TYVASKYLAN YLIOPISTO
H UNIVERSITY OF JYVASKYLA

This is a self-archived version of an original article. This version
may differ from the original in pagination and typographic details.

Author(s)' Civil, Rita; Brook, Matthew S.; Elliott-Sale, Kirsty J.; Santos, Livia; Varley, lan;
) Lensu, Sanna; Kainulainen, Heikki; Koch, Lauren G.; Britton, Steven L.; Wilkinson,
Daniel J.; Smith, Kenneth; Sale, Craig; Atherton, Philip J.

Title: A collagen extraction and deuterium oxide stable isotope tracer method for the
) guantification of bone collagen synthesis rates in vivo

Year: 2021

Version: pyblished version

Copyright: © 2021 The Authors. Physiological Reports published by Wiley Periodicals LLC on k
Rights: ccay 4.0

Rights url: https://creativecommons.org/licenses/by/4.0/

Please cite the original version:

Civil, R., Brook, M. S., Elliott-Sale, K. J., Santos, L., Varley, I., Lensu, S., Kainulainen, H., Koch, L.
G., Britton, S. L., Wilkinson, D. J., Smith, K., Sale, C., & Atherton, P. J. (2021). A collagen
extraction and deuterium oxide stable isotope tracer method for the quantification of bone
collagen synthesis rates in vivo. Physiological Reports, 9(10), Article e14799.
https://doi.org/10.14814/phy2.14799



Received: 18 February 2021

Accepted: 21 February 2021

DOI: 10.14814/phy2.14799

ORIGINAL ARTICLE

Hysescs 58 Physiological Reports

A

A collagen extraction and deuterium oxide stable isotope tracer
method for the quantification of bone collagen synthesis rates

in vivo

Rita Civil' | Matthew S. Brook® | Kirsty J. Elliott-Sale' | Livia Santos' | Ian Varley1 |

Sanna Lensu’® | Heikki Kainulainen® | Lauren G. Koch*

| Steven L. Britton™® |

Daniel J. Wilkinson? | Kenneth Smith®> | Craig Sale' | Philip J. Atherton?

"Musculoskeletal Physiology Research
Group, Sport Health and Performance
Enhancement Research Centre, School
of Science and Technology, Nottingham
Trent University, Nottingham, UK

’Clinical, Metabolic and Molecular
Physiology, University of Nottingham,
Royal Derby Hospital, Derby, UK

3 Department of Biology of Physical
Activity, University of Jyviskyld,
Jyviskyld, Finland

4Department of Physiology and
Pharmacology, The University of Toledo,
Toledo, OH, USA

Department of Anesthesiology,
University of Michigan, Ann Arbor, MI,
USA

®Department of Molecular and Integrative
Physiology, University of Michigan, Ann
Arbor, MI, USA

Correspondence

Philip J. Atherton, MRC Versus

Arthritis Centre for Musculoskeletal
Ageing Research and NIHR Nottingham
Biomedical Research Centre, University
of Nottingham, Royal Derby Hospital
Centre, Nottingham, United Kingdom.
Email: philip.atherton @nottingham.ac.uk

Funding information
Versus Arthritis; Medical Research
Council

Abstract

The development of safe and practical strategies to prevent weakening of bone tissue
is vital, yet attempts to achieve this have been hindered by a lack of understanding of
the short-term (days-weeks) physiology of bone collagen turnover. To address this,
we have developed a method to quantify bone collagen synthesis in vivo, using deute-
rium oxide (D,0) tracer incorporation techniques combined with gas chromatography
pyrolysis isotope-ratio mass spectrometry (GC-pyrolysis-IRMS). Forty-six male and
female rats from a selectively bred model ingested D,O for 3 weeks. Femur diaphyses
(FEM), tibia proximal (T-PRO), and distal (T-DIS) epiphyses-metaphyses and tibia
mid-shaft diaphyses (T-MID) were obtained from all rats after necropsy. After dem-
ineralisation, collagen proteins were isolated and hydrolysed and collagen fractional
synthetic rates (FSRs) determined by incorporation of deuterium into protein-bound
alanine via GC-pyrolysis-IRMS. The collagen FSR for the FEM (0.131 + 0.078%/day;
95% CI [0.106-0.156]) was greater than the FSR at T-MID (0.055 + 0.049%/day; 95%
CI [0.040-0.070]; p < 0.001). The T-PRO site had the highest FSR (0.203 + 0.123%/
day; 95% CI [0.166-0.241]) and T-DIS the lowest (0.027 + 0.015%/day; 95% CI
[0.022-0.031]). The three tibial sites exhibited different FSRs (p < 0.001). Herein,
we have developed a sensitive method to quantify in vivo bone collagen synthesis
and identified site-specific rates of synthesis, which could be applicable to studies of

