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Human aging is associated with a loss of skeletal muscle and an increase in circulating inflammatory
markers. It is unknown whether endurance training (Tr) can prevent these changes. Therefore we
studied 15 old trained (O-Tr) healthy males and, for comparison, 12 old untrained (O-Un), 10 Young-Tr
(Y-Tr) and 12 Young-Un (Y-Un). Quadriceps size, VO2 peak, CRP, IL-6, TNF-a and its receptors, suPAR,
lipid profile, leucocytes and glucose homeostasis were measured. Tr was associated with an improved
insulin profile (p < 0.05), and lower leucocyte (p < 0.05) and triglyceride levels (p < 0.05), independent
of age. Aging was associated with poorer glucose control (p < 0.05), independent of training. The agerelated changes in waist circumference, VO2 peak, cholesterol, LDL, leg muscle size, CRP and IL-6 were
counteracted by physical activity (p < 0.05). A significant increase in suPAR with age was observed
(p < 0.05). Most importantly, life-long endurance exercise was associated with a lower level of the
inflammatory markers CRP and IL-6 (p < 0.05), and with a greater thigh muscle area (p < 0.05),
compared to age-matched untrained counterparts. These findings in a limited group of individuals
suggest that regular physical endurance activity may play a role in reducing some markers of systemic
inflammation, even within the normal range, and in maintaining muscle mass with aging.
! 2013 Elsevier Ireland Ltd. All rights reserved.

Keywords:
Master athletes
Cytokines
Aging
Skeletal muscle mass
Low-grade inflammation

1. Introduction
Aging of the human body is associated with a gradual loss of
muscle mass (sarcopenia). In some cases, a critically low muscle
mass, together with reduced muscle function, will result in frailty,
which is a powerful predictor of mortality (Fried et al., 2001). Part
of the loss of muscle mass is clearly associated with reduced levels

Abbreviations: CRP, C-reactive protein; HDL, high density lipoprotein; HOMA-IR,
homeostatic model assessment – insulin resistance; IL-6, interleukin 6; IPAQ,
International Physical Activity Questionnaire; LDL, low density lipoprotein; MET,
metabolic equivalent of task; MRI, magnetic resonance image; OGTT, oral glucose
tolerance test; Q-CSA, quadriceps cross sectional area; QUICKI, quantitative insulin
sensitivity check index; sTNFR, soluble TNF receptor; suPAR, soluble urokinase
plasminogen activator receptor; Tr, trained; TNF-a, tumor necrosis factor alpha;
Un, untrained; VO2 peak, peak oxygen consumption.
* Corresponding author at: Institute of Sports Medicine Copenhagen, Bispebjerg
Hospital, Bldg 8, Bispebjerg Bakke 23, DK-2400 Copenhagen NV, Denmark.
Tel.: +45 3531 5059; fax: +45 3531 2733.
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0047-6374/$ – see front matter ! 2013 Elsevier Ireland Ltd. All rights reserved.
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of physical activity and muscle disuse. However, individuals who
maintain a high level of physical activity throughout life do
experience some loss of skeletal muscle mass, indicating that
exercise cannot completely prevent the age-related decline in
muscle mass (Faulkner et al., 2008). The explanation for this
remains unknown, but factors like neuro-muscular impairment,
cell membrane changes or altered intracellular signaling have been
demonstrated to play a role in animal models (Andersson et al.,
2011; Burks et al., 2011; Narici and Maffulli, 2010). However, a
comprehensive explanation for sarcopenia in humans is still
lacking. A decline in adaptive immunity, or the development of
low-grade inflammation with elevated levels of inflammatory
markers, possibly derived from adipose tissue, may play a role
(Lutz and Quinn, 2012). With regard to systemic inflammation,
elevated circulating levels of the acute phase protein C-reactive
protein (CRP) and cytokines, such as tumor necrosis factor alpha
(TNFa) and interleukin 6 (IL-6), have been found in elderly
individuals (Bruunsgaard et al., 2000) and these factors have been
reported to be related to mortality (Harris et al., 1999). Similarly,
the soluble urokinase plasminogen activator receptor (suPAR),
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which is also a marker of systemic low-grade inflammation, has
been found to be associated with age, chronic diseases, cancer and
mortality (Eugen-Olsen et al., 2010; Langkilde et al., 2011).
Inflammation is considered to play a role in disease development and prognosis (Toth et al., 2006; Visser et al., 2002), and high
levels of inflammatory markers are associated with an increased
risk of development of cardiovascular disease and cancer (Allin
et al., 2010; Wensley et al., 2011). In addition, obesity and visceral
adiposity are positively associated with elevated cytokine levels
(TNFa and IL-6) and CRP (Park et al., 2005). A reduction in trunk fat
induced by 10 months of cardiovascular exercise training was
significantly related to a drop in circulating CRP levels (Vieira et al.,
2009). SuPAR in the general population is not uniformly related to
obesity and visceral adiposity but is associated with an increased
risk of cardiovascular disease (Lyngbaek et al., 2013a).
Several large cohort studies have found a relationship between
self-reported physical activity levels and systemic markers of
inflammation: higher levels of physical activity are coupled to
lower levels of circulating inflammatory markers in elderly
individuals (Taaffe et al., 2000; Geffken et al., 2001; Wannamethee
et al., 2002; Reuben et al., 2003; Colbert et al., 2004; Albert et al.,
2004; Rahimi et al., 2005; Yu et al., 2009; Valentine et al., 2009;
Elosua et al., 2005). This coupling was also evident after
adjustment for other risk factors and persisted even with relatively
low levels of physical activity (Elosua et al., 2005). Aerobic fitness
was inversely associated with inflammatory biomarkers in persons
above 60 years (Taaffe et al., 2000; Valentine et al., 2009; Rahimi
et al., 2005). Intervention studies have shown that physical
training over several months reduces circulating levels of CRP and
IL-6 in some (Kohut et al., 2006; Vieira et al., 2009; Campbell et al.,
2009) but not all studies (Nicklas et al., 2005, 2008; Hammett et al.,
2004; Lund et al., 2011). It is important to note that these
intervention studies were performed in patient groups or in
persons that had several risk factors, and thus all had relatively
high levels of inflammatory markers to begin with. Most of the
studies demonstrated that training induced a reduction in chronic
inflammation and weight loss, but one study (Nicklas et al., 2008)
showed that regular aerobic exercise training was efficient in
lowering IL-6 levels even without weight loss.
The aim of the present study was to investigate the influence of
life-long endurance exercise on the levels of inflammatory markers
and muscle size in healthy, normal-weight young and elderly
males. We used endurance trained individuals (long-distance
runners) as the active group of subjects, either young endurance
athletes or elderly master athletes in order to obtain data from
individuals who were healthy and had performed regular training
for most of their life. As healthy control individuals we used
untrained, weight-matched males for the respective age groups.
We hypothesized that age and life-long endurance training
would affect systemic inflammatory levels and muscle size, and
that small differences in circulatory inflammatory markers would
be inversely related to muscle size. Inflammatory biomarkers were
determined from circulating blood, and muscle size and function
were measured. In addition, blood lipid profile, glucose homeostasis and body composition were determined to evaluate any
potential coupling of these parameters to aging and endurance
training.
2. Methods
2.1. Subjects
We recruited a total of 49 males: 15 male endurance runners (master athletes,
old trained, O-Tr; running distance of 49 ! 3 km/wk (4–6 training days/wk) over the
last 28 ! 2 years (mean ! SE)), 12 old untrained weight matched healthy controls (OUn), and 10 young males matched for current running distance to the old trained
(young trained, Y-Tr; 43 ! 5 km/wk (4–6 training days/wk), endurance runners during
the last 6 ! 1 years) and 12 young untrained weight matched controls (Y-Un). The

