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ABSTRACT Tendons are often injured and heal
poorly. Whether this is caused by a slow tissue turnover
is unknown, since existing data provide diverging esti-
mates of tendon protein half-life that range from 2 mo
to 200 yr. With the purpose of determining life-long
turnover of human tendon tissue, we used the *C
bomb-pulse method. This method takes advantage of
the dramatic increase in atmospheric levels of '*C,
produced by nuclear bomb tests in 1955-1963, which is
reflected in all living organisms. Levels of '*C were
measured in 28 forensic samples of Achilles tendon
core and 4 skeletal muscle samples (donor birth years
1945-1983) with accelerator mass spectrometry (AMS)
and compared to known atmospheric levels to estimate
tissue turnover. We found that Achilles tendon tissue
retained levels of '*C corresponding to atmospheric
levels several decades before tissue sampling, demon-
strating a very limited tissue turnover. The tendon
concentrations of '*C approximately reflected the at-
mospheric levels present during the first 17 yr of life,
indicating that the tendon core is formed during height
growth and is essentially not renewed thereafter. In
contrast, *C levels in muscle indicated continuous
turnover. Our observation provides a fundamental
premise for understanding tendon function and pa-
thology, and likely explains the poor regenerative
capacity of tendon tissue.—Heinemeier, K. M.,
Schjerling, P., Heinemeier, J., Magnusson, S. P.,
Kjaer, M. Lack of tissue renewal in human adult
Achilles tendon is revealed by nuclear bomb '*C.
FASEB J. 27, 000-000 (2013). www.fasebj.org
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THE PREVALENCE OF TENDON injuries associated with
sports and leisure activity is quite considerable, and
often injuries are accompanied by incomplete healing,
chronic tendon pain, and degenerative changes within

Abbreviations: AMS, accelerator mass spectrometery; pMC,
percentage modern carbon; VPDB, Vienna Pee Dee Belem-
nite
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the tendon (1, 2). This indicates a limited regenerative
capacity of tendons, which may be due to a slow tissue
turnover. The rate of tendon tissue turnover has been
largely unknown, although, based on determination of
aspartic acid racemization in horses, a half-life of ten-
don collagen protein approaching 200 yr has been
suggested (3). In distinct contrast to this, indirect
determination of collagen turnover in human tendon
tissue, by sampling of procollagen peptides from the
peritendinous tissue using microdialysis, suggests that
relatively high rates of collagen protein synthesis take
place in tendon (4). Furthermore, biopsy data on
incorporation of stable isotope-labeled amino acids
into human tendon indicated collagen synthesis rates
that correspond to ~1%/d (equivalent to a half-life of
~2 mo), which is close to that of skeletal muscle (5, 6).
Moreover, mechanical loading seems to increase colla-
gen synthesis (4, 6), and physical training appears to
induce hypertrophy of human tendons (7, 8). These
findings indicate that human tendons are mechano-
sensitive and respond to loading by up-regulating col-
lagen protein synthesis. In contrast to this, data from
core tendon tissue in humans did not show any loading-
induced stimulation of collagen mRNA expression (9,
10), and the poor regenerative capacity of human
tendon in general, challenges suggestions of high levels
of turnover in this tissue (5, 6). To answer the funda-
mental question of how fast human tendon tissue is
replaced, we have studied life-long Achilles tendon
turnover with use of the '*C bomb-pulse method (11,
12) (explained below).

The amount of "*C in atmospheric CO, was relatively
constant until 1955, when above ground nuclear bomb
tests caused it to rise dramatically to about twice the
natural level (ref. 13 and Fig. 1). When testing was
stopped after the Test Ban Treaty in 1963, the *C levels
in the atmosphere dropped exponentially, primarily
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Figure 1. "*C bomb-pulse curve. Concentration of '*C in
atmospheric CO, (black line), shown as pMC (26). Testing of
nuclear bombs from 1955 to 1963 nearly doubled the atmo-
spheric levels of '*C, which was followed by an exponential
decrease after the Test Ban Treaty in 1963. Measured levels of
'*C are shown in relation to birth year for samples of human
Achilles tendon (gray squares) and skeletal muscle (open
circles) taken in year 2000. The levels of '*C found in the
tendon tissue generally correspond to the atmospheric levels
many years before sampling, thus indicating a very slow rate
of tissue replacement. Skeletal muscle levels of '*C corre-
spond to atmospheric levels ~2 yr before the time of sam-
pling (dashed arrow), thus indicating continuous tissue turn-
over, as essentially no memory of lifetime exposure to the
bomb pulse remains in the muscle tissue.

due to diffusion into the oceans. Atmospheric '*C,
normally generated only by cosmic radiation, reacts
with oxygen and forms carbon dioxide ('*CO,). This
"CO, is incorporated into plants during photosynthe-
sis and passed directly into humans via plant foods, and
indirectly via meat from animals, in amounts that
closely parallel the atmospheric concentration. Most
tissues in living organisms are gradually replaced over
weeks or months and therefore have a content of *C
corresponding to the current level in the atmosphere
(12). However, tissues with absent or very slow turnover
will contain 'C levels resembling the levels in the
atmosphere at the time of tissue formation (11, 12).
Thus, by measuring the content of *C in tissue from
people who have lived during and after the bomb pulse
peak, the replacement rate of a particular tissue or
tissue component can be estimated accurately (11, 12,
14-16). At present, no consensus exists with regard to
the replacement rate of human tendon tissue, but some
findings indicate that the tissue turnover could be
relatively slow (3, 9, 10). Thus, in the present study we
have taken advantage of the '*C bomb pulse method to
study the degree of Achilles tendon tissue renewal
during life using skeletal muscle as a reference.

