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The effects of moderate physical exercise
on cardiac hypertrophy in interleukin 6 deficient mice
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Abstract

Purpose: Prolonged physical training leads to compensa-
tory changes in cardiovascular system. One of the most impor-
tant of them is cardiac hypertrophy. The knowledge, which
factors contribute to cardiomyocyte hypertrophy caused by
physical exercise is still incomplete. Interleukin 6 (IL6) secreted
by contracting skeletal muscles may affect cardiac hypertrophy
and remodeling. The aim of the study was to investigate the role
of [L6 in exercise induced cardiac hypertrophy.

Material and methods: Female mice lacking functional
IL6 gene C57BL6/JMe-mikerf (TL 6K O) and age and sex matched
controls C57BL6/J (WT) were subjected to 6 week swimming
regime. Twenty-four hours after the last training session the
mice were sacrificed, hearts were excised and weighed. Two
other groups of sex and strain matched mice (9 in each group)
not subjected to physical training, were sacrificed and served as
controls. Weights of the heart and the left ventricle were related
independently to the body weight and the tibia length as meas-
ures of hypertrophy. Statistical analysis was performed using
multifactorial ANOVA and the Fisher test.

Results: There was significantly higher heart/body weight
ratio in both groups of mice which were trained as compared
to the respective sedentary animals [F(3,30)=31.085 p<0.001]
There were, however, no significant differences between respec-
tive WT and IL6KO groups. Similar relations were found for
the left ventricle and also when the weights of the heart and the
LV were related to the tibia length.
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Conclusion: IL6 is not necessary for cardiac hypertrophy
induced by prolonged moderate physical exercise in mice.
Additional study is warranted to elucidate this phenomenon.
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Introduction

Human physiology have evolved to be optimized for repeti-
tive and strenuous physical exercise. Overcrowded world and
contemporary western civilization radically diminished the
amount of movement performed by individuals. Therefore new
epidemics have appeared: type 2 diabetes and obesity. Both of
them are strongly related to lacking exercise. Also cardiovas-
cular diseases — the leading cause of death in the developed
countries are strongly associated with lacking physical exer-
cise. Prolonged physical training leads to the development of
adaptive changes in cardiovascular system and its regulatory
mechanisms [1]. Cardiac hypertrophy is vital for meeting
increased oxygen demand during strenuous exercise. However,
in contrast to the changes occurring due to increased load in
pathological conditions like hypertension or heart failure, the
physiologic hypertrophy is associated with orchestrated growth
of cardiomyocytes, capillaries and connective tissue [2]. There-
fore, there is no increase of apoptosis and no increase of fibro-
sis [2]. Moreover, fetal gene program activation in heart, so
typical for any pathological hypertrophy, is also absent after
physical training. There is much effort put into research that
should dissect molecular mechanisms regulating physiological
(during developmental growth, in pregnancy or after exercise)
and pathological hypertrophy [3]. Yet, relatively little is known
about humoral factor involved in inducing changes in the heart
during exercise [4].

Interleukin 6 (IL6) is a prototypical pleiotropic cytokine,
involved in inflammatory response, lymphocyte survival and
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Table 1. Cardiac hypertrophy parameters in sedentary and swimming mice

WT L6 KO

Sedentary Swimming Sedentary Swimming

Heart weight to body weight ratio 4240.17 4784031 ** 3.9940.26 4.8640.12%*
(mg/g)

LV weight to body weight ratio 327+02 3.81£0.27 ** 3.27+021 3.85£0.12 **
(mg/g)

Heart weight to tibia length ratio 5.09+0.38 559039 * 4.99+0.42 5.66+0.54 *

(mg/mm)
LV weight to tibia length ratio 3.96+0.32 4.45£0.32 % 4.0+0.37 4.490.44 *