untrained subjects had been sedentary for at least five years and they currently did not
perform any regular physical activity. The trained individuals were all endurance
runners. Moreover, neither the trained or the untrained had any physically demanding
occupational jobs, thus their physical activity level was primarily governed by their
leisure time activities. All subjects were healthy normotensive (<140/90 mmHg) and
non-obese (BMI < 28), did not take any prescription medication, had no overt signs or
symptoms of diabetes, pre-diabetes or atherosclerosis, and had no known joint, muscle
or tendon pathology. The O-Un group was selected to represent a healthy age matched
but untrained group to separate out the exercise component as much as possible
during the aging process. Before the test days, subjects abstained from caffeine and
fasted overnight to be studied in the post-absorptive state. Subjects were studied at
least 24 h after their last running session to avoid the acute effects of exercise but they
were still considered to be in their habitual training state. The ethics committee of the
Capital Region of Denmark approved this study (journal number 25543), and all
procedures conformed to the Declaration of Helsinki. Written, informed consent was
obtained from all subjects before the study.
2.2. Study design
On the first test day, subjects arrived fasted in the morning and blood samples
were obtained. An oral glucose tolerance test (OGTT) was performed, anthropometrics were measured and questionnaires filled in. Finally a magnetic resonance
image (MRI) scan of the thigh was performed to assess the cross-sectional area
(CSA) of the quadriceps muscle. On the second test day, subjects arrived, again
overnight-fasted. Muscle strength (maximal voluntary contraction, MVC) was
measured. One hour after consuming a light sandwich, fruit and water, maximal
oxygen consumption was measured. Test days 1 and 2 were consecutive days.
2.3. Subject characteristics and physical activity level
Waist circumference was measured as the smallest circumference between
anterior superior iliac spine and the lower ribs, to the nearest mm. Height was
measured to the nearest mm and weight to the nearest 100 g, wearing light clothes
and without shoes, and body mass index (BMI) was calculated.
To quantify the physical activity level of the subjects, the International Physical
Activity Questionnaire (IPAQ) was used (Craig et al., 2003). The IPAQ questionnaire
quantifies the physical activity level of the subjects as the average weekly MET
(metabolic
equivalent
of
task)-score,
MET-minutes/week.
One
MET = 1 kcal kg"1 h"1 is equivalent to the resting metabolic rate (RMR) obtained
during quiet sitting (Ainsworth et al., 2011). WHO (World Health Organization) has
defined a weekly MET-score below 600 as low physical activity level and above
3000 as a high physical activity level. We also used a Danish questionnaire, which
has been used in several large scale investigations of health and disease status
among the Danish population (Sundhed & Sygelighed, SUSY, www.sst.dk), to assess
the sedentary time of the subjects.
2.4. Muscle size, strength and exercise performance
The anatomical cross sectional area of the quadriceps femoris muscle (Q-CSA)
was measured 20 cm proximal to the tibia plateau (mid-thigh level) by magnetic
resonance imaging (MRI) (General Electric, Sigma Horizon LX 1.5 Tesla, T1 weighted
SE) using a lower extremity coil. The images were obtained using the following
parameters: TR/TE = 500/14 ms, FOV 18, matrix 512 # 512 and slice thickness = 6 mm. Subsequently, the lean muscle mass of the quadriceps muscle
(subcutaneous and intermuscular non-contractile tissue were excluded in the
measurement) was manually outlined (see Fig. 1A) using a DICOM file viewer and
associated measurement software Osirix 2.7.5 (OsiriX medical imaging software,
Geneva, Switzerland). The same experienced investigator completed the analysis
twice (blinded to the group of the subject) and the average of these two
measurements was used.
Strength of the quadriceps muscle was determined as the maximum knee
extensor moment during a 10 sec ramp contraction. Subjects performed a 5-min
warm-up on a stationary bike. Thereafter the subjects were seated in a custom
made rigid chair with both hips and knees flexed to an angle of 908. A leg cuff, which
was connected to a strain gauge (Bofors KRG-4, Bofors, Sweden) through a rigid
steel rod perpendicular to the lower leg, was mounted on the leg just above the
medial malleolus. Subjects performed 4–5 isometric knee extension ramps by
applying gradually increasing force until maximum. Each ramp contraction was
separated by a one-minute rest period. All measurements were performed by one
leg (non-dominant). During the contractions, force was sampled at 1500 Hz
(Noraxon Inc.). Tibia moment was measured (from the point of fixation to the lateral
epicondyle of the knee) to calculate the knee extensor moment.
Peak oxygen consumption was measured on a Monark electronically braked
ergometer bike (Monark 839 Ergomedic, Proterapi, Brøndby, Denmark) using an
incremental protocol with a 25 W increase in load every minute, starting at 50 W
(O-Un) or 75 W (all other groups) until volitional exhaustion, which was reached
between 4 and 12 min for all subjects. Subjects were instructed to aim at a pedalling
frequency of approximately 80–90 revolutions per minute (RPM), and were verbally
encouraged to perform their max. Oxygen consumption (VO2), CO2 excretion,
respiratory exchange ratio (RER), heart rate (HR), minute ventilation (VE) and
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Fig. 1. Muscle size, strength and exercise performance. (A) Quadriceps cross-sectional area (Q-CSA), (B) quadriceps muscle strength and (C) peak oxygen uptake in the four
different subject groups. Data are shown as mean + SE. (A) Upper panel: Magnetic resonance image (MRI) of the quadriceps muscle of young (top row; Y-Un (left) and Y-Tr
(right)) and old (bottom row; O-Un (left) and O-Tr (right)) subjects used to quantify Q-CSA. The images were obtained at mid-thigh level, 20 cm proximal to the tibia plateau.
The lean muscle mass of the quadriceps muscle was manually outlined as shown by the drawn lines, excluding subcutaneous and intermuscular non-contractile tissue. Scale
bar = 10 cm, 1 cm per indentation. Lower panel: Quantification of Q-CSA as measured by MRI. Q-CSA was significantly influenced by age (A, p < 0.001) and training (T,
p < 0.001), p-values for these main effects are given in figure. N = 12 in Y-Un, 10 in Y-Tr, 11 in O-Un and 12 in O-Tr. *p < 0.001 for difference between O-Un and O-Tr. (B)
Quadriceps muscle strength was determined as maximum knee extensor (KE) moment during a 10 s ramp contraction and significant main effects of age (A, p < 0.05) and
training (T, p < 0.01) were observed, as well as a significant interaction (A#T, p < 0.05) with Y-Tr being significantly stronger than O-Tr and Y-Un, *p < 0.05. N = 10–15 as
given in Table 1. (C) Peak oxygen consumption (VO2 peak) was determined as the highest value reached during a 15 s period, and shown as fitness level (ml O2/kg/min).
Significant effects of age (A) and training (T) were observed, p-values are given in figure. N = 10–15 as given in Table 1.
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cadence (RPM) were continuously recorded (breath-by-breath) using Masterscreen
CPX equipment (Care Fusion, San Diego, CA). All subjects reached RER values above
1.09 (range 1.09–1.34), indicating that high exertion levels were obtained. Peak
oxygen uptake (VO2 peak) was determined as the highest value reached during a
15 s period (ignoring the highest and lowest value within that interval), and given
as absolute values (ml O2/min) and fitness level (ml O2/kg/min).
2.5. Blood samples
Fasted blood samples were drawn from an antecubital vein. For analyses of
insulin, CRP, IL-6, TNFa and its soluble receptors and suPAR, whole blood was
drawn into EDTA tubes and cooled on ice for 10 min, followed by centrifugation
(10 min at 3060 # g at 4 8C), and the plasma phase was stored at "80 8C until
analysis.
For analyses of sTNFRI and sTNFRII, whole blood was drawn into clot activator
tubes and allowed to clot at room temperature for 30 min followed by
centrifugation (10 min at 3060 # g at 4 8C), and the serum phase was stored at
"80 8C until analysis.
2.5.1. Blood lipid profile
Blood lipid profile (triglycerides, total cholesterol, high-density lipoprotein
(HDL) and low-density-lipoprotein (LDL) cholesterol) was determined at the
Clinical Biochemistry Department, Bispebjerg Hospital, Copenhagen. These blood
samples were collected into vacutainers and analysed no more than 2 h after the
time of collection, according to the laboratory standard operating procedures
(Nordin et al., 2004). Authorized lab-technicians handled the analyses. Cholesterol,
LDL, HDL, and triglyceride concentrations were measured by a colorimetrical slide
test in a Vitros 5.1 FS (Ortho Clinical Diagnostics, Raritan, New Jersey, USA) (Sennels
et al., 2011, 2012).
2.5.2. Glucose homeostasis
A glucose tolerance test was performed by oral administration of 75 g of glucose
dissolved in water. Glucose and insulin were analysed in blood samples obtained
before glucose ingestion, and glucose levels were determined after 2 h. Blood
glucose concentration was measured by use of a colorimetric slide test on Vitros 5.1
FS (Ortho Clinical Diagnostics, Raritan, New Jersey, USA). HbA1c was measured
using an ion-exchange high-performance liquid chromatography method (Osoh
G8-Tosoh Bioscience, Yamaguchi, Japan) (Dunn et al., 1979; Mosca et al., 1986).
Both blood glucose concentration and HbA1c were determined at the Clinical
Biochemistry Department, Bispebjerg Hospital, Copenhagen, where lab-technicians
handled the analyses.
Plasma insulin concentration was measured using a standard insulin ELISA kit,
K6219 (Dako Denmark A/S, Glostrup, Denmark). The homeostatic model assessment (HOMA) used to quantify insulin resistance (HOMA-IR) was calculated from
fasting glucose and insulin as follows: HOMA-IR = (glucose in mmol/l # insulin in
mU/l)/22.5. The quantitative insulin sensitivity check index (QUICKI) was derived
from fasting insulin and fasting glucose as follows: QUICKI = 1/(log(insulin mU/
mL) + log(glucose mg/dL)).
2.5.3. Systemic inflammatory markers
Leucocyte concentrations were measured at the Clinical Biochemistry Department, Bispebjerg Hospital, by optical spread light in a Sysmex XE (Sysmex, Kobe,
Japan) (Sennels et al., 2011).

