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s u m m a r y

Objective: Cartilage collagen has very limited repair potential, though some turnover and incorporation
has not been fully excluded. We aim to determine the regional turnover of human osteoarthritis cartilage.
Design: Patients scheduled for knee joint replacement surgery due to osteoarthritis were recruited in
this prospective study of four weeks duration. Deuterium oxide (D2O) was administered orally by weekly
boluses at 70% D2O, initially 150 ml followed by three boluses of 50 ml. Cartilage from the medial tibia
plateau was sampled centrally, under the meniscus, and from osteophytes and treated enzymatically
with hyaluronidase and trypsin. Samples were analysed for deuterium incorporation in alanine using
mass spectrometry and for gene expression by real-time reverse transcriptase polymerase chain reaction.
Results: Twenty participants completed the study: mean (SD) age 64 ± 9.1 years, 45% female, BMI
29.5 ± 4.8 kg/m2. Enzymatically treated cartilage from central and submeniscal regions showed similar
enrichments at 0.063% APE, while osteophytes showed significantly greater enrichment at 0.072% APE
(95% confidence interval of difference) [0.004e0.015]). Fractional synthesis rates were similar for central
0.027%/day and submeniscal cartilage 0.022%/day but 10-fold higher in osteophytes 0.22%/day [0.098
e0.363]. When compared to central cartilage, submeniscal cartilage had increased gene expression of
MMP-3 and decreased lubricin expression. Untreated cartilage had higher turnover (enrichments at
0.073% APE) than enzymatically treated cartilage (0.063% APE).
Conclusions: In OA, despite regional differences in gene expression, the turnover of the articular cartilage
matrix across the entire joint surface is very limited, but higher turnover was observed in osteophyte
cartilage.

© 2022 The Author(s). Published by Elsevier Ltd on behalf of Osteoarthritis Research Society
International. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).
Introduction

Articular cartilage (AC) contains a single cell type, the chon-
drocyte, surrounded by an extracellular matrix of both collagens
and non-collagenous components embedded in a gel-like sub-
stance. The fibrillar collagen network comprises 60% of cartilage
A.E.M. Jørgensen, Institute of
aedic Surgery M81, Copenha-
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).
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dry weight1 with the large majority being type II collagen (>90 %)
and small amounts of type VI, IX and XI collagen2,3. Osteoarthritis
(OA) is a painful and debilitating disease of the joint4, which occurs
with an increasing frequency with ageing5. One of the hallmarks of
OA is cartilage degradation, due to increased catabolism where the
proteoglycans and glycosaminoglycans (GAGs) are removed,
thereby exposing the underlying collagen fibres for possible irre-
versible breakdown, mainly by matrix metalloproteinase 13 (MMP-
13)6. As cartilage sampling is highly invasive and destructive, bio-
markers for assessing in vivo collagen turnover have been usedwith
somewhat unclear results7. Further, the biomarkers target the
cleaved-off N-terminal and C-terminal collagen propeptides, and
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thus, do not reflect collagen incorporation but only synthesis. By
using rate of racemization of aspartic acid or accumulation of
advanced glycation end-products (AGE), a half-life >100 years has
been calculated for cartilage collagen8,9. However, these methods
are influenced by physical and chemical factors i.e., pH and tem-
perature10,11, and tracing of isotope incorporation has provided
more accurate estimates of collagen turnover. In human tibia
cartilage, life-long incorporation of 14C using the “bomb pulse
method” demonstrated that collagen is without any major incor-
poration/renewability after school years despite the presence of
OA12. However, in OA compared to healthy cartilage increased
incorporation of radioactive tracers has been found in vitro in
enzymatically treated human cartilage13,14 and in vivo in canine
cartilage15. Conditions vary greatly between in vivo and in vitro16,
and the very rapid progression of surgically induced OA in an ani-
mal model is quite different from the naturally occurring human
OA7. Thus, in humans with OA it is unknown whether some po-
tential for renewability of the incorporated collagen matrix does
indeed exists, which would be vital for cartilage conservation and
integrity. Therefore, we aim to examine the turnover of incorpo-
rated collagen in vivo from humans with OA. We hypothesise that
the isotope incorporation into cartilage will be minor.
Methods

