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Abstract

The aim of the study was to examine potential interactions among IGF-I and proinflammatory
cytokines, TNF-α and IFN-γ, in the regulation of local IGF-I bioavailability and cellular proteins
mediating myogenic signals. We investigated levels of IGFBP-4, -5, -6, protein kinase Czeta (PKCζ),
p38 and extracellular signal-regulated kinase (ERK1/2) in differentiating mouse C2C12 myoblasts.
IGF-I significantly stimulated expression of IGFBP-5. TNF-α and IFN-γ attenuated the expression of
IGFBP-4 and -6 under basal conditions and in the presence of IGF-I, and inhibited IGF-I-induced
IGFBP-5 expression during 5-day myogenesis. TNF-α and IFN-γ markedly attenuated p38 expression
in the presence of IGF-I on the 5th day of myogenesis. When combined with IGF-I the cytokines
exerted opposite effects on the PKCζ level, i.e. TNF-α caused an increase, whereas IFN-γ reduced the
cellular content of this kinase. Exposition of C2C12 myoblasts to IGF-I or cytokines led to the
stimulation of ERK1/2 phosphorylation; however, both TNF-α and IFN-γ exerted an inhibitory effect
on the activation of ERK1/2 in myoblasts cultured in the presence of IGF-I. We concluded as follows:
i) TNF-α and IFN-γ present in the extracellular environment of differentiating C2C12 myoblasts can
alter the local bioavailability of IGF-I by inhibiting the expression of IGFBP-4, -5, and -6, ii) the
decrease in p38 expression and ERK1/2 phosphorylation in C2C12 myoblasts exposed to cytokines
can lead to disturbances in IGF-I-regulated myogenesis.

Key words: extracellular signal-regulated kinase, IGF-I, IGF binding proteins, proinflammatory
cytokines, p38, protein kinase Czeta

Correspondence to: K. Grzelkowska-Kowalczyk, e-mail: k–grzel–kow@poczta.fm, tel./fax: (48 22) 847 24 52

Polish Journal of Veterinary Sciences Vol. 14, No. 3 (2011), 425-431



Introduction

Insulin-like growth factor-I (IGF-I) plays a key
role in regulating skeletal muscle growth and differen-
tiation, and in maintaining homeostasis of the adult
muscle tissue (Duan et al. 2010). IGF-I promotes
muscle differentiation by inducing myogenin, MRF-4
and MEF-2C genes, which causes an increase in struc-
tural gene expression and formation of myotubes (Ok-
sbjerg et al. 2004). The majority of IGF-I in the circu-
lation is biologically inactive because it is bound to
a family of IGFBPs (IGF binding proteins), which
binds IGF-I with a greater affinity than that of its
tyrosine kinase receptor (Firth and Baxter 2002). The
major actions of IGFBPs are: i) to serve as trans-
porters of IGFs in the plasma and control their dis-
tribution in the extravascular compartment, ii) to pro-
long the half-life of IGFs and regulate their metabolic
clearance, iii) to modulate directly the interaction be-
tween IGFs and their receptors, and thus, indirectly,
to control the bioavailability of IGFs in a target tissue.
It has been suggested that IGFBPs function as a reser-
voir for IGF-I that could control the local delivery of
growth factor (Paye and Forsten-Williams 2006). All
six IGFBPs are expressed during embryonic develop-
ment of skeletal muscle; however, it is suggested that
the principal role in IGF-I activity regulation is played
by IGFBP-3, -4, -5 and -6 (Yin et al. 2004).

Studies on myogenic growth and differentiation
have revealed two main intracellular pathways by
which the signals might be transmitted: the phos-
phatidylinositol-3-kinase (PI3K) cascade and the
Ras/Raf/MEK/ERK1/ERK2 cascade (Mourkioti and
Rosenthal 2005). Several Ser/Thr kinases including
protein kinase B and p38 are involved in the myogenic
differentiation program (De Alvaro et al. 2008). Very
recently, the atypical protein kinase Czeta (PKCζ) has
been described as a mediator of myogenesis (de
Thonel et al. 2010).

