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Abstract
Background The skeletal muscle mass is the largest organ in
the healthy body, comprising 30–40% of the body weight of an
adult man. It confers protection from trauma, locomotion,
ventilation, and it represents a “sink” in glucose metabolism
and a reservoir of amino acids to other tissues such as the brain
and blood cells. Naturally, loss of muscle has dire consequences
for health as well as functionality. Muscle loss is a natural
consequence of especially aging, inactivity, and their associated
metabolic dysfunction, but it is strongly accelerated in critical
illness such as organ failure, sepsis, or cancer. Whether this
muscle loss is considered a primary or secondary condition, it is
known that muscle loss is a symptom that predicts morbidity
andmortality and one that is known to impact quality of life and
independence. Therefore, monitoring of muscle mass is rele-
vant in a number of pathologies as well as in clinical trials as
measures of efficacy as well as safety.
Methods and results Existing biomarkers of muscle mass or
muscle loss have shown to be either too unreliable or too
impractical in relation to the perceived clinical benefit to
reach regular clinical research or use. We suggest serologi-
cal neoepitope biomarkers as a possible technology to ad-
dress some of these problems. Blood biomarkers of this kind
have previously been shown to respond with high sensitivity
and shorter time to minimum significant change than avail-
able biomarkers of muscle mass. We provide brief reviews
of existing muscle mass or function biomarker technologies,
muscle protein biology, and existing neoepitope biomarkers
and proceed to present tentative recommendations on how
to select and detect neoepitope biomarkers.
Conclusion We suggest that serological peptide biomarkers
whose tissue and pathology specificity are derived from post-

translational modification of proteins in tissues of interest, pre-
senting so-called neoepitopes, represents an exciting candidate
technology to fill out an empty niche in biomarker technology.

Keywords Sarcopenia . Cachexia . Biomarker . Skeletal
muscle . Neoepitope

1 Introduction

The loss of muscle mass is known by many names: sarcopenia
(literally “poverty of flesh”) describes the “physiological”mus-
cle loss associated with aging that for some individuals reach a
certain threshold of clinical significance, whereas cachexia
(literally “bad condition”) or wasting syndrome describes the
accelerated muscle loss associated with critical illness or seri-
ous trauma. The related condition, frailty syndrome, covers the
condition, where lack of strength and functional capacity are
considered primary. Very often, these conditions will coex-
ist with other morbidities that may or may not be the cause
of the loss of muscle mass or function [1, 2].

Muscle loss is an important and underestimated clinical
problem in itself, as it is a primary consequence of virtually all
kinds of poor lifestyle and also a very common comorbidity
with a number of systemic pathologies, e.g., diabetes, inflam-
matory conditions, solid and nonsolid cancers, most organ
failures, sepsis, immobilization, and some orthopedic condi-
tions. The clinical relevance is obvious as a certain amount of
muscle strength and thus by extension muscle size is required
to sustain bodily function whether the task at hand is locomo-
tion, respiration, or metabolic function. Thus, besides affect-
ing softer endpoints, like functional capacity and quality of
life, both muscle mass and strength have been shown to be
independent predictors of mortality and morbidity in a range
of populations [1, 2]. Loss of functional capacity strongly
accelerates metabolic dysfunction and increases loss of bone
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minerals, making new biomarkers of muscle mass or function
highly relevant [3, 4].

In this review paper, we provide brief reviews on the
physiology of muscle protein turnover, neoepitope technolo-
gy, and existing biomarkers. Furthermore, we suggest that
developing post-translational modification (PTM)-derived
blood sarcopenia biomarkers for diagnostic or research pur-
poses is not only feasible, but would complement the current
range of diagnostic tools available significantly and thus assist
the drug development process. Furthermore, we present rele-
vant parent proteins and muscle loss pathology-specific PTM
that are candidates for neoepitope prospecting.

1.1 Ins and outs of skeletal muscle protein metabolism

There are several reasons why abnormal muscle metabolism
resulting in muscle loss ought to result in measureable
increases or decreases in discrete protein fragments in blood
from extracellular matrix (ECM), myofibrils, costameres, or
other myocellular compartments.

1. Muscle tissue is very abundant, comprising 30–40 % of
adult male body mass and 20–30 % of adult female body
mass, making it the largest organ in normal healthy adults.

2. Muscle tissue is fairly homogenous in structure and com-
position, meaning that the proteins of myocellular struc-
tures as the myofibrils and the costameres are among the
most abundant in the human body.

3. As described below, the resting turnover of muscle pro-
teins is very high. In the normal healthy adult man, several
hundred grams of muscle tissue is turned over every day
in the resting state, making the protein turnover in skeletal
muscle one of the most active protein metabolic processes
in the body [5].

4. The body has a remarkable ability to grow or shed muscle
mass as per the external demands put on the body. With
rigorous exercise and dieting, the muscle mass can be
doubled and with pharmaceutical aid even tripled or

more. On the other hand, during critical illness, muscle
loss can exceed several percent per day [6]. This is in
contrast to normophysiological muscle loss associated
with normal aging, where a loss of 0.5–1.0 % muscle
mass per year should be expected.