For analyses of plasma C-reactive protein (CRP), an ELISA was developed with the
DuoSet DY1707 (R&D Systems, Minneapolis, MN, USA) and the coefficient of
variation (CV) was: intra-plate 1.1–3.1%, inter-plate 7–10%. The following ELISA kits
were used for measuring IL-6, TNFa and its soluble receptors, sTNFRI and sTNFRII:
IL-6 (Human IL-6 Quantikine HS ELISA Kit HS600B), TNFa (HSTA00D), sTNFRI
(DRT100) and sTNFRII (DRT200), all R&D systems. TNFa, IL-6 and CRP were
measured in plasma and sTNFRI & sTNFRII in serum.
The soluble urokinase-type plasminogen activator receptor (suPAR) was
measured in plasma using a commercially available sandwich ELISA-kit (ViroGates
A/S, Birkerød, Denmark), according to the manufacturer’s instructions. All samples
were measured in duplicate, and the mean suPAR concentration of the two
measurements was used for analysis. The variance between the two measurements
was within the acceptable variance of 10% (range 0.0–7.8%).
2.6. Statistics
Effects of age (A), training (T) and age # training interaction (A#T) were tested
using two-way ANOVA, with Holm–Sidak multiple comparison post hoc testing,
unless otherwise stated. When a significant interaction was observed, the post hoc
test was used to examine effects of training within the old (O-Tr vs O-Un), training
within the young (Y-Tr vs Y-Un), age within the trained (O-Tr vs Y-Tr) and age
within the untrained (O-Un vs Y-Un). Since the question whether life-long
endurance training could preserve muscle mass was central to the study, the
difference in Q-CSA between O-Un and O-Tr was tested using an unpaired t-test.
Blood protein data (insulin, CRP, IL-6, suPAR, TNFa and sTNFRI & II) were logtransformed before statistical analyses. Age, IPAQ and sedentary time data were
analysed using the non-parametric one-way ANOVA (Kruskal–Wallis) test, with
Dunn’s multiple comparison post hoc test to compare selected groups, as listed
above. Height, weight, BMI and waist circumference were analysed using an
ordinary one-way ANOVA with Sidaks multiple comparison post hoc test to
compare selected groups, as listed above. Data are given as mean (SD) or mean (SE),
as stated in the results section. SigmaPlot version 12.4 (Systat Software Inc) and
Graph Pad Prism version 6 (GraphPad Software Inc, La Jolla, CA, USA) were used for
statistical analyses. The level of statistical significance is given as either p < 0.05,
p < 0.01 or p < 0.001.

3. Results
3.1. Subject characteristics (Table 1)
Anthropometric data for the subjects revealed 4 groups of
normal weight, non-obese individuals. BMI was slightly higher in
O-Un than in O-Tr (Table 1). Waist circumference was higher in (OUn) than both O-Tr (*) and Y-Un (§) (Table 1).
3.2. Physical activity (Table 1)
Habitual running distance per week (mileage in km) was similar
in the O-Tr (49 ! 3 km/wk) and Y-Tr (43 ! 5 km/wk NS) groups
(Table 1). Likewise, running distance during the last week prior to the

Table 1
Subject characteristics and physical activity.
Variable

Young untrained Y-Un

Subject characteristics
N
Age (years)
Height (cm)
Weight (kg)
BMI (kg/m2)
Waist circumference (cm)

Mean (SD)
12
24 (3)§
178 (6)
70 (8)
22 (2)§
80 (5)§

Physical activity
Running distance/wk (km)
Running distance last week (km)
Running years
IPAQ (MET-min/week)
Sedentary time (min/d)

Mean (SE)

919 (199)y
560 (34)

Young trained Y-Tr
10
26
179
73
23
79
43
48
6
3724
489

(4)#
(4)
(6)
(2)
(5)
(5)
(7)
(1)
(579)
(48)

Old untrained O-Un
12
66
175
75
25
90

(4)
(4)
(4)
(2)
(4)*

1277 (575)*
520 (61)

Old trained O-Tr
15
64
176
71
23
83
49
43
28
8881
384

p-Value

(4)
(5)
(6)
(2)
(5)

p < 0.001, K–W
NS
NS
p < 0.05
p < 0.001

(3)
(5)
(2)
(1791)
(71)

p < 0.001, K–W
p < 0.05, K–W

Subject characteristics and physical activity level are shown for the four groups of subjects. p-Values from one-way ANOVA are given. For further details, see text. K–W;
Kruskal–Wallis test.
*
Different from O-Tr (p < 0.05).
y
Different from Y-Tr (p < 0.05).
#
Different from O-Tr (p < 0.05).
§
Different from O-Un (p < 0.05).
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Table 2
Blood lipid profile and leucocytes.
Variable

Young untrained Y-Un

Young trained Y-Tr

Old untrained O-Un

Old trained O-Tr

p-Value
A = age
T = training

Blood lipid profile
Triglycerides (mmol/l)
Total cholesterol (mmol/l)

Mean (SE)
1.21 (0.20)
5.18 (0.42)

0.73 (0.06)
4.44 (0.19)

1.24 (0.15)
6.67 (0.27)

0.70 (0.04)
5.76 (0.24)

HDL cholesterol (mmol/l)

1.44 (0.07)

1.49 (0.08)

1.60 (0.11)

1.93 (0.09)

LDL cholesterol (mmol/l)

3.20 (0.39)

2.61 (0.15)

4.51 (0.22)

3.51 (0.18)

Leucocytes
Leucocytes (x10^9/L)

