercise intensity, with the modes inducing the most pronounced adrenaline
response resulting in the largest increase in monocyte numbers (27) or cytokine secretion
(23, 25). The non-selective up-regulation of leukocyte numbers in the recovery period is
likely due to the exercise-induced increase in cardiac output which is related to leukocyte
demargination (8) — even though not measured in the present study, arm exercise is
associated with lower maximum cardiac output than leg exercise at both submaximal and
maximal intensities (5), which may explain the differences found in absolute circulating

monocyte numbers.

Circadian rhythms were found for CCR2, with higher values in the morning and a
subsequent reduction of both CCR2 expression and GMFI on monocyte subsets. CCR2
expression was not influenced by exercise, and the development over time followed the
resting condition for all exercise modalities. This stresses the need for a resting control
condition for any future study investigating these markers over time. It is also an indication
that monocytes are unlikely to exhibit an altered chemotactic behavior governed by CCR2
due to the exercise stimulus, as an increase in those surface markers would suggest a more
pronounced response to the chemo-attractant MCP-1. In line with the present results,
exercise of a similar intensity and duration to the present study did not alter CCR2
expression on monocytes (20). However, incubation of blood with cortisol for 24 h resulted
in increased CCR2 expression and migration activity (20). A more potent stimulus than ~ 45
min of exercise alone therefore seems to be required. The cortisol plasma concentration in

the present study was not increased as a result of the exercise intervention and decreased
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progressively throughout the intervention, following its reported circadian rhythm (11). The
inability of the present exercise interventions to disturb this circadian rhythm may be a
further reason that CCR2 expression was unaffected; longer and/or more strenuous exercise

interventions may be required to achieve this goal.

CONCLUSION

Arm cranking and cycling exercise induce a similar inflammatory and anti-inflammatory
response when performed at the same relative exercise intensity. Populations restricted to
upper body exercise modalities due to injury or disability may hence experience the same
positive anti-inflammatory effects of exercise as found for lower body exercise. This is of
major relevance as these populations are at a higher risk for diseases of inflammatory
etiology. Reduction of the relative exercise intensity results in a blunted inflammatory and
adrenaline response, consistent with the previously reported role of sympathetic activation
in inflammation. The most pronounced anti-inflammatory responses occur 2 hours post

exercise, which should be considered in future protocol design.

ACKNOWLEDGEMENTS

To all participants we are thankful for their time and willingness to participate in this study.
Thanks are extended to Ms Hannah Carey, Mr Oliver Hooper and Mr U-Peng Tan who
assisted in data collection. This research was supported by the National Institute for Health
Research (NIHR) Diet, Lifestyle & Physical Activity Biomedical Research Unit based at
University Hospitals of Leicester and Loughborough University. The views expressed are
those of the authors and not necessarily those of the NHS, the NIHR or the Department of

Health. Further funding was received from the Peter Harrison Centre for Disability Sport.

17



397
398  The authors declare no conflict of interest. The results of the present study do not constitute
399  endorsement by ACSM.

400

18



401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

REFERENCES

1. Ahlborg G, Jensen-Urstad M. Metabolism in exercising arm vs. leg muscle. Clin Physiol.

1991:11(5):459-68.

2. Belge KU, Dayyani F, Horelt A, Siedlar M, Frankenberger M, Frankenberger B, Espevik
T, Ziegler-Heitbrock L. The proinflammatory CD14+CD16+DR++ monocytes are a major

source of TNF. J Immunol. 2002;168(7):3536-42.

3. Bergfors M, Barnekow-Bergkvist M, Kalezic N, Lyskov E, Eriksson JW. Short-term
effects of repetitive arm work and dynamic exercise on glucose metabolism and insulin

sensitivity. Acta Physiol Scand. 2005;183(4):345-56.

4. Borg GA. Psychophysical bases of perceived exertion. Med Sci Sports Exerc.

1982;14(5):377-81.

5. Calbet JA, Gonzalez-Alonso J, Helge JW, Sondergaard H, Munch-Andersen T, Saltin B,
Boushel R. Central and peripheral hemodynamics in exercising humans: leg vs arm

exercise. Scand J Med Sci Sports. 2015;25 Suppl 4:144-57.