It is known that the resting turnover of muscle is fairly high
(0.025–0.1 %/h, depending on method), with the turnover of
intracellular protein being slightly higher than that of extracel-
lular proteins [5]. For an average adult man with approximately
24 kg of skeletal muscle, this amounts to 144–576 g of muscle
per day. Obviously, this means that changes in muscle mass can
be driven by changes in gross protein synthesis as well as in
gross protein degradation. In physiological aging, a rate of
muscle loss of approximately 0.5–1.0 % per year should be
expected. When sarcopenia manifests, this is a consequence of
slightly acceleratedmuscle loss due to genetic or environmental
factors or due to starting the decline of muscle loss at a lower
maximal value. Nevertheless, with rates of muscle loss in this
order of magnitude, net protein degradation is only very
slightly increased, causing only a few (1–3) grams of muscle
to be lost per day on average. It is still a matter of some
controversy whether this is driven by an impairment of gross
synthesis or an increase in gross degradation [7].

During cachexia, muscle loss occurs much faster, some-
times exceeding 1 % of total muscle mass per day. This
degradation is most likely driven by increases in degrada-
tion as well as decreases in synthesis, although this is also a
matter of debate [8–11].

This means that in all other cases than cachectic muscle
loss, it is especially relevant to find novel biomarkers or panels
thereof that reflect changes in net protein metabolism, rather
than changes in gross synthesis or degradation, as the relative
changes in net protein metabolism in most cases are orders of
magnitude smaller than those of gross protein metabolism
(Fig. 1).

Serological neoepitope biomarkers have previously been
shown to manifest exactly that quality [12]. This is of
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Fig. 1 Overview of net and
gross protein synthesis and
degradation rates in muscle
during various conditions or
states. The figure clearly shows
that in all but the most critically
ill, net protein metabolism
(whether it is net synthesis or
net degradation) is vastly
smaller than gross degradation
or synthesis. Hence, a good
biomarker or panel of
biomarkers should reflect net
degradation or synthesis
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particular interest as the only measures approaching net
changes in protein synthesis available now are stable isotope
techniques that are very operationally complex requiring sta-
ble isotope infusion, multiple tissue samplings, and arteriove-
nous blood samplings.

The total amount of protein turned over in muscle is thus
one of the largest single contributors to whole-body protein
metabolism, underscoring what a dynamic process this is.
Furthermore, it highlights the remarkable adaptability of
muscle protein metabolism. This huge protein turnover also
increases the likelihood of peptide byproducts of protein
synthesis or degradation escape to the circulation during
synthesis or degradation, presenting possibly biomarker tar-
gets. Indeed, muscle proteins have been shown to appear in
blood and urine, even in healthy individuals [13, 14].

1.2 Neoepitope biomarkers

1.2.1 What is a neoepitope biomarker?

Most regular protein biomarkers in blood relevant to skel-
etal or cardiac muscle, e.g., creatine kinase, myoglobin, or
troponin I, are thought to be mostly intact proteins that for
some reason (usually tissue damage-induced membrane
leakiness) enter the circulation. Therefore, the amount of
these proteins in the blood is a product of (1) the amount
of donor tissue, (2) protein amounts in said tissue, and (3)
the release/excretion kinetics (usually depending on mem-
brane leakiness for the provided examples). With neoepi-
topes, another selection or specificity criteria is imposed
through PTM.

A neoepitope is an epitope that is produced through
modification of an existing molecule, e.g., proteolytic cleav-
age or addition of chemical groups. The specific site on the
molecule that has been modified thus presents a novel non-
self-epitope for which antibodies can be raised that will not
recognize the intact protein. In the case of a cleavage site,
even though the same residues exist in the intact molecule
and the neoepitope in that part of the peptide, the very
carboxy- or aminoterminal end that has been laid bare by
the cleavage, represents a novel epitope not present in the
intact peptide, therefore constituting a neoepitope.

Usually, pathology affects protein processing in some way
or another, leading to production of different peptide species,
e.g., if a particular pathology is associated with upregulation of
the activity of a particular protease, this will result in cleavage
product that are unique to this pathology or at least of higher
abundance. Thus, the levels of this neoepitope peptide in blood
is a product of (1) the amount of donor tissue, (2) the protein
amounts in said tissue, (3) the activity of pathology-related
protease, and (4) the release/excretion kinetics. Therefore, neo-
epitopes can in principle be biomarker of any pathology that
causes pathology-specific PTMs, leading to production of

unique neoepitopes. These pathology-specific PTMs can be
protease cleavages, formation of crosslinks, covalent additions
of organic groups, or any other PTM-producing novel epitopes.

Muscle is special in this regard as membrane leakiness is
a consequence of muscle damage itself, and therefore intact
proteins can be indicative of damage to skeletal or cardiac
muscle, e.g., creatine kinase or myoglobin. But muscle
atrophy or hypertrophy is not associated with changes in
leakiness as such, which is where neoepitope technologies
could play a new part as their production and abundancy is
dictated by another selection criterion that is pathology-
related PTM.

1.2.2 Potential benefits of neoepitopes in sarcopenia
and cachexia

Reiterating, serological neoepitope biomarkers display
tissue- and pathology-specificity through a unique combi-
nation of substrate protein and PTM. This produces peptide
fragment antigens that can be recognized in high-sensitivity
immunosorbent assays.

This class of biomarkers has already shown promise as a
prognostic/diagnostic tool. As they are produced by a com-
bination of tissue-specific parent proteins and tissue and
pathology-specific PTMs, they do not reflect a condition
or state, like creatinine presumably reflects muscle mass,
but a process. This allows for early detection, especially in
slow progressive diseases such as osteoporosis or arthritic
conditions, because of a shorter time to minimal significant
change than with existing biomarker technologies (Fig. 2)
[12]. Sarcopenia or iatrogenic muscle loss, e.g., from statins
or glucocorticoids, are both also accumulated fairly slowly
and this represents a situation that would benefit from early-
response biomarkers as existing technologies would require
months to detect accelerated muscle loss. Likewise, several
antisarcopenic treatments such as selective androgen recep-
tor modulators are in clinical trial, and again early detection
or quantification of efficacy could increase the economic
efficiency of clinical trials of these antisarcopenic treat-
ments, by identifying nonresponders.

