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Exercise, stress, and inflammation in the growing child:

from the bench to the playground

Dan Michael Coopera, Dan Nemetb and Pietro Galassettia

Purpose of review

It is becoming increasingly clear that physical activity in
children plays a critical role in growth and development,
therapy for certain chronic diseases and disabilities, and in the
pediatric origins of a variety of bone, metabolic, and
cardiovascular diseases. New mechanistic insights have
created the opportunity for a phase shift in understanding of
the links between exercise and health in the context of the
growing child.
Recent findings

Exercise even in healthy children profoundly alters stress,
immune, and inflammatory mediators including peripheral
blood mononuclear cells and circulating pro- and
anti-inflammatory cytokines (like interleukin-6). Moreover,
exercise even in healthy adults stimulates the production of
reactive oxygen species (ROS) and mediators that attenuate
them. Oxidative stress, in turn, alters growth and stress
mediators. Both ROS and stress/inflammatory factors interact
with powerful growth mediators like growth hormone and
insulinlike growth factor-I. These findings suggest specific
ways in which the balance between pro- and anti-inflammatory,
catabolic, and anabolic factors associated with exercise can
influence health and growth in children.
Summary

To address the current epidemic of physical inactivity and
obesity in children and to optimize the therapeutic effects of
exercise in children with disease and disability will require real
changes in environments (eg, schools and playgrounds);
innovative approaches to rehabilitation of children with chronic
disease and disability; and enlightened training of child health
professionals. Identifying novel exercise mechanisms involving
stress, inflammation, and growth factors will help guide these
efforts.
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Introduction
Although the idea that “exercise is good for children”

seems axiomatic, translating this vague notion into spe-

cific, scientifically based guidelines that actually influ-

ence health has proved to be difficult. Never before has

the need for such guidelines been so great. We find

ourselves in the midst of an emerging epidemic of pedi-

atric obesity, type 2 diabetes, and the metabolic syn-

drome [1–3,4••], all, in large measure, ominous conse-

quences of unprecedented levels of physical inactivity in

children [5•]. At the same time, therapeutic advances

have created an increasing number of childhood survi-

vors of premature birth, congenital heart disease, lung

disease, burn injury, and cancer. For these children,

physical activity is beneficial [6–10], but only if the “ex-

ercise dose” does not exacerbate underlying inflamma-

tory, metabolic, or physiologic abnormalities. Identifying

optimal levels of exercise must be based on a better

understanding of the mechanisms that link exercise with

health and disease in the growing child.

It has become abundantly clear that the biologic mecha-

nisms linking exercise to health in children are multifac-

torial. Attempting to identify the clinically relevant

mechanisms is challenging, but a set of related, recent

discoveries and technological advances has created the

opportunity for a “phase shift” in our understanding of

this problem, and to form specific hypotheses about

novel mechanisms that link exercise and health in the

context of the growing child. These exciting observa-

tions are:

• The translation of physical activity to health effects

rests on the interaction of seemingly dichotomous

anabolic and catabolic mediators and cell signaling
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pathways including growth factors like insulinlike

growth factor-I (IGF-I) and proinflammatory cyto-

kines like interleukin-6 (IL-6).

• Exercise even in healthy children profoundly alters

stress, immune, and inflammatory mediators includ-

ing peripheral blood mononuclear cells and circulat-

ing pro- and anti-inflammatory cytokines. These me-

diators are now known to play important roles in a

variety of pediatric and adult diseases.

• Exercise even in healthy adults stimulates the pro-

duction of reactive oxygen species (ROS) and media-

tors that attenuate them. Oxidative stress alters

growth and stress mediators, and the balance be-

tween ROS and their mitigating factors is now known

to play a key role in the development of metabolic

syndrome, type 2 diabetes, hypertension, and cardio-

vascular disease.

• There exist critical periods of growth and develop-

ment during which the effect of exercise on growth

mediators and stress/inflammatory factors would have

long-term health effects. Such periods occur early in

life (particularly in premature babies) and in the pu-

bertal transition. The magnitude and quality of these

effects are profoundly altered by gender.

The purpose of this review is to highlight how these

insights can be used to form new research directions and

clinical applications focused on health effects of exercise

in children.

The role of physical activity in growth

and development
It is increasingly recognized that physical activity in chil-

dren is not merely play; rather, it is an essential compo-

nent of healthy growth and development. We now rec-

ognize that the absence of sufficient exercise during

childhood leads to inadequate bone mineralization and

markedly greater risk for osteoporosis later in life [11••].

