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Abstract

Background Ageing and cachexia cause a loss of muscle mass over time, indicating that protein breakdown exceeds
protein synthesis. Deuterium oxide (D2O) is used for studies of protein turnover because of the advantages of
long-term labelling, but these methods introduce considerations that have been largely overlooked when studying
conditions of protein gain or loss. The purpose of this study was to demonstrate the importance of accounting for a
change in protein mass, a non-steady state, during D2O labelling studies while also exploring the contribution of
protein synthesis and breakdown to denervation-induced muscle atrophy.
Methods Adult (6 months) male C57BL/6 mice (n = 14) were labelled with D2O for a total of 7 days following
unilateral sciatic nerve transection to induce denervation of hindlimb muscles. The contralateral sham limb and
nonsurgical mice (n = 5) were used as two different controls to account for potential crossover effects of denervation.
We calculated gastrocnemius myofibrillar and collagen protein synthesis and breakdown assuming steady-state or
using non-steady-state modelling. We measured RNA synthesis rates to further understand ribosomal turnover during
atrophy.
Results Gastrocnemius mass was less in denervated muscle (137 ± 9 mg) compared with sham (174 ± 15 mg;
P < 0.0001) or nonsurgical control (162 ± 5 mg; P < 0.0001). With steady-state calculations, fractional synthesis
and breakdown rates (FSR and FBR) were lower in the denervated muscle (1.49 ± 0.06%/day) compared with sham
(1.81 ± 0.09%/day; P < 0.0001) or nonsurgical control (2.27 ± 0.04%/day; P < 0.0001). When adjusting for change
in protein mass, FSR was 4.21 ± 0.19%/day in denervated limb, whereas FBR was 4.09 ± 0.22%/day. When consid-
ering change in protein mass (ksyn), myofibrillar synthesis was lower in denervated limb (2.44 ± 0.14 mg/day)
compared with sham (3.43 ± 0.22 mg/day; P < 0.0001) and non-surgical control (3.74 ± 0.12 mg/day;
P < 0.0001), whereas rate of protein breakdown (kdeg, 1/t) was greater in denervated limb (0.050 ± 0.003) compared
with sham (0.019 ± 0.001; P < 0.0001) and nonsurgical control (0.023 ± 0.000; P < 0.0001). Muscle collagen
breakdown was completely inhibited during denervation. There was a strong correlation (r= 0.83, P< 0.001) between
RNA and myofibrillar protein synthesis in sham but not denervated muscle.
Conclusions We show conflicting results between steady- and non-steady-state calculations on myofibrillar protein
synthesis and breakdown during periods of muscle loss. We also found that collagen accumulation was largely from
a decrease in collagen breakdown. Comparison between sham and non-surgical control demonstrated a crossover effect
of denervation on myofibrillar protein synthesis and ribosomal biogenesis, which impacts study design for unilateral
atrophy studies. These considerations are important because not accounting for them can mislead therapeutic attempts
to maintain muscle mass.
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Introduction

Protein mass is maintained through the balance between
protein synthesis and degradation. Because of technical chal-
lenges associated with measurement of protein breakdown,
most of what we understand about protein turnover has
come from measurements of protein synthesis. There is in-
creasing use of deuterium oxide (D2O) labelling to measure
protein synthesis because of several advantages it has over
labelled amino acids.1 An advantage of D2O is that it can be
provided orally to maintain a steady-state body water enrich-
ment, which facilitates long-term labelling over days and
weeks. This long-term labelling helps to capture slowly syn-
thesizing proteins such as myofibrillar and extracellular ma-
trix (ECM) proteins. However, labelling over extended time
periods (e.g. days to weeks) creates methodological chal-
lenges that are usually negligible when performing
short-term labelling.

An assumption for isotope studies is that the size of the pro-
tein pool of interest is constant over the experimental period.2

However, when performing measurements over days to
weeks, there are many conditions, such as disuse atrophy,
where the protein product pool is not constant over time.
Most published studies using D2O do not account for this lack
of steady state. In such cases, not accounting for a changing
product pool size can substantially alter synthesis rate calcula-
tions. Because of this concern, we developed amodel3,4 that is
similar to others5,6 to account for changes in protein product
pool size during non-steady conditions. An additional benefit
of this strategy is that rates of protein breakdown can be calcu-
lated to understand individual contributions of changes in syn-
thesis and degradation during gain or loss of mass.