Thus, if a biomarker with the same sensitivity to muscle
loss could be found, that has the same sensitivity that have
previously been found for bone loss or arthritis, this would
be highly useful in disease prognosis or in identifying dis-
ease progressors drug “responders”, or even adverse effect
responders; thereby, helping pinpoint vulnerable individuals
early and individualizing treatment options accordingly.

1.2.3 Extra- vs. intracellular parent proteins

As peptide fragments from processing of extracellular proteins
escapes more readily into the blood than does fragments from
intracellular or membrane proteins, they represent a more
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likely source of blood biomarkers. Neoepitopes thus produced
from extracellular matrix proteins have been shown to work as
serological biomarkers for a range of pathologies in connective
tissue [15–17].

While research in the degradation and processing of intra-
cellular and membrane proteins in muscle has accumulated a
wealthy literature, particularly focusing on the canonical
calcium-dependent, ubiquitin-dependent, and lysosomal pro-
teolytic pathways, very little research has been directed at the
destiny of peptides from processing of extra- or intracellular
proteins from muscle, thus presenting a relatively unexplored
scientific niche. Despite the aforementioned academic interest
in proteolytic machinery in muscle, quite few of their proteo-
lytic fragments have been characterized.

1.2.4 Neoepitopes in disease etiology

In some diseases, aberrant protein modification produces neo-
epitope peptide fragments that are not onlymarkers of disease,
but also contribute to the pathology in itself, as is seen in
Alzheimer, where Tau fragments contribute to formation of
neurofibrillar tangles, that ultimately cause neuron death [18].
In muscle pathology, this is seen in various forms of myositis
and dermatomyositis, where a degree of autoimmunity against
certain epitopes partly or fully explains and causes the muscle

pathology [19, 20]. In these cases, development of sensitive
antibodies may obviously not only represent a means with
which to detect biomarkers of pathology, but possibly also an
entry point for novel treatment technologies [21].

1.3 Existing biomarker technologies

1.3.1 Existing biomarker technologies

Several biomarker technologies are available that character-
izes muscle mass, muscle function, or muscle loss; but so far,
none are in regular clinical practice. This is in part due to
inadequacies of the available technologies and in part due to
the perceived clinical benefit obtained (summary in Table 1).

Most measures of strength or functional capacity has poor
reliability and reproducibility and the ability to track changes
in individuals is hampered by learning effects on testing, i.e.,
learning effects may improve scores, masking “true” losses of
strength or functionality.

Imaging techniques used to assess muscle mass such as
magnetic resonance imaging (MRI), computerized tomogra-
phy (CT), or dual X-ray absorptiometry are sensitive to
changes in electrolytes and edema, both of which are frequent-
ly present in sarcopenic or cachectic patient. Also, MRI and
CT could be considered costly in comparison to the perceived
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(physiological muscle 
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protein metabolism
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Fig. 2 The dynamics of
responses of biomarkers with
different sensitivities to change.
Muscle mass or function in itself
changes slowly and thus
biomarkers of muscle mass or
function (blue line) will take a
long time to detect minimal
significant change. A biomarker
responsive to the process of
muscle loss (red line), rather than
muscle mass or function in itself
will, if reliable enough, require a
much shorter time to MSC
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clinical benefit. The more classic anthropometric measures,
body fat calipers, BIA, or hydrostatic weighing, are also
sensitive to edema and require either considerable skill
(calipers) or are impractical in the clinical setting (hydrostatic
weighing). What all of these classic measures share, however,
is that with them, it will usually take quite a while to reach
minimum significant change, as they are markers of muscle
mass, and not change in muscle mass.

Twenty-four-hour creatinine excretion can, to some extent,
be considered a marker of muscle mass, but this displays high

variation and is sensitive to diet (meat intake) and 24-h urine
sampling can be logistically challenging [22, 23].

Serum or urine 3-methylhistidine has also been used as a
marker of muscle protein degradation. Myosin and possibly
actin is 3-methylated in muscle and the resulting amino acid 3-
methylhistidine is not recycled for intermediary metabolism or
protein synthesis, which in principle makes it an ideal biomark-
er, as it should represent gross protein degradation based on its
biology. However, its validity has been questioned in recent
years as it has been shown to not respond to interventions

Table 1 Existing biomarkers of muscle mass and function

Biomarker Description Advantages Disadvantages References

Muscle function

Muscle strength Measures muscle capacity
to produce force

Decent surrogate for muscle mass Poor reliability in frail populations [83, 84]
Validated predictor of
morbidity and mortality

Learning effects

Functional capacity
scoring

Measures integrated
musculoskeletal function

Good measure of quality of life Poor reliability [85, 86]
Learning effects

Poor applicability in cachexia

Muscle mass

Imaging techniques
(MRI and CT)

Measures muscle volume with
X-rays or MRI 3D scanning

Gold standard measures Operationally complex and costly [87–89].
Reliable

Hydrostatic weighing Measures body density through
water-immersed weighing

Gold standard measure Impractical in frail or sick
population

[90]

