
 The Open Biomarkers Journal, 2009, 2, 1-5 1 

 

 1875-3183/09 2009 Bentham Open 

Open Access 

Serum Neuregulin-1  as a Biomarker of Cardiovascular Fitness 

Vaibhav Moondra#,1, Satyam Sarma†,1, Tracy Buxton2, Radwan Safa2,3, Gregory Cote$,2, Thomas 
Storer2, Nathan K LeBrasseur2 and Douglas B Sawyer*,2,3 

1
Boston Medical Center, Boston MA, 02115, USA; 

2
Boston University School of Medicine, Boston, MA 02115, USA; 

3
Vanderbilt University School of Medicine, Nashville, TN 37232, USA 

Abstract: Purpose: Neuregulins (NRG) are growth factors that bind to receptors of the erbB family, and are known to 

mediate a number of processes involved in diverse tissues. Neuregulin-1  is expressed in skeletal muscle and is activated 

by exercise. We hypothesized that NRG-1  might circulate in the bloodstream and increase as a consequence of physical 

activity. A study was conducted in healthy subjects to determine if NRG-1  is immunodetectable in human serum, and if 

so whether levels relate acutely or chronically to exercise.  

Methods: Nine healthy men underwent three bouts of exercise of varying degrees of intensity on a bicycle ergometer over 

a period of three weeks. Cardio-respiratory fitness was determined by measurement of maximal oxygen uptake (VO2max). 

Serum was sampled prior to and immediately after each session (up to 30 minutes post) and serum NRG-1ß was quanti-

fied utilizing an indirect sandwich ELISA assay developed in our lab.  

Results: Across subjects, mean serum NRG-1  levels ranged from 32 ng/mL to 473 ng/mL. Individual subjects showed 

relatively stable levels during the study period that did not change acutely after exercise. Serum NRG-1  demonstrated a 

positive correlation with VO2max (r2=0.49, p =.044). 

Conclusions: These preliminary observations suggest that at least in healthy men, serum NRG-1  is an indicator of car-

dio-respiratory fitness and does not change acutely with exercise. 
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INTRODUCTION 

 Neuregulins (NRGs) are a complex family of proteins 
characterized by structural similarity to epidermal growth 
factor and are known to activate growth, differentiation and 
survival signaling in multiple tissues including cardiac and 
skeletal muscle (for review see [1]). NRGs mediate their 
effects on cells via binding to receptors of the erbB family. 
NRG-1 isoforms are expressed as either soluble ligands or as 
transmembrane proteins that require proteolytic processing 
for activation [2]. NRGs are expressed as either  or  iso-
forms that differ in their affinity and potency, with  iso-
forms generally showing greater bioactivity [3]. In skeletal 
muscle NRG-1 activates myogenesis [4, 5], acetylcholine 
receptor expression [6-8] and glucose transport [9, 10]. 
When rats exercise on a treadmill, or when muscle contrac-
tion is activated by nerve stimulation, there is activation of 
skeletal muscle NRG-1, with processing of high molecular 
weight isoforms that results in local erbB receptor activation 
[11]. In human skeletal muscle, there is also expression of  
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NRG-1, along with erbB2, erbB3 and erbB4 receptors [12]. 
Interestingly, exercise training in humans is associated with 
increased expression of erbB3 [12].  

 Skeletal and cardiac muscle NRGs are primarily type I 
transmembrane proteins that are inactive until proteolytic 
release. In the heart, NRG-1  is released from microvascular 
endothelial cells via a metalloproteinase [13]. Moreover, 
NRG-1ß is present in the coronary effluent from the mouse 
heart, and the amount increases in response to cardiac stress.  

 Collectively our work in cardiac and skeletal muscle led 
us to hypothesize that NRG-1  may be present in the circula-
tion, and may be released into the circulation in response to 
physical activity. We developed and employed an ELISA 
assay to demonstrate that NRG-1  is detectable in the human 
serum. Then we conducted a study to test the hypotheses that 
1) exercise causes an acute increase in circulating NRG-1ß 
levels; and 2) serum NRG-1ß concentrations are associated 
with cardiorespiratory fitness as measured by VO2max. 