Mean (SE)
6.59 (0.38)

4.69 (0.36)

5.65 (0.40)

5.07 (0.24)

Interaction
age # training

T < 0.001
A < 0.001
T < 0.01
A < 0.01
(T = 0.051)
A < 0.001
T < 0.01
T < 0.001

(A#T = 0.074)

Data on blood lipid profile and leucocytes are shown for the four groups of subjects. p-Values for significant main effects of age (A), training (T) and interaction (A#T) are given.
For further details, see text.

study was similar between these groups (O-Tr 43 ! 5; Y-Tr
48 ! 7 km/wk, NS). The O-Tr had been running for 28 ! 2 years
and the Y-Tr for 6 ! 1 years (Table 1). Physical activity level assessed
by IPAQ was higher in O-Tr than in O-Un (p < 0.001) and in Y-Tr than
in Y-Un (p < 0.05), but similar between O-Tr vs Y-Tr and O-Un vs Y-Un
(NS). A significant overall difference between the groups was found
with respect to sedentary time, but none of the selected comparisons
were significant.
3.3. Muscle size, strength and exercise performance (Fig. 1)
Quadriceps muscle cross sectional area (Q-CSA) was larger in
the young than old (main effect of age, A, p < 0.001) and in the
trained than the untrained (main effect of training, T, p < 0.001,
Fig. 1A). Among the old groups O-Tr had significantly larger Q-CSA
than O-Un (p < 0.001). Quadriceps muscle strength (Fig. 1B)
revealed a significant interaction between age and training (A#T,
p < 0.05) with Y-Tr being stronger than both Y-Un and O-Tr
(p < 0.05). Peak oxygen consumption (ml O2/min) and fitness level
(ml O2/kg min) (Fig. 1C) were both higher in the young compared
to the old (A, p < 0.001) and in the trained compared to the
untrained (T, p < 0.001) whereas no significant interaction
between age and training was observed.
3.4. Blood lipid profile (Table 2)
Training was associated with a lower level of triglyceride (T,
p < 0.001), total cholesterol and LDL cholesterol level (T, p < 0.01).
For triglycerides no effect of aging per se was demonstrated,
whereas aging was associated with a rise in total cholesterol, HDL
and LDL (A, p < 0.01).

3.5. Glucose homeostasis (Table 3)
Fasted insulin levels were lower in the trained groups than in
the untrained (T, p < 0.001), but unaffected by age (Table 3).
Fasting glucose was lower in the young than in the old groups (A,
p < 0.001). An interaction was observed (A#T, p < 0.05) with
fasted glucose being lower in O-Tr vs O-Un (*) and in Y-Un than in
O-Un (§). Likewise, blood glucose 2 h after glucose ingestion and
glycosylated hemoglobin (HbA1c) were lower in the young than in
the old groups (A, p < 0.01), but were unaffected by training.
Insulin resistance assessed by HOMA-IR was lower in the trained
than in the untrained groups (T, p < 0.001), and was not affected by
age, and in accordance, insulin sensitivity assessed by QUICKI was
higher in the trained than in the untrained groups (T, p < 0.001),
and not affected by age (Table 3).
3.6. Systemic inflammatory markers
There was a significant effect of age and training for CRP and IL6, and the level of inflammatory markers was lower in the young
compared to the old (A, p < 0.01) and in the trained compared to
the untrained groups (T, p < 0.001, Fig. 2). SuPAR was higher in the
old vs young groups (A, p < 0.001, Fig. 2), and the interaction
between age and training approached significance (A#T,
p = 0.054). As shown in Fig. 3, an age-training interaction was
present for TNFa (A#T, p < 0.05) and the old trained had higher
TNFa than old untrained (p < 0.05). The level of sTNFRI was lower
in the young groups compared to the old groups (A, p < 0.05), and
in the trained groups compared to the untrained groups (T,
p < 0.05). Likewise, serum sTNFRII was lower in the young groups
compared to the old groups (A, p < 0.05), but no effect of training

Table 3
Glucose homeostasis.
Variable

Young untrained Y-Un

Young trained Y-Tr

Old untrained O-Un

Old trained O-Tr

p-Value
A = age
T = training

Glucose homeostasis
Insulin (fasted, pmol/l)
Glucose (fasted, mmol/l)
Glucose (2 hrs, mmol/l)
HbA1c (mean mmol/l)
HOMA-IR
QUICKI

Mean (SE)
22.8 (2.8)
4.58(0.10)§
4.70 (0.15)
5.51 (0.15)
0.78 (0.11)
0.41 (0.01)

14.9 (1.9)
4.66 (0.11)
4.49 (0.34)
5.58 (0.16)
0.53 (0.09)
0.44 (0.01)

26.0 (2.4)
5.26 (0.10)*
5.53 (0.20)
6.45 (0.11)
1.02 (0.10)
0.39 (0.01)

13.9 (1.1)
4.91 (0.09)
5.05 (0.27)
6.03 (0.16)
0.51 (0.04)
0.44 (0.01)

T < 0.001
A < 0.001
A < 0.01
A < 0.001
T < 0.001
T < 0.001

Interaction
age # training

A#T < 0.05

Data on glucose homeostasis are shown for the four groups of subjects. p-Values for significant main effects of age (A), training (T) and interaction (A#T) are given. For further
details, see text.
*
Different from O-Tr (p < 0.05).
§
Different from O-Un (p < 0.05).
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Fig. 2. CRP, IL-6 and suPAR. Level of (A) C-reactive protein (CRP), (B) interleukin-6
(IL-6) and (C) suPAR in plasma from the four different groups. All three variables
were log-transformed before statistical analyses, and CRP shown on a log scale on
the graph. p-Values from 2-way ANOVA are given in the figures. Data are shown as
mean + SE. N = 10–15 as given in Table 1.

was observed (Fig. 3). Leucocyte levels in the endurance trained
groups were significantly lower than in the untrained groups (T,
p < 0.001), and the level was not affected by age (Table 2).

4. Discussion
To the best of our knowledge, this is the first study to
investigate the interaction between the influence of aging and
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Fig. 3. TNFa and receptors. Level of (A) TNFa and the soluble receptors, (B) sTNFRI
and (C) sTNFRII in the four different groups. TNFa was measured in plasma and
sTNFRI & sTNFRII in serum. p-Values for 2-way ANOVA are given in the figures.
Significant difference between O-Un and O-Tr, *p < 0.05. Data are shown as
mean + SE. N = 10–15 is as given in Table 1.

physical activity on inflammatory biomarkers and skeletal muscle
mass in elderly master athletes. One of the major findings of the
present study was that life-long endurance exercise was associated
with a larger muscle size than O-Un and an attenuation of the agerelated increase in inflammatory markers. Moreover, endurance
training was associated with improved insulin sensitivity and
lower triglyceride levels, and these effects were independent of
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Fig. 4. Quadriceps cross sectional area (Q-CSA) and plasma CRP. Association
between CRP and Q-CSA plotted as mean and SE in the four groups (Y-Tr, Young
Trained n = 10; Y-Un, Young Untrained n = 12; O-Tr, Old Trained n = 12; O-Un, Old
Untrained n = 11).