Provides accurate measure
of body density

Requires access to pool

Poorly validated in frail
populations

Dual X-ray
absorptiometry

Measures muscle mass indirectly
through X-ray absorption

Easy to use Unreliable in edematous subjects [91–93]
Poorly validated in frail
populations

Bioimpedance
analysis
(BIA)

Measures muscle indirectly
through electric impedance

Easy to use Unreliable in edematous subjects [94]
Poorly validated in frail
populations

Ultrasound Measures muscle thickness
through ultrasound
reflection in tissues

Easy to use Unreliable in edematous subjects [95]
Poorly validated in frail
populations

Requires manual skill

Anthropometric
measures

Indirect anthropometry through
mechanical measurement of
body proportions, e.g.,
limb/torso girth or skinfolds

Simple Poorly validated in sick
populations

[96–98]

Requires manual skill

Creatinine Measure of creatinine turnover
(surrogate for muscle mass)

Measurable in urine Poor reliability [22, 23, 93, 99]
Not subject to reabsorption Requires 24-h urine collection

Sensitive to creatinine from diet

Change in muscle mass

3-Methyl histidine Direct measure of actomyosin
degradation

Measureable in blood and urine Poor construct validity
(may be disturbed by 3MH
from other tissues)

[100–102]

Stable isotope
integration/dilution

Direct measure of gross protein
synthesis or degradation

Gold standard method Requires stable isotopes and
mass spectrometer

Requires tissue samples

Difficult to measure protein
degradation

Table providing a brief overview of existing biomarker technologies measuring muscle mass, muscle function, or muscle protein synthesis/
degradation
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known by other measures to increase protein degradation, i.e.,
voluntary or involuntary supramaximal eccentric work [24].
Also, doubts have been raised about the validity of this as a
marker of skeletal muscle protein degradation as the contribu-
tion from smooth muscle appears to be big enough to disturb
results significantly [24, 25].

To summarize, there appears to be a gap in technol-
ogies that can detect muscle loss easily and in an early
response manner, which are traits that neoepitope biomarkers
have displayed with other degenerative connective tissue
conditions.

1.3.2 BIPED classification of biomarker technologies

The Osteoarthritis Biomarkers Network has suggested a
nomenclature for biomarker applications abbreviated BI-
PED (short for burden of disease, investigative, prognostic,
efficacy, and diagnostic) [26]. As this nomenclature is prac-
tical and contains no inherent restrictions towards use in
other pathologies, it can just as well be applied to bio-
markers of muscle loss. Also, while the BIPED criteria are
worded with measures of efficacy in mind, they can equally
well be applied within safety assessment, measuring adverse
effects on muscle, e.g., adverse muscle effects of glucocor-
ticoid or statin treatment interventions. Each of the BIPED
biomarker classifications presents individual demands on re-
liability, sensitivity, specificity, etc. (summarized in Table 2).
Not only does this system provide a relevant nomenclature
regarding biomarkers, it also clearly reveals the need of im-
proved biomarkers of muscle mass and muscle loss as few
markers have the sensitivity or the biological rationale to be
able to function as prognostic tools.

Using the BIPED nomenclature in biomarker application is
of particular relevance in clinical trials, where diagnostic and
burden of disease markers can be used to select, deselect, or
stratify subjects according to disease progressions or other
pathophysiological variables. Good prognostic biomarkers
can be used to identify vulnerable individuals, which is of
help in selecting treatment groups and efficacy markers can be
used to separate responders from nonresponder, which is
useful, as treatment nonresponder can be deselected for treat-
ment and therefore not exposed to possible adverse effects. All
of these applications can thus help reduce the otherwise esca-
lating costs of pharmaceutical clinical trials and thereby con-
tribute to pharmaceutical development. This has been deemed
necessary by the Food and Drug Administration in their
“critical path” position stand from 2004, in order to maintain
progress in global clinical development [27].

1.4 How can we isolate new muscle loss biomarkers?

Assuming that these neoepitope biomarkers for muscle
loss are as sensitive as biomarkers of other degenerative

connective tissue conditions, then how do we find them and
measure them?

A proteomic screening approach, like quantitative mass
spectrometry (MS), seems like the obvious choice, but as
the blood protein matrix is very complex, this requires
advanced mass spectrometry equipment and bioinformatics
skills only available to few labs and even then it represents a
herculean effort. A more “classic” approach could be select-
ing peptides excreted from muscle by doing gel-based pro-
teomics comparing A/V blood or microdialysates from the
tissue in question, but again the complexity of the blood
protein matrix hampers this approach.

An easier, albeit more risky approach, would be to make
qualified guesses based on in silico work as to which pro-
teins and PTMs would combine during muscle loss pathol-
ogy and subsequently be excreted into the circulation. When
one or more such candidates have been pinpointed, recom-
binant or purified parent protein can be subjected to the
PTM process in vitro, e.g., protease digestion of the parent
protein, in order to identify or confirm if the post-
translationally modified peptides are actually produced and
not just predicted. If successful, antibodies can be raised
against this PTM-generated epitope in the peptide, which
could subsequently be used to detect it quantitatively in an
ELISA assay or other antibody-based technique. If an MS-
based technique would be used, knowing the identity of the
candidate peptide can make the process easier by allowing
for fractionation prior to mass MS, e.g., by chromatography,
and by making the mass spectrometry analysis easier by
narrowing down the peptide fragments in the MS which
could be of interest.

