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Abstract

The importance of physical exercise in regulating energy balance and ultimately body mass is widely recognized. There have been several
investigative efforts in describing the regulation of the energy homeostasis. Important in this regulatory system is the existence of several
peripheral signals that communicate the status of body energy stores to the hypothalamus including leptin, adiponectin, ghrelin, interleukin-6,
interleukin-1p, and tumor necrosis factor—o—different cytokines and other peptides that affect energy homeostasis. In certain circumstances,
all these peripheral signals may be used to reveal the condition of the athlete as the result of several months of prolonged exercise training.
These hormone and cytokine concentrations characterize a physical stress condition in which different hormone and cytokine responses are
apparently linked to changes in physical performance. The possibility to use these peripheral signals as markers of training stress (and
possible overreaching/overtraining) in elite athletes should be considered. These measured hormone and cytokine levels could also be used to
characterize the physical stress of single exercise session, as the hormone and cytokine response to exercise may actually be a response to the
concurrent energy deficit. In summary, different peripheral signals of energy homeostasis may be sensitive to changes in specific training

stress and may be useful for predicting the onset of possible overreaching/overtraining in athletes.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

To improve physical performance, athletes often use
periods of heavy physical stress followed by a reduction in
stress level to achieve specific adaptations at the cellular
level. There is a lack of valid determination tools that
would reliably aid in monitoring the training process of the
athletes and in preventing excessive physical stress that can
lead athletes to adverse training outcomes. Evaluation of
actual trainability and determination of possible overload
and overtraining are among the most complex tasks in
sports and exercise sciences. It should be noted that the
monitoring process of training is effective only if it has
sound scientific foundation.

Assessment of circulating hormones during prolonged
physical stress and/or training has received considerable
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attention due to its implications for general adaptive
mechanisms and for physical conditioning [1,2]. Hormonal
mechanisms most certainly contribute in mediating both
short-term homeostatic control and long-term cellular
adaptations to any type of stress imposed on humans
[1,2]. Hormones influence the regeneration phase through
the modulation of anabolic and catabolic processes after
training and exercise [3,4]. To date, regular measurements
of hormones of the growth hormone—insulin-like growth
factor I (GH-IGF-I) and the hypothalamic-pituitary-gonadal
axes have been extensively used to monitor training status
and to assess possible development of overreaching and/or
overtraining in athletes [5-7]. Different studies have
indicated significant relationships of aerobic fitness vari-
ables with resting GH secretion [8] and resting IGF-I
concentrations [9], whereas resistance training has little or
no effect on resting GH or IGF-I concentrations [9,10].
Typically, circulating testosterone and cortisol concentra-
tions in blood are lowered [2,11] or remain relatively
constant [7,12] after prolonged endurance training and
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increase after prolonged resistance training [13]. It has been
hypothesized that the measurements of these hormone
concentrations in blood could assist in determination of
adequate dose-response of physical stress after regeneration
periods [14,15]. In addition, hormone responses to maximal
exercise tests have also been used to monitor heavy training
stress in athletes [2,16,17]. However, it has been reported
that these hormone responses are not always specific and do
not closely mirror the amount of physical stress during the
period of heavy training stress and the period of reduced
training level in athletes [6,18,19]. These results indicate
that the measurement of the anabolic and catabolic
hormones to assess the adaptation to existing training load
in athletes may be controversial and does not always lead to
plausible conclusions.

Acute exercise stimulates the secretion of GH and other
components of the GH—IGF-I axis, whereas the secretion of
insulin is reduced to allow for the mobilization of
carbohydrates and fatty acids needed to meet the increased
energy demands during exercise [20]. In particular, exercise
stimulates an increase in plasma GH concentration linearly
with an increase in exercise intensity [21,22]. However, a
large intersubject variability is present in the exercise-
induced GH concentration, which is partly related to body
composition, energy expenditure, performance level, and
type of exercise [23,24]. Exercise also stimulates testosterone
and estrogen secretion, which may influence carbohydrate
and lipid utilization [25]. In addition, increased testosterone,
GH, IGF-I, and thyroid hormone concentrations after
exercise contribute to the increased rate of adaptive protein
synthesis [26]. Specifically, the muscle cell has to manage
the exercise-induced metabolic challenges and cellular
adaptations as a result of physical stress [15,26,27].
However, heavy training stress and possible overtraining,
which causes a decrease in muscular energy stores and
metabolism, may lower protein turnover [15,26,27].

The hypothalamus in the brain appears to centrally
integrate the various metabolic, nervous, and hormonal
signals and has an important role in the regulation of the
central responses to stress and physical training [26]. In
response to temporary increases in training stress, some
athletes are unable to maintain sufficient intake of calories,
thus suffering negative energy balance causing further stress.
There have been several efforts to describe the regulation of
energy homeostasis [25,26,28]. Regulation of energy
balance is an essential function of the human organism that
is controlled by the central nervous system and an elaborate
interplay of intertissue signaling. Peripheral feedback to the
hypothalamus is supplied by different peptide hormones (eg,
leptin, adiponectin, and ghrelin) and several cytokines (eg,
interleukin-6 [IL-6], interleukin-15 [IL-1p], and tumor
necrosis factor—oo [TNF-o]). These peripheral signals
activate several hypothalamic hormonal pathways [26,28].
Smith [28] proposed that instead of stress hormones, such
peripheral signals could be used for the monitoring of
athletes to prevent possible overtraining.

This review focuses on the available scientific informa-
tion on the effects of acute exercise and chronic training on
the secretion of peripheral signals of energy balance and
inflammation with a focus on the messages generated via
peripheral tissues to the hypothalamus, and the possibility of
using them as markers of training stress in athletes.

2. Peripheral markers of energy balance

In certain circumstances, signals of peripheral tissues may
be used to reveal the condition of the athlete as the result of
several months of prolonged exercise training. They
represent a physical stress condition whereby different
hormonal responses are apparently linked to changes in
physical performance. The possibility to use these as markers
to monitor training stress (and possible overreaching/over-
training) in athletes should be considered. These markers
could also be used to assess the effect of a single exercise
session, as the marker response to exercise may actually be a
response to the concurrent energy deficit and/or inflamma-
tion. Taken together, the marker response to exercise stress
may be indicative of excessive training stress (and possible
overreaching/overtraining) when it signals (1) negative
energy balance and/or (2) inflammation in athletes.

2.1. Leptin responses to acute exercise and chronic training

Leptin is the most studied hormone when describing the
energy homeostasis and excessive training stress in athletes
[17,29-32]. Leptin, the product of the LEP gene, is primarily
secreted by the adipose tissue, acts directly on the
hypothalamus, and represents several physiologic functions
including regulation of body weight and energy balance
[33,34]. There is a positive relationship between adiposity
and leptin concentration in sedentary people, but not always
in athletes [35,36]. Perhaps the most important function of
leptin is its influence on energy balance. In general, leptin
decreases when energy intake is restricted, causing energy
conservation and decreased thermogenesis [37,38]. In
contrast, leptin increases when body fat is increased in an
attempt to reduce food intake and exercise thermogenesis
[37,38]. Basal leptin is correlated with mean daily energy
intake and energy expenditure, demonstrating that leptin can
be considered an interface between energy intake and energy
expenditure in athletes [39]. Leptin profoundly affects
hypothalamic neuroendocrine function as a result of negative
energy balance [40]. Specifically, leptin action appears to be
regulated through its effect on hypothalamic neuropeptide-Y
(NPY) and associated changes in energy balance [33,37,41].
With regard to starvation, NPY expression is increased when
leptin levels are low [26,41]. Increased NPY expression
depresses the hypothalamic-pituitary-adrenal axis [26].
Accordingly, Steinacker et al [26] suggested that leptin
may act as a metabolic hormone and may also have effects
on hypothalamic regulation during training in athletes.
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A vast body of literature has suggested that body fat
reduction is necessary to reduce circulating leptin concen-
tration as a result of exercise training [34,42,43]. Leptin
concentrations in athletes appear to be relatively low
compared with sedentary individuals [30,31,35,36]. An
independent effect of exercise training and increased energy
expenditure without changes in body fat content on leptin
has also been demonstrated [6,19,44,45]. A negative
correlation between leptin and performance [46] and a
dose-response relationship of leptin with weekly training
volume [17] have been found in rowers. Jiirimée and Jiirimée
[46] concluded that relative oxygen consumption during
2000-m rowing ergometer race, which is also a function of
body composition, was the main determinant of leptin
variance from performance parameters in rowers. These data
further demonstrate that leptin is considered to be one of the
peripheral signals of energy homeostasis designed to prolong
survival in situations such as starvation or heavy physical
stress [26]. However, the potential role of leptin in energy
homeostasis in response to a prolonged training in
endurance-trained athletes has demonstrated contradictory
results (Table 1). It is possible that the increase in training
volume alone may not be sufficient for the decrease in leptin,
as reported by Desgorces et al [51] who found no changes in
fasting leptin after an 8-month training season in rowers. The
amount of training volume in the study of Desgorces et al
[51] in contrast to studies that have observed decreases in
leptin [17,19,44,48] was relatively small. The independent
effect of negative energy balance on leptin concentration was
also demonstrated by Hilton and Loucks [55] who found that
the pulsatility of leptin depends on energy availability and
that exercise has no suppressive effect on the diurnal rhythm
of leptin beyond the impact of its energy cost on energy
availability. The absence of an effect of an increase in
training volume on leptin has also been described in
swimmers over a training season [32]. However, they used
rather intensive interval trainings [32] in contrast to low-
intensity, high-volume training used in the studies where a
decrease in leptin was found [17,19,44,48]. This difference
may also partly be due to the different energy systems that
are stressed. In intensive interval training, a large amount of
energy is derived from carbohydrates, whereas lipids are the
main energy source during low-intensity, high-volume
training; and the expression of leptin is regulated by the
energy flux and triglyceride loss in the adipocyte [56,57].

Rémson et al [48] found that a 2-hour rowing test at the
intensity of 80% of the anaerobic threshold (AT) on single
sculls caused a decreased postexercise leptin after a 2-week
period of increased training volume (ie, 16.5 h wk '), but
not before heavy training (ie, 10 h wk ') and after recovery
periods (ie, 10 h wk™') in rowers. The diary analysis
revealed a negative energy balance of approximately 455
kcal ™" at high-volume period, although they were allowed
to eat as much as they liked to individualize their subjective
energy demands. However, the results of high—training
volume studies support the notion that, during excessive

training stress and decreased energy availability, the athlete
can be monitored via exercise-induced leptin levels. The
performance level of the athlete may also influence
postexercise leptin because athletes at higher performance
level could go further beyond the limits, thus inducing
greater negative energy balance and a greater decrease in
leptin [48].

Exercise-induced biochemical changes may be more
sensitive to training load than fasting values [1,2,58]. In
general, postexercise decreases in leptin can be observed if
energy expenditure is high. It has been speculated that the
threshold for exercise-induced energy expenditure that is
required to disrupt homeostatic fuel regulation resulting in
lower leptin is in the proximity of about 400 to 800 kcal,
depending on the mode of exercise [59-63]. Decreased
leptin concentrations have also been observed immediately
after prolonged exercise with an estimated energy expen-
diture of at least 2800 kcal (eg, marathon run) [64-66].
Leptin concentrations are delayed (about 9 hours) in
prolonged exercise or decrease after acute exercise
(estimated energy expenditure of at least 850 kcal) in
trained subjects [63]. These results suggest that the total
work output should be above the threshold reduction in
energy availability that must be reached to alter leptin after
exercise in athletes.