(mg/mm)

differentiation, metabolic regulation and cytoprotection [5].
Human studies revealed its association with higher risk of
congestive heart failure (CHF), atherosclerosis and worse
prognosis after myocardial infarction [5,6]. On the other hand,
there are numerous publications presenting protective actions
of this cytokine [7]. It has not been fully clarified whether IL6
has positive or detrimental influence on cardiovascular system.
Experiments performed on animal models have shown that its
transduction pathway is involved in cardiomyocyte hypertro-
phy [8.,9]. There is a strong evidence that this cytokine regulates
cardiac lipid metabolism and expression of fatty acid transport-
ers [10]. It is secreted by contracting skeletal muscles and may
induce metabolic changes in other organs. IL6 is thought to be
responsible for the alterations in insulin sensitivity and anti-
inflammatory effects of exercise [11,12]. Due to its abundance
and pleiotropic actions some authors call this cytokine even “an
exercise factor” [13].

We have undertaken this study in order to investigate
whether IL6 deficiency may affect the exercise induced cardiac
hypertrophy in mice.

Material and methods

Female mice lacking functional IL6 gene C57BL6/
JJire--mikeef (T 6K O) and respective wild type C57BL6/J (WT)
mice were kept in constant temperature of 22°C £1°C in 12:12
dark-light cycle with constant access to chow and water.

Eight female 8-10 week old mice IL6KO and eight age and
sex matched WT controls were subjected to 6 week swimming
regime according to previously described protocol [14]. In
brief: swimming sessions took place daily on the same time of
the day. Mice swam in small tanks (surface cir. 500 cm?, 18 cm
depth) filled with tap water that maintained constant tempera-
ture 30-32°C. The first session lasted 20 minutes and this inter-
val was increased daily by 10 minutes to 90 minutes per session
on the eighth day. This session duration was maintained for
the remaining 5 weeks. After each session mice were put into
clean cages maintained in temperature 27°C and were allowed
to dry. Afterwards the animals returned to their cages. Two
groups (IL6KO and WT) of strain and sex matched animals (9
in each group) were handled similarly with the exception that
they were put into tanks without water — they were considered
as sedentary controls. Twenty-four hours after the last training
session mice were sacrificed, hearts were excised and weighed,

tibia length was measured. Weights of heart and left ventricle
were related independently to body weight and tibia length. All
results were multiplied by 1000 and then presented.

The experimental procedures were carried out accord-
ing to the European Council Directive of 24 November 1986
(6/609/EEC) and were approved by the Local Ethics Commit-
tee in Bialystok.

Statistical analysis was performed using multifactorial
ANOVA and Fisher post-hoc test.

Results

We did not notice any significant differences between sed-
entary IL6KO and WT animals neither in heart weight to body
weight ratio nor in LV weight to body weight ratio. In contrast,
mice after 6 week swimming regime presented statistically
significant higher heart weight to body weight ratio [ANOVA
F(3,30)=31.085; p<0.001] and LV weight to body weight
ratio [ANOVA F(3,30)=26.105; p<0.001] than their sedentary
counterparts (7ab. 1). Surprisingly, we did not observe any
differences between IL6OKO and WT animals neither in basal
conditions nor after prolonged physical training (Fig. I).

In order to confirm the abovementioned findings we have
related the heart weight and LV weight to the tibia length as
a measure independent of changes in fatty tissue encountered
in the C57BIl6/] strain. The results of this analysis confirmed
earlier findings. The heart weight to tibia length ratio and left
ventricle weight to tibia length ratio was significantly higher
in mice after 6 week swimming regime than in sedentary con-
trols [ANOVA F(3,30) = 5.2688; p<0.001 for total heart and
F(3,30)=5.183; p<0.001 for LV]. Further post-hoc comparison
made with Fisher post hoc test confirmed that both trained
groups (IL6KO and WT) had higher parameters of cardiac
hypertrophy than both sedentary groups (p<0.05) (Fig. 2).
Also in this analysis we did not see any significant differences
between respective IL6KO and WT animals in any abovemen-
tioned parameter.