Non-steady-state model calculations are critical for various
conditions such as ageing, disuse and systemic diseases that
lead to loss of muscle mass. Loss of muscle mass and function
significantly reduces quality of life and contributes to in-
creased morbidity and all-cause mortality in older people
with or without chronic diseases.7 Among numerous mecha-
nisms implicated in age-related muscle atrophy, loss of inner-
vation is one of the most important factors responsible for
muscle wasting during disuse, ageing or neurodegenerative
diseases.8 One model used for disuse atrophy and muscle loss
is denervation by sciatic nerve transection. This model in-
duces an expeditious loss of muscle mass and has been used
to study mechanisms of innervation on muscle atrophy and
mass changes.9,10

Short-term flooding dose radioisotope studies by
Goldspink showed both increased and decreased synthesis

and degradation rates in atrophied muscle that changed at
different timepoints after denervation surgery.11,12 However,
short-term (minutes to hours) labelling can bias tissue results
to proteins that are most abundant or have the fastest syn-
thesis rates.4 In addition, they capture a rather short snap-
shot in time where synthesis rates are influenced by
physiological conditions at that exact time. As discussed,
D2O facilitates measurement of cumulative responses over
an extended period. In a recent investigation, Langer et al.
conducted D2O labelling from 14 to 28 days after nerve dam-
age to study effects of denervation-induced muscle loss on
myofibrillar protein synthesis.13 Four weeks after surgery,
tibialis anterior (TA) muscle mass decreased 66% in the de-
nervated limb vs. sham control. The authors used a
steady-state model to conclude that myofibrillar protein syn-
thesis was increased in the denervated TA muscle; however,
the magnitude of change in protein synthesis calculations di-
rectly depends on protein pool size. If, as expected, some loss
of protein mass occurred during the labelling period at 14–
28 days after nerve damage, the myofibrillar protein synthe-
sis rates are likely different from what were reported.

Like others, the study of Langer et al.13 used the contralat-
eral limb, which remained innervated, as the control muscle.
However, there is a growing evidence for a so-called crossover
effect in contralateral limbs in models of muscle loss and gain.
For example, Liu and Thomson14 reported a significant in-
crease of proteasome activities in contralateral-innervated
muscles after 7 and 14 days of nerve transection as compared
with muscles from non-surgical mice. In addition, studies
using a massage mimetic after disuse atrophy show an in-
creased muscle regrowth in the non-massaged contralateral
limb.3 Therefore, in the current study, we tested for differ-
ences between the contralateral sham-operated limb and a
non-surgical control limb.

The purposes of this study were to (1) determine contribu-
tions of myofibrillar and collagen protein synthesis and pro-
tein breakdown to denervation-induced muscle atrophy
using mathematical models that account for changes in the
protein pool size over time and (2) investigate the ‘crossover
effect’ by including a comparison of contralateral-innervated
muscles to muscles from a non-surgical control. To address
these goals, we used long-term D2O labelling during a period
of atrophy from sciatic nerve transection. In addition to pro-
tein turnover, we included measurements of ribosomal bio-
genesis to add insight to the pathophysiology of
denervation atrophy. We hypothesized that synthesis and
degradation rates would quantitatively and qualitatively
change depending if change in protein mass is accounted
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for and that there would be a crossover effect of denervation
to sham control muscles.

Methods

Animals

All experiments were conducted following a protocol ap-
proved by the Oklahoma Medical Research Foundation’s
(OMRF) Institutional Animal Care and Use Committee prior
to any animal work. Six-month-old male C57BL/6J mice
(Jackson Laboratories) were group housed in the
AAALAC-accredited OMRF vivarium on a 14:10 h light/dark cy-
cle with ad libitum access to water and food (n = 14 for dener-
vation and n = 5 for non-surgical control).

Experimental model

Sciatic nerve transection was performed on experimental
mice as previously described.9 Animals were anaesthetized
using constant-flow isoflurane inhalation anaesthesia. In each
hindlimb (at the femur), a small incision was made, and sci-
atic nerves were isolated. In left legs, sciatic nerves were sev-
ered, and a 5-mm section of the sciatic nerve was removed.
Nerve ends were folded back and closed with reabsorbable
sutures to prevent nerve regrowth. Sham surgery was per-
formed on contralateral right limbs, which served as the
intra-animal control. Additionally, non-surgical age and
weight-matched controls were added to investigate potential
crossover effects. After 7 days of D2O labelling (described be-
low), gastrocnemius muscles from both limbs were quickly

removed, trimmed of excess fat and connective tissues,
weighed and flash-frozen in liquid nitrogen.