There are also data showing that postexercise leptin
depends on the total body energy availability in athletes. A
decrease in leptin was observed after 2000-m maximal
rowing (energy expenditure about 120-150 kcal) after 3-
week heavy training stress, whereas no decrease was
observed during pretraining and after 2-week recovery
periods, when the athletes were expected to be well rested
[17]. It was believed that at the end of the 3-week heavy
training period, the athletes were in an early overtraining
state, as the decreased metabolic rate during the 2-week
tapering was accompanied by no changes in leptin after the
2000-m rowing test [17]. Similarly, postexercise effect on
leptin was observed by Rédmson et al [48] after 2-hour
rowing at the intensity of about 80% of AT. These results
would suggest that heavy training periods had led rowers to
the disrupted metabolic homeostasis [1,58], such that the
energy expenditure during these single rowing tests was
already enough to produce a reduction in leptin. The results
also indicate that if hypothalamic down-regulation exists
during overreaching/overtraining, analysis of exercise-
induced leptin concentrations may provide valuable
information for detecting signs of inadequate recovery
and excessive training stress.

In summary, it appears that leptin is lowered when energy
expenditure during the exercise is about 400 to 800 kcal,
depending on the mode of exercise. However, in athletes,
leptin could also be lowered after maximal exercise with an
estimated energy expenditure of 150 kcal in conditions of
limited energy availability. This could be indicative of
inadequate recovery resulting in possible overreaching in
these athletes. Basal leptin is lowered in endurance athletes



Table 1

Summary of studies linking different markers of energy homeostasis and training status in athletes

Study Athletes

Time

Study design

Energy status

Markers

Conclusions

Leptin (ng mL™!)
Ishigaki et al
[47] runners

Rémson et al 8 Competitive
[48] rowers

Jirimée et al 12 Competitive
[17] rowers

Simsch et al 6 Competitive
[19] rowers

Noland et al 9 Competitive
[32] swimmers

Maéestu et al 7 Competitive
[49] bodybuilders

Jiirimée et al 12 Elite rowers
[44]
Jirimée et al

[50]

11 Elite rowers

Desgorces et al 11 Competitive
[51] rowers

Adiponectin (ug mL™")

Maéestu et al 7 Competitive
[49] bodybuilders

Jiirimée et al 12 Elite rowers

[44]

13 Elite distance 8 d

4 wk

6 wk

9 wk

9 wk

11 wk

24 wk

24 wk

35 wk

11 wk

24 wk

HV, training load of 35.5 km d

1 Ref wk (~10 h wk "), 2 wk HV

(~18 h wk ™), 1 wk taper
(~10 hwk ™)

1 Ref wk (~9.3 h wk™"), 3 wk HV

(~17.5 h wk™"), 2 wk taper
(~89 hwk™

1 Ref wk, 3 wk HV RT

(~16.6 h wk™"), 1 wk taper,
3wk HV ET (14.3 h wk™ "),

1 wk taper

Training volume at wk 1,

27 km wk ' wk 4, 39 km wk ™ ';
and wk 9, 40 km wk ';

mainly high-intensity interval
training

Weight reduction in preparation
for competitions, body fat % |
from 9.6% to 6.5% over
training period

Training load 1 from 9.9 to

16.8 h wk " over training period
Training load 1 from 12.8 to

16.7 h wk'. Athletes were divided
as SEL (n = 6) and N-SEL (n = 5)

for national team.
Training load 1 by 125% in late
session.

Weight reduction in preparation

for competition, body fat % | from

9.6% to 6.5%
Training load 1 from 9.9 to

16.8 h wk ™" for the training period

EI 4372 keal d”', EE
not specified

EI 4880 kcal d™', EE 5329
kecal d' during 2-wk HV,

energy balance: —455 kcal d™!

Not specified

EI 5563 kcal d™! during
RT and 5190 kcal '
during ET

EI ~3000 kcal d ! and EE
~4000 keal d”! at wk 9

Maximal energy restriction
—980 keal d”'

Not specified

Not specified

Negative energy balance
—10.5% in late session.

Maximal energy restriction
~980 keal d”*

Not specified

Resting L < (1.34 vs 1.49 ng mL ")

Fasting L | (from 1.3 to 0.9 ng mL™"),
long-distance (2 h) postexercise L |

(from 1.1 to 0.8 ng mL™") after
2 wk HV training. Postexercise L
< in ref and taper wk.

Fasting L | (from 2.5 to 1.5 ng mL™"),

maximal 2000-m postexercise L |
(from 1.7 to 1.3 ng mL™") after

3 wk HV training. Postexercise L
< in ref and taper wk.

Fasting L | after HV RT (from 1.33

to 1.05 ng mL™")

Fasting L < during the study period
(wk 1, 4.4 ng mL'; wk 4,43 ng mL !

wk 9, 4.6 ng mL™")

Fasting L | from 1.1 to 0.7 ng mL™"

for the training period

Fasting L | from 1.25 to 0.97 ng mL ™"

for the training period.

Resting L < in both groups. Maximal
2000-m postexercise L < in SEL and |
in N-SEL (from 1.1 to 0.8 ng mL ™)

after training period.
Resting L < over training season.

Fasting A < during the study period

(wk 1, 8.0 ug mL™"; wk 6,

7.1 ugmL " wk 11, 8.2 ug mL ™).

Fasting A < for the study period
(23.1 vs 27.0 ug mL™ ).

No change in L due to very low body
fat % and probably also due to
postprandial measurement time.

At the conditions of excessive training
stress and decreased energy availability,
fasting and

exercise-induced L reflects the condition
of the athlete.

A dose-response relationship between
training volume and fasting L. Postexercise
L | indicates inadequate recovery and
possible overreaching.

L | is associated with training volume.
Possibility to direct training via monitoring
L status.

L is not sensitive to increases in training
volume when mainly high-intensity
interval training is performed.

L is sensitive to initial decrease in body fat
but reaches a plateau beyond which there is
no further decrease despite increasing
negative energy balance.

L is sensitive to an increase in training
volume even with initially low values
Postexercise L | in N-SEL athletes
indicates inadequate recovery and perhaps
lower performance level.

Training load 1 does not change resting L.
Initial training load may have been too low.

Fasting A is not sensitive to the decrease in
body fat in athletes with already low initial
body fat % values.

Fasting A is not sensitive to heavy changes
in training volume. However, the higher
initial A levels may have influenced the
results.
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Jirimée et al 11 Elite rowers 24 wk Training load 1 from 12.8 to Not specified Resting A< in both groups. Maximal Postexercise A | in N-SEL athletes
[50] 16.7 h wk'. Athletes were divided 2000-m postexercise A < in SEL indicating inadequate recovery and also
in SEL (n = 6) and N-SEL (n = 5) and | in N-SEL (from 24.0 to poor performance level.
for national team. 19.0 ug mL™") after training period.
Ghrelin (pg mL™")
Riamson etal 8 Competitive 4 wk 1 Ref wk (~10 h wk™ "), 2 wk HV EI 4880 kcal d !, EE 5329 kcal d™! Fasting G <, long-distance (2 h) In excessive training stress and decreased
[48] rowers (~18 h wk ™), 1 wk taper during 2 wk HV, energy balance postexercise G — (819 vs 823 pg mL™") energy availability, increases in fasting and
(~10hwk ™" —455 keal d' after 2-wk HV training. Postexercise exercise-induced G are down-regulated.
G 1 (from 756 to 884 pg mL ") in Probably not suitable for monitoring
taper wk. training.
Miéestu et al 7 Competitive 11 wk Weight reduction in preparation Maximal energy restriction Fasting G 1 from 1148 to 1521 pgmL™" G is sensitive to initial decrease in body fat

[49] bodybuilders for competitions, body fat % | —980 kcal d”'
from 9.6% to 6.5% for the

training period

for the training period. % but reaches a plateau beyond which there
is no further increase despite negative

energy balance.

IL-6 (ng mL™")

Robson-Ansley 8 Competitive 4 wk  wk 1: NT (~18 h wk ™ '); wk 2: Not specified Resting IL-6 1 (from ~1.0 to Acute period of intensified training, which
etal [52] triathletes intensified training (NT + 3 x ~5.0 ng mL ") during 2 wk of incorporates interval training, induces 1 in
1 IT); wk 3: NT + 3 x 2 IT); intensified training period IL-6. IL-6 1 indicator of excessive training
wk 4: NT. stress as result of increased training
intensity.
Rimson etal 8 Competitive 4 wk 1 Ref wk (~10 h wk™'), 2 wk HV EI 4880 kcal d™', EE 5329 kcal ' Fasting IL-6 <, long-distance Not sensitive marker for monitoring
[48] TOWers (~18 h wk "), 1 wk taper (~10 h wk ') during 2-wk HV, energy balance (2 h) postexercise IL-6 1 similarly training in conditions of increased low-
—455 keal ! at all measurement times. intensity training volume.
Halson et al 8 Competitive 6 wk  wk 1 and 2: NT (~7 h wk™"); wk 3 Not specified Fasting IL-6 < (0.5 vs 0.8 ng mL ") Not sensitive marker for monitoring training
[53] cyclists and 4: intensified training for the study period. in conditions of increased training volume.
(~14 h wk™"); and wk 5 and 6:
taper (~3.5 h wk™).
Main et al [54] 8 Elite rowers 8wk wk l-wk 6: HV (24.8 wk ', 3.5hd™") Not specified Posttraining IL-6 < (2.3 vs Not sensitive marker for monitoring training
and wk 7 (2.4 h d™") and wk 8 3.3 ng mL ") for the study period. in conditions of increased training volume.
(1.8 hd"): taper
TNF-o. (pg mL™")
Rimson etal 8 Competitive 4 wk 1 Ref wk (~10 h wk '), 2 wk HV EI 4880 kcal ™', EE 5329 kcal ' Fasting TNF-o. <, long-distance Fasting TNF-a is not sensitive marker of
[48] TOWers (~18 h wk "), 1 wk taper during 2-wk HV, energy balance (2 h) postexercise TNF-o: 1 (from 1.3 to monitoring training in conditions of
(~10 hwk™ ") —455 keal d”' 2.1 pg mL™") after 2-wk HV increased training volume. However,
training. Postexercise TNF-o < in ref postexercise TNF-o 1 may indicate
and taper wk. excessive training stress.
Halson et al 8 Competitive ~ 6 wk  wk 1 and 2: NT (~7 h wk '); wk 3 Not specified Fasting TNF-o < (6.3 vs 8.3 pgmL™")  Fasting TNF-o. is not sensitive marker for
[53] cyclists and 4: intensified training for the study period. monitoring training in conditions of
(~14 h wk'); and wk 5 and 6: taper increased training volume.
(~3.5hwkh.
Main et al [54] 8 Elite rowers 8wk wk 1-wk 6: HV (24.8 h wk ', Not specified Posttraining TNF-o 1 peaked at wk 6 Posttraining TNF-or T may indicate increased

35hd ) andwk 7 (24hd™")
and wk 8 (1.8 h d™"): taper

(1.3 vs 2.4 pg mL™"). training stress.

A=adiponectin; EE=energy expenditure; El=energy intake; ET=endurance training; IL-6=interleukin-6; IT=interval training; G=ghrelin; HV=high volume; L=leptin; N-SEL=not selected for national team;
ref=reference; NT=normal training; RT=resistance training; SEL=selected for national team; TNF-a = tumor necrosis factor-a : wk=week; 1 indicates significant increase; | indicates significant decrease; < indicates
no change.
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and related to mean daily energy intake and energy
expenditure, indicating that leptin could be considered an
interface between energy intake and energy expenditure in
these athletes.

