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Introduction
Muscle wasting is found in a multitude of disease states in reaction 
to a variety of insults. Muscle atrophy can be secondary to disuse, 
nutritional deficiencies, neuropathy, vasculopathy, cancer, HIV, 
and other inflammatory diseases. Inflammatory states occur 
as a result of cytokine release and subsequent activation of 
the immune response. If levels of pro-inflammatory cytokines  
are elevated for prolonged periods, muscle wasting can result. The 
importance of both pro- and anti-inflammatory cytokine balances 
in maintaining skeletal muscle health is increasingly recognized. 
Cytokine factors such as interleukin-6 (IL-6) and tumor necrosis 
factor alpha (TNFα) have long been implicated in muscle 
wasting.1,2 In fact, TNFα was once known as cachectin given its 
direct effect in muscle atrophy.3 Evidence reported by Horsely  
et al.,4 suggests interleukin-4 (IL-4) plays a role in myoblast fusion 
and myogenesis and epidermal growth factor (EGF) has been a 
key component in most commercially available myoblast media 
since 19925 although its specific role in myogenesis is unclear. 
Regarding inflammatory pathways, it is especially enticing to 
consider the role of inflammation in Valosin containing protein 
(VCP) disease given the progressive muscle cachexia.

VCP disease, also known as Inclusion Body Myopathy, Paget’s 
Disease of Bone and Frontotemporal Dementia (IBMPFD), is a 
life shortening, crippling disease of muscle, bone and brain.6 It is 
an autosomal dominant, adult onset disease caused by mutations 
in the VCP gene.6 VCP is an ATP driven shuttling/chaperone 
protein that normally participates in protein homeostasis 
through its interaction with degradative pathways including the 
ubiquitin-proteasome and autophagy pathways.7–9 VCP plays a 
role in numerous cellular processes such as cell cycle progression, 
chromatin remodeling, homotypic membrane fusion (in both 
the endoplasmic reticulum [ER] and golgi apparatus) and 
mitochondrial turnover.10,11 Of those affected with VCP disease, 
92% have myopathy, 50% have Paget’s disease of the bone, and 
30% have frontotemporal dementia. Although VCP is expressed in 
almost every cell, its dysfunction in muscle is the most destructive 
and life shortening. Myogenic tissues either fail to regenerate 

after injury or degenerate prematurely causing a muscle wasting 
phenotype.

How mutations in VCP lead to poor regeneration/degeneration 
and the subsequent muscle wasting phenotype is unclear. VCP 
appears to directly interact with proteins involved in catabolic 
pathways and thereby affect protein fate. In fact, VCP affects many 
protein pathways that ultimately influence cell fate and tissue 
health. The footprint of VCP’s effect on cytokine signaling was 
first described by Asai et al.,12 when VCP expression was shown to 
affect nuclear factor kappa-B activity (NFkB, a downstream target 
of TNFα). In this report, they induced VCP expression and then 
observed an increase in the activation of NFκB.12

Clinically, VCP myopathy appears similar to inflammatory-
mediated wasting diseases as described in cachexia. Although VCP 
disease clinically resembles a chronic inflammatory syndrome, 
there is no inflammatory cell infiltrate and patient plasma shows 
a normal erythrocyte sedimentation rate (ESR, a global marker of 
inflammation). It is important to note, however, that ESR is not a 
100% sensitive for inflammatory conditions. For example, asthmatic 
patients can have a waxing and waning chronic inflammation that 
does not necessarily show an elevated ESR in patient plasma. Because 
the clinical picture implicating inflammation was so compelling, 
we decided to investigate the cytokine profile of patient plasma.

Our hypothesis is that the dysfunctional protein homeostasis 
in VCP disease causes a perturbation of cytokine signals that are 
classically associated with impaired muscle regeneration and 
muscle wasting. We predict patient plasma will show a cytokine 
profile enriched for factors associated with muscle cachexia (TNFα 
and IL-6) and poor in factors that promote muscle regeneration 
(EGF and IL-4).

Methods

Clinical evaluation and consenting of patients
All subjects were consented and approved for the study in 
accordance with the institutional review board’s consent procedure 
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at the University of California, Irvine. Clinical evaluations were 
conducted as part of the natural history of IBMPFD. And 16 
patients with IBMPFD, 2 presymptomatic mutation carriers and 
16 controls participated in this study. Patients with a probable 
clinical diagnosis of VCP disease had full VCP gene sequencing 
to confirm the diagnosis. Cascade testing of family members was 
completed with the specific proband mutation. Controls were age-
matched and gender-matched, were not taking medications and 
were free of inflammatory conditions. Patients with a probable 
clinical diagnosis of VCP disease had sequential testing for the 
specific VCP familial mutation or gene sequencing for hot spots 
followed by complete gene sequencing to confirm the diagnosis. 
Confirmatory CLIA testing of the VCP gene mutations was 
performed by MitoMed Laboratory (University of California-
Irvine). Thirty-one different point mutations have been found 
in patients with VCP disease.13

