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Abstract

Age-related deterioration in turnover of collagen proteins accelerates extracellular matrix fibrosis and hinders adaptation
to external stimuli. This project sought to understand factors that increase skeletal muscle fibrosis with age by studying
what we term the dynamic protein pool. We hypothesized that the dynamic protein pool size of muscle collagen decreases
with age, thus indicating a decrease in proteostatic maintenance (ie, ability to maintain proteostasis), and that failure to
account for these changes impacts the interpretation of tracer-measured synthesis rates. We used deuterium oxide (D2O)
labeling for up to 60 days in adult (6 months) and old (23 months) mice. The dynamic protein pool in adult skeletal muscle
was 65% in tibialis anterior (TA), but only 28% in gastrocnemius (Gastroc). In aged muscle, the dynamic protein pool was
further decreased to only 35% and 14% for TA and Gastroc, respectively. We showed that this loss in dynamic pool size was
associated with increases in markers of fibrosis and decreased proteostatic maintenance. We demonstrate that aged
muscle has higher rates of collagen protein synthesis and lower rates of collagen protein breakdown, which causes collagen
accumulation. We further demonstrated that the normal assumption of complete protein renewal and the standard
practice of taking a single sample with isotope labeling have profound impacts on interpretation of the genesis of fibrosis.
Strategies to maintain muscle function with aging should focus on the dynamic protein pool with attention to
methodological strategies to assess those changes.
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Introduction

The loss of muscle mass only partially explains the loss of mus-
cle function during aging.1 Therefore, there is an increased focus
on factors outside myofiber size that lead to the loss of muscle
function with age. One such factor is skeletal muscle extracel-
lular matrix (ECM). Once thought of being a rather inert tissue
component, it is now accepted that ECM is dynamic, responsive
to environmental queues, and responsible for coordinating tis-
sue responses.2 ECM has important roles in maintaining mus-
cle structure,3 mechanotransduction,4 and other forms of sig-
naling.5,6 There remains a need to explore changes in skeletal
muscle ECM with age to understand age-related decline in mus-
cle function.

Fibrosis refers to the overgrowth and hardening of tissue that
results from excess deposition of ECM components, including
collagen.7 Because enzymatic repair of protein is low,8 protein
turnover is required to reduce the accumulation of protein mod-
ifications, such as advanced glycation end products (AGEs), that
lead to cross bridging and fibrotic accumulation.9 Although a
stable protein structure is advantageous for some aspects of col-
lagen within ECM (eg, the deep zones of cartilage), a progressive
decline in collagen protein turnover would hinder adaptation to
outside stimuli. Recent studies indicate that increased ECM stiff-
ness with age causes physical and secretory alterations in res-
ident fibroblasts that enhance ECM deposition, further stiffen
muscle ECM, and promote the fibrogenic conversion of satel-
lite cells.6 Therefore, a loss of collagen turnover with aging is
expected to be an important contributor to fibrosis with aging.

Most studies that have examined age-related changes in
skeletal muscle collagen have done so by examining transcrip-
tional changes.10–17 However, changes in mRNA expression often
do not predict protein expression changes,18,19 which is espe-
cially true in collagen because of the extensive posttranscrip-
tional regulation during synthesis.2 Direct measurements of
skeletal muscle collagen protein synthesis have largely relied
on short-term amino acid labeling,20–26 and only a couple of
these have examined age-related changes.23,24 Although studies
using short-term labeling have highlighted that collagen adapts
to stimuli such as exercise and disuse, the labeling approach
biases results to proteins undergoing rapid turnover and misses
important changes in long-lived proteins.27 Therefore, the effect
of aging on skeletal muscle collagen turnover is still largely
unknown.

The use of the stable isotope deuterium oxide (D2O) has
facilitated the capture of slowly turning over proteins because
it lends itself to long-term (days to weeks) labeling.28 The

assumptions, limitations, and technical application of the
method have been detailed to ensure valid results.28 When cal-
culating synthesis rates from a single time point, standard tracer
methodology assumes that the product undergoes complete
renewal (ie, turnover).29 However, this assumption of complete
renewal may not be correct for some proteins, like collagen, that
can become resistant to turnover during aging.30 Not account-
ing for a potential change in the size of the protein pool that
is undergoing turnover, such as collagen that becomes resis-
tant to turnover, could impact the interpretation of the resul-
tant data.28,29 Since mass spectrometry analysis by itself cannot
determine which proteins are resistant to turnover, alternative
strategies are needed.