Deuterium oxide labelling protocol

Mice were labelled as previously described.3,15 Briefly, to
initiate labelling during denervation surgery, mice were
administered a bolus dose of isotonic deuterium oxide
(Sigma-Aldrich, D2O, 99%) equivalent to 5% of the body water
pool. For the remainder of the 7-day labelling period, mice
were allowed free access to drinking water enriched 8% with
D2O. At the end of 7 days, mice were euthanized, and tissue
was collected (Figure 1A). Principles of D2O labelling are
presented on Figure 1B.

Protein turnover determination

For analysis of protein turnover, tissues were fractionated ac-
cording to our previously published procedures, including col-
lagen and RNA.3,16 After homogenization, subcellular
fractions were isolated via differential centrifugation as previ-
ously described.3,16 Proteins were hydrolysed, and the
pentafluorobenzyl-N,N-di (pentafluorobenzyl) derivative of
alanine was analysed on an Agilent 7890A GC (Agilent, Santa
Clara, USA) coupled to an Agilent 5975C MS (Agilent, Santa
Clara, USA).3,16

Ribosomal biogenesis and cell proliferation
determination

For analysis of ribosomal biogenesis, total RNA isolation was
performed according to our previously published

Figure 1 Schematic representation of the study protocol (A). Schematic principles of D2O labelling (B).
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procedures15,16 using 10–15 mg of skeletal muscle and TRIzol
(Thermo Fisher, Rockford, IL, USA). The upper aqueous layer
was isolated for RNA, whereas the bottom TRIzol phase was
used to isolate proteins for the hydroxyproline assay. Total
DNA was isolated using AllPrep DNA/RNA Micro Kit (Qiagen,
Germany) on 5 mg of skeletal muscle. RNA and DNA concen-
trations were determined using a NanoDrop (Thermo Fisher
Scientific). Isolated RNA and DNA were hydrolysed,
derivatized and analysed on an Agilent 7890A GC coupled
to an Agilent 5975C MS according to our previously published
methods,3,16 with subsequent analysis using ChemStation
software. All analyses were corrected for abundance with
an unenriched pentafluorobenzyl triacetyl purine ribose/de-
oxyribose derivative standard.

Body water determination

To determine body water enrichment, 120 μL of plasma was
placed in the inner well of an O-ring cap of inverted
screw-capped tubes and placed in a heat block for overnight
distillation at 80°C. Distilled samples were diluted 1:300 in
ddH2O and analysed on a liquid water isotope analyser (Los
Gatos Research, Los Gatos, CA, USA) against a standard curve
prepared with samples containing different concentrations of
D2O.

16

Collagen content

After TRIzol extraction, we precipitated the protein fraction
and centrifuged. Protein pellets were washed three times
with 0.3 M guanidine-HCl in 95% ethanol and once in 100%
ethanol. Pellets were dried and then solubilized in NaOH with
heat. Protein was hydrolysed by incubation for 24 h at 110°C
in 6 N HCl. Chloramine-T and Ehrlich’s reagent were added to
form a chromophore that was measured at 558 nm.17 Colla-
gen content was also measured as a fraction of total muscle
area using picrosirius red staining, as described previously.18

These analyses were performed on gastrocnemius muscle
cross-sections of 10 μm that were cut midbelly using a cryo-
stat at �20°C (Thermo Fisher). Whole stained cross sections
were imaged at 10× magnification using bright field and light
on a confocal microscope (Zeiss LSM 710) using the tiling
function (Zeiss Zen Blue software, OMRF Imaging Core). To
evaluate collagen content, ImageJ software was used to de-
termine the percent area of red staining (collagen) relative
to whole muscle cross section of bright-field images.