Levels of physical activity markedly affect body compo-

sition, and sedentary lifestyles in children are a major

cause of the current epidemic of childhood obesity and

its accompanying comorbidities [12]. As levels of physi-

cal activity progressively decline in children [13•], it is

reasonable to speculate that sarcopenia, the debilitating

loss of muscle mass observed in the elderly [14], will

ultimately be found to have roots in inadequate muscle

development during childhood, a sad echo of our current

understanding of osteoporosis.

Levels of physical activity during childhood can influ-

ence growth and development of muscle, fat, and bone.

Recent data suggest that exercise alteration of the

growth hormone→insulinlike growth factor-I axis

(GH→IGF-I), a system of hormones and mediators that

modulates growth in many tissues, may be involved.

Basal levels of IGF-I are correlated with muscle mass

and fitness in prepubertal children, adolescents, and

adults [15–17] .

There is increasing evidence in both children and adults,

however, that even relatively brief periods of aerobic

exercise training (5 weeks) can lead to reductions, rather

than expected increases, in basal, resting levels of IGF-I

even when muscle mass increases [16,18,19]. Thus,

training in children initially seems to create a state of GH

resistance (ie, reduced GH binding protein and IGF-I),

more often associated with catabolic rather than anabolic

hormonal activity [20].

This paradox led us to the idea that single bouts of ex-

ercise in children could, as in adults [21,22], stimulate

proinflammatory cytokines known to directly inhibit ana-

bolic activity of the GH→IGF-1 axis (ie, IL-6, IL-1�, and
tumor necrosis factor-�). In adults, Ostrowski et al. [23]
noted that strenuous exercise stimulated proinflamma-

tory mediators, but simultaneously, “…cytokine inhibi-

tors and anti-inflammatory cytokines restrict the magni-

tude and duration of the inflammatory response to

exercise.” The cumulative effect of these individual ex-

ercise perturbations would be to lower basal levels of

IGF-I, because inflammatory cytokines like TNF-� and

IL-6 are now known to inhibit both GH and IGF-I [24–

33]. As an extreme example of this paradigm, in children

with systemic inflammatory diseases [34–36] chronically

elevated IL-6 leads to reduced basal IGF-I and impaired

somatic growth.

The exercise response paradox in children:

relation to disease and prevention
There is mounting evidence that physical activity plays

its most substantial role in diseases that have in common

altered stress, inflammation, and leukocyte function,

such as asthma and arthritis in children and atheroscle-

rosis in adults [37,38•,39]. Exercise can lead to a sub-

stantial perturbation of cellular homeostasis including a

profound metabolic acidosis, markedly altered oxygen

and substrate flux in tissue and mitochondria, and, on

occasion, frank tissue injury. Not surprisingly, exercise

results in what appears to be a “danger” type activation

of innate immune responses [40–42] that involves in-

creased levels of circulating cytokines and leukocytes

typically associated with catabolic, rather than anabolic,

states [28,43]. In contrast, the salient features of the

healthy adaptation to repeated exercise are both anti-

inflammatory and anabolic, consisting of increased

muscle mass, angio- and arteriogenesis, increased bone

strength, and the formation of new mitochondria.

Thus, the paradigm of a paradoxical pro- and anti-

inflammatory, anabolic–catabolic, response to exercise

provides new insights into the mechanisms that link

physical activity with growth and health in children (Fig.

1). There are also increasing data supporting the idea

that there exist “critical periods” of development during
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which a variety of stimuli can alter the overall program-

ming of developmental processes [44,45].

Intriguingly, the impact of physical activity on these

critical periods need not be limited to the ambulating

child. A number of studies now show that assisted exer-

cise in preterm infants can increase body weight and

improve bone strength (Fig. 2). “Assisted exercise” in

this context is defined as systematic manipulation of the

upper and lower extremity joints consisting of flexion

and extension with gentle compression and passive range

of motion movements [46]. This observation corrobo-

rates work that started several decades ago in both hu-

man and animal models demonstrating that certain types

of stimuli very early in life can beneficially alter growth

and development even through maturity [47,48]. Be-

cause weight gain is so critical a determinant of healthy

outcomes in the neonatal intensive care unit, interven-

tions that improve body mass accrual could substantially

reduce length of stay and influence standard of care.