In addition to potentially impacting calculation of protein
synthesis rates, incomplete renewal is an important physiolog-
ical outcome. Maintaining the function of proteins over time
requires the coordination of multiple dynamic processes collec-
tively termed proteostatic maintenance.31 The decline of proteo-
static maintenance is characterized by increased protein aggre-
gation, resistance to turnover, and increased fibrosis, which
are prominent features of aging collagen. With aging, there is
a decline in the ability to maintain proteostasis.31,32 Since a
decline in turnover and increased aggregation are hallmarks of
the loss of proteostatic maintenance, we propose here that a
decline in the size of the pool of proteins that are actively turn-
ing over would indicate a decline in proteostatic maintenance.
Reciprocally, a treatment that prevents a decline or increases
the pool size of actively turning over proteins would indicate
improved proteostatic maintenance. In this manuscript, we
refer to the pool of proteins that actively turn over as the dynamic
protein pool, to distinguish it from the protein pool that is resis-
tant to turnover. We also propose that when studying protein
turnover as a mechanism to maintain proteostatic,33 the size of
the dynamic protein pool is just as important as the rate of pro-
tein turnover.

In this manuscript, we seek to understand contributing fac-
tors to increased skeletal muscle fibrosis with age by exam-
ining skeletal muscle collagen synthesis. We hypothesize that
the dynamic pool size of collagen proteins decreases with age,
thus indicating a decrease in proteostatic maintenance, and that
failure to account for these changes impacts the interpreta-
tion of tracer-measured synthesis rates. To address our hypoth-
esis, we present a tracer-based time-course approach that over-
comes limitations of single-duration labeling approaches for
assessment of collagen turnover by focusing on the dynamic
protein pool. We also demonstrate that not accounting for
changes in the dynamic protein pool can greatly impact the
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Figure 1. Overview of Experimental Design. Arrows indicate days when mice were euthanized. Dashed lines indicate the period of D2O labeling. All labeling periods
started with an i.p. injection of 99% D2O.

quantitative assessment of collagen protein turnover, and there-
fore potentially impact strategies to minimize the decline in pro-
teostatic maintenance and skeletal muscle fibrosis.

Materials and Methods

Ethical Approval

All animal procedures were conducted in accordance with insti-
tutional guidelines for the care and use of laboratory ani-
mals and were approved by the Institutional Animal Care and
Use Committee at the Oklahoma Medical Research Foundation
(OMRF). The study was conducted in adherence to the American
Physiological Society’s Guiding Principles for the Care and Use of
Vertebrate Animals in Research.

Study Design and Animal Experimentation

Female C57BL/6J mice (The Jackson Laboratory, Bar Harbor, ME,
USA) were housed in the vivarium at the OMRF under the care of
the Department of Comparative Medicine. Animals were group
housed (3–5 per cage) with ad libitum access to food and water in
a room on a 14:10 h light:dark cycle under constant temperature
and humidity control. Mice were randomly assigned to a D2O
labeling time point of 4, 15, 30, 45, or 60 days of D2O, such that
all adult (6 months) and old (23 months) animals were sacrificed
at the same age (Figure 1). All mice received an initial i.p. bolus
injection of 99% D2O equivalent to 5% of the body water pool
followed by 8% D2O-enriched drinking water for the remainder
of the experiment until their designated time point.

For tissue and blood collection, mice were anesthetized with
isoflurane followed by exsanguination through cardiac puncture
for euthanasia. Blood was collected and then centrifuged at 2000
g for 10 min at 4◦C. Plasma was then aliquoted and frozen at
−80◦C for further analyses. Gastrocnemius (Gastroc) and tibialis
anterior (TA) muscles from both hindlimbs were quickly har-
vested, trimmed of fat and connective tissues, and flash frozen
in liquid nitrogen.

Protein Synthesis Rate and Plateau Fraction New

Protein synthesis was determined using our established meth-
ods.28,34 Briefly, ∼30–50 mg of skeletal muscle tissue was homog-
enized 1:20 in isolation buffer (100 mm KCl, 40 mm Tris–HCl, 10
mm Tris Base, 5 mm MgCl2, 1 mm EDTA, 1 mm ATP, pH = 7.6)
with phosphatase and protease inhibitors (HALT, Thermo Fisher

Scientific) using a bead homogenizer (Next Advance Inc., Aver-
ill Park, NY, USA). After homogenization, subcellular fractions
were isolated via differential centrifugation to obtain myofibril-
lar and collagen protein fractions. Protein fractions were deriva-
tized for analysis of deuterium enrichment in alanine using Gas
Chromatography-Mass Spectroscopy (7890A GC-Agilent 5975C
MS, Agilent, Santa Clara, CA).35To determine the precursor
pool enrichment, plasma samples were prepared for analy-
sis of deuterium enrichment on a liquid water isotope ana-
lyzer (Los Gatos Research, Los Gatos, CA, USA) using 0%–12%
deuterium standards.36 The precursor enrichment of alanine
was then adjusted by mass isotopomer distribution analysis.37

The deuterium enrichments of both the protein (product) and
the precursor were used to calculate fraction new: Fraction
new = Eproduct/Eprecursor, where the Eproduct is the enrichment (E) of
protein-bound alanine and Eprecursor is the calculated maximum
alanine enrichment from equilibration of the body water pool.