Study design

Four weeks prior to scheduled surgery, 20 patients orally
ingested deuterium oxide, D2O (2H2O 99.8% Cambridge Isotope
Laboratories Inc., Andover, MA, USA) once a week, and blood
samples were taken to measure the enrichment of labelled amino
acids, as shown in Fig. 1. D2O was administered weekly with an
initial oral bolus of 150 ml (70% D2O) four weeks prior to surgery
and oral boluses the following three weeks of 50 ml (70%). Thus, an
assumption of a relatively stable range of plasma enrichment dur-
ing the labelling period can be made, albeit without similar level of
accuracy as seen by others though not measuring on cartilage tis-
sue17,18. The blood sample at 2 h after initial ingestionwas chosen as
the expected time-point of maximum body water enrichment19.
Additionally, three patients fulfilling the same inclusion and
exclusion criteria but without deuterium ingestion were included
as naïve controls. The study was performed on Copenhagen Uni-
versity Hospital of Bispebjerg in Denmark. Participants gave writ-
ten informed content and the study was approved by the Ethical
Committee of the Capital Region of Denmark (H-17015563)
complying with the Helsinki Declaration II. The trial was registered
on ClinicalTrials.gov (NCT03410745).
Participants

Patients were recruited at the University Hospital from the
outpatient clinic of the orthopaedic department. Patients with OA
of the knee, as classified by the American College of Rheuma-
tology20, scheduled for a knee replacement surgery by an ortho-
paedic surgeon were considered for participation. Patients were
eligible if they were 40e90 years old, had primary OA, had a body
mass index (BMI) within 18.5e40 kg/m2, were non-smoker, tracer
naïve (no previous exposure to a stable isotope), and willing to
schedule their surgery to allow for the four weeks labelling time
(the treatment guarantee is one month in Denmark).

Exclusion criteria included other diseases of the joint (rheu-
matoid arthritis, gout, or psoriasis arthritis), systemic inflammatory
diseases, diabetes or cancer, previous knee surgery or recent
trauma to the knee, participation in regular strenuous exercise, oral
or intraarticular injection of corticoid-steroids within the last three
months, or requirement of an interpreter.

Tissue collection

During knee replacement surgery, the leftover tibia plateau was
collected and immediately transferred to the laboratory on ice.
From the medial tibia condyle, several full-thickness cartilage bi-
opsies were sampled centrally and under the meniscus. By cutting
with a scalpel, the subchondral bone was removed from biopsies.
From osteophytes, slices were sampled using a scalpel. All cartilage
for ribonucleic acid (RNA) extraction was snap-frozen in liquid ni-
trogen (<15 min from surgery) and kept at �80�C until further
analysis, while cartilage for isotope analysis was weighed, cut in
thin sections (<1 mm) perpendicular to the surface, freeze-dried,
and weighed again.

Blood samples were collected in K3-EDTA plasma tubes (Vacu-
ette, Greiner Bio-One, Kremsmünster, Austria), placed on ice for
30 min and centrifuged for 10 min at 4�C at 3172 G before the
plasma fraction was collected, gently mixed, aliquoted, and kept
on �80�C until further analysis.

Enzymatic processing for isotope analysis

To determine the isotope incorporation in collagen, GAGs and
other none-collagenous substances were removed using a collagen
extraction procedure as previously described21. Six samples of
osteophyte cartilagewere large enough to keep a part untreated for
additional analyses of turnover and composition (Fig. 1). Freeze-
dried samples were treated overnight with hyaluronidase (H3506,
Sigma) [5 U/ml in 0.05 M sodium acetate and 0.15 M NaCl (pH ¼ 6)]
at 37�C. The samples were centrifuged, the supernatant removed,
and the cartilage slices were washed with isotonic NaCl before
being incubated with trypsin (T8802, Sigma) [1 mg/ml in PBS]
overnight at 37�C. The samples were centrifuged, the supernatant
removed, and the samples were washed with PBS, 0.7 M KCl, and
distilled water. Finally, samples were freeze-dried, weighed, and
kept at �80�C for later analyses. As trypsin cannot cleave native
triple helical collagen22, our protocol would remove any unincor-
porated collagen and leave behind a trypsin-indigestible cartilage
matrix of predominately fibrillar type II collagen.