We examined the correlation between IL-6 and IGF-I in

healthy adolescents and preterm infants. The prelimi-

nary results of this study are shown in Figure 3. Remark-

ably, despite the large (expected) difference in circulat-

ing IGF-I between the preterm infants and the

adolescents, there appears to be an inverse relation be-

tween IL-6 and IGF-I in these two seemingly diverse

populations. Clearly, further studies of this relation in a

larger group of infants need to be done.

The human immune system is remarkably adaptable,

and the molecular processes that enable to the immune

system to distinguish self from nonself typify the con-

cept of immunologic “memory.” Recent epidemiologic

observations about asthma and atopy suggest that critical

periods exist for the development of other aspects of the

immune system as well. Although as yet unproven, the

“hygiene hypothesis” has been proposed recently to ex-

plain the fact that the incidence of asthma and atopy is

higher in children who were not exposed early in life to

multiple viruses, helminthes, and bacteria [49•]. The

lack of exposure may impair the natural development of

putative lymphocytes that modulate T-helper type 2

functions and, therefore, leads to an exaggerated T-

helper 2 immune cell response, and, consequently, an

increase in asthma and atopy. As noted, physical activity

can stimulate a variety of immune-related processes

leading to the general hypothesis that physical inactivity

early in life may contribute to the development of

asthma in children. Indeed, obesity and asthma are

known to be linked in children, and each is related to

physical inactivity [50]. Moreover, the compelling role of

immune, inflammatory, and oxidative mechanisms in the

development of the components of the metabolic syn-

drome and the impact of physical activity on these fac-

tors further support the focus of the proposed studies.

Exercise and oxidative stress
Closely tied to the innate immune activation that occurs

with exercise is the effect of exercise on oxidative stress.

Oxidative stress is an imbalance between production of

ROS—a normal part of physiologic metabolic pro-

cesses—and antioxidant defenses. By attacking, denatur-

ing, and modifying structural and functional molecules,

ROS cause cytotoxicity, tissue injury, and dysfunction

and provoke an inflammatory response. These molecular

effects contribute to the pathogenesis of tissue compli-

cations of numerous human diseases such as atheroscle-

rosis, infection, inflammation, cancer, degenerative dis-

orders, metabolic disease (obesity, metabolic syndrome,

diabetes), radiation injury, ischemia-reperfusion, and hy-

pertension [51–53,54••].

Mitochondrial O2 flow increases up to 100-fold during

intense exercise, and up to 4% is diverted to form ROS

[55], rendering this the primary source of ROS during

exercise. We now know that metabolic and physiologic

Figure 1. Relation of exercise to health and growth in children.

GH, growth hormone; IGF-I, insulinlike growth factor-I.
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effects of exercise are indeed different in children com-

pared with adults in a manner that could influence the

exercise-specific component of the exercise stress re-

sponse. Studies from our and other laboratories demon-

strate a greater oxygen cost of exercise in children [56].

Moreover, 31P-magnetic resonance spectroscopy studies

have shown that the changes in intramuscular pH and

the ratio of inorganic phosphate to phosphocreatine are

smaller during exercise in children [57]. Collectively,

these observations indicate that the flow of oxygen to

working muscles is greater in children and, conse-

quently, end-organ oxidative stress from exercise may

differ.

Among other extramitochondrial sources [58] of ROS

(xanthine oxidase pathway [59,60•], catecholamine and

prostanoid metabolism), the contribution by circulating

neutrophils is quantitatively the most important. Circu-

lating neutrophils contain large amounts of oxidative en-

zymes (indeed this oxidative capacity is the base of neu-

trophil-mediated defense against bacteria and other

offensive agents) and migrate during exercise from pe-

ripheral sites (eg, the lung) to the central circulation and

to active skeletal muscles. Elevated circulating levels of

neutrophil-derived oxidative enzymes myeloperoxidase

and elastase [61–65] and greater generation of superox-

ide by neutrophils are well documented in adults [66].

Moreover, neutrophilia persists for hours after exercise,

when mitochondrial O2 flow has returned to basal levels,

potentially rendering neutrophil-derived ROS the main

source of oxidative stress in the postexercise state

[64,67]. Confirming data from adults, we have observed

robust increases in circulating neutrophils in healthy and

obese children during a variety of exercise formats (Fig.

4). However, the effect of exercise and physical activity

on oxidative stress in children remains largely uninves-

tigated.