For adult and old mice, the fraction new data were then plot-
ted across the time points and curves were fit to the data using
one-phase associations.38,39 Two parameters of interest were
then calculated from the curves using Graphpad Prism 9 and
the one-phase association function. The software calculates rate
parameter (k, 1/day), which reflects the protein synthetic rate,
and plateau fraction new (p), which represents the proportion
of the protein pool that is actively turning over (ie, the dynamic
protein pool), with 1.0 equal to 100% of the protein pool.38,39 We
constrained the plateau (p) to 1.0 when assuming the protein
pool fully renews, and ≤1.0 when not assuming full renewal. The
rate parameter (k) was therefore calculated as rise to these sep-
arate plateau values.

Pepsin Collagen Solubility and Hydroxyproline Assay

To quantify the proportion of mature cross-linked collagen from
noncross-linked and immature cross-linked collagen in Gastroc
muscles, we treated ∼30 mg of tissue with pepsin as previously
described with minor modifications.40 Samples were rinsed in
ice-cold phosphate buffered saline (PBS) using a microcentrifuge
tube rotator for 30 min at 4◦C. Samples were centrifuged at
16 000 g for 30 min at 4◦C and the resulting supernatant was
discarded. The resultant pellets were digested with 1 mg/mL
pepsin (AAJ6167903, Fisher Scientific) in 0.5 M acetic acid using
a tube rotator overnight at 4◦C. The next day, samples were cen-
trifuged at 16 000 g for 30 min at 4◦C to obtain a pepsin solu-
ble fraction (supernatant) and pepsin insoluble fraction (pellet).
To the pepsin soluble fraction, we added an equal volume of 4
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M NaCl, which was mixed on a tube rotator for 30 min at 4◦C.
The pepsin soluble fraction was centrifuged at 16 000 g for 30
min at 4◦C and the supernatant was discarded. The pepsin solu-
ble and pepsin insoluble fractions were hydrolyzed in 6 M HCl
overnight at 110◦C. The collagen concentration in the pepsin
soluble and pepsin insoluble fractions were determined using a
hydroxyproline assay exactly as described.40 Ten microliters of
hydrolyzed sample was mixed with 150 μL isopropanol and 75
μL of chloramine-T (EMD Millipore Sigma, St. Louis, MO) in cit-
rate buffer and oxidized for 10 min at room temperature. The
oxidized samples were then mixed with 1 mL of a 3:13 solu-
tion of Ehrlich reagent (3 g of p-dimethylaminobenzaldehyde
(Sigma-Aldrich, St. Louis, MO), 10 mL 100% ethanol, and 675 μL
sulfuric acid) to isopropanol and incubated for 45 min at 55◦C.
Quantification was then determined by measuring absorbance
at 558 nm on a 96-well plate reader in duplicate. Hydroxypro-
line concentration (μg/mg tissue) was then determined using a
standard curve of trans-4-hydroxy-l-proline (Sigma-Aldrich, St.
Louis, MO).

Western Blotting

The same portion (∼30–50 mg) of Gastroc and TA muscles that
was used for protein synthesis was also used for western blot
analysis. During differential centrifugation, the cytosolic pro-
tein fraction was saved, and protein concentration was deter-
mined by bicinchoninic acid assay (BCA) assay and prepared in
Laemmli sample buffer, as described previously.38,41 For quan-
tification of protein abundance, samples were electrophoreti-
cally separated by sodium dodecyl sulphate–polyacrylamide gel
electrophoresis (SDS-PAGE) using 4%–15% TGX gels (Bio-Rad,
Hercules, CA) and then transferred to a Polyvinylidene difluoride
(PVDF) (Bio-Rad, Hercules, CA) membrane. Transfer efficiency
and equal loading among lanes were then determined by stain-
ing membranes with Ponceau S (Sigma-Aldrich, St. Louis, MO)
and imaging. After blocking membranes (5% nonfat dry milk
in tris-buffered saline with tween (TBS-T)) for 1 h, proteins of
interest (below) were probed with primary antibody overnight at
4◦C. Membranes were then serially washed in TBS-T, incubated
with appropriate secondary antibody in blocking buffer for 1 h,
and again serially washed in TBS-T. For all proteins, horseradish
peroxidase (HRP) activity was detected by enhanced chemilu-
minescence substrate (SuperSignal West Dura, Thermo Fisher
Scientific, Waltham, MA). Images were taken for quantification
by densitometry using a ChemiDoc imager (Bio-Rad, Hercules,
CA). Protein content was quantified and corrected for local back-
ground using Image Lab analysis software (Bio-Rad, Hercules,
CA).