6. Davies AL, Hayes KC, Dekaban GA. Clinical correlates of elevated serum concentrations
of cytokines and autoantibodies in patients with spinal cord injury. Arch Phys Med Rehabil.

2007;88(11):1384-93.

7. Dill DB, Costill DL. Calculation of percentage changes in volumes of blood, plasma, and

red cells in dehydration. J Appl Physiol. 1974;37(2):247-8.

8. Foster NK, Martyn JB, Rangno RE, Hogg JC, Pardy RL. Leukocytosis of exercise: role of

cardiac output and catecholamines. J Appl Physiol. 1986;61(6):2218-23.

19



422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

9. Frankenberger M, Sternsdorf T, Pechumer H, Pforte A, Ziegler-Heitbrock HW.
Differential cytokine expression in human blood monocyte subpopulations: a polymerase

chain reaction analysis. Blood. 1996;87(1):373-7.

10. Gleeson M, Bishop NC, Stensel DJ, Lindley MR, Mastana SS, Nimmo MA. The anti-
inflammatory effects of exercise: mechanisms and implications for the prevention and

treatment of disease. Nat Rev Immunol. 2011;11(9):607-15.

11. Hayes LD, Bickerstaff GF, Baker JS. Interactions of cortisol, testosterone, and resistance

training: influence of circadian rhythms. Chronobiol Int. 2010;27(4):675-705.

12. Helge JW, Klein DK, Andersen TM, van Hall G, Calbet J, Boushel R, Saltin B.
Interleukin-6 release is higher across arm than leg muscles during whole-body exercise. Exp

Physiol. 2011;96(6):590-8.

13. Hirose L, Nosaka K, Newton M, Laveder A, Kano M, Peake J, Suzuki K. Changes in
inflammatory mediators following eccentric exercise of the elbow flexors. Exerc Immunol

Rev. 2004;10:75-90.

14. Keller C, Hellsten Y, Steensberg A, Pedersen BK. Differential regulation of I1L-6 and

TNF-alpha via calcineurin in human skeletal muscle cells. Cytokine. 2006;36(3-4):141-7.

15. Kolnes AJ, Birk JB, Eilertsen E, Stuenaes JT, Wojtaszewski JF, Jensen J. Epinephrine-
stimulated glycogen breakdown activates glycogen synthase and increases insulin-
stimulated glucose uptake in epitrochlearis muscles. Am J Physiol Endocrinol Metab.

2015:308(3):E231-40.

20



442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

16. Kouda K, Furusawa K, Sugiyama H, Sumiya T, Ito T, Tajima F, Shimizu K. Does 20-
min arm crank ergometer exercise increase plasma interleukin-6 in individuals with cervical

spinal cord injury? Eur J Appl Physiol. 2012;112(2):597-604.

17. Li M, Yao W, Li S, Xi J. Norepinephrine induces the expression of interleukin-6 via
beta-adrenoreceptor-NAD(P)H oxidase system -NF-kappaB dependent signal pathway in

U937 macrophages. Biochem Biophys Res Commun. 2015;460(4):1029-34.

18. Mukaida N, Harada A, Matsushima K. Interleukin-8 (IL-8) and monocyte chemotactic
and activating factor (MCAF/MCP-1), chemokines essentially involved in inflammatory and

immune reactions. Cytokine Growth Factor Rev. 1998;9(1):9-23.

19. Nosaka K, Clarkson PM. Changes in indicators of inflammation after eccentric exercise

of the elbow flexors. Med Sci Sports Exerc. 1996;28(8):953-61.

20. Okutsu M, Suzuki K, Ishijima T, Peake J, Higuchi M. The effects of acute exercise-
induced cortisol on CCR2 expression on human monocytes. Brain Behav Immun.

2008:22(7):1066-71.

21. Paulson TA, Goosey-Tolfrey VL, Leicht CA, Bishop NC. Plasma cytokine and
exertional responses in relation to exercise intensity and volume of exercising muscle mass

during arm-crank ergometry. Appl Physiol Nutr Metab. 2015:10.1139/apnm-2014-0537.