Exercise and the pediatric origin of

adult disease
Closely tied to the concept of critical periods of growth

and development, exercise-associated inflammatory re-

sponses and exercise-associated oxidative stress is the

theme of pediatric origins of adult disease. A number of

salient studies have clearly demonstrated this phenom-

enon. With regards to cardiovascular disease and the po-

tential protective effects of childhood exercise, the fol-

lowing observations are particularly important:

“The existing evidence indicates that primary prevention of
atherosclerotic disease should begin in childhood.”—
American Heart Association Scientific Statement:

Guidelines for Primary Prevention of Atherosclerotic

Cardiovascular Disease Beginning in Childhood

[68••]

“…immunologic-inflammatory cells are present in the ear-
liest stages of atherogenesis in 15−34-year-old subjects, ar-
guing in favor of an initiating role of the immune system in
atherosclerosis development.” [69]

“Our findings suggest that IGF-I may be involved in the
pathogenesis of ischemic heart disease.” [70]

Figure 2. The effect of 4 weeks of assisted exercise on weight

gain in preterm infants.

Data from Nemet et al.
*P < 0.05

Figure 3. Correlation between circulating level of interleukin-6

(IL-6) and insulinlike growth factor-I (IGF-I) in healthy preterm

infants and adolescents.

Despite the large differences in IGF-I, significant inverse relationships were
found in both healthy adolescents (r = −0.543, P < 0.036) and in the preterm
infants (r = −0.591, P < 0.02). The impact of exercise on the relationship
between growth and inflammatory factors may be an important mechanism in the
overall impact of physical activity in the pediatric age range.
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“Inflammatory cytokines are systemically increased follow-
ing relatively brief exercise in healthy children. This increase
may alter critical anabolic agents such as IGF-I and its
binding proteins.” [26]

In addition, new data are emerging supporting the notion

that adult pulmonary, nutritional (eg, obesity), metabolic,

and bone diseases are all highly correlated with patho-

logic metabolic events that occur early in life [11••,71–

73].

Exercise, stress/inflammatory responses,

and children with chronic disease
The role of exercise as therapy in children with a variety

of chronic diseases and disabilities is becoming increas-

ingly recognized. However, the clinician attempting to

prescribe a program of exercise training for children and

adolescents with chronic diseases faces a dilemma. For

example, in cystic fibrosis, a debilitating congenital pul-

monary disease, exercise may promote health in part by

stimulating growth factors and tissue anabolism (en-

hanced bone mineralization, increased muscle hypertro-

phy, mitochondrial density and capillarization, and in-

creased insulin sensitivity [74,75]). In contrast, it is now

known that the same process of exercise, if sufficiently

intense, can stimulate inflammatory cytokines and lead

to a catabolic state [18,76–78]. Finding the optimal level

of physical activity in children and adolescents with cys-

tic fibrosis is difficult because the underlying disease is

associated with increased basal energy expenditure

[79,80], hypoxemia, malnutrition, and inflammation, all

of which promote tissue catabolism even at rest. The

cystic fibrosis dilemma typifies the problem that exists in

implementing exercise therapy for children with a vari-

ety of inflammatory/catabolic conditions like pediatric

arthritis, severe burns, and cancer in which there is in-

creasing interest in developing truly beneficial and safe

exercise interventions [81,82,83•].

Conclusion
Translating scientific discoveries into successful applica-

tions of physical activity in children has proved to be a

daunting task. Although there is abundant evidence that

children (and infants) can be “trained” in controlled, su-

pervised conditions, efforts to change the exercise envi-

ronment for children in the real world have not been as

successful. A variety of approaches have been used to

increase levels of physical activity in children and ado-

lescents under field conditions in schools [84,85], but

only modest increases, if any, in traditional measures of

cardiopulmonary performance have generally been ob-

served. Recently, Kelder et al. [86] noted that major bar-

riers, such as insufficient training and lower importance

of physical education compared with other academic ar-

eas, frustrate attempts to maintain school physical activ-

ity goals derived from one of the largest studies ever

undertaken to improve physical activity in schools, the

Child and Adolescent Trial for Cardiovascular Health

(CATCH).

We believe that sufficient impetus to alter policy that

can change the environment for exercise and physical

activity in schools and communities and as a rehabilita-

tive tool for children with chronic diseases must ulti-

mately rest on sound scientific and clinical findings. A

modern understanding of what constitutes “physical fit-

ness” in the context of the growing child and new in-

sights into growth, stress, and inflammatory mechanisms

may constitute the first steps toward achieving these

necessary goals.