age. Furthermore, both age and training status were observed to
influence waist circumference, VO2 peak, total cholesterol, LDL, leg
muscle size, CRP and IL-6, although age and training exerted
opposing effects; aging generally affects these parameters in an
unhealthy direction, whereas endurance training influences them
in a health-promoting direction. Together these findings indicate
that regular endurance training may play a role in lowering some
markers of systemic inflammation – even within the normal range
– and in regulating important metabolic and physiological muscle
parameters with aging.
It has been suggested that the influence of physical training on
systemic inflammation is exerted through weight loss and a loss of
adipose tissue (Vieira et al., 2009). It would appear that the findings
of the present study support this, in that long distance running in
young and old healthy males was associated with lower levels of
CRP and IL-6 (Fig. 2). However, the participants of our study had a
BMI classification of normal weight, with low concentrations of
CRP (approximately 1 mg/L), in contrast to the study by Vieira,
where participants had a BMI classification of overweight and had
higher CRP values (approximately 3 mg/L). This suggests that
endurance exercise exerts a beneficial effect on systemic
inflammatory status, which is unrelated to overweight. In addition,
it is possible that the lower level of CRP and IL-6 in endurance
trained athletes is coupled to the maintenance of skeletal muscle
mass (Fig. 4). However, such a coupling is at this point speculative
and needs larger studies for confirmation.
With regard to muscle mass and strength, we found a greater
muscle size (Q-CSA) and muscle strength in young compared to old
men, and that endurance trained individuals had greater Q-CSA
and strength than their untrained counterparts (Fig. 1), which is in
accordance with previous observations (Galloway et al., 2002;
Tarpenning et al., 2004; Wiswell et al., 2001; Faulkner et al., 2008).
Within the young groups, quadriceps muscle strength was higher
in trained than in untrained individuals, which was not the case
within the old groups. This would seem to suggest that muscle
strength cannot be maintained by life-long endurance training.
However, it should be kept in mind that all participants were
selected and healthy, and thus are probably not representative of
the general aging population. Furthermore, it should be noted that
in spite of a training-associated difference in muscle cross sectional
area in elderly individuals, as mentioned above there was no
significant difference in quadriceps strength between O-Un and
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O-Tr, which would indicate that the relative muscle force (per
muscle area) is lower in trained vs untrained. This is very unlikely
and points more towards a limitation in the strength data obtained
in the present study. Variation in the measurements of strength
was higher than in the CSA measurements (CV 19–31% vs 6–14%
for strength and CSA, respectively) and further differences between
groups in muscle strength may have emerged had a larger number
of subjects been studied.
As an indicator of aerobic capacity, we observed a higher VO2
peak in trained vs untrained, and that younger individuals had a
higher VO2 peak when compared to elderly individuals, regardless
of training status, which is supported by earlier reports (Hagberg
et al., 1998; Hawkins et al., 2001; Rogers et al., 1990; Wiswell et al.,
2001).
In this study, both aging and physical activity levels were
observed to influence blood cholesterol, LDL and to some extent
HDL (Table 2). Aging was associated with elevated total cholesterol
and LDL, but exercise training reduces these parameters (Table 2).
These findings support the isolated findings reported earlier on
aging and training (Leon and Sanchez, 2001; Vogel et al., 2009). Old
athletes have previously been shown to have more favourable lipid
profiles than sedentary subjects and even similar to those of young
adults (Yataco et al., 1997).
While we did not determine insulin sensitivity using euglycemic, hyper-insulinaemic glucose clamp, but instead used
indirect methods, fasted insulin and indexes of insulin resistance
(HOMA-IR) and insulin sensitivity (QUICKI) were observed to be
more favourable in the trained than untrained state, as expected
(Seals et al., 1984; Henriksson, 1995; Ryan, 2000). Interestingly,
there was no effect of aging on these parameters, indicating that
age-related loss in insulin sensitivity is almost exclusively due to a
decline in physical activity level rather that to aging per se. This
supports the view that life-long physical endurance training can
maintain metabolic health in human skeletal muscle. In contrast to
insulin sensitivity, glucose levels (including HbA1c) were observed
to be affected by age but not by training status, indicating that
aging does affect glucose levels, despite the lack of influence on
insulin sensitivity. It should be noted here that the O-Un
individuals were screened not to have any morbidities or signs
of pre-morbidity and thus do not represent the general aging
population. We did this to separate out the exercise component as
much as possible from the aging process.
In large scale population-based studies, relationships between
inflammatory markers and loss of muscle mass and strength have
previously been observed (Visser et al., 2002; Schaap et al., 2009,
2006; Geffken et al., 2001; Taaffe et al., 2000; Yu et al., 2009;
Wannamethee et al., 2002; Reuben et al., 2003; Colbert et al., 2004;
Valentine et al., 2009). In the majority of the cross-sectional
studies, increasing time spent on physical activity was associated
with a reduced level of CRP, IL-6 and in a few cases TNFa. To our
knowledge, this is one of the first studies on systemic levels of
inflammatory markers in elderly athletes, including an agematched healthy control group, and a comparison to both trained
and untrained young counterparts. The positive effect of training
that we observed for CRP and IL-6 was as expected based on studies
showing that both of these inflammatory markers are usually
lower in well trained subjects and can be reduced by long-term
training (Nicklas et al., 2008; Kohut et al., 2006; Campbell et al.,
2009). Furthermore, we detected greater levels of CRP and IL-6 in
the old groups. Both CRP and IL-6 levels were very low in our
subjects (approximately 1 mg/l for CRP), which is somewhat in
contrast to earlier training studies that were mostly performed on
patients with CRP levels of about 4–5 mg/l (Nicklas et al., 2008;
Campbell et al., 2009). This supports the idea that, even within a
range of very low CRP values, circulating levels of biomarkers are
related to the degree of physical training.

538

U.R. Mikkelsen et al. / Mechanisms of Ageing and Development 134 (2013) 531–540

The increase in suPAR with age in the present study is in line
with prior studies although all suPAR concentrations in general
were low. SuPAR’s association with diseases related to a sedentary
lifestyle, such as diabetes and cardiovascular diseases, is well
established (Eugen-Olsen et al., 2010; Lyngbaek et al., 2013a), and
is similar to CRP. CRP in these settings is associated with
anthropometric measures, whereas suPAR is linked to endothelial
dysfunction and subclinical organ damage due to atherosclerosis
(Lyngbaek et al., 2013b). SuPARs are present on vascular
endothelial cells and involved in several immune functions
including migration, adhesion, angiogenesis, fibrinolysis and cell
proliferation (Eugen-Olsen et al., 2010), making it a potential
player in locally induced inflammation and regeneration. At the
time of writing, only one study on circulating levels of suPAR in
relation to exercise could be found, where, in well-trained young
individuals, no influence of an acute bout of exercise was detected
(Sanchis-Gomar et al., 2013), but it is clear that more data are
needed on any potential influence of exercise on suPAR and what
the implications of changed levels would be. The fact that suPAR
did not demonstrate any relationship to degree of physical activity
could be due to suPAR being a marker of minor pathology rather
than an effect of physical training itself. In this way suPAR cannot
be directly compared with the other markers of inflammation, but
we cannot rule out that we, in this study due to the low number of
subjects, may have overlooked any true effect of training on suPAR.
TNFa is considered a pro-inflammatory cytokine which
contributes to breakdown and wasting of skeletal muscle (Li
and Reid, 2001). In a 5-year study of 70-year olds, higher baseline
levels of several cytokines, but in particular TNFa and its soluble
receptors, were found to be associated with a greater decline in
thigh muscle area, even in weight-stable individuals (Schaap et al.,
2009). In the present study, the plasma levels of TNFa were
generally very low and yet higher levels were detected in the old
trained compared to old untrained. This was in contrast to our
hypothesis, since studies in elderly individuals have shown either
reduced (Phillips et al., 2012; Kohut et al., 2006; Ogawa et al., 2010;
Onambele-Pearson et al., 2010; Cordova et al., 2011) or unchanged
(Onambele-Pearson et al., 2010) circulating TNFa levels with
training, although mainly resistance training interventions were
used in these previous studies. The reduced TNFa level we
observed was not a general effect of training, since it was only
present in the old untrained. It is possible that an explanation for
this result lies in the age and excellent health status of the old
untrained in this study. Support for the latter is illustrated in the
similar muscle strength measured for the young untrained and old
untrained groups, indicating that the muscle of the old untrained
had not ‘‘aged’’ much from the point of view of function. It has
previously been reported that individuals in the age range 55–65
do not have elevated circulating TNFa levels compared to 18–30
year olds. However, greater levels were detected in 81-year olds
and even greater levels again in centenarians, suggesting that
TNFa levels do not rise with age until the ninth decade of life
(Bruunsgaard et al., 1999). The soluble receptors for TNF were both
slightly elevated in the old groups. An elevated circulating level of
the pro-inflammatory cytokine TNFa, number of TNFa receptors
and sensitivity to TNFa with increasing age has previously been
found in most (Bruunsgaard et al., 2000; Mariani et al., 2006;
Shurin et al., 2007; Stowe et al., 2010; Roubenoff, 2007) but not all
(Donato et al., 2008) studies. In the present study, the trained
groups had lower sTNFRI, whereas sTNFRII appeared unaffected by
training. We measured sTNFRs together with TNFa, since TNFa is
usually present at very low levels (particularly in healthy subjects)
whereas sTNFRs are present in the circulation at all times and can
be regarded as surrogate markers for TNFa (Stowe et al., 2010).
On average the old groups were 40 years older than the young
groups, and life-long endurance training among these elderly