Primary antibodies and dilutions were as follows: lysyl oxi-
dase (LOX) (Novus Biologicals, no. NBP2-24877, 1:1000) and
AGEs,42 1:500. For each protein, we used a goat anti-rabbit, HRP-
linked secondary antibody (Cell Signaling Technology no. 7074)
at 1:5000.

Protein Carbonyls

Protein carbonylation, a marker of oxidative modification to pro-
teins, was determined in Gastroc muscle as we have previously
described, using 25 mg of frozen tissue.43 The carbonyl content
of the protein samples was expressed as the ratio of Fluores-
cein (FITC) fluorescence (carbonyls) to Coomassie Blue absorp-
tion (protein concentration).

Picrosirius Staining, Imaging, and Analyses

Collagen content and collagen packing density were measured
as a fraction of total muscle area using picrosirius red staining,
as described previously,44 with modifications. Briefly, TA muscle
cross sections of 10 μm were cut at the midbelly using a cryo-
stat at −20◦C (Thermo Fisher, Waltham, MA) and stored at −80◦C
until further analyses. On the day of staining, sections were
incubated in 4% paraformaldehyde in PBS for 5 min, rinsed in
running deionized (DI) H2O for 3 min, and then air dried at room
temperature for 45 min. Samples were then cleared in xylenes
for 10 min, dehydrated in 10 s changes of 100%, 96%, 80%, and
70% ethanol, rinsed in DI H2O, and then stained in 0.1% Sirius red
solution (Sigma-Aldrich, St. Louis, MO) at room temperature for
1 h. Excess Sirius red solution was removed and samples were
acidified in 0.01 N HCl for 2 min. Samples were then rehydrated
in 10 s changes of 70%, 80%, 96%, and 100% ethanol, cleared in
2 changes of xylenes for 10 min at room temperature, and then
cover slipped and mounted with Permount.

Whole stained cross sections were then imaged at 10× mag-
nification using both brightfield and polarized light on a confo-
cal microscope (Zeiss LSM-710, Oberkochen, Germany) using the
tiling function in the Zeiss Zen Blue software in OMRF’s Imaging
Core. To evaluate collagen content, Image J software was used
to determine the % area of red staining (collagen) relative to the
whole muscle cross section of the brightfield images. Similarly,
to evaluate collagen packing density, Image J software was used
to determine the % area of red staining to green staining rela-
tive to the whole-muscle cross section of the nonpolarized and
polarized light images. Red and green staining are indicative of
densely and loosely packed collagen, respectively.44

Statistical Analyses

Prior to any statistical analyses, the data were tested for normal
distribution and equal variances to determine the appropriate
statistical test. Adult and old comparisons were made between
outcome variables using two-tailed independent sample t-tests.
The data in Figure 2 were analyzed by a two-way analysis of
variance (age × time point). Curve fitting was done using Graph-
pad Prism 9 (San Diego, CA, USA) with constraints noted where
appropriate. All values reported are mean ± standard error (SE)
and statistical significance was based at P < 0.05.

Results

Because we had independent samples at multiple time points,
we calculated the fractional synthesis rate (FSR) at each time
point to demonstrate that the length of labeling impacts FSR.
In Figure 2, we show that there is a significant effect of time,
indicating that as the labeling period gets longer, the calculated
FSR for myofibrillar proteins (Figure 2A) and collagen proteins
(Figure 2B) becomes slower.

We next plotted the fraction new over time for myofibril-
lar (Figure 3A and F) and collagen (Figure 3C and H) proteins
of Gastroc and TA muscles to calculate synthesis rates using a
one-phase association. In this case, the curve was fit with the
constraint that the plateau value (p) was less than or equal to
1.0. Therefore, we did not make the a priori assumption that
all protein pools fully renew. The curve fit for myofibrillar pro-
teins were excellent and ranged from R2 of 0.969–0.996. For the
myofibrillar pool, the curve fit predicted p values of approxi-
mately 0.80 (Figure 3B and G), which were not different between
adult and old. Unlike myofibrillar protein fraction new, the curve
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Figure 2. Demonstration of How the Period of Labeling Impacts Fractional Synthesis Rate (FSR) in Myofibrillar and Collagen Fractions of Gastrocnemius (A, B) and TA
(C, D) Muscles. Calculation of FSR (%/day) using the precursor–product calculation at each individual time point. There was a significant effect of time indicating that

as the period of labeling increased, the FSR became slower. The progressive decrease in FSR is caused by the decreased contribution of faster synthesized proteins
(that fully turn over early) and the increased contribution of slower synthesized proteins. Filled boxes = adult mice; open boxes = old mice. N = 3–5 mice/time point
(16–23 mice/age). Values expressed as mean ± SEM. Significance was determined by a two-way (age × time) analysis of variance.