Figure 4. Circulating levels of neutrophils in different groups of children before (white bars) and at the end of
(black bars) varied exercise protocols, in a laboratory setting as well as in the field during regular sports practice.

Data from [24] and preliminary studies.

290 Pulmonology



References and recommended reading

Papers of particular interest, published within the annual period of review,
have been highlighted as:

• Of special interest

•• Of outstanding interest

1 Kaufman FR: Type 2 diabetes mellitus in children and youth: a new epidemic.
J Pediatr Endocrinol Metab 2002, 15(suppl 2):737–744.

2 Kimm SY, Obarzanek E: Childhood obesity: a new pandemic of the new mil-
lennium. Pediatrics 2002, 110:1003–1007.

3 Decsi T, Molnar D: Insulin resistance syndrome in children: pathophysiology
and potential management strategies. Paediatr Drugs 2003, 5:291–299.

••
4 Cruz ML, Goran MI: The metabolic syndrome in children and adolescents.

Curr Diab Rep 2004, 4:53–62.
This paper provides an excellent review of the current knowledge of the metabolic
syndrome in children.

•
5 Physical activity levels among children aged 9-13 years: United States, 2002.

MMWR Morb Mortal Wkly Rep 2003, 52: 785–788.
This report highlights the decline in physical activity in this age group.

6 Fredriksen PM, Kahrs N, Blaasvaer S, et al.: Effect of physical training in chil-
dren and adolescents with congenital heart disease. Cardiol Young 2000,
10:107–114.

7 Hebestreit H, Bar-Or O: Exercise and the child born prematurely. Rev Environ
Health 2001, 31:591–599.

8 Westerlind KC: Physical activity and cancer prevention: mechanisms. Med
Sci Sports Exerc 2003, 35:1834–1840.

9 Counil FP, Varray A, Matecki S, et al.: Training of aerobic and anaerobic fit-
ness in children with asthma. J Pediatr 2003, 142:179–184.

10 Hoffman-Goetz L: Physical activity and cancer prevention: animal-tumor mod-
els. Med Sci Sports Exerc 2003, 35:1828–1833.

••
11 Mora S, Gilsanz V: Establishment of peak bone mass. Endocrinol Metab Clin

North Am 2003, 32:39–63.
This is an excellent summary of the mechanisms that contribute to bone mineral-
ization in children.

12 Nemet D, Cooper DM: Exercise, diet, and childhood obesity: the GH-IGF-I
connection. J Pediatr Endocrinol Metab 2002, 15(suppl 2):751–757.

•
13 Tomkinson GR, Leger LA, Olds TS, et al.: Secular trends in the performance

of children and adolescents (1980-2000): an analysis of 55 studies of the
20m shuttle run test in 11 countries. Rev Environ Health 2003, 33:285–300.

This review covers the global nature of the decline in physical activity.

14 Roubenoff R: Sarcopenia: effects on body composition and function. J Ger-
ontol A Biol Sci Med Sci 2003, 58:1012–1017.

15 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, 71:1468–1473.

16 Eliakim A, Scheett TP, Newcomb R, et al.: Fitness, training, and the growth
hormone→insulin-like growth factor I axis in prepubertal girls. J Clin Endocri-
nol Metab 2001, 86:2797–2802.

17 Tirakitsoontorn P, Nussbaum E, Moser C, et al.: Fitness, acute exercise, and
anabolic and catabolic mediators in cystic fibrosis. Am J Respir Crit Care Med
2001, 164:1432–1437.

18 Eliakim A, Brasel JA, Mohan S, et al.: Physical fitness, endurance training, and
the GH-IGF-I system in adolescent females. J Clin Endocrinol Metab 1996,
81:3986–3992.

19 Eliakim A, Brasel JA, Barstow TJ, et al.: Peak oxygen uptake, muscle volume,
and the growth hormone-insulin-like growth factor-I axis in adolescent males.
Med Sci Sports Exerc 1998, 30:512–517.

20 Bentham J, Rodriguez-Arnao J, Ross RJ: Acquired growth hormone resis-
tance in patients with hypercatabolism. Horm Res 1993, 40:87–91.

21 Ostrowski K, Hermann C, Bangash A, et al.: A trauma-like elevation of plasma
cytokines in humans in response to treadmill running. J Physiol (Lond) 1998,
513:889–894.