22. Paulson TAW, Goosey-Tolfrey VL, Lenton JP, Leicht CA, Bishop NC. Spinal cord
injury level and the circulating cytokine response to strenuous exercise. Med Sci Sports

Exerc. 2013;45(9):1649-55.

23. Peake J, Wilson G, Hordern M, Suzuki K, Yamaya K, Nosaka K, Mackinnon L,

Coombes JS. Changes in neutrophil surface receptor expression, degranulation, and

21



464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

respiratory burst activity after moderate- and high-intensity exercise. J Appl Physiol.

2004:97(2):612-8.

24. Peake JM. Exercise-induced alterations in neutrophil degranulation and respiratory burst

activity: possible mechanisms of action. Exerc Immunol Rev. 2002;8:49-100.

25. Peake JM, Suzuki K, Hordern M, Wilson G, Nosaka K, Coombes JS. Plasma cytokine
changes in relation to exercise intensity and muscle damage. Eur J Appl Physiol. 2005;95(5-

6):514-21.

26. Pedersen BK, Febbraio MA. Muscle as an endocrine organ: focus on muscle-derived

interleukin-6. Physiol Rev. 2008;88(4):1379-406.

27. Rhind SG, Gannon GA, Shek PN, Brenner IK, Severs Y, Zamecnik J, Buguet A, Natale
VM, Shephard RJ, Radomski MW. Contribution of exertional hyperthermia to
sympathoadrenal-mediated  lymphocyte subset redistribution. J Appl Physiol.

1999;87(3):1178-85.

28. Shantsila E, Tapp LD, Wrigley BJ, Montoro-Garcia S, Ghattas A, Jaipersad A, Lip GY.
The effects of exercise and diurnal variation on monocyte subsets and monocyte-platelet

aggregates. Eur J Clin Invest. 2012;42(8):832-9.

29. Starkie RL, Rolland J, Febbraio MA. Effect of adrenergic blockade on lymphocyte
cytokine production at rest and during exercise. Am J Physiol Cell Physiol.

2001;281(4):C1233-40.

30. Steensberg A, Fischer CP, Keller C, Moller K, Pedersen BK. IL-6 enhances plasma IL-

1ra, IL-10, and cortisol in humans. Am J Physiol Endocrinol Metab. 2003;285(2):E433-7.

22



485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

31. Steensberg A, Toft AD, Schjerling P, Halkjaer-Kristensen J, Pedersen BK. Plasma
interleukin-6 during strenuous exercise: role of epinephrine. Am J Physiol Cell Physiol.

2001:281(3):C1001-4.

32. Steppich B, Dayyani F, Gruber R, Lorenz R, Mack M, Ziegler-Heitbrock HW. Selective
mobilization of CD14(+)CD16(+) monocytes by exercise. Am J Physiol Cell Physiol.

2000;279(3):C578-86.

33. Umemoto Y, Furusawa K, Kouda K, Sasaki Y, Kanno N, Kojima D, Tajima F. Plasma
IL-6 levels during arm exercise in persons with spinal cord injury. Spinal Cord.

2011;49(12):1182-7.

34. Van Craenenbroeck AH, Van Ackeren K, Hoymans VY, Roeykens J, Verpooten GA,
Vrints CJ, Couttenye MM, Van Craenenbroeck EM. Acute exercise-induced response of
monocyte subtypes in chronic heart and renal failure. Mediators Inflamm. 2014;2014:doi:

10.1155/2014/216534.

35. Wolach B, Gavrieli R, Ben-Dror SG, Zigel L, Eliakim A, Falk B. Transient decrease of
neutrophil chemotaxis following aerobic exercise. Med Sci Sports Exerc. 2005;37(6):949-

54.

36. Wong KL, Yeap WH, Tai JJ, Ong SM, Dang TM, Wong SC. The three human

monocyte subsets: implications for health and disease. Immunol Res. 2012;53(1-3):41-57.

37. Ziegler-Heitbrock HW. Heterogeneity of human blood monocytes: the CD14+ CD16+

subpopulation. Immunol Today. 1996;17(9):424-8.