human bone collagen turnover.
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1 | INTRODUCTION

Understanding bone remodelling in ageing and disease
(e.g., osteoporosis), and developing strategies to maintain
bone tissue are vital. Imaging techniques, such as dual-
energy X-ray absorptiometry (DXA) and peripheral quan-
titative computed tomography, enable the measurement
of the mineral compartment of bone. Changes in miner-
alised bone, however, can only be determined over a long
period (e.g., months/years), and DXA-derived bone min-
eral density only relates to about two-thirds of the bone's
strength (Ammann & Rizzoli, 2003). Other factors in the
non-mineral compartments of bone, are equally import-
ant (Burr, 2002). The extracellular matrix of bone, largely
made up of collagen proteins, is vital in providing underly-
ing strength to the bone (Burr, 2002).

Collagen is the most abundant protein in the human body,
comprising ~30% of total body protein in humans (Smith &
Rennie, 2007). In bone, 90% of the organic matrix is made
up by type I collagen; and collagen (types I, I, III and V)
is also an important component of tendon, skin, ligaments
and muscle (Smith & Rennie, 2007). Human muscle colla-
gen synthesis is slower than tendon collagen synthesis at rest
(Miller et al., 2005; Smeets et al., 2019), although the ques-
tion as to whether or not bone has a slower turnover than
other musculoskeletal tissues remains controversial (Smeets
et al., 2019; Smith & Rennie, 2007). The rate of bone colla-
gen turnover is important in determining bone strength be-
cause it influences the pattern of mature/immature collagen
crosslinking in bone, which is important for bone quality and
strength (Bouxsein, 2005; Burr, 2002; Viguet-Carrin et al.,
2006). The mechanisms by which collagen turnover is altered
in bone-affecting diseases or in response to potentially fa-
vourable interventions (e.g., drugs, exercise, diet) to improve
bone strength, is, however, poorly defined due to the lack of
robust analytical approaches to its measurement.

Indirect measures of bone formation and resorption,
known as bone (re)modelling markers, can be measured in
the blood. Although these biomarkers are widely used for as-
sessing short-term changes in bone collagen turnover, they
have yet to be validated against direct measures of bone col-
lagen synthesis or breakdown (Babraj et al., 2005). Bone (re)
modelling markers have some key limitations, including pre-
analytical (e.g., biological causes; sample collection, han-
dling and storage requirements) and analytical (e.g., within
and inter laboratory variation, assay reproducibility) variabil-
ity (Hlaing & Compston, 2014; Lewiecki, 2010), as well as a
lack of tissue and site specificity (Dolan et al., 2020; Smith
& Rennie, 2007). As such, studies that have used bone bio-
markers to measure collagen changes need to be interpreted
carefully.

The direct incorporation of isotopically labelled tracers
is generally regarded as the gold standard in determining

fractional synthetic rates and can be performed on bone if
a tissue sample can be collected (Wilkinson et al., 2017).
Traditionally, amino acid isotope tracers, such as carbon
(13C), deuterium (2H) or nitrogen (15 N), have been used to
measure in vivo synthesis of human musculoskeletal tissues,
including bone (Babraj et al., 2005; Scrimgeour et al., 1993;
Smeets et al., 2019). These amino acid tracers are, however,
hindered by the heterogeneity of amino acid body pools
(Brook et al., 2017; Wilkinson, 2016), and require prepara-
tion of high-cost infusions and venous/arterial cannulation
(Wilkinson et al., 2014). These studies are also restricted by
time (generally <24 h), which makes it challenging to ac-
curately measure very low rates of bone collagen synthesis.
Furthermore, the use of variable stable isotope tracers and
different bone protein fractions makes comparisons between
studies difficult (Babraj et al., 2005; Scrimgeour et al., 1993;
Smeets et al., 2019).