22 Rohde T, MacLean DA, Richter EA, et al.: Prolonged submaximal eccentric
exercise is associated with increased levels of plasma IL-6. Am J Physiol
1997, 273:E85–E91.

23 Ostrowski K, Rohde T, Asp S, et al.: Pro- and anti-inflammatory cytokine bal-
ance in strenuous exercise in humans. J Physiol 1999, 515:287–291.

24 Nemet D, Rose-Gottron CM, Mills PJ, et al.: Effect of water polo practice on

cytokines, growth mediators, and leukocytes in girls. Med Sci Sports Exerc
2003, 35:356–363.

25 Nemet D, Oh Y, Kim HS, et al.: The effect of intense exercise on inflammatory
cyotkines and growth mediators in adolescent boys. Pediatrics 2002,
110:681–689.

26 Scheett TP, Mills PJ, Ziegler MG, et al.: Effect of exercise on cytokines and
growth mediators in prepubertal children. Pediatr Res 1999, 46:429–434.

27 Denson LA, Held MA, Menon RK, et al.: Interleukin-6 inhibits hepatic growth
hormone signaling via upregulation of Cis and Socs-3. Am J Physiol Gastro-
intest Liver Physiol 2003, 284:G646–G654.

28 De Benedetti F, Meazza C, Martini A: Role of interleukin-6 in growth failure: an
animal model. Horm Res 2002, 58(suppl 1):24–27.

29 Wu X, Herndon DN, Wolf SE: Growth hormone down-regulation of interleu-
kin-1beta and interleukin-6 induced acute phase protein gene expression is
associated with increased gene expression of suppressor of cytokine signal-
3. Shock 2003, 19:314–320.

30 Scheett TP, Nemet D, Stoppani J, et al.: The effect of endurance-type exercise
training on growth mediators and inflammatory cytokines in pre-pubertal and
early pubertal males. Pediatr Res 2002, 52:491–497.

31 Frost RA, Nystrom GJ, Lang CH: Tumor necrosis factor-alpha decreases in-
sulin-like growth factor-I messenger ribonucleic acid expression in C2C12
myoblasts via a Jun N-terminal kinase pathway. Endocrinology 2003,
144:1770–1779.

32 Wang P, Li N, Li JS: Mechanism of growth hormone insensitivity induced by
endotoxin. Acta Pharmacol Sin 2002, 23:16–22.

33 Denson LA, Held MA, Menon RK, et al.: Interleukin-6 inhibits hepatic growth
hormone signaling via upregulation of Cis and Socs-3. Am J Physiol Gastro-
intest Liver Physiol 2003, 284:G646–G654.

34 Cimaz R, Rusconi R, Cesana B, et al.: A multicenter study on insulin-like
growth factor-I serum levels in children with chronic inflammatory diseases.
Clin Exp Rheumatol 1997, 15:691–696.

35 Davies UM, Jones J, Reeve J, et al.: Juvenile rheumatoid arthritis. Effects of
disease activity and recombinant human growth hormone on insulin-like
growth factor 1, insulin-like growth factor binding proteins 1 and 3, and os-
teocalcin. Arthritis Rheum 1997, 40:332–340.

36 De Benedetti F, Alonzi T, Moretta A, et al.: Interleukin 6 causes growth im-
pairment in transgenic mice through a decrease in insulin-like growth factor-I:
a model for stunted growth in children with chronic inflammation. J Clin Invest
1997, 99:643–650.

37 Chikanza IC: Juvenile rheumatoid arthritis: therapeutic perspectives. Paediatr
Drugs 2002, 4:335–348.

38 Ennis M: Neutrophils in asthma pathophysiology. Curr Allergy Asthma Rep
2003, 3:159–165.

A comprehensive review of the role of innate immune cells in asthma.

39 Fan J, Watanabe T: Inflammatory reactions in the pathogenesis of atheroscle-
rosis. J AtherosclerThromb 2003, 10:63–71.

40 Matzinger P: An innate sense of danger. Ann N Y Acad Sci 2002, 961:341–
342.

41 Shephard RJ: Cytokine responses to physical activity, with particular refer-
ence to IL-6: sources, actions, and clinical implications. Crit Rev Immunol
2002, 22:165–182.

42 Pedersen BK, Hoffman-Goetz L: Exercise and the immune system: regulation,
integration, and adaptation. Physiol Rev 2000, 80:1055–1081.