ELISA cytokine quantification
Blood samples were collected in heparin tubes and spun down 
at 3,000g × 15 minutes to separate plasma. Plasma was isolated, 
aliquoted and frozen until the day of the assay. Plasma cytokine 
levels were evaluated using commercially available Enzyme-Linked 
Immunosorbent Assay (ELISA) kits (R&D Systems, Minneapolis, 
MN, USA) and included interleukin-6 (IL-6: intra-assay and 
interassay CV<10%, sensitivity <7 pg/mL), interleukin-4 (IL-4: 
intra-assay and interassay CV < 10%, sensitivity < 0.22 pg/mL,  
tumor necrosis factor a (TNFα: intra-assay and interassay CV < 
10%, sensitivity < 0.19 pg/mL and EGF (intra-assay and interassay 
CV < 10% sensitivity < 0.7 pg/mL). Out of the patient samples, 
three TNFα, two EGF samples and four IL-4 samples were 
excluded. Four IL-4 control samples were excluded. These samples 
were excluded because they contained an unknown precipitant 
that interfered with the accuracy of our assays. The precipitant 
could have been from poor buffy coat separation. Despite several 
attempts, we were unable to get rid of this unknown precipitant 
without losing a significant volume of the samples. The “n” used 
for the statistical analysis for each group is provided in Table 1.

Statistical analysis
Analysis of covariance (ANCOVA) was employed to evaluate 
the difference between affected and unaffected subjects while 
adjusting for gender and age. Outliers as determined by each 
assay were excluded for analysis and log-transformation was 
only applied to IL-6 and EGF in order to satisfy the normality 
assumption of residuals. Data were presented with mean and 
standard deviation at nontransformed scale (pg/mL). Significance 
level was set at 0.05 level and all tests were performed using SAS 
9.2 (Cary, NC, USA).

Results
The individual observation and box-and-whisker plots of cytokine 
data for both VCP disease and control subjects is shown in Figure 1. 
Circulating levels of cytokines (TNFα and EGF) in the VCP 
disease group versus healthy control groups were significantly 
different. After adjusting for the effect of age and gender, the 
ANCOVA results revealed that both TNFα (VCP 2.1 ± 0.9 vs. 
control 1.3 ± 0.7 pg/mL, p = 0.024) and EGF (VCP 31.2 ± 40.1 vs. 
control 8.4 ± 15.5 pg/mL, p = 0.0065) were significantly elevated 
in VCP disease as compared to control; and neither IL-6 (VCP 1.9 
± 1.3 vs. control 1.2 ± 1.0 pg/mL, p = 0.06) nor IL-4 (VCP 0.25 ± 
0.16 vs. control 0.50 ± 0.34 pg/mL, p = 0.06) showed a statistically 

significant difference (Figure 1). We did not find any significant 
elevations in the levels in those individuals with myopathy who 
had Paget disease versus those who did not.

Discussion
The hypothesis that dysfunctional protein homeostasis in VCP 
disease causes a perturbation of cytokine levels in patient plasma 
was confirmed. This paper is the first to show a correlation 
between individuals with VCP mutations and elevated TNFα and 
EGF in patient plasma. TNFα is a pro-inflammatory, myogenically 
important cytokine. Excess TNFα affects myogenesis and can lead 
to muscle atrophy.14 Elevated TNFα in VCP disease is consistent 
with the myopathic, muscle wasting clinical phenotype.

Cytokine Disease group Control group

Interleukin-6 16 16

Interleukin-4 11 12

TNFα 13 16

EGF 14 16

Table 1. Patient plasma samples analyzed per cytokine versus control groups.

Figure 1. Box-and-whisker plot of cytokine data for VCP disease and control subjects 
with individual data (dot) and box-and-whisker plots. The box represents the quar-
tile (Q1), then median and third quartile (Q3), and the whiskers extend to the  
largest value below Q3 + 1.5*(Q3 − Q1) and to the smallest value above  
Q1 − 1.5*(Q3 − Q1).
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Although downstream targets of TNFα in VCP myopathy 
were not investigated in this study, it would be expected that 
TNFα’s downstream targets would correlate with changes 
in VCP function and expression. One downstream target 
of TNFα, NFκB, has been correlated with changes in VCP 
function. Additionally, mutations in the intermediate pathway 
of NFkB have been implicated in Paget disease of bone. Custer 
et al.,15 reported that NFkB activity is up-regulated in C2C12 
myoblast cell lines transfected with VCP mutations known to 
cause human disease. Asai et al.,12 showed that increased native 
VCP expression corresponded to increased activation of NFkB. 
Additionally in 2012, Liu et al.,2 showed that VCP inhibition 
leads to a decrease in NFkB activity through increased levels 
of I-kappa-B-alpha the inhibitor for NFkB.