Isotope analyses

The isotope analyses were performed as described elsewhere23.
In brief, precipitated plasma proteins and enzymatic treated carti-
lage samples were hydrolysed in 6 M HCl at 110�C overnight to
liberate the amino acids. Plasma samples for free amino acids were
acidified. All samples were then purified on cation exchange resin
columns (Bio-Rad, Hercules, CA, USA), liberated using 2 M NH4OH,
and dried by N2 flow at 70�C. Finally, the amino acids were deri-
vatised to their corresponding N-acetyl-N-propyl (NAP) esters for
analyses. The amount of deuterium labelled alanine (2H-ala) was
analysed using gas chromatography-combustion-isotope ratio
mass spectrometry (GC-C-IRMS). The 2H/1H ratio was converted to
atom percent excess (APE) using the absolute ratio constant for
deuterium based on the VSMOW standard, as described
elsewhere24.

Fractional synthesis rate (FSR) of treated cartilage, osteophyte
and plasma protein was calculated from incorporation of 2H-ala
into protein. Plasma 2H-ala was used as precursor enrichment and
measured by liquid chromatography tandem mass-spectrometry
(LC-MS/MS) (TSQ Quantiva; Thermo Fisher Scientific, San Jose, CA)
as previously described25. The FSR was calculated as:

http://ClinicalTrials.gov


Fig. 1 Osteoarthritis and Cartilage

Schematic representation of study protocol. A: The study protocol is initiated four weeks prior to the scheduled knee replacement surgery.
The blood samples are drawn before oral ingestion of deuterated water at 70% atom concentration. B: Photograph of a left tibia plateaus, the
white dotted line shows the location of the medial meniscus (removed at surgery), the black dotted line shows the area of sampled peripheral
osteophytes. The biopsies are either enzymatically processed by hyaluronidase and trypsin or subjected to RNA extraction protocol. Some
biopsies were large, and the remaining untreated biopsies were used for additional analyses. C: The number of samples used for each analysis.
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where APEAla indicate protein (treated cartilage or plasma protein)
bound 2H-alanine, APEp indicate the mean plasma precursor
enrichment of 2H-alanine, and t is the time from D2O consumption
to time of surgery.
Gene expression analysis

Cartilage biopsies (30e100 mg) were cut in 10 mm slices
at �20�C. The slices were homogenised in TriReagent (Molecular
Research Center, Cincinnati, OH, USA) using 2.3 mm stainless steel
beads in a homogenising tube (BioSpec Products Inc., Bartlesville,
OK, USA) and shaken (FastPrep, FP Biomedicals, Illkirch, France).
Bromo-chloropropane (Sigma, Darmstadt, Germany) was added to
isolate the RNA containing aqueous phase, where a poly-acryl
carrier and isopropanol were added to precipitate the RNA. The
pellet was washedwith 75% ethanol, dissolved inwater, transferred
to spin columns (RNeasy MinElute Cleanup kit, Qiagen, Hilden,
Germany) for further washing, and then finally eluted with water.
The total RNA concentration (25 ± 18 ng/mg) was determined by
the RiboGreen assay (Molecular Probes Inc., Eugene, OR, USA) as
per manufacture's protocol, which uses a fluorescent nucleic acid
stain for quantitating RNA from a standard curve. The extracted
total RNA (50 ng) was then converted to cDNA at 37�, 60 min in
20 ml using 1mM poly-dT (Invitrogen, Nærum, Denmark) with the
OmniScript Kit (Qiagen, Hilden, Germany) as per manufacture's
protocol. For each target mRNA, 0.5 mL cDNA was amplified in a
25 mL SYBR Green polymerase chain reaction (PCR) containing
1�Quantitect SYBRGreenMasterMix (Qiagen) and 100 nM of each
primer (Table S1). The amplification (100, 95�->{1500, 95�->3000, 58�-
>9000,63�(signal collection)} x 50 - > Melt curve) was monitored
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real time using the MX3005P Real-time PCR machine (Stratagene,
California, USA). Ct values were converted to cDNAmolecules using
a standard curve of DNA oligos (Ultramer, Integrated DNA Tech-
nologies Inc., Leuven, Belgium) with a DNA sequence correspond-
ing to the expected PCR product. All primer pairs span introns and
the specificity of the PCR products was confirmed bymelt curves of
unknown samples and known oligos. No sample specific inhibition
was seen comparing efficiency of the individual sample PCR re-
actions with the standard curve using the three-parameter logistic
model (LRE)26. Expressed values were normalised to internal con-
trol of large ribosomal protein P0 (RPLP0), which was then vali-
dated using glyceraldehyde 3-phosphate dehydrogenase (GAPDH).
Statistics