Recent research has demonstrated that several
proinflammatory cytokines have the potential to inter-
act with signalling pathways that regulate anabolic
processes in skeletal muscle (reviewed in Adams
2010). Since IGF-I is a major anabolic factor for skel-
etal muscle (Nystrom et al. 2009), a local deficit of
IGF-I resulting from changes in its bioavailability
and/or modification of the signal transduction path-
way may disturb regenerative processes in muscle tis-
sue. The aim of the present study was therefore to
examine the cellular levels of IGFBP-4, -5, -6 as main
binding proteins controlling IGF-I bioavailability and
playing a key role in myogenic differentiation. The
levels of intracellular proteins essential for the
mitogenic and myogenic effects of IGF-I i.e. PKCζ,
p38 and ERK1/2 in differentiated C2C12 myoblasts
were also assessed.

Materials and Methods

Induction of myogenesis and assessment
of protein synthesis

Mouse C2C12 myoblast culture that reached 90%
confluence was subjected to a 5-day-differentiation
(switch to differentiation medium – 2% (v/v) horse
serum HS/DMEM) in the presence of the experimen-
tal factors: IGF-I (30 nmol/l), TNF-α (1 ng/ml) and
IFN-γ (1 ng/ml), all supplied by Sigma-Aldrich
Chemicals Co. (St. Louis, MO, USA). To determine
the changes in protein synthesis, 4-hour-labeling with
[3H]leucine (ICN Polfa Rzeszów, final activity
1 μCi/ml) was used. The results in d.p.m. were ex-
pressed as a % of the value obtained in control condi-
tions on the first day of differentiation.

Immunoblotting

Aliquots of whole cell extracts corresponding to
50 μg of total protein were subjected to SDS-PAGE.
Membranes with electrotransfered proteins were
saturated, probed with an appropriate primary anti-
body (Santa Cruz Biotechnology), and were then ex-
posed to the HP-conjugated secondary antibody
(Santa Cruz Biotechnology). Blots were developed us-
ing an enhanced chemiluminescence (ECL) detection
system (Amersham) according to the manufacturer’s
directions. The bands were scanned and analyses of
optical density were performed using a Kodak EDAS
290/Kodak 1D 3.5 system (Eastman Kodak Company,
Rochester, NY, USA). The optical density of the
band of each studied protein was presented in arbit-
rary units. This semi-quantitative method allowed the
level of studied proteins between control and experi-
mental treatments to be compared.

Statistics

The data were expressed as means ± S.E. and were
representative of three separate experiments per-
formed in triplicate. Student’s t-test was used for the
comparison of two means (treatment effect). For each
assay individual values were used in statistical analysis
with n = 9/treatment condition. Statistical significance
was set at P < 0.05.

Results

In C2C12 myoblast cultures subjected to
a 5-day-differentiation an increase in protein synthesis
was observed, i.e. in control conditions the rate of

426 W. Wieteska-Skrzeczyńska et al.



protein synthesis on the 5th day amounted to 332% of
the value obtained on the first day. IGF-I significantly
stimulated protein synthesis in C2C12 myogenic cells
during the 5 days of observation (373.2%, P < 0.05 vs
control value on the same day). Exposure of C2C12
myoblasts to TNF-α modified protein synthesis, which
was manifested by a slight increase in radiolabelled
leucine incorporation on the 5th day of observation
(376.2%, P < 0.05) whereas IFN-γ had no effect
(339.4%, not significant vs control). In the presence of
TNF-α and IFN-γ combined with IGF-I the rate of
protein synthesis was comparable to the value detec-
ted on the same day in cultures subjected to differen-
tiation in the presence of IGF-I (371.9% and 358.0%,
respectively). Such an observation allowed the
cytotoxic effect of cytokines in the present study to be
excluded.

The cellular level of IGFBP-4 did not change sig-
nificantly during the 5 days of differentiation of con-
trol or IGF-I-treated C2C12 myoblasts (Fig. 1).
TNF-α and IFN-γ attenuated the expression of
IGFBP-4 during the 5 days of differentiation. In the
presence of IGF-I IFN-γ had a stronger inhibitory ef-
fect on IGFBP-4 than TNF-α.