Calculations

For steady-state calculations, the newly synthesized fraction
(f) of proteins was calculated from enrichment of alanine
bound in muscle proteins over the entire labelling period,

divided by the true precursor enrichment (p), using plasma
D2O enrichment with mass isotopomer distribution analysis
(MIDA) adjustment. For non-steady-state calculations, we
used calculations derived in our previously published
papers.3,4 The mass of protein at time t, P(t), obeys the differ-
ential equation:

dP
dt

¼ ksyn � kdegP tð Þ
where ksyn is synthesis rate, with dimensions of mass over
time, and kdeg is degradation constant, with dimensions of in-
verse time. Because dP/dt has dimensions of mass/time, ksyn
and kdeg P must also have dimensions of mass/time. Because
P has dimensions of mass, this means that kdeg must have di-
mensions of inverse time. The solution to this differential
equation gives an expression for total mass as:

P tð Þ ¼ P0e�kdegt þ Peq 1 � e�kdegt
� �

:

In this expression, P0 = P(0) is initial mass and Peq is equilib-
rium mass. We used the sham gastrocnemius mass and hy-
droxyproline concentration to calculate the change in
myofibrillar and collagen protein mass, respectively. From
equations derived in Miller et al.,3,4 we have the following ex-
pressions: Peq is equal to the ratio of ksyn to kdeg, so that

ksyn ¼ kdegPeq

The degradation constant in terms of precursor enrich-
ment E* and enrichment E(t) of the mass at time t is

kdeg ¼ �1
t
ln 1 � E tð Þ

E�

� �
P tð Þ
P0

� �

This fractional breakdown rate is defined to be

FBR ¼ kdeg 100ð Þ

The fractional synthesis rate is

FSR ¼ 100
t

1
P0

P0 � P tð Þ 1 � E tð Þ
E�

� �� �

Denervation did not result in significant change of total
DNA or RNA content in gastrocnemius, and therefore, we
used standard RNA FSR calculations as previously
published15,16 with MIDA adjustment of the equilibration of
the enrichment of the body water pool with purine ribose.

Statistical analyses

We used GraphPad Prism Version 8.3.0 (GraphPad Software,
San Diego, California USA). The Kolmogorov–Smirnov test
was used to verify the normality of the distribution of contin-
uous variables. Two-group comparisons were conducted
using paired t-test (two-tailed). Outliers in collagen synthesis
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and degradation rates were removed from the analyses using
ROUT method with Q = 1%. The cause of the outlier values
were erroneous hydroxyproline results from performing the
assay on a low amount of remaining tissue. Pearson’s corre-
lation coefficient (r) was calculated between the RNA fraction
new and protein synthesis and degradation rates (ksyn and
kdeg). All values were reported as mean ± standard error
of the mean (SEM), and statistical significance was set at
P < 0.05.

Results

Muscle denervation changes protein synthesis and
degradation

Because the sham leg showed differences from a non-surgical
control (Figure S1), we compared denervation limb data
separately to both sham leg and non-surgical control leg data.
Seven days after sciatic nerve transection, gastrocnemius
muscle mass was approximately 20% lower when compared
with sham limb (Figure 2A) and 16% lower when compared
with non-surgical control (Figure 2D). When using
steady-state FSR calculations in denervated muscle, there
was a 24% lower protein synthesis compared with sham and
34% less when compared with non-surgical control (Figure
2B and 2E). Because steady-state calculations assume that syn-
thesis equals breakdown, the breakdown rates were different
from sham and non-surgical control by the same amount
(Figure 2C and 2F). As muscle mass is determined mostly by

myofibrillar proteins, we used the non-steady-state model to
calculate changes in myofibrillar turnover. FSR based on a
non-steady-state adjustment was twofold higher when
compared with both sham and non-surgical control (Figure
2B and 2E). FBR based on non-steady-state adjustment model
was 2.6-fold and 1.8-fold higher protein breakdown as
compared with sham and non-surgical control, respectively
(Figure 2C and 2F). Finally, calculation of ksyn in the denervated
leg showed an almost ~25% lower myofibrillar protein synthe-
sis rate (Figure 2B) and a 2.5-fold greater myofibrillar protein
degradation rate as compared with sham (Figure 2C). When
compared with nonsurgical control, loss of muscle mass was
caused by both 35% lower synthesis rate ksyn (Figure 2E) and
almost twofold greater kdeg (Figure 2F) ofmyofibrillar proteins.

Collagen accumulation in denervated muscle is from
inhibition of collagen degradation.