Discussion

Cardiac hypertrophy is a physiological adaptive mechanism
to the increased blood volume or pressure. In order to cope with
the increased load late diastolic pressure increases what may
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Figure 1. Heart weight to body weight ratio (A) and left ventricle weight to body weight ratio (B) in interleukin 6 deficient mice (IL6
KO) and in wild type animals (WT) subjected to 6 week swimming regime (swimming) and in respective sedentary controls (sedentary).
The difference between groups is statistically significant (ANOVA F(3,30)=31.085 for total heart and F(3,30)=26.105 for LV)
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Figure 2. Heart weight to tibia length ratio (A) and left ventricle weight to tibia length ratio (B) in interleukin 6 deficient mice (IL6 KO)
and in wild type animals (WT) subjected to 6 week swimming regime (swimming) and in respective sedentary controls (sedentary). The
difference between groups is statistically significant (ANOVA F(3,30)=5.2688 for total heart and F(3,30)=5.183 for LV)
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be associated with the left ventricle (LV) dilation. In such cir-
cumstances increasing thickness of the LV walls will decrease
the wall tension, hence will diminish oxygen consumption. On
the other hand, when LV must develop higher systolic pressure
there is also need for more actin-myosin bridges that develop as
new sarcomeres arise during hypertrophic growth [15]. There
are several physiological conditions that require orchestrated
cardiac hypertrophy: developmental growth, pregnancy and
nursing associated changes in the cardiovascular system and
prolonged physical training [2,16]. In this circumstances a paral-
lel growth of cardiomyocytes, connective tissue and vascular
bed occurs, what determines optimal organ function. Interest-
ingly, a different situation occurs when there is hypertrophy
caused by pathological states like hypertension, loss of contrac-
tile tissue after myocardial infarction or hormonal dysregulation
[17]. Then, cardiomyocyte hypertrophy usually is associated
with insufficient expansion of the microvasculature and hence
increased growth of fibrotic extracellular matrix. The following
consequence of the pathological hypertrophy is activation of
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the fetal gene expression pattern, induction of hypoxia-sensi-
tive genes, activation of apoptotic cardiomyocyte death and
finally heart failure [17].

Recently it has been suggested that transduction cascades
inducing either type of hypertrophy overlap in some critical
points. These include activation of PKC, ERKs, calcineurin,
GSK-B3 and GATA-4 dependent mechanisms [3,18]. There
is, however, an increasing body of research presenting differ-
ent factors involved in these two types of cardiac hypertrophy.
Ga, and Go,, proteins seem to be necessary for the pathologic
hypertrophy, as mice harboring their knockout were incapable
of increasing heart weight in response to the aortic banding
[14,19]. Angiotensin II blockade diminishes pathologic hyper-
trophy with no effect on physiologic one induced by swimming
[20]. There are also factors involved exclusively in physiologic
hypertrophy. Phosphoinositide 3-kinase subunit (p110a) and
Akt have been shown to be necessary for the exercise induced
cardiac hypertrophy and even to counteract heart changes
caused by increased pressure [2,3,14]. Precise dissection of the
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intracellular mechanisms involved in the physiologic and path-
ologic hypertrophy is necessary to find the pivotal points where
the cell fate is conveyed from physiologic adaptation to patho-
logic state and in effect apoptosis. With such knowledge we,
hopefully, will be able to fix the flawed hypertrophic response
and “redirect” it to the physiological pathway in patients with
the pathologic conditions like hypertension, valvular heart dis-
ease or myocardial infarction. The results of experimental stud-
ies have already suggested first answers. The physical training
may, to some extent, correct the pathological gene expression
profile in hearts of hypertensive animals [21]. This may, at least
partially, explain the beneficial effects of exercise in patients
with hypertension or heart failure [4].