43 Simon D: Puberty in chronically diseased patients. Horm Res 2002, 57(suppl
2):53–56.

44 Clark PM: Programming of the hypothalamo-pituitary-adrenal axis and the fe-
tal origins of adult disease hypothesis. Eur J Pediatr 1998, 157(suppl
1):S7–10.

45 Phillips D: Endocrine programming and fetal origins of adult disease. Trends
Endocrinol Metab 2002, 13:363.

46 Nemet D, Dolfin T, Litmanowitz I, et al.: Evidence for exercise-induced bone
formation in premature infants. Int J Sports Med 2002, 23:82–85.

47 Levine S: Psychophysiological effects of infantile stimulation. In: Bliss EL, ed.
Roots of Behavior. New York: Harper, 1962:246–253.

48 Landauer TK, Whiting JW: Infantile stimulation and adult stature of human
males. Am Anthropol 1964, 66:1007–1028.

•
49 Liu AH, Murphy JR: Hygiene hypothesis: fact or fiction? J Allergy Clin Immunol

2003, 111:471–478.
A reasoned discussion of the so-called hygiene hypothesis.

Exercise, inflammation, and health in children Cooper et al. 291



50 Gilliland FD, Berhane K, Islam T, et al.: Obesity and the risk of newly diag-
nosed asthma in school-age children. Am J Epidemiol 2003, 158:406–415.

51 Ferris DC, Kume-Kick J, Russo-Menna I, et al.: Gender differences in cerebral
ascorbate levels and ascorbate loss in ischemia. Neuroreport 1995, 6:1485–
1489.

52 Sampson MJ, Gopaul N, Davies IR, et al.: Plasma F2 isoprostanes: direct
evidence of increased free radical damage during acute hyperglycemia in
type 2 diabetes. Diabetes Care 2002, 25:537–541.

53 Evans JL, Goldfine ID, Maddux BA, et al.: Oxidative stress and stress-
activated signaling pathways: a unifying hypothesis of type 2 diabetes. En-
docr Rev 2002, 23:599–622.

••
54 Castro PF, Greig D, Perez O, et al.: Relation between oxidative stress, cate-

cholamines, and impaired chronotropic response to exercise in patients with
chronic heart failure secondary to ischemic or idiopathic dilated cardiomyop-
athy. Am J Cardiol 2003, 92:215–218.

Although it is from the adult literature, this work outlines how oxidative stress and
exercise interplay to influence heart disease.

55 Boveris A: Determination of the production of superoxide radicals and hydro-
gen peroxide in mitochondria. Methods Enzymol 1984, 105:429–435.

56 Armon Y, Cooper DM, Flores R, et al.: Oxygen uptake dynamics during high-
intensity exercise in children and adults. J Appl Physiol 1991, 70:841–848.

57 Zanconato S, Buchthal S, Barstow TJ, et al.: 31P-magnetic resonance spec-
troscopy of leg muscle metabolism during exercise in children and adults. J
Appl Physiol 1993, 74:2214–2218.

58 Alessio HM, Hagerman AE, Fulkerson BK, et al.: Generation of reactive oxy-
gen species after exhaustive aerobic and isometric exercise. Med Sci Sports
Exerc 2000, 32:1576–1581.

59 Turrens JF: Superoxide production by the mitochondrial respiratory chain.
Biosci Rep 1997, 17:3–8.

•
60 Urso ML, Clarkson PM: Oxidative stress, exercise, and antioxidant supple-

mentation. Toxicology 2003, 189:41–54.
A thorough review of the relationship between available nutrient supplementations
and oxidative stress.

61 Chance B, Sies H, Boveris A: Hydroperoxide metabolism in mammalian or-
gans. Physiol Rev 1979, 59:527–605.

62 Papa S, Guerrieri F, Capitanio N: A possible role of slips in cytochrome C
oxidase in the antioxygen defense system of the cell. Biosci Rep 1997,
17:23–31.

63 Quindry JC, Stone WL, King J, et al.: The effects of acute exercise on neutro-
phils and plasma oxidative stress. Med Sci Sports Exerc 2003, 35:1139–
1145.

64 Bury TB, Pirnay F: Effect of prolonged exercise on neutrophil myeloperoxi-
dase secretion. Int J Sports Med 1995, 16:410–412.