Both picrosirius red staining (Figure 3A–C) and hydroxypro-
line assay results (Figure 3D) showed a significantly higher
collagen content in denervated gastrocnemius muscle as
compared with sham, indicating a non-steady state in
collagen protein pool. When calculated with standard
steady-state FSR calculations, collagen synthesis was
slightly lower in denervated limb as compared with sham
(Figure 3E). When non-steady-state model was applied to
calculate Ksyn and Kdeg, we found slightly decreased synthesis
rate (Figure 3F) accompanied by completely inhibited
degradation (Figure 3G) as compared with sham. When
compared with non-surgical control, the collagen content in
denervated muscle was also greater (Figure 3H). Although
no significant differences were observed in collagen
FSR (Figure 3I) and synthesis rate (Figure 3J), collagen

Figure 2 Effects of sciatic nerve dissection on myofibrillar protein turnover in gastrocnemius muscle as compared with two types of control: sham leg
in unilateral model of denervation (A–C) and non-surgical control (D,E). Gastrocnemius muscle weight (A,D). Myofibrillar protein synthesis (B,E) and
degradation (C,F) calculated with three different approaches: steady-state FSR, non-steady-state adjustment and absolute mass. FSR, fractional synthe-
sis rate; FBR, fractional breakdown rate; ksyn, synthesis rate; kdeg, degradation rate; MYO, myofibrillar fraction.
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degradation was also completely inhibited in denervated gas-
trocnemius (Figure 3K).

Changes in ribosomal biogenesis accompany
denervation atrophy

There were no significant differences in RNA content
(Figure 4A) or RNA synthesis rate (Figure 4B) between sham
and denervated gastrocnemius, suggesting no change in ribo-
somal biogenesis. There was a strong correlation between
RNA synthesis rate and myofibrillar protein synthesis in mus-
cle from the sham limb (Figure 4E and 4G) but not in dener-
vated muscle (Figure 4F and 4H). When compared with
non-surgical control muscle, there was no difference in RNA
content (Figure 4C), but ribosomal biogenesis was greater in
denervated muscle (Figure 4D). This difference in RNA

synthesis comparing denervated muscle with sham vs.
non-surgical control muscle is due to a greater rate of RNA
synthesis of the sham vs. non-surgical control muscle. Thus,
these data suggest that sham muscle might undergo compen-
satory changes and not be a true control for denervated
muscle obtained from the contralateral limb.

No significant differences in DNA content were observed
between denervated and sham gastrocnemius (Figure S2A),
indicating steady state in the DNA pool. However, there was
a fourfold higher DNA synthesis in denervated muscle (Figure
S2B). Surprisingly as compared with non-surgical control,
DNA content was significantly higher in denervated muscle
(Figure S2B), which justified the non-steady-state approach.
The increase of DNA turnover was caused by both greater
synthesis rate (Figure S2E) and lower degradation (Figure
S2F). Steady-state FSR model calculations also showed
increased DNA synthesis (Figure S2C).

Figure 3 Effects of sciatic nerve dissection on collagen protein turnover in gastrocnemius muscle as compared with two types of control: sham leg in
unilateral model of denervation (A–G) and non-surgical control (H–K). Collagen accumulation in denervated muscle showed with picrosirius red stain-
ing (A–C). Collagen content in muscle measured by hydroxyproline assay (D,H). Collagen turnover calculated by steady-state FSR (E,I) and non-steady-
state (F,G,J,K) approaches. FSR, fractional synthesis rate; ksyn, synthesis rate; kdeg, Degradation rate; COL, collagen fraction.
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Discussion

The primary goal of this study was to demonstrate the impor-
tance of accounting for changes in protein pool size when
performing long-term isotope labelling during conditions
when total protein mass changes. We used denervation-

induced muscle atrophy because of its reproducible loss of
muscle protein mass and to compare our outcomes with
others in the literature. Using D2O labelling and non-steady-
state modelling, we showed that compared with control,
there was greater myofibrillar protein breakdown with mus-
cle denervation, but the interpretation of the change in

Figure 4 Effects of sciatic nerve dissection on ribosomal biogenesis in gastrocnemius muscle as compared with two types of control: sham leg in uni-
lateral model of denervation (A,B) and non-surgical control (C,D). RNA content (A,C) and synthesis (B,D) in gastrocnemius muscle. Correlation between
RNA FSR and MYO synthesis rate and non-steady-state adjustment FSR in sham (E,G) and denervated (F,H) muscle. FSR, fractional synthesis rate; ksyn,
synthesis rate, MYO, myofibrillar fraction.
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protein synthesis depended on whether protein was consid-
ered as a fraction (FSR) or as an absolute quantity (Ksyn). Fur-
thermore, in denervated muscle, collagen degradation was
absent (or not measurable) without a change in collagen syn-
thesis, which resulted in greater collagen content.
Overlooking the non-steady-state condition would have led
to the conclusion that collagen synthesis was higher in the
denervated limb compared with control. Finally, we showed
that there were differences in myofibrillar protein synthesis
and ribosomal biogenesis when the sham operated leg was
used compared with a separate non-operated control, which
argues for the use of an appropriate control in studies of
muscle atrophy.