2.2. Adiponectin responses to acute exercise and
chronic training

Adiponectin is probably the most abundant adipose
tissue—specific factor and has been implicated in the
regulation of energy homeostasis in combination with leptin
[67]. In contrast to other adipocytokines, adiponectin
expression is negatively regulated in obesity [33,68,69]. Its
circulation is inversely correlated with body fat [70] and,
more specifically, with central adipose tissue stores [71].
Adiponectin exists in 3 major oligomer forms: a low—
molecular-weight, a medium—molecular-weight, and a
high—molecular-weight form [72,73]. It has been suggested
that the high—molecular-weight adiponectin is more active
[74] and better correlated with variables related to glucose
and lipid metabolism than total adiponectin concentration
[75]. Based on results with athletes, it could be postulated
that different adiponectin oligomers may also change,
similarly to total adiponectin [72,76]. Unfortunately, not
many studies have investigated the pattern and forms of
adiponectin during training in athletes (Table 1).

In general, adiponectin concentrations increase during
periods of weight reduction in obese subjects [77]. In
contrast, Méestu et al [49] demonstrated that adiponectin
was not changed during a weight reduction period of 10
weeks in bodybuilders during conditions of limited energy
availability in which a mean 4.1-kg loss of body fat was
observed in preparation for national championships. One
possible explanation may be that adiponectin is mainly
secreted by visceral fat that is considered metabolically more
active than subcutaneous fat [78]. Therefore, the weight
management generating low body fat values in athletes may
have less impact on visceral fat than on subcutaneous fat.
These results suggest that basal adiponectin is not a good
marker of energy homeostasis in lean and very lean athletes,
where the competition result also depends on a specific
weight category.

To our knowledge, the only studies that have investigated
the role of adiponectin as the possible marker of energy
homeostasis in response to prolonged training periods in
athletes have been performed with rowers [44,50]. Training
in rowing during the preparatory phase is characterized by
low-intensity, high-volume sessions to improve aerobic
capacity [3,5]. Thus, it is well suited to investigate a possible
adiponectin and exercise interaction during prolonged
training periods at relatively high daily energy expenditures.
A 6-month volume-extended training period showed only a
trend for an increase in adiponectin despite an increase in
training stress [44]. This could be explained by the fact that
well-trained athletes present relatively high baseline adipo-
nectin concentrations [44,50] compared with the baseline

adiponectin levels in healthy but less-trained subjects
[76,79]. In addition, as blood adiponectin concentrations
depend on adiponectin synthesis in adipose tissue and its
clearance in plasma, the lack of alterations could not rule out
the possibility that the expression of the adiponectin gene in
adipose tissue is not affected in response to heavy training
stress [50]. Studies with obese people have demonstrated
significant increases [80,81] or no change [82,83] in
circulating adiponectin concentration as a result of prolonged
exercise training.

Increased training stress over a preparatory phase in
rowers may modify adiponectin response to a bout of a 2000-
m maximal sculling without having an effect on the resting
adiponectin [50]. According to the results of a study by
Jurimde and colleagues [50], short-duration maximal
exercise-induced adiponectin concentration may be indica-
tive of the amount of physical stress and consequently may
affect the condition of the athletes. Lowered adiponectin as a
result of 2000-m maximal sculling at the end of the 6-month
preparatory phase in lower-performance rowers may be a
sign of inadequate recovery and inadequate performance
level of these athletes. In contrast, higher-performance
rowers demonstrated higher exercise-induced adiponectin
concentrations compared with the corresponding adiponectin
values obtained before the 6-month preparatory period [50].
These findings suggest that higher-performance athletes
were able to adequately recover from previous trainings.
This also suggests that training could modify adiponectin
response depending on the performance level of athletes and
that decreases in postexercise adiponectin may be a sign of
inadequate recovery. However, further studies are needed
before any conclusions may be made.

To our knowledge, only 4 studies have investigated the
effects of different modes (ie, running and rowing) and
duration of acute exercise on adiponectin in well-rested
athletes [50,84-86]. In the Kraemer et al [86] experiment,
well-trained runners completed strenuous running at 60%,
75%, 90%, and 100% of maximal oxygen consumption
(VOomax), which elicited a small (10%) but significant
increase in postexercise adiponectin. However, after correct-
ing for hemoconcentration, the increase was no longer
significant. Kraemer et al [86] concluded that changes in
adiponectin in response to exercise occurred because of
plasma volume shifts and not as the result of the exercise
regimen per se, and that acute short-term exercise does not
affect adiponectin levels in well-trained runners. In contrast,
we have demonstrated that adiponectin could be regarded as
a signal for metabolic reaction to on-water sculling at the
level of individual AT and the following recovery in rowers
[85]. Specifically, a mean of approximately 15% increase in
adiponectin concentration occurred after the first 30 minutes
of recovery of on-water sculling at 75% VO,y.x for
approximately 30 minutes [85]. Similarly, another study
also demonstrated a delayed increase in adiponectin after the
first 30-minute recovery of maximal 6000-m ergometer
rowing (~20 minutes) [84], whereas no postexercise changes
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were observed after maximal 2000-m single sculling (~7
minutes) [50] in well-rested elite male rowers. The results of
these acute exercise studies with athletes and also with
healthy controls [79] suggest a delayed exercise response in
adiponectin during postexercise recovery where larger
caloric expenditure is needed.

In summary, it appears that adiponectin presents a
delayed exercise response during recovery after acute
exercise with larger energy expenditure in athletes. Well-
trained athletes also have relatively high baseline adiponec-
tin concentrations. Therefore, basal adiponectin seems to
remain stable in the conditions of high training stress and
limited energy availability. Accordingly, basal adiponectin is
not a good marker of energy homeostasis in athletes.

2.3. Ghrelin responses to acute exercise and
chronic training

Ghrelin is secreted by endocrine cells in the gastrointes-
tinal tract, transfers information from the stomach to the
hypothalamus, and influences GH release in response to
changes in energy homeostasis [87]. Ghrelin has been found
to regulate feeding behavior by modulating expression levels
of orexigenic peptides in the hypothalamus [87] and to
coordinate energy balance by enhancing appetite and food
intake [88,89]. Meal responses of ghrelin are correlated with
acute caloric intake over a typical day of eating in normal-
weight subjects [90,91]. Ghrelin correlates negatively with
body fat mass [92,93] and is responsive to diet- and exercise-
induced changes in body mass [91,94,95]. In addition to total
ghrelin, acylated and deacylated forms of ghrelin have been
found [68]. However, there are no data showing that
increases in total ghrelin do not increase acylated ghrelin
in humans. It has also been found that total ghrelin and
acylated ghrelin are positively correlated [96] and that both
forms of the hormone potentially play a role in energy
balance [97]. Based on these results, it could be suggested
that different forms of ghrelin change similarly to changes in
energy balance. However, future studies are needed to better
clarify the responses of total ghrelin and its acylated and
deacylated forms in various conditions.

There are a number of studies including athletes that
have examined the influence of an acute bout of exercise on
total ghrelin concentration [21,22,24,39,61,98-103]. Most
studies with healthy untrained subjects [22,24,98,102] and
also well-trained athletes [21,61,100,103] would suggest
that negative energy balance as a result of short-term
exercise may not be sufficient to alter ghrelin response.
Kraemer et al [21] completed a progressively intense
intermittent exercise trial with well-trained runners on a
treadmill at 4 exercise intensities: 10 minutes at 60%, 10
minutes at 75%, 5 minutes at 90%, and 2 minutes at 100%
of VO, max. This study demonstrated no changes in ghrelin
concentrations. In a study by Schmidt et al [22], plasma
ghrelin concentrations remained unchanged at different
workloads (50%, 70%, and 90% of VO,n.x) in young

healthy male subjects. In middle-aged healthy men, acute
exercise for 45 minutes at the AT level also did not alter
circulating plasma ghrelin concentration [24], whereas
Burns et al [98] found that plasma ghrelin concentration
was not responsive to acute exercise (1-hour bout of high-
intensity treadmill running) —induced alterations in metab-
olism in healthy young adults.

A recent study in our laboratory demonstrated that high-
intensity intermittent rowing with an estimated energy
expenditure of approximately 400 kcal in 20 minutes
increased immediate postexercise ghrelin in elite male
rowers, whereas at 30 minutes postexercise, ghrelin
concentrations were already decreased to the preexercise
level [61]. Assuming that the energy balance drives the
specific hormone response, it is conceivable that the
measured ghrelin concentrations are related to the exercise-
induced energy expenditure. Indeed, the postexercise
ghrelin was related to the distance covered (» = 0.75, P
< .05) during a 2-hour endurance rowing training session
[39]. These results suggest that exercise bouts used in
previous studies [21,22,24,98,100] generated a limited
amount of negative energy balance or that using exercise
protocols that require relatively high percentage of
engaging total muscle mass resulted in a greater energy
cost. This may imply that the ghrelin response depends on
the amount of total work performed. However, to what
extent exercise intensity influences ghrelin response
remains to be determined. In addition, Christ et al [99]
found that a 3-hour aerobic exercise session on a cycle
ergometer at 50% of maximal aerobic power caused a
negative energy balance that resulted in a significant increase
in total ghrelin concentration in endurance-trained athletes
after a low-fat diet (0.5 g-kg ™" lipids per body mass) but not a
high-fat diet (3.5 g-kg™' lipids per body mass). These results
support the hypothesis that if the body energy reserves are
limited, a single exercise session with higher energy
expenditure may alter ghrelin response in athletes using
less overall muscle mass during an exercise session. Taken
together, in athletes, a certain threshold reduction in energy
availability must be reached before any significant changes
in ghrelin concentration could occur; and the amplitude of
the ghrelin response could be linked to the energetic status
induced by acute exercise.

Kraemer et al [21] suggest that glucoregulatory stress
from the acute exercise could result in a suppression of
ghrelin concentration during the recovery period. Indeed,
some studies that have used more intensive exercise tests
have demonstrated reduced values for circulating ghrelin
during the postexercise recovery period [101,104-106]. It
has been suggested that maximal exercise-induced large
increases in insulin [21,101] and GH [101,106] levels may
suppress ghrelin concentration during the recovery period.
It has also been argued that postexercise ghrelin responses
may be independent of changes in energy balance [107]
and that acute exercise increases energy intake only after
some time postexercise [108]. Another explanation could
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be that acute exercise can cause a transient (1-2 hours)
suppression of appetite after exercise and that ghrelin may
be related to this appetite suppression [108]. Clearly, this
issue needs to be investigated further before arriving at any
plausible conclusions.

It has also been suggested that ghrelin levels increase in
response to exercise-induced or prolonged training-induced
weight loss and not because of food restriction per se, acting
via a negative feedback loop that regulates body mass
[91,94,109,110]. Unfortunately, data on the influence on
exercise training are mainly available on obese subjects
[109,111,112], whereas only limited data are provided for
athletes [21,48,49]. Leidy et al [94] demonstrated that a 3-
month 5-days-a-week exercise training program in normal-
weight healthy women had no impact on circulating ghrelin
even though the participants expended a mean of 486 kcal
per exercise bout. It was suggested that exercise training
itself had little impact on ghrelin concentration in these
weight-stable women [94]. However, it could be hypothe-
sized that if a caloric restriction is apparent during periods of
heavy training, ghrelin should also increase in athletes to
stimulate appetite and therefore provoke higher caloric
intake in conditions of high training load.

In general, only a few studies have investigated ghrelin
response to prolonged training in athletes (Table 1);
however, a few preliminary suggestions could be drawn.
Increases in training volume over 2 weeks were not
sufficient to increase fasting ghrelin despite an observed
negative energy balance of approximately 500 kcal d™' in
rowers [48]. This may indicate that fasting ghrelin is not
sensitive to temporarily increased training volume. How-
ever, our recent study with bodybuilders demonstrated that
ghrelin increases in well-trained athletes with relatively low
body fat mass but reaches a plateau beyond which there is no
further increase in ghrelin despite continuing negative
energy balance and body mass loss [49]. It could be
postulated that during specific metabolic conditions result-
ing from the preceding high-volume training with high
energy expenditure, negative energy balance, temporarily
restricted caloric condition in fasting state, and perhaps low
body energy reserves (ie, low body fat content) may all
contribute to further exercise-induced effect of energy
expenditure that leads to down-regulation of ghrelin
receptors [48,49]. However, the mechanism of how the
preexercise metabolic condition, that is, negative energy
balance, influences the postexercise ghrelin concentration
has not been established.