Using deuterium oxide (D,O or “heavy water”) as a stable
isotope tracer can overcome some of these limitations. For
instance, D,O can be easily ingested orally, with the deute-
rium becoming rapidly equilibrated within the body water
and intracellular amino acid pools (Wilkinson et al., 2014).
The potential to use protein-bound alanine to quantify colla-
gen synthesis offers a major advantage to detect low rates of
tissue turnover such as in bone. First, up to four hydrogens
are replaced by deuterium before free alanine is incorporated
into newly made protein. This acts to amplify the amount of
deuterium incorporated into the bound end product. Further,
alanine has been robustly validated in the application of D,O
methodologies (Wilkinson et al., 2014), with rapid transam-
ination reactions meaning alanine enrichment is not easily
perturbed overtime (Dufner et al., 2005). This allows D,0 to
be administered with minimal interference to an individual's
normal daily activities, with enrichment in the precursor pool
easily maintained over weeks and months (Wilkinson et al.,
2017), making this tracer more suited to the measurement of
slow turnover proteins, such as collagen.

Previous assessments of bone collagen synthesis rates
using D,O have been made in rodents; however, these re-
quired high levels of “H body water enrichment (~3%) and
were performed in growing rats, where collagen synthesis
rates are considerably higher (Busch et al., 2006; Do et al.,
2006; Jeong et al., 2005). As such, methods using D,O to
measure collagen synthesis rates in adult animals’ scenar-
ios and potentially in humans, where collagen synthesis
rates are considerably lower, are lacking. To address this,
we have developed a method to quantify low levels of bone
collagen synthesis in vivo, using lower levels (<1%) of ’H
body water enrichment in adult rodents. Combining sensitive
GC-pyrolysis-IRMS techniques, this method enables the
measurement of slow turnover proteins such as collagen, with
the potential to determine short term changes in bone colla-
gen synthesis.
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2 | METHODS

2.1 | Animals

All experiments were approved by the Animal Care and Use
Committee of Southern Finland, license number ESAVI-
2010-07989/Ym-23, STH 534A (21.9.2010) and comple-
ments ESAVI/1968/04.10.03/2011, PH308A (30.3.2011) and
ESAVI/722/04.10.07/2013, PH275A (1.3. 2013); and were
conducted in accordance with the Guidelines of the European
Community Council Directive 86/609/EEC. Bones were de-
rived from 46 adult (9 + 3 months) male (n = 22) and female
(n = 24) rats , which were selectively bred for yielding low or
high aerobic responses to exercise training (Koch et al., 2013).
The background of the experimental animals is not relevant to
the present method development and the bone was opportunis-
tically harvested for this purpose as an addition to other inde-
pendent investigations already being conducted.

Rats were single-housed in air-conditioned rooms at an
ambient temperature of 21 + 2°C and relative humidity at
50 + 10%. Acrtificial lighting provided light cycles of 12:12-h
light-total darkness. Commercially available pelleted rodent
diet (R36; Labfor; Lantmédn nen, Malmo, Sweden) and tap
water (from the municipal water system of Jyviskyl4, Finland)
was available ad libitum throughout the study. The energy con-
tent of the feed was 1260 kJ/100 g (300.93 kcal/100 g). The feed
contained 18.5% raw protein, 4.0% raw fat, 55.7% nitrogen-free
extracts, 3.5% fibre, 6.3% ash, and 12% water. Rats were di-
vided into two groups of control or exercise trained, with sam-
ples collected from both groups for method development.

2.2 | Deuterium enrichment

Rats received a gavage of 7.2 mL/kg 70% D,0, thereafter, ani-
mals were provided with free access to drinking water enriched
with 2% (v/v) of D,O. Body water enrichment was determined
from plasma and was used to calculate the average precursor
enrichment. Blood samples were collected at necropsy (~5 mL)
and plasma was separated by centrifugation and stored frozen
until analysis. Body water enrichment was measured in plasma
by incubating 100 pL of each sample with 2 uLL of 10 M NaOH
and 1 L of acetone for 24 h at room temperature. Following
incubation, the acetone was extracted into 200 uL of n-heptane
and 0.5 pL of the heptane phase was injected into the GC-MS/
MS for analysis. A standard curve of known D,0O enrichment
was run alongside the samples for calculation of enrichment.