65 Hack V, Strobel G, Rau JP, et al.: The effect of maximal exercise on the activity
of neutrophil granulocytes in highly trained athletes in a moderate training
period. Eur J Appl Physiol Occup Physiol 1992, 65:520–524.

66 Hessel E, Haberland A, Muller M, et al.: Oxygen radical generation of neutro-
phils: a reason for oxidative stress during marathon running? Clin Chim Acta
2000, 298:145–156.

67 Shern-Brewer R, Santanam N, Wetzstein C, et al.: Exercise and cardiovas-
cular disease: a new perspective. Arterioscler Thromb Vasc Biol 1998,
18:1181–1187.

••
68 Kavey RE, Daniels SR, Lauer RM, et al.: American Heart Association guide-

lines for primary prevention of atherosclerotic cardiovascular disease begin-
ning in childhood. J Pediatr 2003, 142:368–372.

This is an excellent position statement on the role of pediatricians and other child
health care professionals in preventing adult-onset cardiovascular disease.

69 Millonig G, Malcom GT, Wick G: Early inflammatory-immunological lesions in
juvenile atherosclerosis from the Pathobiological Determinants of Atheroscle-
rosis in Youth (PDAY)-study. Atherosclerosis 2002, 160:441–448.

70 Juul A, Scheike T, Davidsen M, et al.: Low serum insulin-like growth factor I is
associated with increased risk of ischemic heart disease: a population-based
case-control study. Circulation 2002, 106:939–944.

71 Stick S: Pediatric origins of adult lung disease. 1. The contribution of airway
development to paediatric and adult lung disease. Thorax 2000, 55:587–
594.

72 Whitaker RC, Wright JA, Pepe MS, et al.: Predicting obesity in young adult-
hood from childhood and parental obesity. N Engl J Med 1997, 337:869–
873.

73 Eriksson J, Forsen T, Osmond C, et al.: Obesity from cradle to grave. Int J
Obes Relat Metab Disord 2003, 27:722–727.

74 Cooper DM: Evidence for and mechanisms of exercise modulation of growth.
Med Sci Sports Exerc 1994, 26:733–740.

75 Eliakim A, Raisz LG, Brasel JA, et al.: Evidence for increased bone formation
following a brief endurance-type training intervention in adolescent males. J
Bone Miner Res 1997, 12:1708–1713.

76 Scheett TP, Milles PJ, Ziegler MG, et al.: Effect of exercise on cytokines and
growth mediators in prepubertal children. Pediatr Res 1999, 46:429–434.

77 Theintz GE, Howald H, Weiss U, et al.: Evidence for a reduction of growth
potential in adolescent female gymnasts. J Pediatr 1993, 122:306–313.

78 Eliakim A, Brasel JA, Mohan S, et al.: Increased physical activity and the
growth hormone insulin-like growth factor-I axis in adolescent males. Am J
Physiol 1998, 275:R308–R314.

79 Anthony H, Bines J, Phelan P, et al.: Relation between dietary intake and
nutritional status in cystic fibrosis. Arch Dis Child 1998, 78:443–447.

80 Bell SC, Saunders MJ, Elborn JS, et al.: Resting energy expenditure and oxy-
gen cost of breathing in patients with cystic fibrosis. Thorax 1996, 51:126–
131.

81 Celis MM, Suman OE, Huang TT, et al.: Effect of a supervised exercise and
physiotherapy program on surgical interventions in children with thermal in-
jury. J Burn Care Rehabil 2003, 24:57–61.

82 Aziz NM: Cancer survivorship research: challenge and opportunity. J Nutr
2002, 132:3494S–3503S.

•
83 Klepper SE: Exercise and fitness in children with arthritis: evidence of benefits

for exercise and physical activity. Arthritis Rheum 2003, 49:435–443.
An understudied application of exercise as rehabilitation, this is a nice review of the
current state of knowledge.

84 Stone EJ, McKenzie TL, Welk GJ, et al.: Effects of physical activity interven-
tions in youth: review and synthesis. Am J Prev Med 1998, 15:298–315.

85 Sallis JF, McKenzie TL, Alcaraz JE, et al.: The effects of a 2-year physical
education program (SPARK) on physical activity and fitness in elementary
school students. Sports, play and active recreation for kids. Am J Public
Health 1997, 87:1328–1334.

86 Kelder SH, Mitchell PD, McKenzie TL, et al.: Long-term implementation of the
CATCH physical education program. Health Educ Behav 2003, 30:463–
475.

292 Pulmonology