All statistical analyses were performed using GraphPad Prism
version 8.4.3 (GraphPad Software, San Diego, CA, USA). Cartilage
GAG and collagen composition in central, submenisc and osteo-
phytes samples was compared by mixed-effect analysis with sub-
ject as random effect and location as fixed effect using Tukey's
correction for multiple comparisons test. This mixed model uses a
compound symmetry covariance matrix and is fit using Restricted
Maximum Likelihood (REML). Normality and homoscedasticity
were evaluated by residual- and QQ-plots. The GAG and collagen
composition in treated and untreated osteophyte samples were
compared with paired t-test, after evaluation of normality and
Fig. 2 Osteoarthritis and Cartilage

Participant flow chart. The flow of participants though the study.
homoscedasticity on residual- and QQ-plots. Due to hetero-
scedasticity (unequal variance) 2H-ala and FSR of the treated
cartilage were analysed by non-parametric statistics. Therefore,
differences in 2H-ala and FSR were calculated using Friedman test
with Dunn's correction for multiple comparisons test post hoc.
After ensuring normality and homoscedasticity by evaluating re-
sidual- and QQ-plots, RNA targets were analysed by paired t-test on
logarithmic values. Statistical significance was defined as P-values
< 0.05 for all analyses. Values are reported as means ± SD for
participant characteristics, means ± SEM for cartilage composition
data, medians with interquartile range for isotope data, and geo-
metric means ± back transformed SEM for gene expression data. An
overview of the statistical analyses with mean or median and 95%
confidence interval of differences is shown in Table S2.

Results

Patients were recruited for participation between March 2018
and October 2019 (Fig. 2). Twenty participants completed the
intervention: mean (SD) age 64 ± 9.1 years (range 47e89 years of
which 90% being between the age of 54 and 73 years), 45% female,
and BMI 29.5 ± 4.8 kg/m2 (Table I). All participants had Kelgreen-
Lawrence (KL) grade of 3 or 4 with no correlation to age. After
ingestion of the first bolus, three participants reported slight light-
headedness but not true vertigo, which lasted between 20 and
45 min. No treatment of these patients was necessary apart from
resting.

Cartilage composition and turnover

Enzymatic treatment of cartilage results in a collagen rich ma-
trix demonstrating a low GAG content of 30e35 mg/mg dry weight
(d.w.) and a collagen content of 600 mg/mg d. w (Fig. 3 A and B). The
GAG content was lower in the treated vs untreated osteophytes
indicating a removal of the GAG by the trypsin treatment. The
trypsin treatment gave an up-concentration of the collagen con-
centration seen as a greater collagen content in the treated vs un-
treated osteophytes (Fig. 3C and D). As a positive control of
deuterium labelling, we used plasma protein 2H-ala enrichment at
the time of surgery, showing a median [interquartile range]
Parameter Value

Age (years ± SD) 64.5 ± 9.1
Body mass index (kg/m2± SD) 29.5 ± 4.8
Sex (N (female:male)) 9:11
KellgreneLawrence grade (score [range]) 3.5 [3e4]
Labelling duration (days ± SD) 28.1 ± 1.1
Daily medication intake
Analgesics (N (%)) 12 (60%)
Acetaminophen/paracetamol (N) 10
Ibuprofen/naproxen (N) 8
Tramadol/morphine (N) 2

Anti-thrombotic (N (%)) 4 (20%)
Anti-hypertensive (N (%)) 8 (40%)
Anti-hyperlipidemic (N (%)) 4 (20%)

Values are means unless otherwise stated.