individuals improved a number of the measured parameters (QCSA, VO2peak, CRP, IL-6 and sTNFRI) to the levels observed among
the young individuals. Mostly corresponding to young untrained,
or sometimes even at level of the young trained, indicating that
life-long endurance trained athletes are similar to individuals 40
years younger in terms of inflammatory biomarker profile. It has
however to be mentioned that the low number of individuals in the
present study somewhat limits the overall conclusions that can be
drawn, and larger studies are needed to confirm our findings.
Clearly, the design of the present study was cross-sectional and
therefore no conclusions about cause and effect relationships
between physical activity, inflammatory markers and muscle mass
can be drawn. Nevertheless, the master athlete model is used as a
unique model for successful, optimal aging, and serves as an
example for physical activity to maintain health. Changes detected
in the old trained are considered to be the result of primary
(physiological) aging rather than secondary (lifestyle-related)
aging (Tanaka and Seals, 2003), and thus we suggest that lifelong endurance training could contribute to the changes observed
in physiological parameters between the groups.

5. Conclusion
In non-obese healthy males, endurance training was associated
with improved insulin sensitivity and lower triglyceride levels,
which was independent of age. Furthermore, age-related changes
in waist circumference, VO2 peak, cholesterol, LDL, leg muscle size,
CRP and IL-6 were counteracted by the effects of physical activity
level in the old (and young) groups. Finally, life-long endurance
exercise was associated with attenuation in both the age-related
elevation of some inflammatory markers (CRP and IL-6) and a
reduction in thigh muscle size. Overall, the findings in a limited
number of individuals suggest that regular physical endurance
activity may play a role both in reducing the systemic inflammation levels, even within a normal range of plasma concentration,
and for maintenance of muscle mass with aging.
Acknowledgements
Ann-Christina Reimann is acknowledged for expert technical
assistance, and the technical staff at the Department of Radiology,
Bispebjerg Hospital for help in obtaining the MRI images. The study
was supported by grants from The Danish Medical Research
Council (no. 10-09402), The Nordea Foundation (Healthy Ageing
grant), EU 7th framework grant ‘‘Myoage’’ (no. 223576), The
Danish Rheumatism Association (R92-A1592) and The Danish
Agency for Culture.
References
Ainsworth, B.E., Haskell, W.L., Herrmann, S.D., Meckes, N., Bassett Jr., D.R., TudorLocke, C., Greer, J.L., Vezina, J., Whitt-Glover, M.C., Leon, A.S., 2011. 2011
Compendium of Physical Activities: a second update of codes and MET values.
Med. Sci. Sports Exerc. 43, 1575–1581.
Albert, M.A., Glynn, R.J., Ridker, P.M., 2004. Effect of physical activity on serum Creactive protein. Am. J. Cardiol. 93, 221–225.
Allin, K.H., Nordestgaard, B.G., Zacho, J., Tybjaerg-Hansen, A., Bojesen, S.E., 2010. Creactive protein and the risk of cancer: a mendelian randomization study. J.
Natl. Cancer Inst. 102, 202–206.
Andersson, D.C., Betzenhauser, M.J., Reiken, S., Meli, A.C., Umanskaya, A., Xie, W.,
Shiomi, T., Zalk, R., Lacampagne, A., Marks, A.R., 2011. Ryanodine receptor
oxidation causes intracellular calcium leak and muscle weakness in aging. Cell
Metab. 14, 196–207.
Bruunsgaard, H., Andersen-Ranberg, K., Jeune, B., Pedersen, A.N., Skinhoj, P., Pedersen, B.K., 1999. A high plasma concentration of TNF-alpha is associated with
dementia in centenarians. J. Gerontol. A. Biol. Sci. Med. Sci. 54, M357–M364.
Bruunsgaard, H., Skinhoj, P., Pedersen, A.N., Schroll, M., Pedersen, B.K., 2000. Ageing,
tumour necrosis factor-alpha (TNF-alpha) and atherosclerosis. Clin. Exp. Immunol. 121, 255–260.