Indeed, the former methods have previously produced
several successful biomarkers, like the aforementioned
CTX-I for bone loss. Also, the first true muscle pathology
biomarker has also been discovered like this. It is a
fragment produced by neurotrypsin cleavage of agrin, a
protein enriched at costameres and neuromuscular junc-
tions [28]. However, this fragment identifies a subset of
“neurogenic sarcopenia” and cannot be considered a ge-
neric muscle loss biomarker based on the presently avail-
able results. Nevertheless, both of these beautifully illustrate
the combination of specificity provided by parent protein and
pathology, producing a marker of neurogenic sarcopenia in
muscle.

Thus, irrespective of what experimental approach is used,
one of the tasks in finding biomarker candidates is to isolate
tissue- and pathology-specific molecular fragments. This spec-
ificity can arise from any combination of parent protein and
PTM (Table 3). In this context, PTMs covers all protein
modification that occurs during the life cycle of a protein—
translation through maturation, wear and tear, and degradation
(Table 4). PTMs applied during different stages of the life cycle
of a protein can lead to different biomarker interpretations. For
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example, propeptides cleaved from the parent protein during
synthesis/maturation are usually used as markers of synthesis
of the parent protein, while glycosylation, oxidation, or nitro-
sylation of susceptible amino acid side chains in the mature,
functional protein are used as markers of pathology in a range
of conditions and fragments of caspase-, calpain-, or cathepsin-
mediated proteolysis are considered markers of terminal pro-
tein degradation [29–32].

Of particular interest are the cleavage products generated
during protein maturation and degradation, as these frag-
ments have been shown to escape to the circulation and have
been shown to be usable as disease biomarkers, as is the
case with the CTX-I osteoporosis biomarker (which is a
Cathepsin K cleaved fragment of collagen I, containing an
isomerization and a cross-link between the two halves of the
dipeptide) [12]. Thus, if a correct combination of tissue and
pathology specificity can be achieved within the combina-
tion of target protein and PTMs, it will result in a tissue-
specific pathology marker (Fig. 3). The ability to recognize
this in immunoassays naturally depends on the quantity and
quality of the antigen in the resulting protein fragment.
Especially the cleavage sites themselves are promising in
this regard as they represent novel epitopes (neoepitopes)
more likely to display sufficient specific immunogenicity
than the rest of the peptide (Fig. 4).

1.5 Candidate parent proteins and PTMs

For the purpose of biomarker prospecting, we have provided
a brief review of muscle proteins and PTMs that represents
possible candidates to form neoepitope biomarkers. A lot of
candidate proteins could combine with at lot of different
candidate PTMs to form neoepitopes that could be bio-
markers of muscle pathology; hence, we have set some of
the obvious candidate parent proteins up against candidate
PTMs in a matrix format (Table 3). This cross-indexed
format does not mean to imply that every protein is neces-
sarily subjected to every PTM listed, but that the possible
interactions could produce neoepitope biomarkers of inter-
est. It is worth noting that each of these interactions could, in
principle, produce several different results, i.e., a protein
could be cleaved, carbonylated, or nitrosylated at various
different positions.

1.6 Candidate muscle proteins

1.6.1 Muscle-specific proteins

Skeletal muscle is a huge organ, comprising as much of 40–
50 % of the body mass in trained, healthy adults. The vast
majority of this is occupied by muscle fibers that are char-
acterized by an expansion of the cytoskeleton forming the
bundles of contractile protein, the myofibrils, that occupies
almost all of these cells [33]. Most of these myofibrillar
proteins display specificity to striated muscle, i.e., skeletal
and cardiac, and some even to skeletal muscle. In biomarker
prospecting, specificity to striated muscle, meaning that
cardiac muscle proteins are included as, is not necessarily
a problem though, as loss of skeletal muscle probably coex-
ists with decrease in myocardial mass and because the total
skeletal muscle mass is so much larger than the cardiac
muscle.

The majority of the serological neoepitope biomarkers
developed so far are derived from PTM processing of ECM
proteins, either during synthesis, maturation, or degradation.
This is primarily a consequence of the ease with which
degradation fragments from extracellular matrix proteins

Table 4 Protein modifications associated with the life cycle of a
protein

Stage Examples of common
modifications

I: Maturation Folding and refolding

Core glycosylation

Propeptide cleavage

Formation of cysteine disulfides

II: “Normal” regulation of biological
activity/functional modification

Cleavage

Phosphorylation

Acetylation

Ubiquitination

Nitrosylation

Methylation

III: “wear and tear” (or result of
pathology)

Oxidation/peroxidation

(Deamination nitrosylation
citrullination carbonylation)

IV: Degradation, excretion Ubiquitination

SUMOylation

Glucuronidation

Cleavage/proteolysis

Table showing some of the most common protein modification asso-
ciated with the lifecycle of a protein, defined to cover I, maturation; II,
regulation of activity; III, wear and tear and ultimate; IV, degradation/
excretion. Note that these are all context specific and may be redundant
between stages

Fig. 3 Pictogram showing how tissue and pathology specificity of
parent proteins and PTMs combine to form neoepitope biomarkers that
are indicative of ongoing processes rather than conditions or states
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can enter the circulation. Extracellular proteins are already
in the extracellular domain and thus their degradation frag-
ments have a shorter route to the circulation. This is also the
case with the newly proposed biomarker of neurogenic
sarcopenia, produced by neurotrypsin cleavage of agrin,
supposedly from the neuromuscular junction [28]. Most
intracellular proteins are degraded exclusively inside the cell
through ubiquitin- or calcium-dependent proteolysis, and
most membrane proteins are degraded through lysosomal
pathways.