Figure 3. Time-Course Approach to Demonstrate Incomplete Renewal. Rise to plateau of fraction new of Gastroc myofibrillar (A) and collagen (C) proteins, and TA
myofibrillar (F) and collagen (H) proteins. Calculated plateau values (p) for Gastroc myofibrillar (B) and collagen (D), and TA myofibrillar (G) and collagen (I) protein
pools when it is assumed that p was ≤1.0. Representation of the dynamic protein pool size of the collagen in Gastroc (E) and TA (J), as determined from the p. Filled

circles = adult mice; open squares = old mice. N = 3–5 mice/time point (18–20 mice/age). Values expressed as mean ± SEM. Significance was determined by an unpaired
t-test.
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Figure 4. Secondary Measurements to Confirm Changes in Collagen Proteostasis, Including LOX Content (A, C), AGEs (B, D), and Protein Carbonylation (E). Protein
solubility was performed in Gastroc followed by measurement of the collagen content of pepsin soluble fraction (F), pepsin insoluble fraction (G), total collagen content

(H) by OHP assay, and collagen FSR of the soluble and insoluble muscle (I). TA collagen content (J), the ratio of collagen packing (K), and representative images of using
polarized-light imaging picrosirius red staining (L). N = 5–12 muscles age group. Values expressed as mean ± SEM. Significance was determined by an unpaired t-test.

fit for collagen fraction new was different between adult and old
(Figure 3C and H). Whereas the curve was reasonably fit for adult
(R2 = 0.863 and 0.938), the fit for old animals was lower (0.778 and
0.625). The p for collagen was significantly lower in old compared
with adult mice (Figure 3D and I). In Figure 3E and J, we used p
to show the fraction of the collagen protein pool turning over,
ie, the dynamic protein pool, to demonstrate that even in adult
animals there is a significant portion of the collagen protein pool
that is resistant to turnover.

In Figure 4, we use several methods to support our tracer-
measured differences in the dynamic protein pool. Consistent
with the tracer-based results, the protein content of the cross-
linking enzyme LOX was significantly greater in old Gastroc
compared with adult (Figure 4A) and trended (p = 0.080) toward
greater in the TA (Figure 4C). AGEs were greater in old Gastroc
compared with adult (Figure 4B), but this was opposite in TA
(Figure 4D). Protein carbonylation was significantly higher in old
compared with adult (Figure 4E). In the Gastroc, the collagen sol-
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Figure 5. Demonstration That Not Accounting for Differences in the Dynamic Protein Pool Impacts Qualitative and Quantitative Outcomes. In panels (A) (Gastroc) and
(B) (TA), we show outcomes when it is assumed that the pool undergoes complete renewal (p = 1.0) or noncomplete renewal (p ≤ 1.0) of myofibrillar and collagen

protein pools. Each figure shows p on the left axis and synthesis (k) on the right axis. In panel (C), we demonstrate how the commonly used approach of calculating
FSR from a single time point of 15 or 60 days also changes the interpretation of the data. For panels (A) and (B), N = 3–5 mice/time point (18–20 mice/age). For panel
(C), N = 3–5 mice/age group. Values expressed as mean ± SEM. Significance was determined by an unpaired t-test.

ubility assay confirmed that a reduced concentration of collagen
remained soluble in old versus adult skeletal muscle (Figure 4F),
and the concentration of insoluble collagen was greater in old
compared with adult skeletal muscle (Figure 4G). Furthermore,
the overall concentration of collagen was greater in old com-
pared with adult skeletal muscle (Figure 4H). When we looked at
the FSR of soluble and insoluble fractions, there was no differ-
ence between adult and old in the soluble fraction, while there
was lower FSR in the insoluble fraction of old compared with
adult (Figure 4I). Because pepsin was added to the digestion, thus
adding an unlabeled protein, it is possible that the FSR of the sol-
uble (but not insoluble) fraction was underestimated, and that
the true difference between soluble and insoluble fractions was
greater. Finally, using immunohistochemistry on the TA, there

were no differences in total collagen (Figure 4J) although there
was a trend (p = 0.07) for the ratio of loosely to densely packed
collagen to be greater in the old (Figure 4K and L).