U.R. Mikkelsen et al. / Mechanisms of Ageing and Development 134 (2013) 531–540
Burks, T.N., Andres-Mateos, E., Marx, R., Mejias, R., Van, E.C., Simmers, J.L., Walston,
J.D., Ward, C.W., Cohn, R.D., 2011. Losartan restores skeletal muscle remodeling
and protects against disuse atrophy in sarcopenia. Sci. Transl. Med. 3 , 82ra37.
Campbell, P.T., Campbell, K.L., Wener, M.H., Wood, B.L., Potter, J.D., McTiernan, A.,
Ulrich, C.M., 2009. A yearlong exercise intervention decreases CRP among obese
postmenopausal women. Med. Sci. Sports Exerc. 41, 1533–1539.
Colbert, L.H., Visser, M., Simonsick, E.M., Tracy, R.P., Newman, A.B., Kritchevsky, S.B.,
Pahor, M., Taaffe, D.R., Brach, J., Rubin, S., Harris, T.B., 2004. Physical activity,
exercise, and inflammatory markers in older adults: findings from the Health,
Aging and Body Composition Study. J. Am. Geriatr. Soc. 52, 1098–1104.
Cordova, C., Lopes-E-Silva, Pires, A.S., Souza, V.C., Brito, C.J., Moraes, C.F., Sposito,
A.C., Nobrega, O.T., 2011. Long-term resistance training is associated with
reduced circulating levels of IL-6, IFN-gamma and TNF-alpha in elderly women.
Neuroimmunomodulation 18, 165–170.
Craig, C.L., Marshall, A.L., Sjostrom, M., Bauman, A.E., Booth, M.L., Ainsworth, B.E.,
Pratt, M., Ekelund, U., Yngve, A., Sallis, J.F., Oja, P., 2003. International physical
activity questionnaire: 12-country reliability and validity. Med. Sci. Sports
Exerc. 35, 1381–1395.
Donato, A.J., Black, A.D., Jablonski, K.L., Gano, L.B., Seals, D.R., 2008. Aging is
associated with greater nuclear NF kappa B, reduced I kappa B alpha, and
increased expression of proinflammatory cytokines in vascular endothelial cells
of healthy humans. Aging Cell 7, 805–812.
Dunn, P.J., Cole, R.A., Soeldner, J.S., 1979. Further development and automation of a
high pressure liquid chromatography method for the determination of glycosylated hemoglobins. Metabolism 28, 777–779.
Elosua, R., Bartali, B., Ordovas, J.M., Corsi, A.M., Lauretani, F., Ferrucci, L., 2005.
Association between physical activity, physical performance, and inflammatory
biomarkers in an elderly population: the InCHIANTI study. J. Gerontol. A. Biol.
Sci. Med. Sci. 60, 760–767.
Eugen-Olsen, J., Andersen, O., Linneberg, A., Ladelund, S., Hansen, T.W., Langkilde, A.,
Petersen, J., Pielak, T., Moller, L.N., Jeppesen, J., Lyngbaek, S., Fenger, M., Olsen,
M.H., Hildebrandt, P.R., Borch-Johnsen, K., Jorgensen, T., Haugaard, S.B., 2010.
Circulating soluble urokinase plasminogen activator receptor predicts cancer,
cardiovascular disease, diabetes and mortality in the general population. J.
Intern. Med. 268, 296–308.
Faulkner, J.A., Davis, C.S., Mendias, C.L., Brooks, S.V., 2008. The aging of elite male
athletes: age-related changes in performance and skeletal muscle structure and
function. Clin. J. Sport Med. 18, 501–507.
Fried, L.P., Tangen, C.M., Walston, J., Newman, A.B., Hirsch, C., Gottdiener, J., Seeman,
T., Tracy, R., Kop, W.J., Burke, G., McBurnie, M.A., 2001. Frailty in older adults:
evidence for a phenotype. J. Gerontol. A. Biol. Sci. Med. Sci. 56, M146–M156.
Galloway, M.T., Kadoko, R., Jokl, P., 2002. Effect of aging on male and female master
athletes’ performance in strength versus endurance activities. Am. J. Orthop.
(Belle Mead, NJ) 31, 93–98.
Geffken, D.F., Cushman, M., Burke, G.L., Polak, J.F., Sakkinen, P.A., Tracy, R.P., 2001.
Association between physical activity and markers of inflammation in a healthy
elderly population. Am. J. Epidemiol. 153, 242–250.
Hagberg, J.M., Goldberg, A.P., Lakatta, L., O’Connor, F.C., Becker, L.C., Lakatta, E.G.,
Fleg, J.L., 1998. Expanded blood volumes contribute to the increased cardiovascular performance of endurance-trained older men. J. Appl. Physiol. 85, 484–
489.
Hammett, C.J., Oxenham, H.C., Baldi, J.C., Doughty, R.N., Ameratunga, R., French, J.K.,
White, H.D., Stewart, R.A., 2004. Effect of six months’ exercise training on Creactive protein levels in healthy elderly subjects. J. Am. Coll. Cardiol. 44, 2411–
2413.
Harris, T.B., Ferrucci, L., Tracy, R.P., Corti, M.C., Wacholder, S., Ettinger Jr., W.H.,
Heimovitz, H., Cohen, H.J., Wallace, R., 1999. Associations of elevated interleukin-6 and C-reactive protein levels with mortality in the elderly. Am. J. Med.
106, 506–512.
Hawkins, S.A., Marcell, T.J., Victoria, J.S., Wiswell, R.A., 2001. A longitudinal assessment of change in VO2max and maximal heart rate in master athletes. Med. Sci.
Sports Exerc. 33, 1744–1750.
Henriksson, J., 1995. Influence of exercise on insulin sensitivity. J. Cardiovasc. Risk 2,
303–309.
Kohut, M.L., McCann, D.A., Russell, D.W., Konopka, D.N., Cunnick, J.E., Franke, W.D.,
Castillo, M.C., Reighard, A.E., Vanderah, E., 2006. Aerobic exercise, but not
flexibility/resistance exercise, reduces serum IL-18, CRP, and IL-6 independent
of beta-blockers, BMI, and psychosocial factors in older adults. Brain Behav.
Immun. 20, 201–209.
Langkilde, A., Hansen, T.W., Ladelund, S., Linneberg, A., Andersen, O., Haugaard, S.B.,
Jeppesen, J., Eugen-Olsen, J., 2011. Increased plasma soluble uPAR level is a risk
marker of respiratory cancer in initially cancer-free individuals. Cancer Epidemiol. Biomarkers Prev. 20, 609–618.
Leon, A.S., Sanchez, O.A., 2001. Response of blood lipids to exercise training
alone or combined with dietary intervention. Med. Sci. Sports Exerc. 33,
S502–S515.
Li, Y.P., Reid, M.B., 2001. Effect of tumor necrosis factor-alpha on skeletal muscle
metabolism. Curr. Opin. Rheumatol. 13, 483–487.
Lund, A.J., Hurst, T.L., Tyrrell, R.M., Thompson, D., 2011. Markers of chronic inflammation with short-term changes in physical activity. Med. Sci. Sports Exerc. 43,
578–583.
Lutz, C.T., Quinn, L.S., 2012. Sarcopenia, obesity, and natural killer cell immune
senescence in aging: altered cytokine levels as a common mechanism. Aging
(Albany, NY) 4, 535–546.
Lyngbaek, S., Marott, J.L., Sehestedt, T., Hansen, T.W., Olsen, M.H., Andersen, O.,
Linneberg, A., Haugaard, S.B., Eugen-Olsen, J., Hansen, P.R., Jeppesen, J., 2013a.