The importance of steady or non-steady-state
considerations

A fundamental assumption of isotope studies is that the size
of the protein pool does not change during the labelling
period.2 This assumption is not true when the size of the
muscle changes, for example, atrophy or hypertrophy, during
the period of labelling. Although a change in protein mass is
not a concern with short-term (e.g. minutes to hours) label-
ling studies, it is an important consideration in studies using
long-term labelling (e.g. days to weeks) afforded by D2O la-
belling. Unfortunately, to date, this important consideration
has largely been overlooked.

Skeletal muscle atrophy is a physiological non-steady state
caused by an imbalance in myofibrillar protein turnover,
namely, when protein degradation is higher than synthesis.
In the present study, the protein pool size was assumed to
be proportional to muscle mass, which changed significantly
(~20% lower in denervated muscle) during the 7-day labelling
period. This change in mass is in agreement with other stud-
ies using this model.9 Not accounting for this change in pro-
tein pool size has a mathematical consequence when
calculating FSR, which we have previously discussed,4 and is
illustrated in Figure 5. To explain, FSR is calculated assuming
that the initial total mass remains constant and that synthesis
is a zero-order function where the mass of enriched protein
over time does not depend on the initial mass. However, dur-
ing a period of atrophy, the eventual equilibrium mass is less
than the initial mass; thus, the calculation of FSR (the fraction
of total protein mass that is new) will therefore be smaller
than if one corrected for change in mass. The result is that
if the non-steady state is not accounted for, a calculation of
FSR during muscle loss or muscle gain will be under- or
overestimated, respectively.

Traditional measurements of FSR are reported as %/hr or
%/day as there is a fraction of the protein pool that is new
over a period of time. However, during a period where there
is a change in protein mass, the fraction of protein new is not
necessarily reflective of differences in the absolute amount of

protein being made. As an example, 10% new of 100 proteins
(i.e. 10 proteins) is far less protein in an absolute sense than
10% new of 500 proteins (i.e. 50 proteins). For some

Figure 5 Implications of not accounting for change of mass on calculated
protein FSR. If it is assumed that the mass of enriched protein is zero, M
(0) = 0, Ksyn and Kdeg determine the change in the mass of enriched pro-
tein over time. Further, the total (enriched and unenriched) protein mass,
P(t), is determined by Ksyn and Kdeg along with the initial protein mass
P(0) and eventually reaches an equilibrium mass (P*). Importantly, the to-
tal enriched protein mass at a given time, M(t), is independent of the ini-
tial total protein mass, P(0). Therefore, to calculate the fraction new that
is independent of P(0), the difference in protein mass, P(t), from P*, must
be accounted for. (A) Protein mass is in a steady state. (B) Protein mass is
decreasing, as during denervation. (C) Protein mass is increasing as dur-
ing hypertrophy.
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comparisons, the fraction of the protein pool that is turning
over is the important factor. However, when protein mass is
changing, this fraction is less informative. As illustrated in Fig-
ure 2, the FSR calculated with non-steady-state equations is
greater in the denervated leg compared with control, but this
fraction is of a lower total protein mass. When we calculated
ksyn, which provides units of mg/day, the total amount of pro-
tein synthesized in the denervated muscle is actually less
than the control. The same is not true for breakdown rates
where FSR and kdeg both indicate greater rates in the dener-
vated leg compared with control. Therefore, the conclusion
of whether denervation increases or decreases protein syn-
thesis depends if one considers the fraction of the pool or
the total amount of protein.