Interleukin 6 is a cytokine secreted during exercise by
a contracting muscle [22]. Its actions may include influence on
insulin transduction pathway, carbohydrate metabolism, inflam-
matory reaction and cognitive processes [23-25]. Some authors
have already called this cytokine “an exercise factor” due to
its pleiotropic effects during physical training [13]. It has been
reported that during exercise IL6 stimulates endogenous glu-
cose production [11,13] and regulates lipid oxidation [26]. This
cytokine may also act anti-inflammatory as it attenuates TNFa
secretion and stimulates production of IL10 and interleukin
1 receptor antagonist (IL1ra) — two potent anti-inflammatory
agents [12,27]. Another interesting study revealed that IL6KO
mice present higher myocardial expression of CD36 fatty acid
transporter as well as higher concentration of free fatty acids,
diacyloglicerols and ceramide [10]. These results suggest that
IL6 may decrease the amount of ceramide in heart, an effect
that is also evoked by exercise [28].

There is support for the notion that IL6 transduction path-
way is closely associated with cardiac hypertrophy [9]. It has
been shown that simultaneous overexpression of both subunits
of IL6 receptor is sufficient to induce cardiac hypertrophy in
mice [29]. On the other hand, IL6 deficiency does not change
the weight and dimensions of the left ventricle after myocardial
infarction [24]. In this paper we show for the first time that this
cytokine is not necessary for exercise induced cardiac hypertro-
phy as well. The presented data confirmed that after six week
swimming regime female mice present higher heart weight to
body weight ratio than their sedentary counterparts, regardless
of the presence of functional IL6 gene.

One of the limitations of the study is that we have relied
only on relatively crude parameters, which the ratios are.
Unfortunately, we were not able to perform in vivo studies like
echocardiographic or magnetic resonance studies. Nevertheless,
this preliminary report is the first one to communicate that IL6
deficiency does not change the physiological cardiac hypertro-
phy in mice. Faldt et al. have shown, that IL6KO mice have
lower maximal exercise capacity than the wild type controls
[26]. We have chosen a training pattern that utilizes repetitive
submaximal exercise with possibly diminished stress for ani-
mals. Therefore, we did not encounter animals from our experi-
ment groups that were unable to perform according to protocol.
We cannot, however, exclude that there might be differences in
hypertrophy when more strenuous exercise is used. Moreover,
we have used female animals due to more reproducible swim-
ming induced cardiac hypertrophy [30]. Faldt et al. do not state

which sex they used for endurance experiments [26]. Although
there were no changes in heart and LV weights we also cannot
rule out, that cardiac metabolism during exercise is changed in
IL6KO mice.

We can only hypothesize what other factors may take over
the function of IL6 and trigger the heart hypertrophy after phys-
ical exercise. It has been shown that IL6KO mice present higher
expression of other IL6-family cytokines like leukaemia inhibi-
tory factor (LIF) as well as bigger abundance of renin — angi-
otensin system components [24]. It has been established that
both these cascades may affect cardiac hypertrophy. Another
possible explanation of the lack of changes in physiological
cardiac hypertrophy between IL6KO and WT mice would be
the effect of TNFa. A cytokine involved in hypertrophy that is
up-regulated in IL6KO mice [27,31]. To support this hypoth-
eses, however, further studies are required.

Acknowledgments

The authors are exceptionally grateful to prof. Helmut
Drexler and dr Denise Hilfiker-Kleiner for their generous gift
of the C57BL6/J™6--mIKrf mouse strain. The project was sup-
ported by grants by Polish Ministry of Science 2P05B 01826
and Medical University in Bialystok 3-53954.

The authors want to thank Mrs Agnieszka Leszczynska and
Miss Joana Mencel for their excellent technical assistance.

References

1. Kaplan ML, Cheslow Y, Vikstrom K, Malhotra A, Geenen DL,
Nakouzi A, Leinwand LA, Buttrick PM. Cardiac adaptations to chronic
exercise in mice. Am J Physiol, 1994; 267: H1167-73.

2. DeBosch B, Treskov I, Lupu TS, Weinheimer C, Kovacs A,
Courtois M, Muslin AJ. Akt 1 is required for physiological cardiac
growth. Circulation, 2006; 113: 2097-104.