MATERIALS AND METHODS 

Subjects 

 The study protocol was approved by the Institutional 
Review Board at Boston University Medical Center. All sub-
jects provided written informed consent prior to participation 
in this study. Healthy adult volunteers were recruited be-
tween the ages of 18 and 65 who were able to pedal a sta-
tionary bicycle, had no history of chronic disease currently 
requiring medical therapy, had no prior history of cardiac 
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condition including syncope, arrhythmia, hypertrophic car-
diomyopathy, valvular disease, congenital heart disease, hy-
pertension, coronary artery disease or congestive heart fail-
ure, had no history of exertional light-headedness, chest pain 
or shortness of breath with minimal exertion, absence of a 
systolic murmur on physical exam, and resting systolic blood 
pressure >140 or diastolic >90, without history of easy bruis-
ing or known coagulopathy.  

Exercise Protocol 

 Participants underwent three bicycle exercise sessions at 
distinct levels of intensity designated as “maximal”, “high” 
and “low” intensity. Each exercise session was separated by 
at least one week. Participants were asked to refrain from 
exercise 48 hours prior to each exercise session and from any 
oral intake aside from water 2 hours prior to each session. 
All sessions took place in the morning between 7 and 10 
AM. 

 Measurement of cardiorespiratory exercise capacity 
(maximal oxygen uptake (VO2max)) and performance of low 
and high intensity exercise protocols were done using an 
Ergoline electronically-braked cycle ergometer (Bitz, Ger-
many). During the exercise sessions, breath by breath gas 
was analyzed using a Viasys Healthcare Vmax Encore 
Metabolic System (Yorba Linda, California) and heart rate 
was measured using a 5-lead EKG (Cardiosoft 4.2 software, 
GE Medical Systems Information Technology, Freiburg, 
Germany).  

 In the first exercise session, determination of VO2max 
was performed using an individualized ramping protocol 
(26.67 ± 4.33 watts/min) and maintaining a cadence of 60 
revolutions per minute (rpm) until volitional fatigue (mean 
test duration = 10:48 ± 2:10). All subjects met standard crite-
ria for achievement of VO2max; specifically, a plateau in 
VO2 consumption despite an increase in work rate, achieve-
ment of age-predicted maximal heart rate and a respiratory 
exchange ratio equal to or greater than 1.15.  

 On subsequent sessions, low and high intensity exercise 
protocols were performed and consisted of cycling at a 
steady cadence (60 rpm) for 20 min. The target work rates 
for ‘low’ and ‘high’ intensity bouts were calculated based 
upon the anaerobic threshold (AT), defined as the inflection 
point at which VCO2 increases nonlinearly with increasing 
exercise intensity, measured during the first exercise session. 
The low intensity protocol was performed at a VO2 that was 
80% of AT (20.21 ± 3.60 ml/kg/min). The high intensity 
protocol was performed at a VO2 set above AT by 25% of 
the difference between VO2max and AT (33.4 ± 7.85 
ml/kg/min). 

 During low and high intensity protocols, work rate was 
adjusted to maintain the target VO2. 

Serum Sampling 

 Venous blood was drawn from brachial vein 15 minutes 
prior to the start of each exercise session and an additional 
three samples were drawn immediately (within 1 min), 15, 
and 30 minutes into recovery. Whole blood samples were 
stored at room temperature for one to two hours allowing for 
clot formation. Samples were then centrifuged at 1000 g for 
ten minutes at 4° C. Serum was removed and stored at  
-80 ° C.  