We next compared the calculated rates of synthesis (k) when
it was assumed that the pool undergoes complete renewal
(p = 1.0) versus when complete renewal was not assumed
(p ≤ 1.0). This comparison allowed us to examine the impact
of this assumption on qualitative and quantitative outcomes.
We performed calculations on both the myofibrillar and collagen
protein fractions for both the Gastroc (Figure 5A) and TA (Figure
5B). In the Gastroc, the assumption of complete renewal did not
impact the influence of age on myofibrillar protein synthesis,
but the assumption of complete turnover did impact the conclu-
sion of whether age altered TA synthesis rates or not. Further,
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the synthesis rates were faster when empirically determined
plateau values were used rather than assumed to be 1.0. The
assumption of complete renewal also impacted the interpreta-
tion of the synthesis of collagen. If full renewal was assumed
in both the Gastroc and TA, the collagen synthesis rate in old
animals was slower than adult animals. However, if full renewal
was not assumed, the synthesis rate of collagen was not differ-
ent between adult and old, and in fact it trended (p = 0.10) toward
higher in old compared with adult muscle. Finally, in Figure 5C,
we demonstrate why single time point calculations of FSR may
not be appropriate for studies of proteins that do not undergo
complete renewal. In both Gastroc and TA, if FSR was calcu-
lated after 15 days of labeling, there was no difference in colla-
gen synthesis between adult and old muscle. However, if taken
at 60 days, the calculation of FSR shows that collagen synthe-
sis was lower in old skeletal muscle compared with adult. This
discrepancy compared with the 15-day time point is because the
dynamic protein pool was smaller in the older muscle and tracer
incorporation failed to increase any further with the longer
labeling period. Thus, the fraction new reached a limit and divid-
ing by a longer period of time simply made the FSR lower.

Discussion

There are several changes in tissue proteins that character-
ize the loss of proteostatic maintenance with age, such as
an increase in insoluble proteins, protein aggregation, and
resistance to turnover. Although it is generally recognized
that proteins can become resistant to turnover, current tracer
approaches to measure protein turnover assume that the whole
protein pool renews. In the current study, we examined collagen
proteins in the ECM of skeletal muscle because of their role in
the age-related increase in skeletal muscle fibrosis. We demon-
strate that stable isotopes can be used to quantify changes in the
dynamic protein pool that occur with aging. Further, we demon-
strate that not accounting for alterations in the dynamic protein
pool can change the qualitative and quantitative assessment of
collagen protein synthesis. When applied to skeletal muscle col-
lagen proteins, we demonstrate that the size of the dynamic pro-
tein pool is smaller in older skeletal muscle compared with adult
muscle, and that not accounting for this change can lead to mis-
leading conclusions about the contribution of protein synthesis
to age-related fibrosis. In the discussion, we highlight why main-
taining the size of the dynamic protein pool may be a strategy to
maintain proteostasis in skeletal muscle ECM.

Methodological Considerations

The use of D2O as a stable isotopic tracer expanded the capac-
ity for long-term measurements of protein turnover.28 This
increased capacity facilitated measurements during free-living
conditions and expanded the ability to measure proteins that
turn over slowly. However, the ability to label long term also
comes with new methodological concerns. Many studies in the
literature have simply applied the precursor–product approach
used during short-term studies with labeled amino acids to
long-term studies using D2O. However, under many conditions,
this is inappropriate and can lead to erroneous results. Here, we
discuss 2 such reasons in the context of collagen protein syn-
thesis.

In a previous publication, we discussed why the period of
labeling is important for interpreting tracer-measured synthesis
rates.27 By using a modeling approach and validating with real
data, we demonstrated that when measuring the synthesis rates

of a mixed protein pool, shorter labeling periods bias synthesis
rates to rapidly synthesized proteins, while longer labeling peri-
ods have increased contribution from slowly synthesized pro-
teins.27 In Figure 2, we confirmed the findings from our previous
study by showing that as the labeling period increases, the FSR at
each time point becomes slower. There are several practical con-
sequences of this phenomenon for long-term labeling studies.
First, studies in the literature that use serial biopsies (eg, human
muscle biopsies) in the same organism to capture early versus
late responses, or untrained state followed by the trained state,
are not comparing the same proteins at each time point. The
early time points are overrepresented by rapidly synthesized
proteins, which over time become fully turned over, and as a
consequence the later time points are more represented by pro-
teins that turn over slowly. Measuring the change in enrichment
between repeated biopsies does not circumvent this limitation.
Second, when making direct comparisons between groups or
between tissues, the same labeling period must be used. Finally,
when comparing outcomes between studies, the period of label-
ing can impact the interpretation of the results. For example, the
question of whether aging slows protein synthesis in skeletal
muscle is complicated by discrepant findings where short-term
amino acid–labeling methods show a slowing of muscle protein
synthesis with age,45,46 whereas long-term labeling shows no
difference or increased protein synthesis with age.34 It is pos-
sible that both answers are true because they are measuring dif-
ferent subsets of proteins.