Thus, one should not expect intracellular and membrane
proteins to release recognizable fragments into the circula-
tion. However, several findings indicate that intracellular
proteins as well as proteases may leak into the extracellular
compartment with greater ease than we expect. For example,
in cachexia, myoglobin from muscle has been shown to
appear in the circulation, suggesting that the membrane
integrity of cachectic muscle becomes compromised, effective-
ly making themuscle fiber cell membrane “leaky”, creating the
possibility that fairly large (myoglobin is approximately
17 kDa) peptides can be observed in blood [13]. Another group
have successfully detected intracellular proteins as biomarkers
of skeletal muscle or myocardial damage in an animal model
[14], again suggesting that a significant degree of “leakiness”
is present in muscle. Therefore, protein fragments from
all the cellular compartments of muscle may represent
biomarker candidates.

1.6.2 Intracellular domain

Themyofibrils that occupy the majority of striatedmuscle cells
are composed end-to-end by sarcomeres, the fundamental
contractile unit of the myofibril (Fig. 5). The vast majority of
sarcomeric protein in the body (>90 %) exists in skeletal
muscle, meaning that development of biomarkers against sar-
comeric proteins should be fairly muscle-specific, assuming

that they are released into circulation. The most abundant
muscle proteins by far are the actins and myosins, but the
abundance of sarcomeric proteins is very high relative to
most other proteins, so most of these could represent possi-
ble targets for biomarker development, e.g., myosin, actin,
troponin, tropomyosin, α-actinin, titin, and tropomyosin [33].

Skeletal muscle fibers can be divided into slow or fast types
and this can be used to yield some specificity to skeletal
muscle as fast fiber type-specific proteins are not expressed
in myocardium, thus representing “true” skeletal muscle spe-
cific proteins. Furthermore, it is of particular interest that the
initial stages of muscle loss are characterized by selective loss
of myosin, especially the fast type IIXmyosin [34]. This could
possibly be used as a means to discern gradual atrophy, i.e.,
sarcopenia, from rapid muscle loss, i.e., cachexia/wasting in
biomarker assays.

1.6.3 Membrane domain

A majority of the force generated within muscle fibers
appear to be transmitted through the sides of the fibers,
and into the ECM rather than through the ends [35]. This
is accomplished through the costameres (Fig. 6), structures
composed of dystroglycan protein complexes (DGC) and
integrin focal adhesions (FA), lining muscle fibers like ribs
[36–38]. These protein complexes essentially anchor the Z-
disks of sarcomeres to the collagen matrix of the muscle
ECM and transmit forces from inside the muscle fibers into
the ECM that in turn transmit forces to the myotendinous
junction [35]. A large number of dystrophies are associated
with defects of this mechanical connection between the
sarcomeres and the ECM, most notably the dystroglycan
complexes [39]. They are composed of a number of
membrane-embedded dystroglycans and sarcoglycans that
on the inside are attached to the Z-disks through desmin,
dystrophin, dystrobrevin, and syncoilin and on the outside

PTM implications for 
MS detection

PTM implications for 
Antibody-based detection

Factors regulating 
abundance

PTM process, e.g. proteolytic 
cleavage, glycosylation or 

nitrosylation

Presenting novel non-self 
antigen (neoepitope)

-activity of PTM process
-tissue secretion
-excretion

-tissue secretion
-excretion

Generating novel peptide 
fragments for MS analysis

”Classic” peptide biomarker Neoepitope peptide biomarkerFig. 4 Figure showing how
modifications to protein
introduces another constraint to
abundance, and produces new
“tags” which eases detection by
antibody or MS-based methods
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adhere to the basal lamina. The integrin focal adhesions
consists of integrin α7β1 complexes, attached to the inter-
nal cytoskeleton through vinculin and talin.

The costameres are highly abundant along the perimeter
of the muscle fibers and their abundance should thus be
coregulated with muscle fiber diameter and by extension
muscle mass. Therefore, costameric proteins represent good
candidates for biomarker production.

1.6.4 Extracellular domain

A majority of the literature on muscle loss completely omits
the relevance of the extracellular matrix, despite muscle fibers
being fully mechanically and biochemically dependent on
being embedded in the muscle ECM. In the literature, a view
of muscle as a viscoelastic balloon between two tendons is,
however, receding in favor of viewing the muscle essentially

Fig. 5 Overview of the
sarcomere structure and some of
the most abundant structural
proteins therein. The myosin
thick filaments are seen
protruding from the M-disk,
whereas the actin filaments are
seen protruding from the
Z-disks. The sarcomere structure
is shared between skeletal and
cardiac muscle, but some of the
genes present are different
isoforms. Reprinted from [81].
PubMed Central was the original
publisher and the reprint is used
in accordance with PubMed
Central’s open access charter

Fig. 6 This figure shows the
structure of the costamere and
known molecular interactions.
Below the membrane bilayer
shown is the intracellular space
and above it is the extracellular
space. In the intracellular space,
the costamere is attached to the
contractile proteins through
dystrophins (for the dystrophin
glycoprotein complex, DGC),
vinculin, talin, and paxilin (for
the integrin complexes; not
shown). In the extracellular
space, both DGCs and integrin
complexes bind to components
of the basal lamina that is
attached to the rest of the
extracellular matrix that consists
mostly of fibrillar collagens.
Reprinted from [82] with
permission from Elsevier
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as a tendon with thousands of muscle fiber “inserts”, promot-
ing the importance of the ECM in muscle.