Table I Osteoarthritis and Cartilage

Participants’ characteristics
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enrichment of 0.18% APE [0.17e0.20] (Fig. 4), thus validating that
oral ingestion of heavy water led to deuterium-labelled alanine
being incorporated into proteins. Treated cartilage from both cen-
tral and submeniscal regions showed similar median [interquartile
range] 2H-ala of 0.063% APE [0.062e0.063], while osteophytes had
significantly higher enrichment [interquartile range] of 0.072% APE
[0.066e0.085] compared to both central, 95% CI of difference
[0.003e0.015] or submeniscal region, 95% CI of difference
[0.004e0.015] (Fig. 4).
Fig. 3

Cartilage composition. Assays showing the amount of (A) glycosaminog
matrix later analysed for deuterium incorporation, as well as a subset of
treated and untreated samples. Values are individual data points and bars
Paired enzymatically treated and untreated samples from cen-
tral (n ¼ 5), submeniscal (n ¼ 2), and osteophyte (n ¼ 6) cartilage
showed a median [interquartile range] 2H-ala of 0.073% APE
[0.066e0.076] and 0.063% APE [0.062e0.068] in untreated and
treated samples, respectively (Fig. 5), with a median reduction of
0.007% APE [0.004e0.011] by the treatment. As expected, the
change in 2H-ala content between enzymatic treated and untreated
naïve cartilage samples was very low or non-existing (range
0.0004e0.0008 APE% difference, n ¼ 3) in patients without
Osteoarthritis and Cartilage

lycans (GAG) and (B) collagen in the enzymatically treated cartilage
osteophytes where (C) GAG and (D) collagen were analysed in both
represent means with 95% CI.



Fig. 4 Osteoarthritis and Cartilage

2H-alanine incorporation in treated cartilage matrix and

plasma proteins. Regional 2H-ala in treated cartilage tissue from
different locations are shown together with 2H-ala levels in plasma
proteins at the day of surgery after four weeks labelling. Values are
individual data points and error bars represent medians with inter-
quartile range. APE: atomic percentage excess.

Fig. 5 Osteoarthritis and Cartilage

Effect of cartilage treatment. Enrichment of enzymatically treated
or untreated cartilage samples from different regions of the tibial
plateau. Values are individual data points. APE: atomic percentage
excess.
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ingestion of deuterium oxide tracer. Further, the labelled, treated
cartilage samples were only slightly more enriched compared to
naïve, treated cartilage, suggesting that the turnover of the collagen
matrix of AC in late-stage OA is very limited. Thus, treatment with
trypsin reduced the 2H-ala content consistently in every labelled
sample, confirming that the matrix removed by the enzymatic
treatment, consisting mostly of proteoglycans, has a higher turn-
over than the trypsin-resistant matrix of predominately collagen.

For treated cartilage matrix, the median FSRs were 0.027 %/day
for central and 0.022 %/day for submeniscal, but significantly higher
for osteophytes at 0.22 %/day, 95% CI of difference [0.098e0.363],
while plasma proteins had an FSR of 2.92 %/day (Fig. 6).

Gene-expression

Collagen type II (COL2A1), aggrecan (ACAN), lubricin (PRG4),
and matrix metalloproteinase 3 (MMP-3) genes were detected
sufficiently for analyses (Fig. 7), however, MMP-1, MMP-13, and a
disintegrin and metalloproteinase with thrombospondin motifs 5
(ADAMTS-5) were detected in too low amounts, and ADAMTS-4
was undetected. Compared to the central cartilage, submeniscal
cartilage had a higher expression of MMP-3 by 4.1efold, 95% CI of
difference [1.1e2.7] and lower lubricin expression by 0.6efold, 95%
CI of difference [�1.5 to �0.1] (Fig. 7), thus a regional difference in
gene-expression was found.