In summary, in athletes, an acute bout of exercise may
increase ghrelin response when exercise energy expenditure
is at least 400 kcal. In addition, the amplitude of ghrelin
response could be linked to the energetic status induced by
acute exercise; and ghrelin could be used to characterize
acute exercise stress in endurance athletes. However, it
appears that basal and postexercise ghrelin response is not
sensitive enough to represent changes in training volume and
energy availability in athletes.

2.4. Inflammatory cytokine responses to acute exercise and
chronic training

Excessive training stress, associated with insufficient rest
and recovery, may induce acute local inflammatory
responses in working skeletal muscle that may evolve into
chronic inflammation and produce systemic inflammation
[113,114]. Systemic inflammation has been suggested to be
the contributing factor of possible overtraining [28].
Specifically, it has been proposed that the muscle cell has
to manage the exercise-induced metabolic challenges and
stress-induced damage to initiate metabolic adjustments,
transport processes, cellular repair processes, and adaptive
protein synthesis [26,27,113,114]. Accordingly, systemic
inflammation caused by possible overtraining may involve
increases in cytokines such as IL-6, IL-1, and/or TNF-a as
part of the hormonal messages emerging from the muscle
cell to the circulation [28,114]. Elevated circulating
cytokines subsequently may play a primary role in
coordinating systemic inflammation, engaging the central
nervous system [26,28]. Tissue injury that results from
strenuous exercise has been demonstrated to elicit an acute
phase response analogous to inflammation [115-117]. This
response process may involve the release of different
inflammatory-related cytokines [11,28,114].

In recent years, data concerning the effects of acute
exercise and exercise training on different inflammatory
cytokines, in particular IL-6, have generated considerable
interest [113,118]. It is clear that during muscular activity,
IL-6 can be produced within [119] and released from [120]
skeletal muscle tissue. It has been proposed that different
inflammatory cytokines may be involved in the adaptive
process as a result of regular exercise [4,114,121-123].
Interleukin-18 and TNF-a are secreted at the onset of an
inflammatory cascade and act locally at the site of injury/
infection, whereas the other cytokine believed to be involved
in heavy physical exercise, IL-6, is generally synthesized
after the initial synthesis of IL-1 and TNF-o [28]. Although
IL-6 is inducible in nearly every human cell and tissue type
[124], its rise after exercise is generated from the working
skeletal muscles [113,120,125]. It has been suggested that
muscle cells like myoblasts, satellite cells, and in vivo
regenerating muscle fibers may produce IL-6 when activated
in response to exercise-induced muscle injury [28,113]. In
addition, IL-6 contributes to substrate availability and
utilization [126] by facilitating an increase in glucose [127]
and lipid [128] metabolism to maintain metabolic homeo-
stasis during exercise [121]. However, these regulatory
processes are distinct from the effects of systemic spillover
of inflammatory cytokines, which mark the failure of local
compensation mechanisms [26]. There is now evidence that
all these inflammatory cytokines have receptors in the
hypothalamus and thus can act directly on the hypothalamic
network [129] and may be responsible for some of the
symptoms of central fatigue during overreaching and
overtraining in athletes [26].
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Interleukin-6, TNF-a, and/or IL-15 increase during a
single exercise session as the result of an acute inflammatory
response [121,123,125,130,131]. The response of these
inflammatory cytokines depends on the intensity and
duration of the exercise, the amount of muscle mass involved,
as well as the subjects’ endurance capacity [15,26,113,132].
The magnitude of the changes differs markedly depending on
the inflammatory cytokine investigated, as IL-1 and TNF-a
increase 1- to 2-fold [26,114,121], whereas IL-6 has been
found to increase up to 128-fold after strenuous exercise
[113]. In our recent study with rowers, the exercise intensity
protocol used (ie, 2-hour rowing at the intensity of 80% AT)
may have been less intensive to the working muscles, such
that the additional metabolic strain after the 2-week increased
training volume was insufficient to induce a more significant
increase in postexercise IL-6 [48]. Similar to the study of
Starkie et al [133], a 5-fold increase in IL-6 was observed
during these rowing trials [48], which appears to be relatively
small because about 20-fold [121] and 45-fold [134]
increases in IL-6 were observed after competitive cycling.
However, Ostrowski et al [130] found a 100-fold increase in
circulating IL-6 concentration after a marathon run. Further-
more, 8000-fold increase of plasma IL-6 after an ultradis-
tance foot race of the 246-km “Spartathlon” has been found
[116]. The study by Margeli et al [116] provides evidence
that IL-6 could be dramatically increased during prolonged
exercise to levels seen only in major trauma and systemic
inflammation [135,136].

In another study with experienced rowers, no increases in
IL-6 and TNF-o were found after a 2-hour rowing in either
placebo or carbohydrate conditions in elite female athletes
[115], whereas 2.5 hours of running at 77% V0.« caused a
mean of 753% and 421% increase in postexercise IL-6 in
placebo and carbohydrate conditions, respectively. [137].
Nehlsen-Cannarella et al [137] also reported that carbohy-
drate vs placebo ingestion was associated with higher plasma
glucose and lower plasma cortisol concentrations, suggesting
that carbohydrate ingestion attenuates the inflammatory
responses to heavy exertion in athletes. It should be noted
that much of the IL-6 increases as a result of exhaustive
exercise have been studied within the context of prolonged
running exercise [116,117,130,138-142] and could not be
directly applicable to other athletic training events [54,113].
Accordingly, 1 hour of cycle ergometry at 70% VOpyax [143]
and 2 hours of intensive resistance training [144] caused no
changes in postexercise IL-6. Henson et al [115] suggested
that no changes in inflammatory cytokines occur when
exercise intensity is not sufficient to induce significant stress
hormone response. In accordance with this, Minetto et al
[145] found that an acute bout of high-intensity isokinetic
exercise elicited a significant increase in cortisol and IL-6
concentrations in elite power and endurance athletes.
However, the cortisol response to exercise was not related
to the amount of circulating IL-6 levels in these athletes
[145]. In addition, a recovery time before an exercise session
may affect postexercise increases in IL-6 concentration

[146,147]. Specifically, Ronsen et al [147] demonstrated that
a second bout of heavy endurance exercise (75 minutes of
cycle ergometry at 75% of VO,,.x) on the same day is
associated with a more pronounced increase in IL-6
compared with a single bout of similar exercise. Furthermore,
a trend toward attenuation in the augmented cytokine
response was observed when the rest period between the 2
bouts of heavy endurance exercise was extended from 3 to
6 hours and an additional meal was served [147]. In another
study, using a protocol with 3 bouts of exhaustive rowing,
each lasting 6 minutes and separated by 4 hours of rest,
Nielsen et al [146] also showed a trend toward augmented
peak values of plasma IL-6 after each consecutive bout of
rowing exercise. The augmented IL-6 response may be linked
to glycogen depletion in the working muscle, thus represent-
ing a signal of energy shortage in the muscle and a need for
increased substrate mobilization from other tissues
[146,147]. Accordingly, the postexercise increase in IL-6
appears to be dependent on the preexercise glycogen content
of the muscle [120,127,146-148]. Muscle glycogen content
also depends on the proper energy intake and energy balance,
which suggests that negative energy balance may have an
impact on higher IL-6 after exercise due to higher muscular
damage caused by reduced energy reserves [48].

Unfortunately, limited evidence exists in the literature
describing the reactions of these inflammatory cytokines to
the response of prolonged training; and the results are
contradictory (Table 1). Stewart et al [149] demonstrated that
a 12-week combined aerobic and resistance training program
had no effect on fasting IL-6 or IL-1p in healthy previously
physically active and inactive subjects. Likewise, no change
in IL-6 was observed after 2 [48] and 6 [54] weeks of high-
volume training in rowers. Recent theories have suggested
that elevated levels of inflammatory cytokines, in particular
IL-6, may play a role in fatigue and illness behavior
experienced by athletes with unexplained underperformance
syndrome [15,150]. Specifically, it has been suggested that
athletes with unexplained underperformance syndrome may
not necessarily have IL-6 values above the norm but that they
exhibit an increased sensitivity to IL-6 as observed in
individuals with chronic fatigue syndrome [150]. A study by
Robson-Ansley et al [52] showed an increase in IL-6
concentration in response to 2 weeks of intense interval run-
training period with an increase in fatigue and general
malaise in highly trained male triathletes. However, IL-6
concentration together with other fatigue symptoms returned
to baseline within a week of normalized training stress in
these athletes [15]. The inflammatory cytokine theory of
overtraining [28] suggests that excessive physical exercise
can induce an inflammatory response resulting in a chronic
elevation of IL-6 in athletes. It may be suggested that under
certain conditions elevated levels of IL-6 may be used as
markers of possible heavy training stress in athletes.

A recent study in our laboratory examined the response of
increased training volume on IL-6 and TNF-o in competitive
rowers [48]. This study failed to detect any changes in
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fasting IL-6 and TNF-o after 2 weeks of increased training
volume. However, a 2-hour rowing at the intensity of 80% of
AT increased postexercise TNF-o only after a period of high
training volume. In another study, posttraining TNF-a was
increased after 6 weeks of high training volume (average
training duration of 24.8 h wk ') in elite rowers preparing for
World Championships [54]. Unfortunately, only one blood
sample was collected each week posttraining in this study
[54], which makes the comparison and interpretation of these
results somewhat difficult. The source of TNF-o during
exercise has not been definitively revealed, and adipocytes
within the muscle may also be an additional source for TNF-
o synthesis [151]. Tumor necrosis factor—o is known to
stimulate lipolysis in adipocytes and inhibit insulin action on
glucose transport [26]. The postexercise increases in TNF-a
after high-volume training may indicate higher stress in lipid
metabolism due to conditions of higher energy deficit [48].
Accordingly, Halson et al [53] reported that a 2-week period
of intensified cycle training followed by a period of recovery
did not cause any changes in fasting IL-6 and TNF-a in
trained male cyclists. According to these fasting IL-6 and
TNF-a results [48,53], it could be postulated that monitoring
muscular damage and the resulting inflammation as the
initiating event in the development of overtraining [28] may
not be useful to detect possible increases in fatigue in these
athletes. However, it is possible that higher physical strain
for a longer period is needed to cause changes in
inflammatory cytokines. Indeed, as additional evidence of
inflammatory cytokines in response to exercise is lacking,
additional data on athletes are needed to clarify if those
markers could be used as signs and markers of prolonged
deadaptation that could lead to overreaching and/or over-
training in athletes.

In summary, the most studied inflammatory cytokine
appears to be IL-6 in athletes. Interleukin-6, TNF-o, and IL-
1 increase during a single exercise session resulting in an
acute inflammatory response associated with the intensity
and duration of the exercise. Interleukin-6 may have a role in
fatigue and illness behavior experienced by athletes with
unexplained underperformance syndrome. Postexercise
TNF-o may be indicative of increased training stress and
inadequate recovery in athletes.