The costameres bind to the basal lamina, through the
DGC and FA binding to the laminin and DGC-associated
biglycan binding to collagen VI. But a large number of other
proteins have been described in the basal lamina, e.g.,
laminins, perlecan, nidogen/entactin, and collagens. The
endomysium is primarily composed of collagens I and III.
None of these display full muscle specificity, but collagen VI
and laminin 211 (formerly known as merosin or laminin-2)
seem to be expressed with partial specificity in skeletal muscle
and congenital defects of these genes manifest primarily as
skeletal muscle abnormalities [40, 41]. No other defects of
these two collagen or basement membrane constituents’
results in phenotype restricted to skeletal muscle tissue, sug-
gesting a degree of skeletal muscle specificity.

To summarize, the most obvious parent proteins for mus-
cle loss biomarker candidates are sarcomeric proteins, com-
ponents of the dystrophin-associated glycoprotein complex,
and selected components of the ECM, most notably laminin
211 and collagen VI.

1.7 Muscle specific proteolytic PTMS

The intracellular proteolytic function is maintained by three
branches: (1) the ubiquitin–proteasome system (UPS), (2)
the calcium-dependent system (calpains and caspases), and
(3) the lysosomal system [42–44].

1.7.1 Ubiquitin-dependent proteolysis

Through ubiqination, the UPS targets proteins for degrada-
tion in the proteasomes whose proteolytic activity degrades
proteins. However, the fragments generated in this system
are generally eight amino acids or less, making these frag-
ments too small for routine detection in immunosorbent
assays. Therefore, we do not consider proteasomal degrada-
tion fragments likely biomarker candidates.

1.7.2 Calcium-dependent proteolysis

The calcium-dependent proteolytic system is comprised by
the calpain and caspase families. The calpain family is a large
familiy of nonlysosomal calcium-activated cysteine proteases
and their endogenous inhibitor calpastatin. Calpain 1 (μ), 2
(m) and 3 (p94) are all expressed in muscle and Calpain 3 is
known to be at least partially muscle specific. Defects in this
particular calpain manifests primarily in muscle (as limb-
girdle muscle dystrophy type 2A), indicating a muscle specific
function. Capain 3 is different from calpains 1 and 2 in that it
is not inhibited by calpastatin and that it is hypothesized to
have regulatory role rather then one of bulk proteolysis of
structural proteins [45].

However, the exact function of individual calpains and
caspases during accelerated muscle loss is poorly character-
ized. It is known however that preventing calcium release in
muscle in various disease models imparts some resistance to
muscle loss [46], as do overexpression of calpastatin, the
endogenous calpain inhibitor [47].

Furthermore, degradation of myofibrillar proteins has
been hypothesized to be dependent on initial digestion by
calpain to release the them from myofibrils and subse-
quent UPS-dependent degradation [48], but this hypothe-
sis has been challenged in the more recent literature,
ascribing lysosomal degradation a more important role
[49, 50].

Besides being canonical activators of the apoptosis
cascade, several members of the caspase family also func-
tions as regular proteases degrading structural protein, as
have been shown with caspase-3 cleavage of actin during
cachexia [51]. This is further supported by another study
that reports increases in proteolytic activity of most cas-
pases during selected cancer cachexia models, especially
caspase-3, -6, and -9, interestingly in the absence of indices of
apoptosis [51], again supporting their non-apoptotic proteo-
lytic activity.

With aging and in metabolically compromised muscle,
intracellular calcium levels rise, thereby possibly causing
aberrant calpain/caspase activity, as has been shown in other
tissues [52]. This has been hypothesized to be a generic
contributing or even initiating factor in muscle loss. There-
fore, we consider proteolytic processing by calpains, espe-
cially 1 and 2, or caspases, especially -3, -6, and -9, to be
likely to generate specific protein fragments useful in bio-
marker design.

1.7.3 Lysosomal proteases

Lysosomal proteolysis is performed by cathepsins. Most of
these operate within the lysosome organelles, but some are
secreted to the extracellular space and some are active in the
cytoplasm [44].

Several of these have been shown to be associated with
accelerated muscle loss, but especially cathepsin L seem
to be consistently involved in muscle loss across a range
of models [53–56]. Interestingly, cathepsin L have been
shown to be situated downstream of FOXO1 signaling,
further implicating it in negative regulation of protein
metabolism [57] and suggesting coregulation with UPS
proteolysis. cathepsin B and D have also been shown to
increase in some muscle loss models [58–60]. Of partic-
ular notice, cathepsin L has been shown to degrade most
myofibrillar proteins in vitro, and cathepsin B has been
shown to display selectivity for myosin heavy chain,
making these obvious biomarker PTM protease candidates
[61, 62].
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1.7.4 Extramyocellular proteases

The primary extracelllar proteases associated with muscle
loss are the matrix metalloproteinases (MMP) MMP-2 and
MMP-9. Both of these have been shown to be upregulated
in a number of models of muscle loss [63–65]. MMP-2 is
constitutively expressed (but not active), whereas MMP-9
expression is induced. Following catabolic stimuli, MMP-9
activity increases rapidly, whereas MMP-2 increases days
later [64]. Inhibitors of MMPs have been shown to alleviate
the muscle phenotype in mdx mice (animal Duchenne mus-
cle dystrophy model) [66, 67] but this route has not been
expanded to generalized nondystrophic muscle loss.