Discussion

Cartilage turnover of the medial tibia condyle

In this study, we wanted to determine, if the turnover of AC is
different across the medial tibia condyle as it experiences differ-
ences in load27. Regionally, we found no difference in collagen
turnover between cartilage located centrally on the condyle
compared to the more peripheral region under the meniscus. Thus,
despite the difference in load reported, the turnover is the same in
late-stage OA. Previously, results from our lab using the 14C bomb
pulse method on a similar cartilage matrix compared the life-long
turnover between high-load (centrally) and low-load (peripherally)
areas and found a difference12. However, later work has determined
that the difference could be explained by the growth of the tibia
plateau in the school years21. Further, a review of human exercise
trials reports no change in biomarkers of collagen synthesis and
indicates an unsignificant reduction in collagen breakdown28. To
our knowledge, no in vivo study on loading has sampled from the
cartilage itself. Combined with the current data, it seems that
loading does not influence cartilage collagen synthesis in OA. On
the other hand, loading by exercise reduces pain and improves
physical function29. Thus, it can be speculated whether the effect of
exercise is due to extraarticular adaptations (e.g., increased joint
stability and weight loss). Alternatively, the exercise effect may be
related to regulation of synthesis of non-collagenous cartilage
components e.g., GAGs, though, the current study does not have
sufficient data on untreated cartilage to confirm this (Fig. 5), and
thus, further or larger studies are needed.

In support of the isotope incorporation data, we analysed gene
expression of matrix components and breakdown enzymes from
both the central and sub-meniscal region on the medial plateau.
The current gene expression results showed similar collagen and
aggrecan expression in the different cartilage regions, but higher
MMP-3 expression submeniscally. In combination with the isotope
results showing similar FSR, this indicates that despite the higher
MMP-3 expression the turnover under the meniscus is the same,
i.e., is not matched by increasing synthesis. We did not perform any
assessments of active MMP-3 or the antagonising tissue inhibitors
of matrix metalloproteinases (TIMPs) enzymes, nor did we evaluate
the cleaving capacity of MMP-3 on this particular matrix. Therefore,
we cannot exclude that either the MMP-3 is not translated into
active MMP-3 protein, or the breakdown of the trypsin-resistant
matrix is not influenced by MMP-3. Further, the higher MMP-3 and
lower lubricin expression in the submeniscal area, could lead to
increased loss of cartilage matrix. In the current study, central
cartilage fibrillation was found universally, but submeniscal carti-
lage conditions varied from appearing healthy to a complete loss



Fig. 6 Osteoarthritis and Cartilage

Fractional synthesis rate. A: Regional FSR %/day in treated cartilage tissue from different locations and B: plasma proteins are shown. Values
are individual data points and bars are shown as medians with interquartile range.

Fig. 7 Osteoarthritis and Cartilage

mRNA expression of submeniscal cartilage. The gene expres-
sion of sufficiently detected targets showing the submeniscal
location relative to central location normalised to RPLP0. Values are
individual data point and bars represent geometric means with 95%
CI (back transformed) shown on a logarithmic scale (n ¼ 20).

A.E.M. Jørgensen et al. / Osteoarthritis and Cartilage 30 (2022) 886e895892
exposing the indurated bone. This appearance is reported by others,
who similarly showed higher MMP-3 and MMP-13 in undamaged
knee cartilage (corresponding to submeniscal) compared to
damaged cartilage from the medial tibia plateau30. In femur con-
dyles, regional differences in MMP-3 were found31, but not by
all32,33. We found no difference in expression of aggrecan or
COL2A1 similar to many32e34, but not all31.

Osteophytes are a common feature in OA, and are bony out-
growths covered by fibro-cartilage35. A unique and important
finding in the present study is the demonstration of a high turnover
of osteophytes in humans with OA, which has not been measured
previously. In the present data, the 10-fold increase in deuterium
incorporation found in osteophytes compared to regular AC in-
dicates rapid tissue growth and aligns with findings of rapid
osteophyte development in murine models of surgically induced
OA36.