2.3 | Bone sample collection

Forty-eight hours after the last training bout, animals were
anesthetised with carbon dioxide and killed by cardiac
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puncture and thereafter immediately necropsied. Left femur
and tibia bones were rapidly exposed, removed, and imme-
diately frozen by complete immersion in liquid nitrogen and
were kept at —80°C until analysis. We speculated that dif-
ferent anatomical bone sites might have different synthesis
rates. As such, we obtained bone samples from the femur
diaphysis (not site controlled) with pestle and mortar (FEM,
0.10 + 0.03 g), and three different sites of the tibia using an
electric hand saw (Dremel 3000 Rotary Tool, USA): tibial
proximal epiphysis-metaphysis (T-PRO, 30 + 0.08 g), the
tibial mid-shaft diaphysis (T-MID, 9 + 0.04 g), and the tibial
distal epiphysis-metaphysis (T-DIS, 11 + 0.02 g); each sam-
ple was ~20% of the total tibia length.

2.4 | Isolation and derivatisation of bone
collagen protein

Bone samples were transferred into 0.3-0.5 M HCl until sam-
ples were completely decalcified and appeared translucent
and flexible. This process typically took 10-15 days, with
the HCI solution being changed every 1-4 days. Following
demineralisation, bone samples were transferred to 0.3 M
NaOH in order to dissolve and remove the remaining bone
marrow and soluble proteins, leaving the bone collagen
proteins. The NaOH solution was changed ~3 times over
2-5 days with bouts of vortexing and centrifuging to help
remove bone marrow particles. The remaining bone collagen
proteins were hydrolysed to free amino acids by incubating
in 0.1 M HCI in Dowex H" resin slurry overnight at 110°C
before being eluted from the resin with 2 M NH,OH and
evaporated to dryness. Amino acids were then derivatised as
their N-methoxycarbonyl methyl esters. Dried samples were
suspended in 60 pL of distilled water and 32 pL of methanol,
and following vortex, 10 uL of pyridine and 8 uL of methyl
chloroformate were added. Samples were vortexed for 30 s
and left to react at room temperature for 5 min. The newly
formed N-methoxycarbonyl methyl ester amino acids were
then extracted into 100 pL of chloroform. A molecular sieve
was added to each sample for ~20 s before being transferred
to a clean glass gas chromatography insert, removing any re-
maining water by size exclusion adsorption.

2.5 | GC-pyrolysis-IRMS deuterated
alanine analysis and calculation of fractional
synthetic rates

Protein-bound alanine enrichment was determined by gas
chromatography pyrolysis isotope-ratio mass spectrom-
etry (GC-pyrolysis-IRMS) and body water enrichment by
gas chromatography tandem mass spectrometry (GC-MS/
MS). Bone collagen fractional synthetic rates (FSR) were
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calculated from the incorporation of deuterium-labelled ala-
nine (corrected for the mean number of deuterium moieties
incorporated per alanine [3.7] and the dilution from the total
number of hydrogens in the derivative [i.e., 11]) into protein
using the enrichment of body water as the surrogate precur-
sor labelling over the 3-week time period of D,O labelling.
The equation used was:

1— APEala
APEp

t

FSR = —In

where APEala equals deuterium enrichment of protein-bound
alanine, APEp indicates mean precursor enrichment over
the time period, and ¢ represents time (3 weeks or 21 days)
(Wilkinson et al., 2014).