The previously mentioned study of Langer et al.13 showed
an increase of myofibrillar protein synthesis in denervated TA
muscle. The methods presented in the study calculated FSR
assuming steady-state conditions, which implies that protein
synthesis equals breakdown. However, one of the main con-
clusions of the paper was that protein breakdown must have
been higher than protein synthesis to cause the muscle loss.
Therefore, it was recognized that there was not a steady
state, but the calculations did not account for it. The isotopic
labelling in the aforementioned study started 14 days after
denervation and concluded 14 days later. Although it is possi-
ble that the muscle mass was in a steady state during the fi-
nal 14 days, other studies have indicated that there is still a
significant (~40%) loss of myofibrillar protein during this pe-
riod of time.19 It is therefore likely that FSR reported in the
study is not indicative of the actual response to unloading.
Further, as we demonstrate, the absolute quantity of protein
synthesized was likely less, but could not be determined
when steady state is assumed.

There are practical consequences of not understanding the
true impact of protein synthesis vs. protein breakdown when
designing therapeutic approaches. Currently, there are sev-
eral potential targets for the treatment of muscle loss that in-
clude stimulating protein synthesis (e.g. mammalian target of
rapamycin activators or growth factors) or inhibit protein
degradation (e.g. myostatin/activin A antagonists).20 In the
present study, we showed that both lowered protein synthe-
sis and higher protein breakdown are contributors to the loss
of muscle mass in a denervation model of atrophy. These
findings are in contrast to the study of Langer et al.13 that
concluded that the loss must be due solely to a large increase
in protein breakdown. Therefore, the recommended thera-
peutic approach would differ whether the non-steady state
is accounted for or not.

Collagen turnover in denervation atrophy

Long-term D2O labelling studies are well suited for the mea-
surement of slowly synthesizing proteins, such as collagen—

the main component of muscle ECM proteins. ECM plays a
crucial role in muscle fibre force transmission, maintenance
and repair.21 Besides the loss of muscle mass, collagen accu-
mulation and remodelling have been implicated as patholog-
ical features responsible for loss of muscle function in
different atrophying conditions.22,23 In particular, disuse and
muscle ageing are associated with fibrotic collagen ECM de-
position that is often unresolvable and may further stiffen
muscle ECM or even promote satellite cell fibrogenic
conversion.23,24 Therefore, maintained collagen turnover is
essential to maintain proper muscle function. Studies mea-
suring collagen mRNA levels in young and old mice suggest
that the age-related accumulation of collagen is not a result
of increased synthesis; rather, it is more likely due to im-
paired degradation caused by increased crosslinking of the
collagen molecules with age.25 However, assessing the colla-
gen turnover by measuring mRNA levels may be limited be-
cause of comprehensive post-transcriptional mechanisms
involved in collagen synthesis.26,27 Although short-term
amino-acid labelling studies showed some adaptive changes
in collagen synthesis,28,29 these labelling approaches biased
results to rapidly turning over proteins, which underestimate
important changes that accumulate over time.4

The present study showed a significant deposition of colla-
gen at 7 days after sciatic nerve dissection, which agrees with
studies that showed accumulation at 2 weeks after
denervation.30,31 Using our D2O labelling, we were able to
confirm that the accumulation of collagen in this model of
disuse atrophy is not caused by increased collagen synthesis,
but rather a complete inhibition of collagen breakdown. In
the context of evidence that restoring muscle mass might
not be enough to maintain muscle function,32 our findings in-
dicate that inhibiting collagen degradation may be important
target to maintain muscle quality after disuse.

Ribosomal biogenesis in denervation

The decline in translational efficiency and capacity caused by
a period of muscle disuse may be a therapeutic target to re-
gain muscle in the period after disuse.33 Changes in ribo-
somal synthesis (ribosomal biogenesis) have been shown
to correlate with changes in muscle protein synthesis during
loading.15,16,34 In recent studies, we have shown that atro-
phy caused by disuse is associated with decreases in myofi-
brillar protein synthesis, increases in myofibrillar protein
degradation and dramatically upregulated ribosomal degra-
dation without changes to ribosome biogenesis.16,33 In the
current investigation, we observe that a correlation between
ribosome biogenesis and myofibrillar protein synthesis exists
in the sham limb (during normal loading conditions), but not
in the denervated limb. Interestingly, this finding of corre-
lated ribosomal biogenesis and protein synthesis during
loading, but not unloading confirmed our previous finding
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in rats when looking at a period of hindlimb unloading vs.
reloading. These repeated results lead us to believe that ri-
bosomal biogenesis is an important component of normal
loading and the gain of protein mass, but this relationship
falls apart during disuse because of increases in ribosomal
breakdown.