The expression of IGFBP-5 did not change signifi-
cantly during the 5 days of differentiation either in
control C2C12 myoblasts or in the presence of TNF-α

Fig. 1. Cellular content of IGFBP-4 in C2C12 myogenic cell
cultures subjected to differentiation in 2% HS/DMEM (Ba-
sal medium, BM), supplemented with TNF-α (1 ng/ml) or
IFN-γ (1 ng/ml) (a), and in the presence of IGF-I (30 nmol/l)
(b). Blots are representative of three separate experiments.
The densitometric quantitation of the specific bands is pres-
ented in arbitrary units, with the value obtained in the con-
trol group (Basal medium) set as 1. * – significantly different
versus control value on the same day, # – significantly differ-
ent versus IGF-I treatment on the same day.

or IFN-γ (Fig. 2). IGF-I slightly but significantly
stimulated expression of IGFBP-5 during the 5 days
of myogenesis and both cytokines significantly in-
hibited IGF-I-induced IGFBP-5 expression during
5 days of myogenesis.

Fig. 2. Cellular content of IGFBP-5 in C2C12 myogenic cell
cultures subjected to differentiation in the presence of 2%
HS/DMEM (Basal medium, BM), supplemented with
TNF-α (1 ng/ml) or IFN-γ (1 ng/ml) (a), and in the presence
of IGF-I (30 nmol/l) (b). Blots are representative of three
separate experiments. The densitometric quantitation of the
specific bands is presented in arbitrary units, with the value
obtained in the control group (Basal medium) set as 1.
* – significantly different versus control value on the same
day, # – significantly different versus IGF-I treatment on the
same day.

Exposure of myoblasts to TNF-α and IFN-γ sig-
nificantly decreased IGFBP-6 level during the 5 days
of myogenesis (Fig. 3). In cultures subjected to differ-
entiation in the presence of cytokines and IGF-I a sig-
nificant drop in IGFBP-6 level was noticed.

The cellular content of p38 increased during the
5-day myogenesis in IGF-I-treated cells (Fig. 4a).
TNF-α and IFN-γ had no effect on p38 levels in basal
conditions (not shown); however, both cytokines
markedly attenuated p38 expression in the presence
of IGF-I on the 5th day of myogenesis. Neither
cytokine modified PKCζ levels in basal conditions
(not shown); however, when used in combination with
IGF-I they exerted opposite effects. In C2C12 myob-
lasts exposed to TNF-α and IGF-I a significant in-
crease in PKCζ level was observed, whereas IFN-γ re-
duced the expression of this kinase (Fig. 4b).

TNF-α and IFN-γ did not evoke any significant
effect on the ERK1/2 expression pattern in C2C12
myoblasts subjected to differentiation in the presence
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Fig. 3. Cellular content of IGFBP-6 in C2C12 myogenic cell
cultures subjected to differentiation in the presence of 2%
HS/DMEM (Basal medium, BM), supplemented with
TNF-α (1 ng/ml) or IFN-γ (1 ng/ml) (a), and in the presence
of IGF-I (30 nmol/l) (b). Blots are representative of three
separate experiments. The densitometric quantitation of the
specific bands is presented in arbitrary units, with the value
obtained in the control group (Basal medium) set as 1.
* – significantly different versus control value on the same
day, # – significantly different versus IGF-I treatment on the
same day.

Fig. 4. Cellular content of protein kinase p38 (a) and PKCζ
(b) in C2C12 myogenic cell cultures subjected to differenti-
ation in the presence of IGF-I (30 nmol/l), supplemented
with TNF-α (1 ng/ml) or IFN-γ (1 ng/ml). Blots are represen-
tative of three separate experiments. The densitometric
quantitation of the specific bands is presented in arbitrary
units, with the value obtained in the control group (Basal
medium) set as 1. # – significantly different versus IGF-I
treatment on the same day.

of both 2% HS and IGF-I (Fig. 5). In control C2C12
myoblasts mostly the ERK2 (p42MAPK) isoform was
phosphorylated and this phosphorylation decreased dur-
ing the 5 days of differentiation. Exposition of C2C12
myoblasts to IGF-I led to a significant stimulation of
ERK1/2 phosphorylation. Treatment of C2C12 myob-
lasts with examined cytokines caused a phosphorylation
of two ERK isoforms: ERK1 (p44MAPK) and ERK2
(p42MAPK). The slight but significant effect of IFN-γ on
ERK1/2 phosphorylation was visible on the 1st day,
whereas both TNF-α and IFN-γ caused a 2-fold increase
in ERK1/2 phosphorylation on the 5th day of differenti-
ation. In striking contrast, TNF-α and IFN-γ exerted
an inhibitory effect on the activation of ERK1/2 in
myoblasts cultured in the presence of IGF-I.