NRG-1  Immunodetection in Serum  

 Samples were assayed for serum NRG-1  utilizing an 
indirect sandwich ELISA developed in our lab as well as 
immunoprecipitation and immunoblot. For the ELISA, mi-
croplates were coated with polyclonal anti-NRG-1ß antibody 
(polyclonal chicken IgY, contracted to Lampire Biological 
Laboratories, Inc) [13] diluted in PBS to a concentration of 
118 mg/ml and incubated at 4° C overnight. All subsequent 
incubations were performed at 37° C. Non-specific binding 
was blocked using 5% BSA for one hour. Serum samples or 
standard (Recombinant NRG-1  Isoform (R& D Systems, 
Minneapolis, MN)) were diluted in 2% BSA and incubated 
for 2 hours. Serum samples were diluted 1:10 based on prior 
experiments demonstrating linearity at dilutions of less than 
1:8. Detection of captured NRG-1  was performed using a 
monoclonal anti-NRG antibody (catalog # MS-272-P1, Lab-
vision Co., Freemont, CA) diluted to a concentration of 2 
μg/ml in 5% BSA and incubated for 2 hours. Following ex-
tensive washing, enzyme conjugated goat anti-mouse IgG at 
a dilution of 1:4000 (final concentration of 0.1 μg/ml) in 5% 
BSA after 1 h incubation was used for detection with fluoro-
genic substrate (Quantablu Fluorogenic Peroxidase substrate, 
Pierce Biotechnology, Inc., Rockford, IL) using a microplate 
fluorimeter (Molecular Devices).  

 An eight point standard curve was generated using re-
combinant human NRG-1  at concentrations ranging from 0 
to 1600 ng/mL. Correlation coefficient for the standard curve 
was R2 = 0.9956. There was no interaction between the assay 
and recombinant human epidermal growth factor or NRG-
1 . All samples and standards were run in duplicate with a 
resultant mean coefficient of variability in samples of 8.8%. 

 Immunoblot and immunodetection of serum NRG-1  
was performed using a modification of previously described 
protocol [13]. Serum sample (4 μl) was suspended in sample 
buffer directly, or after immunoprecipitation with mono-
clonal anti-NRG antibody (catalog # MS-272-P1, Labvision 
Co., Freemont, CA) (0.5 μg) on pre-cleared protein A/G 
beads (Santa Cruz). Following transfer of SDS-PAGE sepa-
rated samples to PVDF membrane, blots were incubated 
overnight at 4C with biotinylated polyclonal anti-NRG-1  
antibody (same antibody as for ELISA, biotinylated using 
Sulfo-NHS-Biotin from Pierce according to manufacturer’s 
instructions) diluted 1:1000 in Tris-buffered saline (pH 7.4) 
with 0.1% Tween (v/v, TBST) and 5% milk (w/v). After 
washing in TBST, blots were incubated with streptavidin-
conjugated horse radish peroxidase (Pierce) and detected 
with chemiluminescence (Pierce) and exposure to X-ray 
film. 

Statistical Analysis 

 All samples were assayed in duplicate and reported val-
ues represent averages. Two analyses were prospectively 
described in our application to the IRB: the effect of exercise 
on serum NRG-1  during each session, and the relationship 
between resting serum NRG-1  and maximal aerobic capac-
ity. Baseline and post-exercise serum NRG-1  values were 
compared and analyzed by repeated measures ANOVA. Cor-
relations between serum NRG-1   and VO2max were as-
sessed by linear regression analysis. A third analysis not pro-
spectively described was performed examining whether there 
was any change in resting levels of NRG-1  over the three 
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exercise sessions. A repeated measures ANOVA was used 
for this analysis.  

 The authors had full access to the data and take responsi-
bility for its integrity. All authors have read and agree to the 
manuscript as written. 

RESULTS 

Subject Characteristics and Exercise Data 

 A total of nine subjects were enrolled and all completed 
the study. All participants were male with ages between 21 
and 36. Subject descriptive characteristics are summarized in 
Table 1. VO2Max ranged from 35 to 63 ml/kg/min.  