3. Interactions between metabolic hormones

Exercise appears to be a major factor affecting hormonal
modulation of energy intake and energy output. Exercise
stress increases energy expenditure directly, but also affects a
number of hormones and cytokines that control metabolic
rate [4,38,107,152]. There is also evidence that various
hormones involved in the metabolic control are closely
connected in regulatory loops linking the fuel-supplying
organs (eg, liver, fat tissue), regulatory centers (eg, p-cell,
hypothalamus), and the working muscle cells [26]. The
central role of the hypothalamus is clearly identified in

integrating a network of hormones regulating metabolic
pathways and interacting with the anterior pituitary to
determine functional status of many of these hormones
[28,38,114]. Furthermore, there is now experimental evi-
dence to suggest that all metabolic hormones have
hypothalamic receptors [26,153].

Adiponectin and leptin exert an important role in the
hormonal regulation in response to energy expenditure
during training in athletes [58]. A feedback regulation has
also been suggested between leptin and insulin [154].
Insulin may provide a mechanism by which adipose tissue
detects changes in overall energy balance and, in turn, up-
regulates or down-regulates leptin gene expression accor-
dingly [155]. Studies in athletes have demonstrated positive
associations between leptin and insulin [59,60,100], where-
as adiponectin is negatively correlated with leptin [44] and
insulin [50]. It has been suggested that insulin is an inhibitor
of adiponectin gene expression [156]. When taking into
account that insulin has been related to a mean weekly
training volume (» = —0.40, P < .05) in athletes, it can be
suggested that the effects of exercise training on insulin
could also mediate the adiponectin response to exercise
[50]. However, the proposed mechanism linking adiponec-
tin with insulin sensitivity is unclear; and further studies are
warranted. It has also been suggested that adiponectin
carries signals between adipose and muscle tissues [157].
Adiponectin can activate adenosine monophosphate—acti-
vated protein kinase and increase fatty acid oxidation in
skeletal muscle [158]. Although total adenosine monopho-
sphate—activated protein kinase activity is related to muscle
mass [157], it could be argued that athletes using high
muscle mass during acute exercise need more adiponectin to
regulate metabolic fluxes [85]. This can be explained by the
finding of the 6-month preparatory period of athletes
indicating that well-trained athletes present relatively high
baseline adiponectin concentrations than nonathletes and
that subjects with higher performance levels demonstrate
higher exercise-induced adiponectin concentrations [50].
Adiponectin may affect glucose metabolism, and the change
in adiponectin as a result of acute exercise may also be due
to increased levels of the inflammatory cytokines [85].
However, as there are no complex data yet, the relationship
of adiponectin with IL-18, IL-6, and TNF-a during acute
exercise needs further research.

It has been argued that insulin may have a role in ghrelin
regulation after exercise in athletes [21]. In contrast, no
relationship between insulin and ghrelin concentrations has
been observed in rowers [12,39,50]. Similarly, some studies
have found that ghrelin is not related to leptin [39,159,160],
whereas other studies have found such a relationship [161].
Shintani et al [162] postulated that ghrelin and leptin share
the hypothalamic NPY/Y1 receptor pathway. To date,
limited evidence exists concerning NPY responses to
exercise. Karamouzis et al [40] found an 81% increase and
an almost 100% decrease after 25-km marathon swimming
in plasma NPY and leptin concentrations, respectively.
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Furthermore, a significant negative correlation between the
values of leptin and NPY was found; and they concluded that
changes in leptin and NPY take place during marathon
swimming to compensate for the negative energy balance
due to prolonged effort. Significantly higher plasma NPY
concentrations were observed in soldiers subjected to the
“uncontrollable stress” of interrogation, which produced
extreme subjective psychologic distress and clinically
significant dissociation [163].

In summarizing current knowledge, we may conclude that
acute exercise and chronic training cause some perturbations
in different metabolic hormones; however, relatively little is
known about the exact interactions between these hormones
in athletes. It can be suggested that a number of physiologic
and psychologic systems that regulate energy intake and
energy expenditure work synergistically to maintain energy
balance in the organism. In addition, a number of different
circulating peripheral mediators are active in regulating
energy homeostasis through different hormonal feedback
mechanisms during exercise and training.

4. General conclusions and suggestions for
future research

The current information regarding the role of different
peripheral signals in energy balance during exercise and
training stress seems only to confirm that these peripheral
mediators at certain circumstances could be used to monitor
both long- and short-term training effects in athletes
(Table 2). However, the study of different peripheral
mediators of adipose (eg, leptin, adiponectin), muscle (eg,
IL-6, TNF-a), and gut (eg, ghrelin) tissues that communicate
the status of body energy stores to the hypothalamus has only
presently been addressed; and additional work is needed to
further clarify the present research findings in this area so
that we can fully understand their implications and also use
them in athletic training monitoring. In addition, bone tissue

Table 2

has also recently emerged as an endocrine organ with
potential effects on body mass, energy expenditure, and
glucose homeostasis [164,165]. The central role of the
hypothalamus has clearly been identified in integrating a
network of metabolic regulating hormones as well as other
afferents and error signals [26]. Among others, leptin,
adiponectin, ghrelin, IL-6, TNF-o, and also insulin exert
important effects on the hormonal regulation in response to
acute exercise and chronic training. In addition, it appears
that all peripheral mediators mentioned respond to physical
exercise and are in some way related to each other. Exercise
stress is one of the links between these hormonal modulators
of energy balance; and at certain circumstances, these
hormonal modulators could be used to describe the condition
of the athlete.

To date, much research in this area has been conducted
with endurance-trained athletes; and there has been very little
research on resistance-trained athletes. Preliminary evidence
suggests that basal leptin is reduced in endurance-trained
athletes. A dose-response relationship has been found
between leptin and weekly training volume, and leptin has
also been related to mean daily energy intake and
expenditure. In well-rested athletes, a possible decrease in
postexercise leptin and increase in postexercise adiponectin
and ghrelin depend on the total amount of work performed;
and these hormonal modulators could be used to characterize
the amount of energy expended during an exercise session.
Although postexercise decreases in leptin and increases in
ghrelin as the result of a single exercise session may be
indicative of excessive training stress, they may also be used
as markers of prolonged fatigue and possible overreaching.

A number of discovered peripheral factors that commu-
nicate the status of body energy stores to the hypothalamus
are markedly higher than reported in this review, and these
factors are continuously increasing. For example, visfatin is a
newly identified cytokine that could be used to characterize
the regulation of energy homeostasis [166], as visfatin has
insulin-like metabolic effects that may improve insulin

Summary of proposed markers known to change and their suitability for monitoring training status in endurance athletes

Marker Sampling Training Marker Possible suitability
Leptin (ng mL ™) Fasting Increased training volume ! Indicates heavy training stress
Increased training intensity - Not sensitive
Postexercise Increased training volume ! Indicates inadequate recovery and possible
overreaching if postexercise changes in leptin are
not prevalent in normal training conditions.
Adiponectin (ug mL™") Fasting Increased training volume - Not sensitive
Postexercise Increased training volume | Indicates inadequate recovery
Ghrelin (pg mL™") Fasting Increased training volume - Not sensitive
Postexercise Increased training volume - Not sensitive
IL-6 (ng mL ") Fasting Increased training volume - Not sensitive
Increased training intensity 1 Indicates heavy training stress
Postexercise Increased training volume i Not sensitive
TNF-o (pg mL ") Fasting Increased training volume < Not sensitive
1

Postexercise

Increased training volume

May indicate increased training stress and
possibly inadequate recovery
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sensitivity [167]. Our recent study demonstrated that acute
negative energy balance induced via prolonged rowing
training with an estimated energy expenditure of 1200 to
1500 kcal elicited a decrease in visfatin after 30 minutes
postexercise [168]. Postexercise visfatin was also related to
the distance covered [168]. Another study suggested that the
ghrelin to obestatin ratio could be used to describe energy
homeostasis [169]. Specifically, obestatin, a recently dis-
covered peptide that is similar to ghrelin and is produced by
the endocrine cells in the gastrointestinal tract, has the
opposite effect to ghrelin on food intake [169]. The ghrelin
to obestatin ratio could be used to monitor energy balance
in athletes during weight reduction periods and also in
training periods of high energy expenditure to minimize the
effect of possible negative energy balance. Understanding
the exact regulatory roles of the peripheral signals of energy
balance will help us to better understand the complex
mechanisms of adaptations to acute exercise and chronic
training and to use these peripheral signals as possible
markers of training stress.

References

[1] Méestu J, Jirimde J, Jirimée T. Monitoring of performance and
training in rowing. Sports Med 2005;35:597-617.

[2] Urhausen A, Kindermann W. Diagnosis of overtraining. What tools
do we have. Sports Med 2002;32:95-102.

[3] Jiriméde J, Jirimde T, Purge P. Plasma testosterone and cortisol
responses to prolonged sculling in male competitive rowers. J Sports
Sci 2001;19:893-8.

[4] Mastorakos G, Pavlatou M. Exercise as a stress model and the
interplay between the hypothalamus-pituitary-adrenal and the
hypothalamus-pituitary-thyroid axes. Horm Metab Res 2005;37:
577-84.

[5] Jirimée J, Méestu J, Purge P, Jiriméde T, S66t T. Relations among
heavy training stress, mood state, and performance for male junior
rowers. Percept Motor Skills 2002;95:520-6.

[6] Méestu J, Jiriméde J, Jirimde T. Hormonal reactions during heavy
training stress and following tapering in highly trained male rowers.
Horm Metab Res 2003;35:109-13.

[7] Méestu J, Jirimée J, Kreegipuu K, Jirimée T. Changes in perceived
stress and recovery during heavy training in highly trained male
rowers. Sport Pscychol 2006;20:24-39.

[8] Weltman A, Weltman JY, Shurrer R, Evans WS, Veldhuis J, Rogol
AD. Endurance training amplifies the pulsatile release of growth
hormone: effects of training intensity. J Appl Physiol 1992;72:2188-96.

[9] Poehlman ET, Copeland KC. Influence of physical activity on
insulin-like growth factor—I in healthy younger and older men. J Clin
Endocrinol Metab 1990;71:1468-73.

[10] Hékkinen K, Pakarinen A, Kraemer WJ, Hékkinen A, Valkeinen H,

Alen M. Selective muscle hypertrophy, changes in EMG and force,

and serum hormones during strength training in older women. J Appl

Physiol 2001;91:569-80.

Jirimde J, Mdestu J, Purge P, Jirimde T. Changes in stress and

recovery after heavy training in rowers. J Sci Med Sport 2004;7:

335-9.

[12] Jirimée J, Purge P, Jiirimde T, von Duvillard SP. Bone metabolism in
elite male rowers: adaptation to volume-extended training. Eur J Appl
Physiol 2006;97:127-32.

[13] Fry AC, Kraemer WJ, Ransay CT. Pituitary-adrenal-gonadal
responses to high-intensity resistance overtraining. J Appl Physiol
1998;85:2352-9.

[1

—

[14] Adlercreutz H, Hiarkonen M, Kuoppasalmi K, Naveri H, Huhtaniemi
TM, Tikkanen H, et al. Effect of training on plasma anabolic and
catabolic hormones and their response during physical exercise. Int J
Sports Med 1986;7:27-8.

[15] Robson-Ansley PJ, Gleeson M, Ansley L. Fatigue management in the
preparation of Olympic athletes. J Sports Sci 2009;27:1409-20.

[16] Jirimée J, Jirimée T. Responses of blood hormones to the maximal
rowing ergometer test in college rowers. J Sports Med Phys Fitness
2001;41:73-7.

[17] Jirimée J, Méestu J, Jiirimée T. Leptin as a marker of training stress in
highly trained male rowers? Eur J Appl Physiol 2003;90:533-8.

[18] Purge P, Jirimde J, Jirimde T. Hormonal and psychological

adaptation in elite male rowers during prolonged training. J Sports

Sci 2006;24:1075-82.