Fig. 5. Cellular content of the phosphorylated form of ex-
tracellular signal-regulated kinase 1/2 (p-ERK) in C2C12
myogenic cell cultures subjected to differentiation in the
presence of 2% HS/DMEM (Basal medium, BM), supple-
mented with TNF-α (1 ng/ml) or IFN-γ (1 ng/ml) (a), and in
the presence of IGF-I (30 nmol/l) (b). Blots are representa-
tive of three separate experiments. Total ERK 1/2 protein
(ERK) at subsequent time points of the experiments is also
presented. The densitometric quantitation of the phos-
phorylated ERK1/2 is presented in arbitrary units as a ratio:
the density of the bands identified by the phosphospecific
ERK1/2 antibody/the density of the bands identified by an
antibody which recognizes total ERK1/2 protein. * – signifi-
cantly different versus control value on the same day, # – sig-
nificantly different versus IGF-I treatment on the same day.

Discussion

Although typically viewed in the context of im-
mune modulation, cytokines are now known to be po-
tent regulators of tissue metabolism, growth and dif-
ferentiation, as well as repair and ageing (Jacobi et al.
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2006, Solomon and Bouloux 2006). On the other
hand, IGF-I appears to be critical in promoting both
proliferation and differentiation of skeletal muscle
cells, muscle hypertrophy and muscle regeneration
following injury (Nystrom et al. 2009). In our recent
study we found a reduction in differentiation of
C2C12 myoblasts by TNF-α and IFN-γ, manifested by
decreased MyoD levels and myoblast fusion, only in
the presence of IGF-I (Wieteska-Skrzeczyńska et al.,
submitted). Such an observation indicates that in tar-
get cells the integration of numerous signals occurs by
intracellular cross-talk among distinct ligand-activated
systems and an activation of one pathway may inter-
fere with the signal transduction of others, leading to
the modulation or inhibition of the original biological
effects.

In the current study addition of IGF-I to the dif-
ferentiation medium resulted in a marked stimulation
of the expression of IGFBP-5. A similar effect of
IGF-I was observed previously during differentiation
of several cell types (Tripathi et al. 2009), which indi-
cates the regulatory role of IGF-I concerning the level
if its binding proteins.

The catabolic response to excess of proinflamma-
tory cytokines is frequently associated with an in-
crease in IGFBP-1 (Thissen 2007) and a decrease in
IGFBP-3 (Lang et al. 2002), whereas alterations in
other IGFBPs, which play an important role in my-
ogenesis regulation, remain inadequately explored.
According to the present results, TNF-α and IFN-γ
markedly reduced the expression of IGFBP-4 (Fig. 1),
IGFBP-5 (Fig. 2) and IGFBP-6 (Fig. 3) in C2C12 my-
oblasts subjected to a 5-day-differentiation. The
cytokines may be the primary stimulus for the reduc-
tion in expression of IGFBPs or the observed de-
crease in levels of IGFBPs may result from a reduc-
tion in the local IGF-I level in myoblasts treated with
cytokines (Fernandez-Celemin et al. 2002) and/or
from cytokine-induced resistance to IGF-I. It is note-
worthy that TNF-α and IFN-γ decreased the express-
ion of all examined IGFBPs, both of those which posi-
tively regulate IGF-I action in skeletal muscle (i.e.
IGFBP-5) and those which attenuate IGF-I bioavaila-
bility at the level of skeletal muscle tissue (i.e.
IGFBP-4 and -6). Thus, according to our results, it is
difficult to point to one or another protein as being
a sine qua non responsible for modification of the
myogenic effect of IGF-I. It seems that in the local
regulation of the IGF system the fine equilibrium be-
tween several BPs is much more important than exact
levels of particular binding proteins, and that this
could finally determine IGF-I bioavailability and ac-
tivity in muscle cells. Jennische and Hall (2000) previ-
ously reported the increase of IGFBP-3, -4, -5, and -6
in regenerating rat skeletal muscle. Their results indi-
cate that decreased expression of IGFBPs could po-
tentially lead to the reduction in regenerative pro-