2.6 | Statistical analysis

Data from all rats were pooled and analysed together inde-
pendently of the sex, phenotype and exercise for this study.
Descriptive statistics were performed for all data sets to
check for normal distribution (accepted if p > 0.05) using the
Shapiro-Wilk test. All data are presented as means + 1SD.
Differences between collagen FSR of the FEM and T-MID

samples were analysed by Wilcoxon matched pairs test.
The Kruskal-Wallis test was used to compare T-PRO, T-
MID and T-DIS samples. Post hoc analysis was performed
using Dunn's multiple comparisons test to determine the dif-
ferences between each of the tibial sites. All analyses were
performed on GraphPad Prism 8 (La Jolla, CA, USA). The
level of significance was set at p < 0.05 and 95% confidence
intervals (95% CI) are presented for significant differences.

3 | RESULTS

The difference in rats’ body weight over a 7-week period
was ~6%. The average body water enrichment in rats was
0.685 + 0.089 APE; whilst the average change in the deuterium
labelling, expressed as delta per mil deuterium (6°H), was FEM
352 + 38 8°H, T-PRO 548 + 45 §°H, T-MID 170 + 21 §°H and
T-DIS 83 + 10 5°'H (Figure 1), with the higher the value reflect-
ing the greater incorporation of labelled alanine. The calculated
average collagen FSR for FEM (0.131 + 0.078%/day; 95% CI
[0.106-0.156]) were significantly greater than the FSR at T-MID
(0.055 + 0.049%/day; 95% CI [0.040-0.070]; p < 0.001, Figure
2). The highest FSR was at the T-PRO site (0.203 + 0.123%/
day; 95% CI [0.166-0.241]) and the lowest at the T-DIS
(0.027 = 0.015%/day; 95% CI [0.022-0.031]). The three tibial
sites had significantly different FSRs (p < 0.001, Figure 3). T-
PRO was significantly different from T-MID (p < 0.001) and
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; 1
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T-DIS (p < 0.001), but the difference between T-MID and T-
DIS was only approaching significance (p = 0.057).

4 | DISCUSSION

We have developed a novel D,O stable isotope tracer method
capable of detecting low levels of ’H incorporation and have
tested this method for its ability to quantify a range of bone
collagen synthesis rates in vivo over a 3-week period in ro-
dents. This method was able to detect differences in bone
collagen synthesis between the femur and the tibia and dif-
ferences in collagen FSR at different sites along the length of
the same bone (tibia). Our measures of bone collagen FSR
ranged between 0.005-0.529%/day, being ~30 fold lower than
mean muscle protein synthesis rates measured in this cohort.
Nonetheless, our data and others (Babraj et al., 2005; Smeets
et al., 2019) suggest bone collagen has a greater turnover rate
than previously suggested by semi-quantitative estimates
(3-25%lyear) or calcium turnover (8—15%/year) (Smeets et al.,
2019). Previous measures of murine bone collagen synthesis
using D,0O have showed active synthesis (Do et al., 2006;
Jeong et al., 2005), with one study reporting rates of ~17%/
week in young growing mice (Busch et al., 2006).

Tibial samples were obtained from the mid-shaft diaphysis
site (corrected by the length of each rat's bone). In addition,
samples from proximal and distal epiphyses-metaphyses were
obtained, in order to investigate collagen FSRs across bone
regions that have different compositions of trabecular and
cortical bone. Diaphysis synthesis rates in the femur (not site-
controlled) and tibia (mid-shaft) were significantly different.
The synthesis rate was faster at the proximal tibial site than at
both the mid-shaft and distal sites. The differences between
collagen FSR across bone sites reported herein highlight the
potential limitations in the utility of bone (re)modelling bio-
markers that estimate whole body bone turnover. In fact, previ-
ous work in humans has pointed to the incongruities between
the PINP bone formation biomarker and changes in bone
(Babraj et al., 2005) and tendon (Miller et al., 2007) synthesis.
Further, our results highlight the importance of controlling and
reporting the bone site used for analysis in future studies.