38. Ziegler-Heitbrock L, Hofer TP. Toward a refined definition of monocyte subsets. Front

Immunol. 2013;4:23.
23



507

508  Figure captions

509

510 FIGURE 1 - Cytokine and chemokine response. Data indicate means and SD.

511 Effects of time: Significant difference to ®pre and post (P<0.05).

512 Effect of trial: “significant difference between the easy cycling and the other two
513 modalities (P<0.05).

514

515 FIGURE 2 — Monocyte count and monocyte subset proportions. Data indicate means
516 and SD.

517 Effect of time: Significant difference to ?pre (P<0.05).

518 Effects of trial: Significant difference to “rest, Beasy cycling (P<0.05).
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521 FIGURE 3 — Monocyte CCR2 expression. Data indicate means and SD.

522 Effects of time: Significant difference to ?pre and post (P<0.05).
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Table 1

Leicht C.A. et al.: Inflammatory response for arm & leg exercise

TABLE 1. Hormones and changes in blood and plasma volume.

Parameter Modality Time
Pre Post 2h post  4h post
Adrenaline (pg/mL) Arm 31+10 46+10%A N/A N/A
Moderate cycling 30zx9 43 + 162 N/A N/A
Easy cycling 29+7 35+ 112 N/A N/A
Cortisol (ng/mL) Arm 198+106 152+78 118+642 112+50ab
Moderate cycling 198+85  192+135 1231702 106+34ab
Easy cycling 197+107 154+88 1114512 104+432b
Plasma volume Arm N/A 9244 99+4b 101+4b
change compared with  Moderate cycling N/A 93+3 98+6P 101+6P
pre (%) Easy cycling N/A 9615 99+4b 10045
Rest N/A 95+2 100+4°>  99+5P
Blood volume change  Arm N/A 96+2 99+3b 101+4b
compared with pre (%) Moderate cycling N/A 96+2 99+3b 101+4b
Easy cycling N/A 98+2 100+2b 100+2b
Rest N/A 97+1 100420 9943

Data indicate means+SD. Significant difference to 2pre, Ppost, and Aeasy cycling (P<0.05)



Table 2

Leicht C.A. et al.: Inflammatory response for arm & leg exercise

TABLE 2. The chemokine receptor CCR2 (geometric mean of fluorescence intensity).

Monocyte  Modality Time Significant effects
subset of time (P<0.05)
Pre Post 2h post  4h post
Classical*  Arm exercise 669 69+30 67+37 59+25 2h, 4h < pre, post
Moderate cycling  64+12 557 505 52+8
Easy cycling 60+14 607 51+8 50+8
Rest 47+17  45+18 47+11 43+12
Inter- Arm exercise 538 5625 61133 47423 2h, 4h < pre
mediate* Moderate cycling  52+11 4446 40+8 42+7
Easy cycling 5012 5148 45+8 42+6
Rest 38+16 38+16 35%8 3519
Non- Arm exercise 12+2 1145 16+8 11+5 post, 4h < pre, 2h
classical* Moderate cycling 1445 10+3 12+3 10+2
Easy cycling 13+4 11+2 12+3 10+2
Rest 8+3 8+3 9+2 7£3

Data indicate means+SD. *Significant difference between the monocyte subpopulations (group

effect; P<0.001)



Table 3

Leicht C.A. et al.: Inflammatory response for arm & leg exercise

TABLE 3. Physiological and psychophysiological exercise descriptors.

Parameter Exercise mode
Arm exercise Moderate cycling  Easy cycling
Power output [W] 73 + 14* 148 + 30* 101 + 25*
VO2 [L-min-] 1.50 £ 0.28 2.16 £ 0.34* 1.50 £ 0.28
%V Ozpeak A 62.3+ 1.4 - 62.3+1.1
%V Ozpeak ¢ - 62.3+ 1.0 43.2 £ 5.4*
Heart rate [b-mint] 141 + 9% 150 + 12* 123 + 11*
RPE (whole duration) 13.3(12.6,13.9) 13.2(12.7, 14.0) 10.6 (10.0, 11.0)*
RPE (30-45min) 14.5 (13.0,15.8) 14.0(13.0,16.8)  11.5(10.8, 12.0)*

A, arm; C, cycling; RPE, rating of perceived exertion. Data indicate means+SD or
median (lower quartile, upper quartile). *Significant difference to both other modalities

(P<0.05)
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