cesses, reflected by the inhibition of myogenesis found
in our recent study (Wieteska-Skrzeczyńska et al. sub-
mitted). On the other hand, the inhibition of interac-
tions of IGFBPs with systemic IGF-I has significant
therapeutic potential for enhancing muscle repair
after muscle injury (Schertzer et al. 2007). In this re-
gard, the cytokine-evoked decrease in all examined
IGFBPs observed in our study could be interpreted as
a mechanism which was activated in order to potenti-
ate the growth factor effect. Decreased levels of all
studied BPs in cultures exposed to TNF-α or IFN-γ
and IGF-I seem to be specific and did not result from
increased cell mortality. Assessment of protein syn-
thesis in all experimental treatments gave a similar
pattern of results, which allow the cytotoxic effect to
be excluded.

According to our recent study pretreatment of
C2C12 myoblasts with proinflammatory cytokines im-
paired the acute metabolic effect of IGF-I and the
activation of protein kinase B (Grzelkowska-Kowal-
czyk and Wieteska-Skrzeczyńska 2010). The aim of
the present study was to examine the expression of
other cellular proteins essential for the mitogenic, my-
ogenic and metabolic effects of insulin and IGF-I in
myoblasts under prolonged simultaneous treatment of
TNF-α or IFN-γ and IGF-I.

The combined supplementation with cytokines
and IGF-I caused a drop in p38 level which could lead
to the reduction of myogenic differentiation under
these conditions (Fig. 4a). On the other hand, the
results presented in the current study did not support
the involvement of PKCζ in the differentiation of
C2C12 myoblasts, since the effect of the studied
cytokines on this kinase expression (stimulated by
TNF-α and inhibited by IFN-γ, Fig. 4b) did not reflect
alterations in myogenesis i.e. inhibition of MyoD,
MHC and fusion index (Wieteska-Skrzeczyńska et al.,
submitted). This implicates the contribution of other
signalling proteins leading to the inhibition of differ-
entiation; nevertheless, PKCζ has been described as
regulating the cdk5/p35 signalling complex, an essen-
tial factor for myogenesis (de Thonel et al. 2010).

ERK may play dual role in myogenesis: it inhibits
differentiation at the early stage but promotes myob-
last fusion at the late stage of differentiation (Jo et al.
2009). In control cultures of C2C12 myoblasts the
phosphorylation of ERK1/2 decreased gradually dur-
ing the 5 days of differentiation (Fig. 5). Such an ob-
servation is consistent with the previous study of Adi
and coworkers (2002) who demonstrated that in rat
L6E9 skeletal myoblasts the ERK1/2 phosphorylation
initially increases, but subsequently, as differentiation
of myoblasts proceeds, the phosphorylation level of
this kinase decreases. It should be noted, however,
that terminal differentiation and fusion in the final
stages of myogenesis require some degree of ERK1/2
phosphorylation to proceed (Tiffin et al. 2004). The
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examined cytokines markedly increased ERK1/2 acti-
vation. Results concerning elevated phosphorylation
of ERK1/2 in the presence of cytokines are compat-
ible with the observation that sepsis or a constant in-
travenous infusion of TNF-α for 24 hours results in an
increase in ERK1/2 phosphorylation in rat skeletal
muscle (Vary et al. 2004). Moreover, in myotubes sub-
jected to 24-hour incubation with TNF-α, this
cytokine induced the phosphorylation of ERK1/2
(Plaisance et al. 2008). Similarly, in vascular smooth
muscle cells, increased phosphorylation of ERK1/2
was shown to be dependent on elevated levels of
IFN-γ (Igarashi et al. 2007).

Both TNF-α and IFN-γ exerted an inhibitory ef-
fect on IGF-I-stimulated phosphorylation of ERK1/2,
that correspond to the reduction of IGF-I-dependent
myogenesis evoked by these cytokines. Decreased
ERK1/2 phosphorylation could result from impaired
IGF-I action per se induced in the presence of
cytokines or, alternatively, could be associated with
the drop in IGFBPs (Figs. 1-3). Such a hypothesis has
previously been proposed by Ning and coworkers
(2006) demonstrating that triple knockout mice lack-
ing IGFBP-3, -4, and -5 displayed a tissue-specific de-
cline in activation of the ERK signalling pathway.