The importance of appropriate control in unilateral
models

Unilateral models of denervation are widely used for studies
investigating the pathophysiology of muscle atrophy. How-
ever, there is a growing evidence for crossover effects of exer-
cise, electrical stimulation, inflammation and injury in
contralateral muscle.14,35,36 Although many previous studies
have shown denervation-induced alterations in proteostatic
properties, most of them were using contralateral-innervated
muscle of a mouse with a nerve transection as experimental
control.37,38 Recently, Liu and Thomson14 showed that
proteasomal activity and content are significantly increased
in contralateral-innervated muscles after 7 and 14 days of
nerve transection as compared with muscles from
non-surgical mice. Moreover, when the non-surgical mice
were used as the experimental control, the robust increase
in proteasome properties that were found in denervated mus-
cles were not observed when the contralateral-innervated
muscle was used as a control. In the context of protein turn-
over, we recently extended these findings of a crossover effect
when we showed increased myofibrillar protein synthesis in
contralateral muscle of animals that were exposed to massage
mimetic after disuse atrophy.3 Therefore, the use of an appro-
priate control is important for understanding the impact of
disuse.

In the present study, we performed a direct comparison
between the sham-denervated limb and a non-surgical con-
trol (Figure S1) and found some differences. Because of these
differences, we calculated our outcomes using both controls
as comparators to the denervated limb. When comparisons
were made between the two types of controls and the dener-
vated limb, there were different effects of denervation noted
for collagen protein synthesis and ribosomal biogenesis. The
current and previous data14 suggest that the crossover effect
on contralateral muscles should be considered when the
control is selected for unilateral model atrophy study. Using
non-surgical control allows to determine both effect of
intervention and crossover effect on the contralateral limb.

Study limitations and conclusions

This study has some limitations. First, the labelling period of
7 days after denervation surgery shows only the early effects
of denervation, although this is a period where we expect

rapid changes. Second, changes in myofibrillar protein con-
tent were determined by changes in muscle weight rather
than a direct measure of total protein content. There are
two justifications for this approach. First, it is estimated that
70% of muscle protein is myofibrillar, and changes in myofi-
brillar proteins are largely responsible for changes in mass.39

Second, a determination of protein concentration would
need to be multiplied by muscle mass to get total protein
mass, so any change in protein content would largely be
driven by change in total mass. Third, the calculation of
change in protein mass can be performed using mass per
mass of tissue, or total mass. It is our contention that either
approach can be appropriate based on the question of inter-
est. Finally, our calculations rely on the change in protein
mass. Therefore, the robustness of the calculation is limited
by the ability to measure the changes in protein mass. During
periods of very slow gain or loss, such that occurs over
months to years, these changes would not be detectable,
and steady state could be assumed. However, technologies
such as quantitative proteomics should increase resolution
to the level of individual proteins so more subtle changes
can be assessed.

Collectively, our data demonstrate that when using
long-term labelling approaches, like those afforded by D2O,
to measure protein turnover during a period when protein
mass changes, it is critical to account for the changes in pro-
tein mass. Further, these assessments also require the appro-
priate controls. Using a denervation model of disuse, several
protein fractions and a non-surgical control, we demon-
strated that not accounting for the changes in protein mass
in tracer calculations can impact the qualitative and quantita-
tive assessments of the causes of the changes in protein
mass. Most importantly, these differences could mislead ther-
apeutic attempts to preserve or increase muscle mass. Al-
though we demonstrated the important implication of
these changes during a period of muscle loss, the same prin-
ciples apply to periods of muscle gain and to different protein
pools.
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Figure S1. Comparison between sham leg in unilateral model
of denervation and nonsurgical control. Gastrocnemius mus-
cle mass (A) and myofibrillar protein fractional synthesis rate
(B). Collagen (C), RNA (E) and DNA (G) content with corre-
sponding fractional synthesis rates (D, F, H). MYO –

myofibrillar fraction; COL – collagen fraction; FSR- fractional
synthesis rate
Figure S2. Effects of sciatic nerve dissection on cell prolifera-
tion in gastrocnemius muscle as compared with two types of
control: sham leg in unilateral model of denervation (A-B)
and nonsurgical control (C-D). DNA content (A, C), synthesis
(B, D-E) and degradation (F) in gastrocnemius muscle.
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