539

Cardiovascular risk prediction in the general population with use of suPAR, CRP,
and Framingham Risk Score. Int. J. Cardiol. 167 (6) 2904–2911.
Lyngbaek, S., Sehestedt, T., Marott, J.L., Hansen, T.W., Olsen, M.H., Andersen, O.,
Linneberg, A., Madsbad, S., Haugaard, S.B., Eugen-Olsen, J., Jeppesen, J., 2013b.
CRP and suPAR are differently related to anthropometry and subclinical organ
damage. Int. J. Cardiol. 167 (3) 781–785.
Mariani, E., Cattini, L., Neri, S., Malavolta, M., Mocchegiani, E., Ravaglia, G., Facchini,
A., 2006. Simultaneous evaluation of circulating chemokine and cytokine
profiles in elderly subjects by multiplex technology: relationship with zinc
status. Biogerontology 7, 449–459.
Mosca, A., Carpinelli, A., Bonini, P., 1986. Automated determination of glycated
hemoglobins with a new high-performance liquid chromatography analyzer.
Clin. Chem. 32, 202–203.
Narici, M.V., Maffulli, N., 2010. Sarcopenia: characteristics, mechanisms and functional significance. Br. Med. Bull. 95, 139–159.
Nicklas, B.J., Hsu, F.C., Brinkley, T.J., Church, T., Goodpaster, B.H., Kritchevsky, S.B.,
Pahor, M., 2008. Exercise training and plasma C-reactive protein and interleukin-6 in elderly people. J. Am. Geriatr. Soc. 56, 2045–2052.
Nicklas, B.J., You, T., Pahor, M., 2005. Behavioural treatments for chronic systemic
inflammation: effects of dietary weight loss and exercise training. CMAJ 172,
1199–1209.
Nordin, G., Martensson, A., Swolin, B., Sandberg, S., Christensen, N.J., Thorsteinsson,
V., Franzson, L., Kairisto, V., Savolainen, E.R., 2004. A multicentre study of
reference intervals for haemoglobin, basic blood cell counts and erythrocyte
indices in the adult population of the Nordic countries. Scand. J. Clin. Lab. Invest.
64, 385–398.
Ogawa, K., Sanada, K., Machida, S., Okutsu, M., Suzuki, K., 2010. Resistance exercise
training-induced muscle hypertrophy was associated with reduction of inflammatory markers in elderly women. Mediators Inflamm. 2010, 171023.
Onambele-Pearson, G.L., Breen, L., Stewart, C.E., 2010. Influence of exercise intensity
in older persons with unchanged habitual nutritional intake: skeletal muscle
and endocrine adaptations. Age (Dordr.) 32, 139–153.
Park, H.S., Park, J.Y., Yu, R., 2005. Relationship of obesity and visceral adiposity with
serum concentrations of CRP, TNF-alpha and IL-6. Diabetes Res. Clin. Pract. 69,
29–35.
Phillips, M.D., Patrizi, R.M., Cheek, D.J., Wooten, J.S., Barbee, J.J., Mitchell, J.B., 2012.
Resistance training reduces subclinical inflammation in obese, postmenopausal
women. Med. Sci. Sports Exerc. 44, 2099–2110.
Rahimi, K., Secknus, M.A., Adam, M., Hayerizadeh, B.F., Fiedler, M., Thiery, J., Schuler,
G., 2005. Correlation of exercise capacity with high-sensitive C-reactive protein
in patients with stable coronary artery disease. Am. Heart J. 150, 1282–1289.
Reuben, D.B., Judd-Hamilton, L., Harris, T.B., Seeman, T.E., 2003. The associations
between physical activity and inflammatory markers in high-functioning older
persons: MacArthur Studies of Successful Aging. J. Am. Geriatr. Soc. 51, 1125–
1130.
Rogers, M.A., Hagberg, J.M., Martin III, W.H., Ehsani, A.A., Holloszy, J.O., 1990.
Decline in VO2max with aging in master athletes and sedentary men. J. Appl.
Physiol. 68, 2195–2199.
Roubenoff, R., 2007. Physical activity, inflammation, and muscle loss. Nutr. Rev. 65,
S208–S212.
Ryan, A.S., 2000. Insulin resistance with aging: effects of diet and exercise. Sports
Med. 30, 327–346.
Sanchis-Gomar, F., Bonaguri, C., Pareja-Galeano, H., Gomez-Cabrera, M.C., Candel, J.,
Vina, J., Lippi, G., 2013. Effects of acute exercise and allopurinol administration
on soluble urokinase plasminogen activator receptor (suPAR). Clin. Lab. 59,
207–210.
Schaap, L.A., Pluijm, S.M., Deeg, D.J., Harris, T.B., Kritchevsky, S.B., Newman, A.B.,
Colbert, L.H., Pahor, M., Rubin, S.M., Tylavsky, F.A., Visser, M., 2009. Higher
inflammatory marker levels in older persons: associations with 5-year change
in muscle mass and muscle strength. J. Gerontol. A. Biol. Sci. Med. Sci. 64, 1183–
1189.
Schaap, L.A., Pluijm, S.M., Deeg, D.J., Visser, M., 2006. Inflammatory markers and loss
of muscle mass (sarcopenia) and strength. Am. J. Med. 119, 526–617.
Seals, D.R., Hagberg, J.M., Allen, W.K., Hurley, B.F., Dalsky, G.P., Ehsani, A.A., Holloszy,
J.O., 1984. Glucose tolerance in young and older athletes and sedentary men. J.
Appl. Physiol. 56, 1521–1525.
Sennels, H.P., Jorgensen, H.L., Goetze, J.P., Fahrenkrug, J., 2012. Rhythmic 24-hour
variations of frequently used clinical biochemical parameters in healthy young
males–the Bispebjerg study of diurnal variations. Scand. J. Clin. Lab. Invest. 72,
287–295.
Sennels, H.P., Jorgensen, H.L., Hansen, A.L., Goetze, J.P., Fahrenkrug, J., 2011. Diurnal
variation of hematology parameters in healthy young males: the Bispebjerg
study of diurnal variations. Scand. J. Clin. Lab. Invest. 71, 532–541.
Shurin, G.V., Yurkovetsky, Z.R., Chatta, G.S., Tourkova, I.L., Shurin, M.R., Lokshin, A.E.,
2007. Dynamic alteration of soluble serum biomarkers in healthy aging. Cytokine 39, 123–129.
Stowe, R.P., Peek, M.K., Cutchin, M.P., Goodwin, J.S., 2010. Plasma cytokine levels in a
population-based study: relation to age and ethnicity. J. Gerontol. A. Biol. Sci.
Med. Sci. 65, 429–433.
Taaffe, D.R., Harris, T.B., Ferrucci, L., Rowe, J., Seeman, T.E., 2000. Cross-sectional and
prospective relationships of interleukin-6 and C-reactive protein with physical
performance in elderly persons: MacArthur studies of successful aging. J.
Gerontol. A. Biol. Sci. Med. Sci. 55, M709–M715.
Tanaka, H., Seals, D.R., 2003. Invited review: dynamic exercise performance in
Masters athletes: insight into the effects of primary human aging on physiological functional capacity. J. Appl. Physiol. 95, 2152–2162.

540

U.R. Mikkelsen et al. / Mechanisms of Ageing and Development 134 (2013) 531–540

Tarpenning, K.M., Hamilton-Wessler, M., Wiswell, R.A., Hawkins, S.A., 2004. Endurance training delays age of decline in leg strength and muscle morphology. Med.
Sci. Sports Exerc. 36, 74–78.
Toth, M.J., Ades, P.A., Tischler, M.D., Tracy, R.P., LeWinter, M.M., 2006. Immune
activation is associated with reduced skeletal muscle mass and physical function in chronic heart failure. Int. J. Cardiol. 109, 179–187.
Valentine, R.J., Vieira, V.J., Woods, J.A., Evans, E.M., 2009. Stronger relationship
between central adiposity and C-reactive protein in older women than men.
Menopause 16, 84–89.
Vieira, V.J., Hu, L., Valentine, R.J., McAuley, E., Evans, E.M., Baynard, T., Woods, J.A.,
2009. Reduction in trunk fat predicts cardiovascular exercise training-related
reductions in C-reactive protein. Brain Behav. Immun. 23, 485–491.
Visser, M., Pahor, M., Taaffe, D.R., Goodpaster, B.H., Simonsick, E.M., Newman, A.B.,
Nevitt, M., Harris, T.B., 2002. Relationship of interleukin-6 and tumor
necrosis factor-alpha with muscle mass and muscle strength in elderly men
and women: the Health ABC Study. J. Gerontol. A. Biol. Sci. Med. Sci. 57, M326–
M332.
Vogel, T., Brechat, P.H., Lepretre, P.M., Kaltenbach, G., Berthel, M., Lonsdorfer, J.,
2009. Health benefits of physical activity in older patients: a review. Int. J. Clin.
Pract. 63, 303–320.

Wannamethee, S.G., Lowe, G.D., Whincup, P.H., Rumley, A., Walker, M., Lennon, L.,
2002. Physical activity and hemostatic and inflammatory variables in elderly
men. Circulation 105, 1785–1790.
Wensley, F., Gao, P., Burgess, S., Kaptoge, S., Di, A.E., Shah, T., Engert, J.C., Clarke, R.,
Davey-Smith, G., Nordestgaard, B.G., Saleheen, D., Samani, N.J., Sandhu, M.,
Anand, S., Pepys, M.B., Smeeth, L., Whittaker, J., Casas, J.P., Thompson, S.G.,
Hingorani, A.D., Danesh, J., 2011. Association between C reactive protein and
coronary heart disease: mendelian randomisation analysis based on individual
participant data. BMJ 342, d548.
Wiswell, R.A., Hawkins, S.A., Jaque, S.V., Hyslop, D., Constantino, N., Tarpenning, K.,
Marcell, T., Schroeder, E.T., 2001. Relationship between physiological loss,
performance decrement, and age in master athletes. J. Gerontol. A. Biol. Sci.
Med. Sci. 56, M618–M626.
Yataco, A.R., Busby-Whitehead, J., Drinkwater, D.T., Katzel, L.I., 1997. Relationship of
body composition and cardiovascular fitness to lipoprotein lipid profiles in
master athletes and sedentary men. Aging (Milano) 9, 88–94.
Yu, Z., Ye, X., Wang, J., Qi, Q., Franco, O.H., Rennie, K.L., Pan, A., Li, H., Liu, Y., Hu, F.B.,
Lin, X., 2009. Associations of physical activity with inflammatory factors,
adipocytokines, and metabolic syndrome in middle-aged and older chinese
people. Circulation 119, 2969–2977.