3. McMullen JR, Amirahmadi F, Woodcock EA, Schinke-Braun
M, Bouwman RD, Hewitt KA, Mollica JP, Zhang L, Zhang Y, Shioi T,
Buerger A, Izumo S, Jay PY, Jennings GL. Protective effects of exer-
cise and phosphoinositide 3-kinase(p110alpha) signaling in dilated and
hypertrophic cardiomyopathy. Proc Natl Acad Sci USA, 2007; 104:
612-7.

4. Smart N, Marwick TH. Exercise training for patients with heart
failure: A systematic review of factors that improve mortality and mor-
bidity. Am J Med, 2004; 116: 693-706.

5. Kanda T, Takahashi T. Interleukin-6 and cardiovascular dise-
ases. Jpn Heart J, 2004; 45: 183-93.

6. Torre-Amione G, Kapadia S, Benedict C, Oral H, Young JB,
Mann DL. Proinflammatory cytokine levels in patients with depressed
left ventricular ejection fraction: a report from the Studies of Left Ven-
tricular Dysfunction (SOLVD). J Am Coll Cardiol, 1996; 27: 1201-6.

7. Wallenius V, Wallenius K, Ahrén B, Rudling M, Carlsten H,
Dickson SL, Ohlsson C, Jansson JO. Interleukin-6-deficient mice
develop mature-onset obesity. Nat Med, 2002; 8: 75-9.

8. Wang F, Seta Y, Baumgarten G, Engel DJ, Sivasubramanian N,
Mann DL. Functional significance of hemodynamic overload-induced
expression of leukemia-inhibitory factor in the adult mammalian heart.
Circulation, 2001; 103: 1296-302.

9. Terrell AM, Crisostomo PR, Wairiuko GM, Wang M, Morrell
ED, Meldrum DR. Jak/STAT/SOCS signaling circuits and associated
cytokine-mediated inflammation and hypertrophy in the heart. Shock,
2006; 26: 226-34.

10. Chabowski A, Zmijewska M, Gorski J, Kaminski K, Winnicka
MM. Effect of IL-6 deficiency on myocardial expression of fatty acid
transporters and intracellular lipid deposits. J Phys Pharmacol, 2007;
58:73-82.

11. Febbraio MA, Pedersen BK. Muscle-derived interleukin-6:
mechanisms for activation and possible biological roles. FASEB J,
2002; 16: 1335-47.

12. Steensberg A, Fischer CP, Keller C, Moller K, Pedersen BK.

167



168

Kaminski KA, et al.

IL-6 enhances plasma IL-1ra, IL-10, and cortisol in humans. Am
J Physiol Endocrinol Metab, 2003; 285: E433-7.

13. Pedersen BK, Febbraio M. Muscle-derived interleukin-6 —
a possible link between skeletal muscle, adipose tissue, liver and brain.
Brain Behav Immun, 2005; 19: 371-6.

14.  McMullen JR, Shioi T, Zhang L, Tarnavski O, Sherwood MC,
Kang PM, Izumo S. Phosphoinositide 3-kinase(p110a) plays a critical
role for the induction of physiological, but not pathological, cardiac
hypertrophy. Proc Nat Acad Sci, 2003; 100: 12355-60.

15. Buttrick PM. Cardiac adaptations to chronic exercise in mice.
Am J Physiol, 1994; 267: H1167-73.

16. Hilfiker-Kleiner D, Kaminski K, Podewski E, Bonda T, Schaefer
A, Sliwa K, Forster O, Quint A, Landmesser U, Doerries C, Luchtefeld
M, Poli V, Schneider MD, Balligand JL, Desjardins F, Ansari A, Stru-
man I, Nguyen NQ, Zschemisch NH, Klein G, Heusch G, Schulz R,
Hilfiker A, Drexler H. A cathepsin D-Cleaved 16 kDa form of prolactin
mediates postpartum cardiomyopathy. Cell, 2007; 128: 589-600.