Detection of NRG-1  in Human Serum  

 Circulating levels of NRG-1  were present in the col-
lected human serum as demonstrated by immunoblot of se-
rum (Fig. 1). Serum immunoprecipitated with an antibody to 
common extracellular domain of NRG-1 gene products fol-
lowed by immunoblotting with the anti- NRG-1  antibody 
detected a single protein of reasonable abundance at ~40 
kDa. Using the same antibody pair in an ELISA format, 

NRG-1  levels had a wide range of distribution across sub-
jects. Average resting values for each subject as determined 
from samples collected prior to the max, low and high inten-
sity sessions ranged from 32 ng/mL to 473 ng/mL (mean = 
217 + 170 ng/mL). The distribution of mean serum NRG-
1  levels among the study participants was large, whereas 
the distribution of samples from an individual over the 
course of the study was much more narrow (Fig. 2). Interest-
ingly there was a decline in the resting NRG-1  levels over 
the three sessions that reached statistical significance. This 
was not due to instability of the NRG-1  protein in serum, as 
all samples were processed in a two day period, and repeated 
measurements of NRG-1  from aliquots taken of the same 
samples do not show any consistent change over 6 months 
(data not shown).  

 

 

 

 

 

 

 

 

 

 

 

Fig. (2). NRG-1  in serum at three serial visits. [NRG-1 ]serum 

was measured by ELISA in serial serum samples taken at rest dur-

ing three visits over a period of 2-3 weeks. While levels remained 

relatively stable for individuals, there was a decrease in level over 

the three visits for a number of participants (p=0.019).  

 

Exercise and Serum NRG-1  

 To determine whether exercise influences serum NRG-
1 , resting and post-exercise values were compared. There 
was no significant difference between pre- and post-exercise 
(0,15 or 30 minutes) levels of serum NRG-1  during max (p 
= 0.48, Fig. 3), high (p = 0.52, data not shown) or low (p = 
0.18, data not shown) exercise intensities. Hence exercise at 
low or high intensity does not acutely change levels of serum 
NRG-1 . 

Table 1. Subject Characteristics 

 

Characteristic Mean* 95% CI † 

Age  (years) 29.8 + 1.5 26.3 - 33.2 

Height (cm) 174.3 + 2.5 168.6 - 180 

Weight (kg) 74.1 + 4.6 63.5 - 84.8 

Body Mass Index (kg/m2) 24.4 + 1.4 21.1 - 27.6 

Absolute VO2Max (L/min) 3.6 + 0.3 2.9 - 4.2 

Relative VO2Max (ml/kg/min) 48.4 + 3.6 40.9 - 55.9 

*Plus-minus values represent means + standard error. 
†CI denotes confidence interval. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). Detection of NRG-1  in serum. Serum from a single 

subject was separated by SDS-PAGE and probed for NRG-1  be-

fore (left) or after immunoprecipitation (right) as described in 

Methods section. Blot demonstrates that the primary protein de-

tected by this antibody pair is a ~40kDa protein.  
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Fig. (3). NRG-1  in serum in response to exercise acutely. 

[NRG-1 ]serum values from the maximal exercise session where 

subjects are exercised to exhaustion are shown. Resting sample was 

drawn immediately prior to exercise. Time 0 sample was drawn 

immediately upon termination of exercise. There was no effect of 

exercise on [NRG-1 ]serum.  

 

VO2max and Circulating NRG-1  

 To examine the hypothesis that exercise determines se-
rum NRG-1  over longer time periods, its relationship with 
cardiorespiratory exercise capacity measured as VO2max 
was examined. There was a significant relationship between 
levels of [NRG-1 ]serum and VO2max (Fig. 4). This relation-
ship was similar regardless of whether we used resting val-
ues measured the day of the maximal aerobic capacity, the 
mean of the resting values over the three time points, or the 
mean of all serum NRG-1  values.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (4). NRG-1  in serum and maximal aerobic capacity. Mean 

+/- standard error of resting [NRG-1 ]serum (from each three ses-

sions) was plotted against aerobic capacity measured by VO2max. 

There was a positive correlation between serum NRG-1  and aero-

bic capacity (R2 = 0.49, p=0.044).  