Simsch C, Lormes W, Petersen KG, Baur S, Liu Y, Hackney AC,

et al. Training intensity influences leptin and thyroid hormones in

highly trained rowers. Int J Sports Med 2002;23:422-7.

Roemmich JN. Growth, maturation and hormonal changes during

puberty: influence of sport training. In: Kraemer WJ, Rogol AD,

editors. The endocrine system in sports and exercise. Oxford:

Blackwell Publishing; 2005. p. 512-24.

Kraemer RR, Durand RJ, Acevedo EO, Johnson LG, Kraemer GR,

Hebert EP, et al. Rigorous running increases growth hormone and

insulin-like growth factor—I without altering ghrelin. Exp Biol Med

2004;229:240-6.

Schmidt A, Maier C, Schaller G, Nowotny P, Bayerle-Eder M,

Buranyi B, et al. Acute exercise has no effect on ghrelin plasma

concentrations. Horm Metab Res 2004;36:174-7.

Clasey JL, Weltman A, Patrie J, Weltman JY, Pezzoli S, Bouchard

C, et al. Abdominal visceral fat and fasting insulin are important

predictors of 24-hour GH release independent of age, gender, and

other physiological factors. J Clin Endocrinol Metab 2001;86:

3845-52.

Dall R, Kanaley J, Hansen T, Moller N, Christiansen JS, Hosoda H,

et al. Plasma ghrelin levels during exercise in healthy subjects and in

growth hormone—deficient patients. Eur J Endocrinol 2002;147:

65-70.

[25] Braun B, Horton T. Endocrine regulation of exercise substrate

utilization in women compared to men. Exerc Sport Sci Rev 2001;29:

149-54.

Steinacker JM, Lormes W, Reissnecker S, Liu Y. New aspects of the

hormone and cytokine response to training. Eur J Appl Physiol 2004;

91:382-91.

[27] Abernethy PJ, Jirimée J, Logan PA, Taylor AW, Thayer RE. Acute
and chronic response of skeletal muscle to resistance exercise: a
review. Sports Med 1994;17:22-38.

[28] Smith LL. Cytokine hypothesis of overtraining: a physiological
adaptation to excessive stress? Med Sci Sports Exerc 2000;32:
317-31.

[29] Baylor LS, Hackney AC. Resting thyroid and leptin hormone changes
in women following intense, prolonged exercise training. Eur J Appl
Physiol 2003;88:480-4.

[30] Casimiro-Lopes G, de Oliveira-Junior AV, Portella ES, Lisboa PC,

Donangelo CM, de Moura EG, et al. Plasma leptin, plasma zinc, and

plasma copper are associated in elite female and male judo athletes.

Biol Trace Elem Res 2009;127:109-15.

de Oliveira DCX, Rossano Procida I, das Neves Borges-Silva C.

Effect of training judo in the competition period on the plasmatic

levels of leptin and pro-inflammatory cytokines in high-performance

male athletes. Biol Trace Elem Res 2010 (In Press). PMID 19711027.

[32] Noland RC, Baker JT, Boudreau SR, Kobe RW, Tanner CJ, Hickner
RC, et al. Effect of intense training on plasma leptin in male and
female swimmers. Med Sci Sports Exerc 2001;33:227-31.

[33] Bouassida A, Chamari K, Zaouali M, Feki Y, Zbidi A, Tabka Z.
Review on leptin and adiponectin responses and adaptations to acute
and chronic exercise. Br J Sports Med 2010 (In Press). PMID
18927166.

[19

[}

[20

[}

[21

—

[22

—

[23

—

[24

=

[26

=

[31

—



J. Jiirimde et al. / Metabolism Clinical and Experimental 60 (2011) 335-350 347

[34] Kraemer RR, Chu H, Castracane VD. Leptin and exercise. Exp Biol
Med 2002;227:701-8.

[35] So66t T, Jirimée T, Jiriméde J. Areal bone density in young females
with different physical activity patterns: relationships with plasma
leptin and body composition. J Sports Med Phys Fitness 2007;47:
65-9.

[36] Sudi K, Jiriméde J, Payerl D, Pihl E, Moller R, Tafeit E, et al.
Relationship between subcutaneous fatness and leptin in male
athletes. Med Sci Sports Exerc 2001;33:1324-9.

[37] Ahima RS, Prabakaran D, Mantzoros C, Qu D, Lowell B, Maratos-
Flier E, et al. Role of leptin in neuroendocrine responses to fasting.
Nature 1996;382:25-32.

[38] McMurray RG, Hackney AC. Interactions of metabolic hormones,
adipose tissue and exercise. Sports Med 2005;35:393-412.

[39] Jirimée J, Latt E, Haljaste K, Purge P, Cicchella A, Jirimde T.
Influence of puberty on ghrelin and BMD in athletes. Int J Sports Med
2009;30:403-7.

[40] Karamouzis I, Karamouzis M, Vrabas IS, Christoulas K, Kyriazis N,

Giannoulis E, et al. The effect of marathon swimming on serum

leptin and plasma neuropeptide Y levels. Clin Chem Lab Med 2002;

40:132-6.

Baskin DG, Breininger JF, Schwartz MW. Leptin receptor mRNA

identifies a subpopulation of neuropeptide Y neurons activated by

fasting in rat hypothalamus. Diabetes 1999;48:828-33.

Hickey MS, Considine RV, Israel RG, Mahar TL, McCammon MR,

Tyndall GL, et al. Leptin is related to body fat content in male

distance runners. Am J Physiol Endocrinol Metab 1996;271:

E938-E940.

Perusse L, Collier G, Gagnon J, Leon AS, Rao DC, Skinner JS,

et al. Acute and chronic effects of exercise on leptin levels in

humans. J Appl Physiol 1997;83:5-10.

[44] Jiriméae J, Purge P, Jirimée T. Effect of prolonged training period on
plasma adiponectin in elite male rowers. Horm Metab Res 2007;39:
519-23.

[45] Méestu J, Jirimée J, Jiriméde T. Effect of heavy increase in training
stress on the plasma leptin concentration in highly trained male
rowers. Horm Res 2003;59:91-4.

[46] Jirimée J, Jirimde T. Plasma leptin in female rowers: relationship
with body composition and performance parameters. Med Dello Sport
2003;56:293-9.

[47] Ishigaki T, Koyama K, Tsujita J, Tanaka N, Hori S, Oku Y. Plasma
leptin levels of elite endurance runners after heavy endurance
training. J Physiol Anthropol Appl Human Sci 2005;24:573-8.

[48] Ramson R, Jirimde J, Jurimde T, Miestu J. The influence of

increased training volume on cytokines and ghrelin concentration

in college level male rowers. Eur J Appl Physiol 2008;104:

839-46.

Miéestu J, Jirimée J, Valter I, Jirimée T. Increases in ghrelin and

decreases in leptin without altering adiponectin during extreme

weight loss in male competitive bodybuilders. Metabolism 2008;57:

221-5.

Jirimde J, Purge P, Jirimde T. Adiponectin and stress hormone

responses to maximal sculling after volume-extended training season

in elite rowers. Metabolism 2006;55:13-9.

[51] Desgorces FD, Chennaoui M, Gomez-Merino D, Drogou C,

Guezennec CY. Leptin response to acute prolonged exercise after

training in rowers. Eur J Appl Physiol 2004;91:677-81.

Robson-Ansley PJ, Blannin A, Gleeson M. Elevated plasma

interleukin-6 levels in trained male triathletes following an acute

period of intense interval training. Eur J Appl Physiol 2007;99:

353-60.

Halson SL, Lancaster GI, Jeukendrup AE, Gleeson M. Immunolog-

ical responses to overreaching in cyclists. Med Sci Sports Exerc 2003;

35:854-61.

Main LC, Dawson B, Grove JR, Landers GJ. Impact of training on

changes in perceived stress and cytokine production. Res Sports Med

2009;17:112-23.

[41

—

[42

—

[43

—

[49

[}

[50

=

[52

—

[53

—

[54

[}

[55] Hilton LK, Loucks AB. Low energy availability, not exercise stress,
suppresses the diurnal thythm of leptin in healthy young women. Am
J Physiol Endocrinol Metab 2000;278:E43-9.

[56] Considine RV. Weight regulation, leptin and growth hormone. Horm
Res 1997;48:116-21.

[57] Wangl, Liu R, Hawkins M, Barzilai N, Rossetti L. A nutrient-sensing
pathway regulates leptin gene expression in muscle and fat. Nature
1998;393:684-8.

[58] Jirimée J. Methods for monitoring training status and their effects on
performance in rowing. Int SportMed J 2008;9:11-21.

[59] Jirimée J, Jiirimée T. Plasma leptin responses to prolonged sculling in
female rowers. J Sports Med Phys Fitness 2004;44:104-9.

[60] Jirimde J, Jirimée T. Leptin responses to a short-term exercise in
college level male rowers. Br J Sports Med 2005;39:6-9.

[61] Jirimée J, Jiirimde T, Purge P. Plasma ghrelin is altered after maximal
exercise in elite male rowers. Exp Biol Med 2007;232:904-9.

[62] Legakis IN, Mantzouridis T, Saramantis A, Lakka-Papadodima E.
Rapid decrease of leptin in middle-aged sedentary individuals after 20
minutes of vigorous exercise with early recovery after the termination
of the test. J Endocrinol Invest 2004;27:117-20.

[63] Nindl BC, Kramer WJ, Arciero PJ, Samatalllee N, Leone C,
Mayo M, et al. Leptin concentrations experience a delayed
reduction after resistance exercise in men. Med Sci Sports Exerc
2002;34:608-13.

[64] Duclos M, Corcuff JB, Ruffie A, Roger P, Manier G. Rapid leptin
decrease in immediate post-exercise recovery. Clin Endocrinol 1999;
50:337-42.

[65] Leal-Cerro A, Garcia-Luna PP, Astorga R, Prejo J, Peino R,
Dieguez C, et al. Serum leptin levels in male marathon athletes
before and after the marathon run. J Clin Endocrinol Metab 1998;
83:2376-9.

[66] Zaccaria M, Ermolao A, Roi GS, Englaro P, Tegon G, Varnier M.
Leptin reduction after endurance races differing in duration and
energy expenditure. Eur J appl Physiol 2002;7:108-11.

[67] Yamauchi T, Kamon J, Waki H, Terauchi Y, Kubota N, Hara K, et al.
The fat-derived hormone adiponectin reverses insulin resistance
associated with both lipoatrophy and obesity. Nature Med 2001;7:
941-6.

[68] Kraemer RR, Castracane VD. Exercise and humoral mediators of
peripheral energy balance: ghrelin and adiponectin. Exp Biol Med
2007;232:184-94.

[69] Weyer C, Funahashi T, Tanaka S, Hotta K, Matsuzawa Y, Pratley RE,
et al. Hypoadiponectemia in obesity and type 2 diabetes: close
association with insulin resistance and hyperinsulinemia. J Clin
Endocrinol Metab 2001;86:1930-5.

[70] Arita Y, Kihara S, Ouchi N, Takahashi M, Maeda K, Miyagawa J,
et al. Paradoxical decrease of an adipose-specific protein,
adiponectin, in obesity. Biochem Biophys Res Commun 1999;
257:79-83.

[71] Jirimée J, Jiirimée T, Ring-Dimitriou S, LeMura LM, Arciero PJ, von
Duvillard SP. Plasma adiponectin and insulin sensitivity in
overweight and normal-weight middle-aged premenopausal women.
Metabolism 2009;58:638-43.

[72] Numao S, Suzuki M, Matsuo T, Nomata Y, Nakata Y, Tanaka K.
Effects of acute aerobic exercise on high—molecular-weight adipo-
nectin. Med Sci Sports Exerc 2008;40:1271-6.