The second methodological consideration, which is espe-
cially important in the context of collagen synthesis, is that not
all protein pools undergo complete renewal. Zhou et al. pre-
viously discussed the limitations of the assumption that pro-
tein pools undergo complete renewal.29 The authors of this
paper nicely demonstrated that the incomplete equilibration of
enrichment between the precursor and product pools of liver
collagen was not because of a lack of equilibration between
the body water pool and amino acids, but rather the incom-
plete renewal of proteins.29 Around the time of this publica-
tion, we began to use a time-course approach to understand the
incomplete renewal of some protein pools.38,39,47 Although the
paper of Zhou et al. clearly demonstrated the theoretical impli-
cations of not accounting for incomplete renewal of certain pro-
tein pools,29 we believe that a change in the dynamic protein
pools is an important proteostatic outcome.38,39,47 Therefore, we
performed the present study to test the implications of the theo-
retical considerations posed by Zhou et al. to collagen synthesis
in aging skeletal muscle.

Skeletal Muscle Collagen Turnover and Incomplete
Renewal

Studies from our lab22,34 and others48 have repeatedly demon-
strated that muscle collagen synthesis is slower than muscle
myofibrillar protein synthesis. Therefore, we used a time-course
approach that extended to 60 days to capture a plateau (p) in
the protein fraction new. As expected, we found that there is a
smaller dynamic protein pool in collagen of aged muscle com-
pared with adult muscle. What was unexpected to us was how
small the dynamic protein pool was in both adult and aged
skeletal muscle and how much it varied between the Gastroc
and TA. The dynamic protein pool in adult skeletal muscle was
65% in TA, but only 26% in Gastroc. In aged muscle, the dynamic
protein pool was only 36% and 14% for TA and Gastroc, respec-
tively. Therefore, in aged muscle, and some adult muscle, most
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of the collagen pool is not actively turning over. We did not
see the same change with aging in the myofibrillar fraction,
although plateau values did not reach 100% within the myofib-
rillar protein pool either. Therefore, assuming complete renewal
is not correct for all protein pools in the body.

We took 2 approaches to demonstrate how failing to account
for the change in dynamic protein pool size impacts measured
synthesis rates: (1) the calculation of the rate of synthesis (k) in
a time-course study, and (2) the calculation of FSR using a sin-
gle time point. When using graphing software such as Graph-
pad Prism, the one-phase-association curve fitting can be con-
strained for certain parameters. If we assume a protein pool
undergoes a complete renewal, the plateau is constrained to 1.0
(ie, the line eventually goes to 100% new). If we do not assume
that the protein pool undergoes complete renewal, the plateau
needs to be constrained to ≤1.0 (ie, the line plateaus at some
value less than or equal to 100% new). In Figure 5A and B, we
demonstrate how these constraints impact the calculated slope
of the line (k), and thus the synthesis rate. For the myofibril-
lar protein pool, the differences in the qualitative outcomes
between adult and aged muscle were restricted to TA myofib-
rillar protein synthesis. In addition, the actual rates (1/day) of
synthesis were different between the 2 approaches because the
line advances to the plateau value of 0.8 faster than 1.0. For the
collagen protein pool, not accounting for the difference in the
dynamic protein pool during aging had a substantial qualita-
tive and quantitative impact on conclusions. If it is assumed
that the protein pool undergoes complete renewal, aged muscle
has a slower collagen synthesis rate than adult muscle. Yet, if
the decrease in the dynamic protein pool is accounted for, the
rate of collagen protein synthesis is not different and in fact
trends higher in aged compared with adult muscle. Since we
measured hydroxyproline content (adult: 10.19 μg/mg muscle;
old: 12.84 μg/mg muscle) we also estimated absolute collagen
synthesis by using the dynamic protein pool size and the synthe-
sis rate. From that calculation, the absolute rate of collagen syn-
thesis is approximately 0.074 μg/mg muscle/day in adult muscle
and 0.110 μg/mg muscle/day in aged muscle. Importantly, not
accounting for incomplete protein turnover would have led to
the opposite conclusion regarding the effect of age on muscle
collagen synthesis.

In Figure 5C, we used the standard approach to measure col-
lagen protein FSR based on a single time point. Of note, when
using a single time point measurement it is not possible to
get information about the dynamic protein pool, so no adjust-
ments can be made. We compared the FSR of adult and old Gas-
troc and TA at day 15 (early time point) and day 60 (late time
point). At day 15, there were no differences in collagen synthe-
sis rates (%/day) between adult and old muscle. However, at day
60, the FSR of aged muscle was lower than adult muscle. Again,
the period of labeling profoundly impacted the measured out-
come and interpretation. More importantly, neither the 15-day
nor the 60-day measurement of FSR qualitatively agreed with
the outcome using time-course data when the difference in the
dynamic protein pool was accounted for. Therefore, when a pro-
tein pool does not undergo complete renewal, or the change in
the dynamic protein pool is not accounted for, FSR calculated
from a single time point is likely to provide an erroneous con-
clusion.