Low enrichments and fractional synthesis rates of the collagen
matrix

In the current study, we found that the trypsin-resistant carti-
lage matrix, consisting mostly of collagen, contained low levels of
incorporated alanine-labelled deuterium, which were only slightly
above baseline, and very low compared to plasma proteins. This
was also reflected in the FSR values, showing very low synthesis
rates at less than 0.03 %/day of the cartilage collagen matrix
compared to more than 100-fold higher FSR of plasma proteins.
Thus, despite an age-range of several decades in late-stage OA very
limited turnover and incorporation of cartilage collagen takes place
in a period of four weeks. A novel point of this study is the specific
in vivo protein synthesis data on AC from end stage OA patients.
This supports previous but unspecific findings of limited cartilage
collagen turnover in humans measuring chemical changes by
racemization of aspartic acid and AGE8,9 or from using the 14C bomb
pulse method12. On the other hand, a study of experimental OA in
dogs showed incorporation of tritium (3H) in a cartilage collagen
fraction likely representing a similar fraction as the one investi-
gated in the current study15. The results from that study are how-
ever not directly comparable to the situation in primary human OA,
because the study investigated a very early phase of surgically
induced OA by transection of the anterior cruciate ligament cor-
responding to acute trauma in dogs and not primary OA in humans.
Finally, unloading by knee joint distraction or tibia osteotomy has
shown improvement in clinical symptoms and cartilage condition
by using MRI scans and collagen biomarkers37. Histologically,
cartilage biopsies sampled arthroscopically at time of tibia osteot-
omy and two years later demonstrated newly formed fibrocartilago
and not hyaline cartilage38. Thus, unloaded OA cartilage may have



A.E.M. Jørgensen et al. / Osteoarthritis and Cartilage 30 (2022) 886e895 893
the ability to regenerate by forming collagen in a fibrotic matrix,
but the ability to form new and optimally structured type II
collagen has not been shown and the current isotope incorporation
data suggest that type II collagen damage is unrepairable.

Untreated cartilage enrichment

To examine the effect of the enzymatic treatment, a subset of
samples of sufficient size had a piece left untreated. Thus, we
compared raw (untreated) and treated cartilage, and found a
consistent difference with higher 2H-ala incorporation in untreated
cartilage. A steady turnover of soluble collagen39 and pro-
teoglycans12,40,41 has been shown and, along with collagen cross-
links, these influence cartilage structure and renewability. Others
have examined the turnover of untreated OA cartilage by contin-
uous infusion of stabile isotopes (13C6-phenylalanine) hours prior to
knee replacement surgery, and demonstrated an FSR of 0.96%/day,
which was comparable to FSR in skeletal muscle42. Skeletal muscle
is characterized by a high synthesis rate; thus, these comparable
synthesis rates are rather unexpected yet, the synthesis of aggrecan
has been demonstrated to increase with OA43, and thus the high
FSR in raw cartilage reported42 could be a result of increased
aggrecan synthesis. Our data also support that the untreated
cartilage matrix containing aggrecan has a much higher turnover
than the trypsin-resistant matrix.

The limitation in this study is the inability to pin-point which
specific protein is enriched in the trypsin-resistant matrix, how-
ever, in line with previous work12,21 assays for hydroxy-proline and
GAGs on the analysed cartilage matrix showed almost complete
removal of GAGs and a collagen content of approximately 60%. On
the other hand, this means that apart from collagen, other matrix
structures must also have very limited synthesis. These matrix
structures are thus trypsin-resistant in their own similar to triple
helical type II collagen or maybe remain embedded in the collagen
matrix protected from the trypsin breakdown, which would lead to
a collagen content less than 100%. Investigations in the future could
combine mass spectrometry and proteomics in the attempt to
determine the specific proteins.

In conclusion, despite regional differences in chondrocyte gene
expression across the medial tibia plateau the current study shows
similar and very limited matrix turnover, albeit increased in
osteophytes. The turnover of trypsin-treated cartilage matrix,
consisting mostly of collagen has even less turnover when
compared to untreated matrix. Thus, late-stage OA cartilage seems
unable to renew the stable structured collagen matrix effectively,
and prevention or early intervention of OA is therefore encouraged.
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