Taken together our present results indicate subse-
quent mechanisms of the modulatory effect of proin-
flammatory cytokines on skeletal muscle growth and
metabolism. The cytokine-induced modifications of
acute hormone and growth factor effects (Hirosumi et
al. 2004, O’Connor et al. 2008) as well as the inhibi-
tion of local IGF-I expression in skeletal muscle cells
(Fernandez-Celemin et al. 2002) have already been
described. Here, using the in vitro model of skeletal
muscle, we supported the hypothesis that the express-
ion of both IGFBPs and key protein kinases could be
targeted by proinflammatory cytokines present in the
extracellular environment of differentiating myob-
lasts. Changes in the cellular levels of binding proteins
and protein kinases could disturb IGF-I dependent
myogenesis and could contribute to development of
cytokine-mediated insulin and IGF-I resistance in ma-
ture myotubes.

We concluded as follows: i) TNF-α and IFN-γ
present in the extracellular environment of differenti-
ating C2C12 myoblasts can alter the local bioavailabil-
ity of IGF-I by inhibiting the expression of IGFBP-4,
-5, and -6, ii) the decrease in p38 expression and
ERK1/2 phosphorylation in C2C12 myoblasts exposed
to cytokines can lead to disturbances in IGF-I-regu-
lated myogenesis.

Acknowledgements

This study was supported by grant from the Minis-
try of Science and Higher Education for scientific re-
search in 2009-2012.

References

Adams GR (2010) Insulin-like growth factor I signaling in
skeletal muscle and the potential for cytokine interac-
tions. Med Sci Sports Exerc 42: 50-57.

Adi S, Bin-Abbas B, Wu NY, Rosenthal SM (2002) Early
stimulation and late inhibition of extracellular
signal-regulated kinase 1/2 phosphorylation by IGF-I:
a potential mechanism mediating the switch in IGF-I ac-
tion on skeletal muscle cell differentiation. Endocrinol-
ogy 143: 511-516.

De Alvaro C, Nieto-Vazquez I, Rojas JM, Lorenzo
M (2008) Nuclear exclusion of forkhead box O and Elk1
and activation of nuclear factor-kB are required for
C2C12-RasV12C40 myoblast differentiation. Endocrinol-
ogy 149: 793-801.

de Thonel A, Ferraris SE, Pallari HM, Imanishi SY, Kochin
V, Hosokawa T, Hisanaga S, Sahlgren C, Eriksson JE
(2010) Protein kinase Czeta regulates Cdk5/p25 signaling
during myogenesis. Mol Biol Cell 21: 1423-1434.

Duan C, Ren H, Gao S (2010) Insulin-like growth factors
(IGFs), IGF receptors, and IGF-binding proteins: roles
in skeletal muscle growth and differentiation. Gen Comp
Endocrinol 167: 344-351.

Fernandez-Celemin L, Pasko N, Blomart V, Thissen J-P
(2002) Inhibition of muscle insulin-like growth factor
I expression by tumor necrosis factor-α. Am J Physiol
Endocrinol Metab 283: E1279-E1290.

Firth SM, Baxter RC (2002) Cellular actions of the insu-
lin-like growth factor binding proteins. Endocr Rev
23: 824-854.

Grzelkowska-Kowalczyk K, Wieteska-Skrzeczyńska
W (2010) Treatment with TNF-α and IFN-γ alters the
activation of SER/THR protein kinases and the meta-
bolic response to IGF-I in mouse C2C12 myogenic cells.
Cell Mol Biol Lett 15: 13-31.

Hirosumi J, Tuncman G, Chang L, Gorgun CZ, Uysal KT,
Maeda K, Karin M, Hotamisligil GS (2002) A central
role for JNK in obesity and insulin resistance. Nature
420: 333-336.