Finally, it is worth noting potential differences in collagen
protein breakdown that contribute to age-related collagen accu-
mulation. Again, using the absolute quantity of collagen in adult
and old Gastroc (adult: 10.19 μg/mg muscle; old: 12.84 μg/mg
muscle), and the fraction of the pool that is resistant to turnover

(adult: 0.74; old: 0.86), we can calculate that the absolute colla-
gen protein pool resistant to turnover is 7.54 μg/mg muscle for
adult and 11.04 μg/mg muscle for old. Since both the fraction
of the collagen pool and the absolute concentration of collagen
that was resistant to turnover were greater in old compared with
adult, and synthesis rates were not different, the collagen pro-
tein breakdown must have been slower in old muscle.

How Does This Inform Proteostatic Maintenance with
Aging?

With a loss of proteostatic maintenance, there is an increase in
protein aggregation, insolubility, and resistance to turnover31,32

eventually leading to proteostatic collapse.49 Protein synthe-
sis and breakdown (ie, turnover) are primary proteostatic pro-
cesses.33,49 Protein turnover can only be captured with meth-
ods such as stable isotopes that measure rates of change. Pro-
tein content is a poor indicator of proteostatic processes since it
only indicates whether the net balance of synthesis and break-
down increased, decreased, or stayed the same. In this study,
we advance the notion that in addition to protein turnover, the
change in the dynamic protein pool size is also an important
proteostatic outcome. Although we have previously reported
dynamic protein pool sizes,38,39,47 we have not explored whether
this measurement was indicative of proteostatic maintenance.

In Figure 4, we presented several indicators of proteostatic
maintenance of skeletal muscle collagen. It is thought that pro-
teins accumulate damage over time and that this accumula-
tion contributes to age-related decline in cellular function.50,51

In addition, it is thought that long-lived proteins, such as colla-
gen, are especially susceptible to the accumulation of damage.52

As a marker of collagen protein damage, we measured AGEs,
which were higher in the aged Gastroc muscle compared with
adult muscle, but unexpectedly lower in TA. The greater syn-
thesis rates and maintenance of the TA collagen pool may help
explain this unexpected difference compared with Gastroc. In
addition, protein carbonylation, a marker of oxidative protein
damage, was also greater in old muscle compared with adult.
Finally, LOX, an enzyme that facilitates cross-linking in colla-
gen proteins, was greater in old muscles compared with adult
muscle. Overall, these data are indicative of increased protein
damage, an indicator of proteostatic decline.

Since proteostatic decline is also characterized by increases
in protein aggregation and a loss of protein solubility, we per-
formed a protein solubility assay40,44 and quantified collagen
content in each fraction. As expected, the quantity of insolu-
ble collagen protein was greater in aged muscle compared with
adult muscle, as was overall collagen content. To further confirm
that what we measured as an insoluble fraction is indicative of
the proteins’ resistant to turnover, we measured tracer incorpo-
ration into the soluble and insoluble fractions. As expected, the
FSR of the insoluble fraction was lower than the soluble frac-
tion; and within the insoluble fraction, old was lower than adult.
Although we expected almost no tracer incorporation into the
insoluble fraction, the solubility assay was performed on mus-
cle tissue that contained both collagen and noncollagen tissues.
Therefore, we cannot be certain of which proteins were labeled.
Further, a protein that was synthesized in the soluble pool could
end up in the insoluble pool by the conclusion of the prolonged
labeling period.

Lastly, we measured collagen packing on the TA using circu-
larly polarized light of picrosirius red–stained sections as previ-
ously described by the Barton lab.44 In contrast to the Gastroc,
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the total collagen content of the TA was not increased. How-
ever, there was a trend (p = 0.07) toward an overall higher ratio of
loosely packed to densely packed collagen. Although how differ-
ences in collagen structure impact muscle function are not yet
understood, our findings do agree with the observation that limb
muscles of mdx mice, which contain significant muscle fibrosis,
had an increased fraction of loosely packed collagen.44 In sum,
our secondary markers of muscle damage, solubility, and fibro-
sis lend strong support for the use of tracer-measured changes
in the dynamic protein pool size as an important indicator of
proteostasis.

Practical Recommendations and Conclusions

Although it is generally accepted that skeletal muscle collagen
content increases with age,2 the dynamics of how this increase
occurs have been difficult to ascertain. Using a stable isotope
approach that accounts for the dynamic protein pool size, we
demonstrate that aged muscle does not change or trends toward
higher rates of collagen protein synthesis, while collagen protein
breakdown slows. The result of these changes was an increase in
muscle collagen content in the old. However, more importantly,
in the aged muscle there was a greater amount of collagen that
was resistant to turnover, which indicated a loss of proteostatic
maintenance. Moving forward, strategies to maintain muscle
function with aging should focus on maintaining the dynamic
protein pool size. Further, assessing the efficacy of interven-
tional strategies will require careful attention to methodologi-
cal strategies to avoid erroneous results. Finally, we suggest the
use of our approach to help assess proteostatic decline in other
protein and tissue types.
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