1.8 Nonproteolytic PTMs

As in most other tissues, a large number of nonproteolytic
PTMs are produced in muscle; but so far, none have been
reliably associated with pathological muscle loss in itself.
Several are related to oxidative stress or hyperglycemia,
which are both in themselves indirectly related to muscle
loss. But still, most of these are not specific to muscle or loss
of muscle or muscle functions per se. We provide a very
brief review of some of the most common nonproteolytic
PTMs present in muscle.

1.8.1 Actomyosin histidine methylation

As previously mentioned, histidine in muscle actomyosin is
3-methylated, but it is poorly characterized at what histidine
positions this methylation is present and only a few of these
loci have been described [68]. As this methylation appears
to be specific to muscle tissues, it could potentially contrib-
ute greatly to the epitope specificity of putative biomarkers,
making this a useful PTM to consider when looking for
supposedly muscle-specific biomarkers.

1.8.2 Crosslinks

Awide range of crosslinks, especially in collagens, is known
to manifest in connective tissue, including the endomysium
of muscle. As connective tissue plays an indispensable role
in muscle, ensheathing all muscle fibers while being more
exposed to the circulation than, e.g., tendon collagen, cross-
links also manifest in muscle connective tissue. Of these,
particularly advanced glycation endproduct, especially pen-
tosidine crosslinks are well documented. Unfortunately,
none of these are directly related to muscle loss.

But also myosin has been shown to undergo peroxidative
crosslinking through an oxidizedmyoglobin intermediate [69]
during oxidative stress. This modification is of particular
relevance in immunosorbent assays at it increases effective
concentration of antigens in these.

1.8.3 Oxidative chemical modifications

Unchecked oxidative stress causes a range of protein mod-
ifications through partially reduced oxygen radicals with
high reactivity. This leads to chemical modifications to
amino acid side chains like oxidation, nitrosylation, carbon-
ylation, citrullination, etc. Of these PTMs, carbonylation
and nitrosylation are the ones whose presence is best docu-
mented in muscle proteins.

Nitrosylation is a part of normal modulation as well as a
consequence of aberrant oxidative stress. Thus, it is known
that “physiological” nitrosylation of skeletal muscle myosin
modulates the force–velocity relationship of the actomyosin
interaction [70], but oxidative nitrosylation, especially on
tyrosine side chains occur as a consequence of oxidative
stress. These have even been shown to correlate inversely
with muscle mass, although in a very unspecific and cross-
sectional model (high/low age x high/low energy intake)
and unfortunately only in mitochondrial proteins [71].

In a similar way, carbonylation is a consequence of
oxidative stress under physiological as well as pathological
conditions and has been shown to manifest in muscle with
training as well as with metabolic or inflammatory dysfunc-
tion [72, 73]. With diaphragm unloading, muscle oxidative
stress and subsequent carbonylation have been shown to
increase dramatically [74, 75] and some studies even attri-
bute aberrant oxidative dysfunction a more central role in
muscle atrophy as administration of strong antioxidants
even prevents muscle loss in some muscle atrophy models
[76–79].

To summarize, histidine mythylation in actin and myosin,
and oxidative myosin crosslinking as well as tyrosine nitro-
sylation and carbonylation at all reactive amino acid side
chains should be consideredwhen prospecting for biomarkers.

1.9 Candidate parent protein and PTM candidate summary

Skeletal muscle contains several high-abundance proteins
from all three compartments, i.e., extracellular, membrane,
and intracellular, that could represent candidate parent pro-
teins. As high a degree of specificity to skeletal muscle as
possibly is preferable in a muscle loss biomarker candidate,
but not necessarily indispensable, as a low degree of tissue
specificity of parent protein can be countered by a higher
tissue specificity of the PTM in question.

The neoepitope in most existing neoepitope biomarkers
is created through proteolysis and because the type of PTM
most frequently associated with muscle pathology in the
literature is protease activity in a number of proteases, we
believe that proteolytic cleavages produced by pathology-
associated proteases like calpains, caspases, cathepsins, or
MMPs are the most likely PTM candidates. Nonproteolytic
PTMs have been less well associated with muscle loss
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pathology but should not necessarily be excluded. Especial-
ly methylation of actin or myosin or some of the various
biochemical modifications associated with unchecked oxi-
dative stress could be of interest in finding biomarker can-
didates. However, these are as of yet less well described
than the proteolytic PTMs and we have thus prioritized them
accordingly. We have listed what we consider the most
likely parent protein and PTM candidates in Table 3 in the
top row and left columns, respectively.

2 Conclusion

Muscle tissue seems to display properties that would allow for
finding serological biomarkers as a byproduct of changes in
muscle quantity and quality, i.e., high abundance, proteome
homogeneity and specificity, high resting state turnover, and
huge turnover in muscle loss conditions.

We fully acknowledge that there are as of yet no fully
developed serological muscle loss biomarkers, but we be-
lieve that the success of neoepitope biomarkers in other
connective tissue pathologies is both promising in terms of
the potential of this technology in muscle loss and have
shown the methodological framework with which to ap-
proach the scientific hunt for these markers. Indeed, the
work done on the neurotrypsin-cleaved agrin fragment is
showing that this is a route that the biomarker science
community is showing interest.

We therefore propose that further developing immuno-
sorbent assays targeted at peptides from high-abundance
muscle proteins, like costameric or sarcomeric protein
with PTMs associated with muscle loss, like calpain,
caspase, cathepsin, or MMP cleavage, is a viable route
to take in order to discover novel serological muscle loss
biomarkers.
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