 

DISCUSSION 

 In this study we introduce a novel assay for serum NRG-
1  and demonstrate that its levels in human serum correlate 

with cardiopulmonary exercise capacity. While these results 
are preliminary, to our knowledge this is the first study to 
demonstrate the presence of immunodetectable NRG-1  in 
serum. The levels of NRG-1  did not change acutely after a 
single bout of exercise. The correlation between serum 
NRG-1  and fitness suggests that serum NRG-1  is a func-
tion of aerobic capacity. Whether this is due to chronic train-
ing or genetics is unclear. This raises many interesting ques-
tions about the biological function of serum NRG-1 .  

 To date, NRGs are thought to work primarily in a 
paracrine and autocrine manner via secretion or shedding of 
the active transmembrane portion into the extracellular ma-
trix [1]. The presence of immunoglobulin-like and kringle 
domains on the extracellular portion of neuregulin are 
thought to interact with proteoglycans of the extracellular 
matrix preventing its entry into the circulation. Our findings 
demonstrate that NRG-1  circulates and suggests the intrigu-
ing possibility that it is involved in tissue-to-tissue interac-
tions at a distance. Determination of precise NRG-1  iso-
form(s) present in serum requires further investigation. The 
~40 kDa protein detectable by immunoprecipitation and 
western blotting using the same antibody pair in our ELISA 
could represent any number of NRG-1  isoforms. In pre-
liminary experiments, treatment of rodent cardiac myocytes 
with human serum results in phosphorylation of the erbB4 
receptor (unpublished observation), consistent with there 
being some biologically active NRG-1  isoform(s) in serum. 
Moreover the antibody used in the ELISA is one that binds 
the beta EGF-like domain of NRG-1  that is critical for the 
biological activity of NRG-1  in vitro [13]. Thus one might 
speculate that serum NRG-1  is not merely an indicator of 
muscle activity/aerobic capacity, but possibly an active hu-
moral factor that mediates the beneficial effects of physical 
activity to other organ systems.  

 Levels of serum NRG-1  did not change acutely with 
exercise. If proteolytic processing of NRG-1  does occur in 
response to exercise in humans similar to what occurs in 
rodents [11], the current findings suggest that the acutely 
activated forms of NRG-1  in skeletal muscle are not re-
leased into the circulation over the time-course of 30 min-
utes. This is in contrast to other growth factors such as 
VEGF, IGF-1 and growth hormone, the serum levels of 
which have all been shown to increase within minutes after 
intense exercise [14, 15]. Studies were performed at three 
levels of exercise intensity, including maximal aerobic ca-
pacity, so it is unlikely that an effect that occurs only at a 
specific exercise intensity was missed.  

 The positive correlation between aerobic capacity and 
serum NRG-1  does support the hypothesis that NRG-1  is 
released by skeletal and/or cardiac muscle over some longer 
time-scales. In that context it is interesting that the serum 
NRG-1  levels fell over the course of the three weeks of 
participation. In designing this study participants were asked 
to refrain from exercising for 48 hours prior to each session, 
over concern for the effect of recent exercise on our ability to 
detect acute effects of exercise on serum NRG-1  levels. We 
speculate that these instructions may have resulted in a de-
cline in exercise participation over the period of the study.  

 Although the subject number was small, it appears that 
low levels of [NRG-1 ]serum were found in subjects with 
VO2max below 45 ml/kg/min, and levels increase in propor-

Rest Max 0 15 30
0

200

400

600

800

Time (min)

N
eu

re
gu

lin
 (n

g/
m

l)

30 40 50 60 70
0

100

200

300

400

500

600

700

VO2 MAX (ml/kg/min)

N
eu

re
gu

lin
 (n

g/
m

l)



Serum Neuregulin and Aerobic Capacity The Open Biomarkers Journal, 2009, Volume 2    5 

tion to VO2max above this level, with the exception of one 
outlying individual. It is also worth noting that this subject 
with the highest mean and widest variance for serum NRG-
1  levels was a self-reported body builder. This suggests that 
lean body mass may in fact be a more important determinant 
of serum NRG-1  than cardiopulmonary exercise capacity. 
Larger subject numbers and more detailed body composition 
analysis are necessary to test this hypothesis. In addition, a 
more formal examination of what happens to serum NRG-1  
during various forms of exercise training will be necessary to 
specifically measure the effect of chronic exercise interven-
tion on serum NRG-1 .  