Igarashi M, Hirata A, Yamaguchi H, Sugae N,
Kadamoto-Antsuki Y, Nozaki H, Jimbu Y, Tominaga
M (2007) Characterization of activation of MAP kinase
superfamily in vasculature from diabetic rats. J Atheros-
cler Thromb 14: 235-244.

Jacobi SK, Gabler NK, Ajuwon KM, Davis JE, Spurlock ME
(2006) Adipocytes, myofibers, and cytokine biology: new
horizons in the regulation of growth and body composi-
tion. J Animal Sci 84: E140-E149.

Jennische E, Hall CM (2000) Expression and localisation of
IGF-binding protein mRNAs in regenerating rat skeletal
muscle. APMIS 108: 747-755.

Jo C, Jang BG, Jo SA (2009) MEK1 plays contrary
stage-specific roles in skeletal myogenic differentiation.
Cell Signal 21: 1910-1917.

Lang CH, Frost RA (2002) Role of growth hormone, insu-
lin-like growth factor-I, and insulin-like growth factor
binding proteins in the catabolic response to injury and
infection. Curr Opin Clin Nutr Metab Care 5: 271-279.

Mourkioti F, Rosenthal N (2005) IGF-I, inflammation and
stem cells: interactions during muscle regeneration.
Trends Immunol 26: 535-542.

430 W. Wieteska-Skrzeczyńska et al.



Ning Y, Schuller AG, Bradshaw S, Rotwein P, Ludwig T,
Frystyk J, Pintar JE (2006) Diminished growth and en-
hanced glucose metabolism in triple knockout mice con-
taining mutations of insulin-like growth factor binding
protein-3, -4, and -5. Mol Endocrinol 20: 2173-2186.

Nystrom G, Pruznak A, Huber D, Frost RA, Lang CH
(2009) Local insulin-like growth factor I prevents sep-
sis-induced muscle atrophy. Metabolism 58: 787-797.

Oksbjerg N, Gondret F, Vestergaard M (2004) Basic prin-
ciples of muscle development and growth in
meat-producing mammals as affected by the insulin-like
growth factor (IGF) system. Domest Anim Endocrinol
27: 219-240.

Paye JM, Forsten-Williams K (2006) Regulation of insu-
lin-like growth factor-I (IGF-I) delivery by IGF binding
proteins and receptors. Ann Biomed Eng 34: 618-632.

Plaisance I, Morandi C, Murigande C, Brink M (2008)
TNF-alpha increases protein content in C2C12 and pri-
mary myotubes by enhancing protein translation via the
TNF-R1, PI3K, and MEK. Am J Physiol Endocrinol
Metab 294: E241-E250.

Schertzer JD, Gehrig SM, Ryall JG, Lynch GS (2007)
Modulation of insulin-like growth factor (IGF)-I and
IGF-binding protein interactions enhances skeletal

muscle regeneration and ameliorates the dystrophic pa-
thology in mdx mice. Am J Pathol 171: 1180-1188.

Solomon AM, Bouloux PM (2006) Modifying muscle mass
– the endocrine perspective. J Endocrinol 191: 349-360.

Thissen J-P (2007) How proinflammatory cytokines may im-
pair growth and cause muscle wasting. Horm Res
67: 64-70.

Tiffin N, Adi S, Stokoe D, Wu NY, Rosenthal SM (2004)
Akt phosphorylation is not sufficient for insulin-like
growth factor-stimulated myogenin expression but must
be accompanied by down-regulation of mitogen-activated
protein kinase/extracellular signal-regulated kinase phos-
phorylation. Endocrinology 145: 4991-4996.

Tripathi G, Salih DA, Drozd AC, Cosgrove RA, Cobb LJ,
Pell JM (2009) IGF-independent effects of insulin-like
growth factor binding protein-5 (igfbp5) in vivo. FASEB
J 23: 2616-2626.

Vary TC, Deiter G, Lang CH (2004) Diminished ERK 1/2
and p38 MAPK phosphorylation in skeletal muscle dur-
ing sepsis. Shock 22: 548-554.

Yin P, Xu Q, Duan C (2004) Paradoxical actions of en-
dogenous and exogenous insulin-like growth factor-bind-
ing protein-5 revealed by RNA interference analysis.
J Biol Chem 279: 32660-32666.

Growth factor and cytokine interactions in myogenesis. Part II... 431