[73] Pajvani UB, Du X, Combs TP, Berg AH, Rajala MW, Schulhess T,
et al. Structure-function studies of the adipocyte-secreted hormone
ACRP30/adiponectin. Implications for metabolic regulation and
bioactivity. J Biol Chem 2003;278:9073-85.

[74] Waki H, Yamauchi T, Kamon J, Ito Y, Uchida S, Kita S, et al.
Impaired multimerization of human adiponectin mutants associated
with diabetes. Molecular structure and multimer formation of
adiponectin. J Biol Chem 2002;278:40352-63.

[75] Lara-Castro C, Luo N, Wallace P, Klein RL, Garvey WT.
Adiponectin multimeric complexes and the metabolic syndrome
trait cluster. Diabetes 2006;55:249-59.



348 J. Jiirimdie et al. / Metabolism Clinical and Experimental 60 (2011) 335-350

[76] Bobbert T, Wegewitz U, Brechtel L, Freudenberg M, Mai K, Méhlig
M, et al. Adiponectin oligomers in human serum during acute and
chronic exercise: relation to lipid metabolism and insulin sensitivity.
Int J Sports Med 2007;28:1-8.

[77] Yang WS, Lee WJ, Funah T, Tanaka S, Matsuzawa Y, Chao CL, et al.
Weight reduction increases plasma levels of an adipose-derived anti-
inflammatory protein, adiponectin. J Clin Endocrinol Metab 2001;86:
3815-9.

[78] Fredriksson J, Carlsson E, Orho-Melander M, Groop L, Ridderstrale

M. A polymorphism in the adiponectin gene influences adiponectin

expression levels in visceral fat in obese subjects. Int J Obesity 2006;

30:226-32.

Ferguson MA, White LJ, McCoy S, Kim HW, Petty T, Wilsey J.

Plasma adiponectin response to acute exercise in healthy subjects. Eur

J Appl Physiol 2004;91:324-9.

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

[81] Kondo T, Kobayashi I, Murakami M. Effect of exercise on circulating
adipokine levels in obese young women. Endocrinol J 2006;53:
189-95.

[82] Dvorakova-Lorenzova A, Suchanek P, Havel PJ, Stavek P, Karasova

L, Valenta Z, et al. The decrease in C-reactive protein concentration

after diet and physical activity induced weight reduction is associated

with changes in plasma lipids, but not interleukin-6 or adiponectin.

Metabolism 2006;55:359-65.

Polak J, Klimcakova E, Moro C, Viguerie N, Berlan M, Hejnova J,

et al. Effect of aerobic training on plasma levels and subcutaneous

abdominal adipose tissue gene expression of adiponectin, leptin,
interleukin 6, and tumor necrosis factor alpha in obese women.

Metabolism 2006;55:1375-81.

[84] Jirimée J, Purge P, Jirimée T. Adiponectin is altered after maximal

exercise in highly trained male rowers. Eur J Appl Physiol 2005;93:

502-5.

Jirimée J, Hofmann P, Jirimde T, Méestu J, Purge P, Wonisch M,

et al. Plasma adiponectin response to sculling exercise at individual

anaerobic threshold in college level male rowers. Int J Sports Med
2006;27:272-7.

[86] Kraemer RR, Aboudehen KS, Carruth AK, Durand RT, Acevedo EO,
Hebert EP, et al. Adiponectin responses to continuous and
progressively intense intermittent exercise. Med Sci Sports Exerc
2003;35:1320-5.

[87] Kojima M, Hosoda H, Date Y, Nakazato M, Matsuo M, Kangawa K.
Ghrelin is a growth-hormone-releasing acylated peptide from
stomach. Nature 1999;402:656-60.

[88] Cummings DE. Ghrelin and the short- and long-term regulation of
appetite and body weight. Physiol Behav 2006;30:71-84.

[89] Wren AM, Small CJ, Ward HJ, Murphy KG, Dakin CL, Taheri S,
et al. The novel hypothalamic peptide ghrelin stimulates food
intake and growth hormone secretion. Endocrinology 2000;141:
4325-8.

[90] Leidy HJ, Williams NI. Meal energy content is related to features
of meal-related ghrelin profiles across a typical day of eating in
non-obese premenopausal women. Horm Metab Res 2006;38:
317-22.

[91] Leidy HJ, Dougherty KA, Frye BRDuke KM, Williams NI. Twenty-
four-hour ghrelin is elevated after calorie restriction and exercise
training in non-obese women. Obesity 2007;15:446-55.

[92] Haqq AM, Farooqi IS, O’Rahilly S, Stadler DD, Rosenfeld RG, Pratt

KL, et al. Serum ghrelin levels are inversely correlated with body

mass index, age, and insulin concentrations in normal children and are

markedly increased in Prader-Willi syndrome. J Clin Endocrinol

Metab 2003;88:174-8.

Jirimde J, Cicchella A, Jirimde T, Létt E, Haljaste K, Purge P, et al.

Regular physical activity influences plasma ghrelin concentration in

adolescent girls. Med Sci Sports Exerc 2007;39:1736-41.

[79

[}

(83

[t}

[85

=

[93

—

[94] Leidy HJ, Gardner JK, Frye BR, Snook ML, Schuchert MK, Richard

EL, et al. Circulating ghrelin is sensitive to changes in body weight

during a diet and exercise program in normal weight young women.

J Clin Endocrinol Metab 2004;89:2659-64.

Tschop M, Weyer C, Tataranni PA, Devanarayan V, Ravussin E,

Heiman ML. Circulating ghrelin levels are decreased in human

obesity. Diabetes 2001;50:707-9.

Marzullo P, Verti B, Savia G, Walker GE, Guzzaloni G, Tagliaferri

M, et al. The relationship between active ghrelin and human obesity

involves alterations in resting energy expenditure. J Clin Endocrinol

Metab 2004;89:936-9.

Mackelvie KJ, Meneilly GS, Elahi D, Wong AC, Barr SI, Chanoine

JP. Regulation of appetite in lean and obese adolescents after

exercise: role of acylated and desacyl ghrelin. J Clin Endocrinol

Metab 2007;92:648-54.

Burns SF, Broom DR, Miyashita M, Mundy C, Stensel DJ. A single

session of treadmill running has no effect on plasma total ghrelin

concentrations. J Sports Sci 2007;25:635-42.

Christ ER, Zehnder M, Boesch C, Trepp R, Mullis PE, Diem P, et al.

The effect of increased lipid intake on hormonal responses during

aerobic exercise in endurance-trained men. Eur J Endocrinol 2006;

154:397-403.

[100] Jirimée J, Hofmann P, Jirimée T, Palm R, Miestu J, Purge P, et al.
Plasma ghrelin responses to acute sculling exercises in elite male
rowers. Eur J Appl Physiol 2007;99:467-74.

[101] Kraemer RR, Durand RJ, Hollander DB, Tryniecki JL, Hebert EP,
Castracane VD. Ghrelin and other glucoregulatory hormone
responses to eccentric and concentric muscle contractions. Endocrine
2004;24:93-8.

[102] Pomerants T, Tillmann V, Karelson K, Jirimde J, Jirimée T. Ghrelin
response to acute aerobic exercise in boys at different stages of
puberty. Horm Metab Res 2006;38:752-7.

[103] Sartorio A, Morpurgo P, Cappiello V, Agosti F, Marazzi N,
Giordani C, et al. Exercise-induced effects on growth hormone
levels are associated with ghrelin changes only in the presence of
prolonged exercise bouts in male athletes. J Sports Med Phys Fitness
2008;48:97-101.

[104] Ghanabari-Niaki A. Ghrelin and glucoregulatory hormone responses
to a single circuit resistance exercise in male college students. Clin
Biochem 2006;39:966-70.

[105] Toshinai K, Kawagoe T, Shimbara T, Tobina T, Nishida Y, Mondal
MS, et al. Acute incremental exercise decreases plasma ghrelin levels
in healthy men. Horm Metab Res 2007;39:849-51.

[106] Vestergaard ET, Dall R, Lange KHW, Kjaer M, Christiansen JS,
Jorgensen JOL. The ghrelin response to exercise before and after
growth hormone administration. J Clin Endocrinol Metab 2007;92:
297-303.

[107] Hagobian TA, Sharoff CG, Braun B. Effects of short-term exercise
and energy surplus on hormones related to regulation of energy
balance. Metabolism 2008;57:393-8.

[108] Broom DR, Batterham RL, King JA, Stensel DJ. Influence of
resistance and aerobic exercise on hunger, circulating levels of
acylated ghrelin, and peptide YY in healthy males. Am J Physiol
Regul Integr Comp Physiol 2009;296:R29-R35.

[109] Foster-Schubert KE, McTiernan A, Scott Frayo R, Schwartz RS,
Rajan KB, Yasui Y, et al. Human plasma levels of ghrelin increase
during a one-year exercise program. J Clin Endocrinol Metab 2005;
90:820-5.

[110] Garcia JM, Iyer D, Poston WS, Marcelli M, Reeves R, Foreyt J, et al.
Rise of plasma ghrelin with weight loss is not sustained during weight
maintenance. Obesity 2006;14:1716-23.

[111] Cummings DE, Weigle DS, Frayo RS, Breen PA, Ma MK,
Dellinger EP, et al. Plasma ghrelin levels after diet-induced
weight loss or gastric bypass surgery. N Engl J Med 2002;346:
1623-30.

[112] Morpurgo PS, Resnik M, Agosti F, Cappiello V, Sartorio A, Spada A.
Ghrelin secretion in severely obese subjects before and after a 3-week

[95

=

[96

[}

[97

—

[98

[t

[99

[}



J. Jiirimde et al. / Metabolism Clinical and Experimental 60 (2011) 335-350 349

integrated body mass reduction program. J Endocrinol Invest 2003;
26:723-7.

[113] Pedersen BK, Febbraio MA. Muscle as an endocrine organ: focus on
muscle-derived interleukin-6. Physiol Rev 2008;88:1379-406.

[114] Pedersen BK, Hoffman-Goetz L. Exercise and the immune system:
regulation, integration, and adaptation. Physiol Rev 2000;80:
1055-81.

[115] Henson DA, Nieman DC, Nehlsen-Cannarella SL, Fagoaga OR,

Shannon M, Bolton MR, et al. Influence of carbohydrate on cytokine

and phagocytic responses to 2 h of rowing. Med Sci Sports Exerc

2000;32:1384-9.

Margeli A, Skenderi K, Tsironi M, Hantzi E, Matalas AL, Vrettou C,

et al. Dramatic elevations of interleukin-6 and acute-phase reactants

in athletes participating in the ultradistance foot race Spartathlon:
severe systemic inflammation and lipid and lipoprotein changes in
protracted exercise. J Clin Endocrinol Metab 2005;90:3914-8.

Ostrowski K, Hermann C, Bangash A, Schjerling P, Nielsen JN,

Pedersen BK. A trauma-like elevation of plasma cytokines in

humans in response to treadmill running. J Physiol 1998;513(Pt 3):

889-94.

[118] Timmons BW, Hamadeh MJ, Tarnapolsky MA. Two methods for
determining plasma IL-6 in humans at rest and following exercise.
Eur J Appl Physiol 2009;105:13-8.

[119] Ostrowski K, Rohde T, Zacho M, Asp S, Pedersen BK. Evidence that

interleukin-6 is produced in human skeletal muscle during prolonged

running. J Physiol 1998;508(Pt 3):949-53.

Steensberg A, van Hall G, Osada T, Sacchetti M, Saltin B, Klarlund

PB. Production of interleukin-6 in contracting human skeletal

muscles can account for the exercise-induced increase in plasma

interleukin-6. J Physiol 2000;529(Pt 1):237-42.