While a high level of TNFα in patient plasma is associated with 
VCP mutations, neither the cell source of TNFα nor the stimulus 
for its production is understood. The source of excess TNFα does 
not appear to be cell infiltrate. Myopathic tissue from patient’s 
muscle biopsies do not show inflammatory cell infiltrate. Instead, 
VCP disease pathology appears to be consistent with a type of 
sterile inflammation. This is not the first time cytokine levels have 
not correlated with cell infiltrate. A 1996 study16 investigating 
inflammatory myositis found no correlation between the level 
of inflammatory infiltrates and TNFα expression. To that point, 
several investigators have now found convincing evidence that 
cytokines can be produced directly from myocytes, so called 
myokines.16 It is, therefore, possible that cytokine changes seen 
in patient plasma are not from inflammatory cells, but rather 
expression from diseased muscle tissue.

Regardless of the source of cytokines, the specific role they are 
playing in VCP disease muscle atrophy remains to be elucidated. 
Cytokines such as TNFα are known to affect cell fate decisions 
such as apoptosis, proliferation and differentiation.17 In vitro cell 
fusion indices suggest impaired differentiation during myogenesis 
in VCP disease. Although speculative, these cytokine imbalances 
(increased TNFα and EGF) may alter the process of myoblast 
proliferation and differentiation.

EGF is expressed in skeletal and smooth muscle tissue 
and when bound to its receptor, EGFR, is involved in growth, 
proliferation and differentiation.18 EGF has been found to 
stimulate proliferation of porcine myogenic satellite cells.19 EGF 
is beneficial in maintaining cultured human muscle cells.5 A 
member of the EGF family, HB-EGF (identical to EGF except 
for an additional amino terminal extension) has been implicated 
as a survival factor for differentiating myoblasts.20 While EGF is 
elevated in patient plasma, EGF-receptor expression was found 
to be down regulated on microarray analysis from VCP patient 
muscle biopsies.21

In general, it is known that growth factor starved myoblasts 
exit the cell cycle and become terminally differentiated 
myotubes.6 One possible consequence of increased EGF levels 
is the maintenance of myoblasts in an undifferentiated state 
thus impairing differentiation to functional myotubes. This 
possibility fits with our unpublished in vivo results, but it is 
difficult to predict what the overall effect of increased plasma 
EGF is, given EGF-receptor down regulation in muscle tissue. 
The role of EGF and its receptor in myogenesis will be one 
focus of future research.

Studies researching the role of IL-6 in myogenesis and 
muscle cachexia have indicated that exposure time is important 
in determining the ultimate effects on tissue. Acute elevations of 

IL-6 are required for proper myogenesis,22 but chronic exposure 
to IL-6 leads to muscle atrophy.1 Therefore, the timing of blood 
collection and additional sampling that takes into account the 
onset of VCP disease may help to determine if IL-6 is truly altered 
in this disease since some statistical trends towards significance 
were observed when taking into account age and gender.

IL-4 is secreted by muscle and IL-4 alpha receptors are also 
expressed in skeletal muscle tissue. Evidence from myoblast fusion 
experiments in mice conducted by Horsley et al.,4 suggests that 
IL-4 is important in increasing myotube size after the initial 
myotube is formed via aiding myoblast fusion. Studies in human 
tissue before and after strength training show increased expression 
of both IL-4 and IL-4 receptor alpha.23 Our results did not show 
IL-4 to be clinically significant (p = 0.06), which may mean that 
it is simply not involved in the pathogenesis, or that our study is 
underpowered for this particular cytokine.

VCP disease is a rare disease and getting enough clinical 
samples remains a challenge. Additional study limitations include 
coordination of clinical samples with the wide range of severity 
and onset of disease. Some samples were collected before severe 
symptoms had begun, while others were collected at the most 
severe end point of disease. Correlations between cytokine levels 
and specific points in the pathogenesis of this dynamic, progressive 
disease process are difficult and therefore, only observations of 
general trends in cytokine levels during disease pathogenesis 
were possible. Follow-up studies will require more long-term 
sample collections and storage to more precisely compare specific 
points in disease pathogenesis. Future directions will investigate 
cytokine altering therapies and their effects on VCP disease 
myogenesis using validated cell models. Lastly, because VCP 
gene mutations have recently been associated with other more 
common proteinopathies such as Amyotrophic Lateral Sclerosis 
(ALS) and Parkinson’s disease,24,25 it was not surprising to find 
that altered cytokines were found in these disorders, suggesting 
that similar pathological mechanisms may be contributing to the 
degenerative course in these disorders.21,26,27

Conclusion
VCP disease is associated with perturbed TNFα and EGF cytokine 
levels. Although IL-4 and IL-6 trended toward significance, no 
significant differences were observed in these two cytokines. 
Further research is required to better understand the role of 
cytokines in muscle regeneration / degeneration and the specific 
molecular pathophysiology of VCP mutations in altering cytokine 
levels.
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