 NRG-1  is critical for cardiovascular development [16], 
and in the adult heart appears to act as a cardioprotective 
factor via activation of cardioprotective signaling [13, 17], as 
well as modulation of sympathetic/parasympathetic balance 
[18]. Systemic NRG-1  administration protects the heart 
[19] and promotes skeletal muscle growth/repair [20]. It is 
also interesting that local delivery of NRG-1  to isolated 
skeletal muscle [10] or cardiac myocytes [3] activates glu-
cose homeostasis. The strong relationship between physical 
activity and many of these known NRG-1  activated bio-
logical responses lead us to speculate that serum NRG-1  
may in fact be a mediator of the beneficial effects of exercise 
on cardiovascular health. Interestingly, NRG-1  is bioactive 
in many other organs besides the cardiovascular system [21], 
and therefore levels of serum NRG-1  may have other 
equally important implications beyond cardiovascular fit-
ness.  

LIMITATIONS AND FUTURE WORK 

 The small number of subjects enrolled into this prelimi-
nary study limits the strength of our conclusions. Moreover, 
this study was performed in healthy subjects, and these were 
all males. In this small sample set there was no correlation 
between subject body mass index and serum NRG-1 . Fur-
ther work is clearly needed to examine the relationship be-
tween serum NRG-1  and other clinical parameters, for ex-
ample gender, age, and lean body mass. Moreover, meas-
urement of serum NRG-1  in well-characterized epidemi-
ologic populations or clinical cohorts will be necessary to 
determine whether there is any prognostic value of serum 
NRG-1 .  

ACKNOWLEDGEMENTS 

 This work was supported by grants HL068144 from the 
National Institutes of Health, an Established Investigator 
Award from the American Heart Association to DBS, and an 
interdisciplinary research grant (LINK) from Department of 
Medicine, Boston University Medical Center (NKL). We 
thank Drs. Gottlieb Friesinger, Michiel Helmes and Thomas 
Miller for helpful discussions and comments.  

REFERENCES 

[1] Falls DL. Neuregulins: functions, forms, and signaling strategies. 
Exp Cell Res 2003; 284(1): 14-30. 

[2] Burgess TL, Ross SL, Qian YX, Brankow D, Hu S. Biosynthetic 
processing of neu differentiation factor. Glycosylation trafficking, 
and regulated cleavage from the cell surface. J Biol Chem 1995; 
270(32): 19188-96. 

[3] Cote GM, Miller TA, Lebrasseur NK, Kuramochi Y, Sawyer DB. 
Neuregulin-1alpha and beta isoform expression in cardiac mi-
crovascular endothelial cells and function in cardiac myocytes in 
vitro. Exp Cell Res 2005; 311(1): 135-46. 

[4] Kim D, Chi S, Lee KH, et al. Neuregulin stimulates myogenic 
differentiation in an autocrine manner. J Biol Chem 1999; 274(22): 
15395-400. 

[5] Florini JR, Samuel DS, Ewton DZ, Kirk C, Sklar RM. Stimulation 
of myogenic differentiation by a neuregulin, glial growth factor 2. 
Are neuregulins the long-sought muscle trophic factors secreted by 
nerves? J Biol Chem 1996; 271(22): 12699-702. 

[6] Falls DL, Rosen KM, Corfas G, Lane WS, Fischbach GD. ARIA, a 
protein that stimulates acetylcholine receptor synthesis, is a mem-
ber of the neu ligand family. Cell 1993; 72(5): 801-15. 

[7] Jo SA, Zhu X, Marchionni MA, Burden SJ. Neuregulins are con-
centrated at nerve-muscle synapses and activate ACh-receptor gene 
expression. Nature 1995; 373(6510): 158-61. 