Such differences between synthesis rates among bone sites
may be due to variability of strain distribution and magnitude
across bone surfaces when physical loading is applied, produc-
ing an osteogenic effect (i.e., stimulation of bone formation).
For example, similar bone-site differences in 19-week-old
mice were shown using pCT and histomorphometry analyses
(Sugiyama et al., 2010). After receiving in vivo artificial load-
ing for 2 weeks, murine tibia showed greater changes and new
bone formation in the proximal and mid-shaft sites compared
to the distal site (Sugiyama et al., 2010). The heterogeneity of
bone may well be important when considering how mechanical
loading affects trabecular and cortical bone since they appear
to respond different to loading (Yang et al., 2017). Trabecular
bone, compared to cortical bone, has shown a higher response
to changes in the loading environment in mice vertebrae
(Lambers et al., 2011) and tibia (Fritton et al., 2005). A differ-
ent study showed that cortical and trabecular bone expressed
different genes at baseline and in response to in vivo mechan-
ical loading (Kelly et al., 2016), suggesting that the cellular
mechanisms of the mechanical loading responses in trabecular
and cortical bone are different. This could explain the higher
collagen FSRs at the proximal site of the rat tibia (composed
of more trabecular bone), compared to the mid-shaft and distal
tibia (composed of more cortical bone) shown herein.

Another important factor influencing an osteogenic re-
sponse is the muscle contractile forces exerted upon the
skeleton during movement (Hart et al., 2017). The direct
insertion of healthy and active muscle tissue onto the bone
periosteum promotes localised bone formation without
mechanical stimulation (Hart et al., 2017). Herein, we
showed greater collagen synthesis at the proximal site of
the tibia, with major muscles being adjacent to this region
of the knee. We are confident that the differences in colla-
gen FSRs shown across different bone sites were not due to
contamination with protein or amino acids from bone mar-
row or connective tissue, since care was taken during sam-
ple preparation to ensure bone samples were clean. Bone
marrow and alkali soluble protein was thoroughly removed
with 0.3 M NaOH and the remaining connective tissue was
manually removed with a sharp scalpel during the demin-
eralisation process.
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Additionally, the potential presence of periosteum and
growth plate in the tibial epiphyses (proximal and distal) may
also have affected our measurements of bone collagen synthe-
sis. Wilsman et al. suggested that the tibial proximal growth
plate has a greater growth rate compared the tibial distal growth
plate in 2—4-week-old rats (Wilsman et al., 1996, 2008). We
showed a higher collagen synthesis rate in the proximal tibia
than in the distal tibia and mid-shaft, although the collagen syn-
thesis rate in the distal tibia had a slower synthesis rate than
the mid-shaft site (without a growth plate). Whilst rats used in
our study were 9 months old at the start of the study, histo-
logical evidence suggests that tibial proximal growth plates are
still active (areas of resting cells, cell proliferation, cell matu-
ration and lacunar hypertrophy) and cartilage is still present in
up to 25 month old rats, despite bony bridging being complete
and without longitudinal bone growth (Martin et al., 2003). As
such, it is possible that there were some elements of the growth
plates present in the proximal and distal tibial sites measures,
although we cannot determine the exact extent to which this
might have affected our interpretation of their collagen synthe-
sis rates. However, this issue will likely be minimised in human
studies, where the control for the bone site during sampling can
be made more easily in larger bones and the growth plates close
in late puberty (Kember & Sissons, 1976; Shim, 2015). Future
application of this method in interventional studies will provide
further validity of the method and its sensitivity.

To date, no studies have used D,O as a direct incorpo-
ration tracer technique to determine human bone collagen
synthesis. The use of D,O has many advantages for deter-
mining bone synthesis compared to traditional amino acid
tracer approaches, where changes in bone synthesis can only
be captured in a short timeframe (i.e., over hours). D,0 label-
ling with continued oral ingestion of heavy water can safely
maintain body water enrichment for days, weeks, or months
(Wilkinson et al., 2017). This is especially important for slow
turnover proteins, such as collagen, which may need longer
periods of labelling for longer term interventional studies
looking at changes in bone synthesis. Our bone collagen ex-
traction and D,O GC-pyrolysis-IRMS method offers a highly
sensitive technique for quantifying small changes in 8°H and
therefore bone collagen synthesis in vivo. Despite very low
collagen synthesis rates, this method will ultimately permit
measures of bone collagen synthesis in humans using well
tolerated D,O loading protocols (i.e., 150 + 50 mL/week ™).
As such, there is great future applicability to human investi-
gations, which are crucial in determining differences in bone
turnover between age, sex, health and disease, and responses
to interventions, such as exercise, diet and drugs.
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