[121] Cox AJ, Pyne DB, Cox GR, Callister R, Gleeson M. Pre-exercise
carbohydrate status influences carbohydrate-mediated attenuation
of post-exercise cytokine responses. Int J Sports Med 2008;29:
1003-9.

[122] Petersen AM, Pedersen BK. The anti-inflammatory effect of exercise.
J Appl Physiol 2005;98:1154-62.

[123] Moldoveanu Al, Shephard RJ, Shek PN. Exercise elevates plasma
levels but not gene expression of IL-1f, IL-6, and TNF-a in blood
mononuclear cells. J Appl Physiol 2000;89:1499-504.

[124] Biffl WL, Moore EE, Moore FA, Peterson PV. Interleukin-6 in the
injured patient: marker of injury or mediator of inflammation? Ann
Surg 1996;224:647-64.

[125] Pedersen BK, Steensberg A, Keller P, Keller C, Fischer C, Hiscock N,
et al. Muscle-derived interleukin-6: lipolytic, anti-inflammatory and
immune regulatory effects. Pfliigers Arch 2003;446:9-16.

[126] Keller C, Keller P, Marshal S, Pedersen BK. IL-6 gene expression in
human adipose tissue in response to exercise—effects of carbohy-
drate ingestion. J Physiol 2003;550:927-33.

[127] Pedersen BK, Steensberg A, Schjerling P. Muscle-derived interleu-
kin-6: possible biological effects. J Physiol 2001;536:329-37.

[128] van Hall G, Steensberg A, Sacchetti M, Fischer C, Keller C,
Schjerling P, et al. Interleukin-6 stimulates lipolysis and fat oxidation
in humans. J Clin Endocrinol Metab 2003;88:3005-10.

[129] Gaillard RC, Spinedi E, Chautard T, Prolong FP. Cytokines, leptin,
and the hypothalamo-pituitary-adrenal axis. Ann NY Acad Sci 2000;
917:646-7.

[130] Ostrowski K, Rohde T, Asp S, Schjerling P, Pedersen BK. Pro- and
anti-inflammatory cytokine balance in strenuous exercise in humans.
J Physiol 1999;515:287-91.

[131] Pedersen BK, Ostrowski K, Rohde T, Bruunsgaard H. The cytokine
response to strenuous exercise. Can J Physiol Pharmacol 1998;76:
505-11.

[132] Febbraio MA, Pedersen BK. Muscle-derived interleukin-6: mecha-
nisms for activation and possible biological roles. FASEB J 2002;16:
1335-47.

[133] Starkie RL, Angus DJ, Rolland J, Hargraves M, Febbraio MA. Effect
of prolonged, submaximal exercise and carbohydrate ingestion on

[116

[}

[117

[

[120

=

monocyte intracellular cytokine production in humans. J Physiol
2000;528:647-55.

[134] Gannon GA, Rhind SG, Suzui M, Shek PN, Shephard RJ. Circulating
levels of peripheral blood leucocytes and cytokines following
competitive cycling. Can J Appl Physiol 1997;22:133-47.

[135] Ceciliani F, Giordano A, Spagnolo V. The systemic reaction during
inflammation: the acute-phase proteins. Protein Pept Lett 2002;9:
211-23.

[136] Papanicolaou DA, Wilder RL, Manolagas SC, Chrousos GP. The
pathophysiologic roles of interleukin-6 in humans. Ann Intern Med
1998;128:127-37.

[137] Nehlsen-Cannarella SL, Fagoaga OR, Neiman DC. Carbohydrate and

the cytokine response to 2.5 h of running. J Appl Physiol 1997;82:

1662-7.

Weinstock C, Kénig D, Harnischmacher R, Keul J, Berg A, Northoff

H. Effect of exhaustive exercise stress on the cytokine response. Med

Sci Sports Exerc 1997;29:345-54.

[139] Drenth JP, van Uum SH, van Deuren M, Pesman GJ, van der Ven-
Jongekrig J, van der Meer JW. Endurance run increases circulating
IL-6 and IL-1ra but downregulates ex vivo TNF-alpha and IL-1 beta
production. J Appl Physiol 1995;79:1497-503.

[140] Gokhale R, Chandrashekara S, Vasanthakumar KC. Cytokine
response to strenuous exercise in athletes and non-athletes—an
adaptive response. Cytokine 2007;40:123-7.

[141] McKune AJ, Smith LL, Semple SJ, Wadee AA. Influence of ultra-
endurance exercise on immunoglobulin isotypes and subclasses. BrJ
Sports Med 2005;39:665-70.

[142] Suzuki K, Nakaji S, Yamada M, Totsuka M, Sato K, Sugawara K.
Systemic inflammatory response to exhaustive exercise: cytokine
kinetics. Exerc Immunol Rev 2002:8:6-48.

[143] Timmons BW, Tarnapolsky MA, Bar-Or O. Immune responses to
strenuous exercise and carbohydrate intake in boys and men. Pediatr
Res 2004;56:227-34.

[144] Nieman DC, David JM, Brown VA, Henson DA, Dumke CL, Utter

AC, et al. Influence of carbohydrate ingestion on immune changes

after 2 h of intensive resistance training. J Appl Physiol 2004;96:

1292-8.

Minetto MA, Rainoldi A, Gazzoni M, Ganzit GP, Saba L, Paccotti P.

Interleukin-6 response to isokinetic exercise in elite athletes:

relationship to adrenocortical function and to mechanical and

myoelectric fatigue. Eur J Appl Physiol 2006;98:373-82.

Nielsen HB, Secher NH, Christensen NJ, Pedersen BK. Lymphocytes

and NK cell activity during repeated bouts of maximal exercise. Am J

Physiol Regul Integr Comp Physiol 1996;271:R222-227.

[147] Ronsen O, Lea T, Bahr R, Pedersen BK. Enhanced plasma IL-6 and

IL-1ra responses to repeated vs. single bouts of prolonged cycling in

elite athletes. J Appl Physiol 2002;92:2547-53.

Steensberg A, Febbraio MA, Osada T, Schjerling P, van Hall G,

Saltin B, et al. Interleukin-6 production in contracting human skeletal

muscle is influenced by pre-exercise muscle glycogen content. J

Physiol 2001;537:633-9.

[149] Stewart LK, Flynn MG, Campbell WW, Craig BA, Robinson JP,
Timmerman KI, et al. The influence of exercise training on
inflammatory cytokines and C-reactive protein. Med Sci Sports
Exerc 2007;39:1714-9.

[150] Arnold MC, Papanicolaou DA, O’Grady JA, Lotsikas A, Dale JK,
Straus SE, et al. Using an interleukin-6 challenge to evaluate
neuropsychological performance in chronic fatigue syndrome.
Psychol Med 2002;32:1075-89.

[151] Coppack SW. Pro-inflammatory cytokines and adipose tissue. Proc
Nutr Soc 2001;60:349-56.

[152] Popovic V, Duntas LH. Leptin TRH and ghrelin: influence on energy
homeostasis at rest and during exercise. Horm Metab Res 2005;37:
533-7.

[153] Haas HS, Schauenstein K. Neuroimmunomodulation via limbic
structures—the neuroanatomy of psychoimmunology. Prog Neuro-
biol 1997;51:195-222.

[138

[}

[145

[t}

[146

[}

[148

[}



350

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

J. Jiirimdie et al. / Metabolism Clinical and Experimental 60 (2011) 335-350

Niswener KD, Baskin DG, Shwartz MW. Insulin and its evolving
partnership with leptin in the hypothalamic control of energy
homeostasis. Trends Endocrinol Metab 2004;15:362-9.

Thong FS, McLean C, Graham TE. Plasma leptin in female athletes:
relationship with body fat, reproductive, nutritional, and endocrine
factors. J Appl Physiol 2000;88:2037-44.

Fasshauer M, Klein J, Neumann S, Eszlinger M, Paschke R.
Hormonal regulation of adiponectin gene expression in 3T3-L1
adipocytes. Biochem Biophys Res Commun 2002;290:1084-9.

Berg AH, Combs TP, Du X, Brownlee M, Scherer PE. The adipocyte-
secreted protein Acrp30 enhances hepatic insulin action. Nature Med
2001;7:947-53.

Tomas E, Kelly M, Xiang X, Tsao TS, Keller C, Keller P, et al.
Metabolic and hormonal interactions between muscle and adipose
tissue. Proc Nutr Soc 2004;63:381-5.

Jirimde J, Cicchella A, Tillmann V, Litt E, Haljaste K, Purge P, et al.
Effect of pubertal development and physical activity on ghrelin
concentration in boys. J Endocrinol Invest 2009;32:18-22.
Pomerants T, Tillmann V, Jiiriméde J, Jiirimée T. Relationship between
ghrelin and anthropometrical, body composition parameters and
testosterone levels in boys at different stages of puberty. J Endocrinol
Invest 2006;29:962-7.

Christo K, Cord J, Mendes N, Miller KK, Goldstein MA, Klibanski
A, et al. Acylated ghrelin and leptin in adolescent athletes with
amenorrhea, eumenorrheic athletes and controls: a cross-sectional
study. Clin Endocrinol 2008;69:628-33.

Shintani M, Ogawa Y, Ebihara K, Aizawa-Abe M, Miyanaga F,
Takaya K, et al. Ghrelin, an endogenous growth hormone

[163]

[164]

[165]

[166]

[167]

[168]

[169]

secretagogue, is a novel orexigenic peptide that antagonizes leptin
action through the activation of hypothalamic neuropeptide Y/Y1
receptor pathway. Diabetes 2001;50:227-32.

Morgan CA, Rasmusson AM, Wang S, Hoyt G, Hauger RL, Hazlett
G. Neuropeptide-Y, cortisol, and subjective distress in human
exposed to acute stress replication and extension of previous report.
Biol Psychiatry 2002;52:136-42.

Jiiriméde J, Rdmson R, Miestu J, Jiriméde T, Arciero P, Braun WA,
et al. Interactions between adipose, bone, and muscle tissue markers
during acute negative energy balance in male rowers. J Sports Med
Phys Fitness 2010 (submitted).

Lee NK, Sowa H, Hinoi E, Ferron M, Ahn JD, Confavreux C, et al.
Endocrine regulation of energy metabolism by the skeleton. Cell
2007;130:456-69.

Frydelund-Larsen L, Akerstrom T, Nielsen S, Keller P, Keller C,
Klarlund Pedersen B. Visfatin mRNA expression in human
subcutaneous adipose tissue is regulated by exercise. Am J Physiol
Endocrinol Metab 2007;292:E24-E31.

Chen MP, Chung FM, Chang DM, Tsai JCR, Huang HF, Shin SJ,
et al. Elevated plasma level of visfatin/pre-B Cell colony-enhancing
factor in patients with type 2 diabetes mellitus. J Clin Endocrinol
Metab 2006;91:295-9.

Jirimde J, Rdmson R, Méestu J, Purge P, Jiirimde T, Arciero PJ, et al.
Plasma visfatin and ghrelin responses to prolonged sculling in
competitive male rowers. Med Sci Sports Exerc 2009;41:137-43.
Zou CC, Liang L, Wang CL, Fu JF, Zhao ZY. The change in ghrelin
and obestatin levels in obese children after weight reduction. Acta
Pediatr 2009;98:159-65.



	Peripheral signals of energy homeostasis as possible markers of training stress in athletes: a .....
	Introduction
	Peripheral markers of energy balance
	Leptin responses to acute exercise and chronic training
	Adiponectin responses to acute exercise and �chronic training
	Ghrelin responses to acute exercise and �chronic training
	Inflammatory cytokine responses to acute exercise and chronic training

	Interactions between metabolic hormones
	General conclusions and suggestions for �future research
	References