[8] Martinou JC, Falls DL, Fischbach GD, Merlie JP. Acetylcholine 
receptor-inducing activity stimulates expression of the epsilon-
subunit gene of the muscle acetylcholine receptor. Proc Natl Acad 
Sci USA 1991; 88(17): 7669-73. 

[9] Suarez E, Bach D, Cadefau J, Palacin M, Zorzano A, Guma A. A 
novel role of neuregulin in skeletal muscle. Neuregulin stimulates 
glucose uptake, glucose transporter translocation, and transporter 
expression in muscle cells. J Biol Chem 2001; 276(21): 18257-64. 

[10] Canto C, Suarez E, Lizcano JM, et al. Neuregulin signaling on 
glucose transport in muscle cells. J Biol Chem 2004; 279(13): 
12260-8. 

[11] LeBrasseur NK, Cote GM, Miller TA, Fielding RA, Sawyer DB. 
Regulation of neuregulin/ErbB signaling by contractile activity in 
skeletal muscle. Am J Physiol Cell Physiol 2003; 284(5): C1149-
55. 

[12] LeBrasseur NK, Mizer KC, Parkington JD, Sawyer DB, Fielding 
RA. The expression of neuregulin and erbB receptors in human 
skeletal muscle: effects of progressive resistance training. Eur J 
Appl Physiol 2005; 94(4): 371-5. 

[13] Kuramochi Y, Cote GM, Guo X, et al. Cardiac endothelial cells 
regulate reactive oxygen species-induced cardiomyocyte apoptosis 
through neuregulin-1beta/erbB4 signaling. J Biol Chem 2004; 
279(49): 51141-7. 

[14] Czarkowska-Paczek B, Bartlomiejczyk I, Przybylski J. The serum 
levels of growth factors: PDGF, TGF-beta and VEGF are increased 
after strenuous physical exercise. J Physiol Pharmacol 2006; 57(2): 
189-97. 

[15] Ehrnborg C, Lange KH, Dall R, et al. The growth hormone/insulin-
like growth factor-I axis hormones and bone markers in elite ath-
letes in response to a maximum exercise test. J Clin Endocrinol 
Metab 2003; 88(1): 394-401. 

[16] Meyer D, Birchmeier C. Multiple essential functions of neuregulin 
in development. Nature 1995; 378(6555): 386-90. 

[17] Fukazawa R, Miller TA, Kuramochi Y, et al. Neuregulin-1 protects 
ventricular myocytes from anthracycline-induced apoptosis via 
erbB4-dependent activation of PI3-kinase/Akt. J Mol Cell Cardiol 
2003; 35(12): 1473-9. 

[18] Okoshi K, Nakayama M, Yan X, et al. Neuregulins regulate cardiac 
parasympathetic activity: muscarinic modulation of beta-adrenergic 
activity in myocytes from mice with neuregulin-1 gene deletion. 
Circulation 2004; 110(6): 713-7. 

[19] Liu X, Gu X, Li Z, et al. Neuregulin-1/erbB-activation improves 
cardiac function and survival in models of ischemic, dilated, and 
viral cardiomyopathy. J Am Coll Cardiol 2006; 48(7): 1438-47. 

[20] Krag TO, Bogdanovich S, Jensen CJ, et al. Heregulin ameliorates 
the dystrophic phenotype in mdx mice. Proc Natl Acad Sci USA 
2004; 101(38): 13856-60. 

[21] Yarden Y, Sliwkowski MX. Untangling the ErbB signalling net-
work. Nat Rev Mol Cell Biol 2001; 2(2): 127-37. 

 
 

 

 

Received: October 27, 2008 Revised: January 09, 2009 Accepted: January 10, 2009 
 

© Moondra et al.; Licensee Bentham Open. 
 

This is an open access article licensed under the terms of the Creative Commons Attribution Non-Commercial License 
(http://creativecommons.org/licenses/by-nc/3.0/) which permits unrestricted, non-commercial use, distribution and reproduction in any medium, provided the 
work is properly cited. 