17. Yamazaki T, Komuro I, Yazaki Y. Signalling pathways for car-
diac hypertrophy. Cell Signal, 1998; 10: 693-8.

18. Oka T, Maillet M, Watt AJ, Schwartz RJ, Aronow BJ, Dun-
can SA, Molkentin JD. Cardiac-specific deletion of Gata4 reveals its
requirement for hypertrophy, compensation, and myocyte viability.
Circ Res, 2006; 98: 837-45.

19. Wettschureck N, Rutten H, Zywietz A, Gehring D, Wilkie
TM, Chen J, Chien KR, Offermanns S. Absence of pressure overload
induced myocardial hypertrophy after conditional inactivation of Gal-
phag/Galphall in cardiomyocytes. Nat Med, 2001; 7: 1236-40.

20. Geenen DL, Malhotra A, Buttrick PM. Angiotensin receptor
1 blockade does not prevent physiological cardiac hypertrophy in the
adult rat. J Appl Physiol, 1996; 81: 816-21.

21. Lee YI, Cho JY, Kim MH, Kim KB, Lee DJ, Lee KS. Effects
of exercise training on pathological cardiac hypertrophy related gene
expression and apoptosis. Eur J Appl Physiol, 2006; 97: 216-24.

22. MacDonald C, Wojtaszewski JF, Pedersen BK, Kiens B,
Richter EA. Interleukin-6 release from human skeletal muscle during
exercise: relation to AMPK activity. J Appl Physiol, 2003; 95: 2273-7.

23. Straczkowski M, Kowalska I, Dzienis-Straczkowska S, Stepien
A, Skibinska E, Szelachowska M, Kinalska I. Changes in tumor necro-
sis factor-a system and insulin sensitivity during an exercise training
program in obese women with normal and impaired glucose tolerance.
Eur J Endocrinol, 2001; 145: 273-80.

24. Fuchs M, Hilfiker A, Kaminski K, Hilfiker-Kleiner D, Guener
Z, Klein G, Podewski E, Schieffer B, Rose-John S, Drexler H. Role of
interleukin-6 for left ventricular remodeling and survival after experi-
mental myocardial infarction. FASEB J, 2003; 17: 2118-20.

25. Helge JW, Stallknecht B, Pedersen BK, Galbo H, Kiens B,
Richter EA. The effect of graded exercise on IL-6 release and glucose
uptake in human skeletal muscle. J Physiol, 2003; 546: 299-305.

26. Faldt J, Wernstedt I, Fitzgerald SM, Wallenius K, Bergstrom
G, Jansson JO. Reduced exercise endurance in interleukin-6-deficient
mice. Endocrinology, 2004; 145: 2680-6.

27. Keller C, Keller P, Giralt M, Hidalgo J, Pedersen BK. Exercise
normalises overexpression of TNF-alpha in knockout mice. Biochem
Biophys Res Commun, 2004; 321: 179-82.

28. Dobrzyn A, Knapp M, Gorski J. Effect of acute exercise and
training on metabolism of ceramide in the heart muscle of the rat. Acta
Physiol Scand, 2004; 181: 313-9.

29. Hirota H, Yoshida K, Kishimoto T, Taga T. Continuous activa-
tion of gp130, a signal-transducing receptor component for interleukin
6-related cytokines, causes myocardial hypertrophy in mice. Proc Natl
Acad Sci USA, 1995; 92: 4862-6.

30. Olson EN, Leinwand LA, Konhilas JP, Maass AH, Luckey SW,
Stauffer BL. Sex modifies exercise and cardiac adaptation in mice. Am
J Physiol Heart Circ Physiol, 2004; 287: 2768-76.

31. Wollert KC, Studer R, Doerfer K, Schieffer E, Holubarsch
C, Just H, Drexler H. Differential effects of kinins on cardiomyocyte
hypertrophy and interstitial collagen matrix in the surviving myo-
cardium after myocardial infarction in the rat. Circulation, 1997; 95:
1910-7.