MATERIALS AND METHODS
Tendon and muscle samples

Achilles tendon samples (n=28) were obtained in March
2000 during routine forensic autopsies with permission at the
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Arkansas State Crime Laboratory (Little Rock, AR, USA).
Samples with a diameter of ~4 mm were obtained from the
Achilles tendon core 2-5 cm from the most proximal part of
the calcaneus and kept at —80°C until further analyses.
Skeletal muscle samples (M. psoas major) were also obtained
from 4 of the donors. The birth years of the donors ranged
from 1945 to 1983 (see anthropometric details for all donors
in Table 1).

Sample preparation and isotope analyses

Prior to analysis, ~0.5 mm of the outer layer of the tendon
and muscle samples was discarded to eliminate any risk of
contamination with modern carbon. Samples were freeze-
dried, and subsamples of a few milligrams were taken for
analysis at the Accelerator Mass Spectrometry (AMS) '*C
Dating Centre, Aarhus University. Samples for AMS were
combusted with CuO in sealed combustion tubes at 950°C,
and, due to permanent damage to the Centre’s own EN
tandem accelerator, the resulting CO, was submitted for
graphitization and AMS analysis at the Accelerator Mass
Spectrometry Laboratory, Accium Biosciences (Seattle, WA,
USA) under the direction of Ugo Zoppi (17). The radiocar-
bon dating results are reported according to international
convention (18), and '*C content are given as percentage
modern carbon (pMC) based on the measured *C/"'*C ratio
corrected for the natural isotopic fractionation by normaliz-
ing the result to the standard 8'°C value of —25%o Vienna
Pee Dee Belemnite (VPDB; 8'?C calibration standard). Stable
isotope values of 8'*C, §'°N, carbon and nitrogen fraction (by
weight) and carbon/nitrogen (C/N) atomic ratios were mea-
sured at the Aarhus AMS Centre by continuous-flow mass
spectrometry and are shown for all subjects in Table 1.

RESULTS

The measured concentrations of '*C in tendons from
donors who were born during and after the bomb-
pulse peak clearly exceeded the level that was present
at the time of sampling (Fig. 1 and Table 1). In fact,
for the majority of the samples, '*C levels corre-
sponded to the atmospheric levels several decades
before sampling, showing that many years had passed
with minimal or no tendon tissue renewal (see values
for bomb-pulse calibration in Table 1).

To estimate tissue formation and turnover, it is
preferable to study persons born at a time close to the
peak of the bomb pulse or later. This period offers a
good time resolution because of the high atmo-
spheric '*C level at birth and subsequent gradual
decline during the growing years of the donors. The
present study included 19 persons born during this
period (1962-1985), and the '*C content in their
tendons corresponded to the atmospheric level pres-
ent 8 yr (median) after birth (Fig. 1 and Table 1).
Based on this observation, and considering that
height growth continues to an average of 17 yr in
humans (19), we hypothesized that tendon tissue is
formed during the first ca. 17 yr of life and is
thereafter practically inert. According to this theory,
the tendon tissue would be expected to contain
approximately an average of the atmospheric '*C
level present during the first 17 yr of life. We have
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Figure 2. Model for human tendon tissue formation and
turnover. Dotted line shows the 0-17 yr moving average of
the '*C level in the atmosphere, representing the relation
between calendar year and the average atmospheric '*C level
during the subsequent 17 yr (e.g., value in 1960 corresponds
to average atmospheric "*C between 1960 and 1977). The
curve reproduces relatively well the observed levels of '*C in
Achilles tendons samples (gray squares), suggesting that the
tendon tissue ''C was incorporated during height growth
(0-17 yr) and that tissue replacement during adulthood was
very limited. The large black circle indicates three tendon
samples with deviating '*C concentrations, potentially due to
abnormally high turnover during later periods in life with low
atmospheric '*C. The dataset contained three clear outliers,
indicated as #25, #28, and #30.

tested this proposed model for tendon formation/
turnover by comparing the *C tendon data to a 0-17
yr moving average of the bomb-pulse curve (Fig. 2).
The data fit this curve relatively well and support the
hypothesis that human tendons are formed primarily
during height growth and that the rate of tissue
renewal is very limited thereafter (Fig. 2).

Clearly, in contrast to tendon tissue, samples of
skeletal muscle had retained essentially no memory of
the bomb pulse, as they contained levels of *C corre-
sponding to atmospheric levels shortly before death
(1998: samples 24, 26, and 28; 1996: sample 25). Thus,
these data demonstrate that skeletal muscle is continu-
ously replaced (Fig. 1 and Table 1).

DISCUSSION

The difficulties in resolving tendon overuse injuries (2)
may relate to a limited turnover of tendon tissue.
However, existing data on tendon tissue turnover rates
are highly diverging (3, 5, 6) and no consensus exists
with regard to how rapidly tendon tissue is replaced
during life. Taking advantage of the bomb-pulse
method, which has previously been used to demon-
strate extremely low turnover rates of human eye lens
(11) and dental enamel (14), we show that human
Achilles tendon core tissue is practically inert during
adult life.
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Tendon tissue turnover and adaptability

Previous reports based on incorporation of stable iso-
topes in adult human tendon indicate that tendon
tissue has a high turnover rate, which is comparable to
that of skeletal muscle (5, 6). However, the present data
clearly show that rates of tissue turnover are distinctly
different in tendon and muscle, and that core tendon
tissue is not continuously renewed like muscle. The
high rates of tendon protein synthesis, estimated in
previous studies using stable isotopes (5, 6), may be
explained by the fact that all new synthesis of protein is
detected when measuring incorporation of stable iso-
topes into tissue. Thus, a potentially large production
of excess protein, which is broken down relatively
quickly and never incorporated into the more perma-
nent tissue structures (i.e., collagen fibrils), will contrib-
ute to the measured protein synthesis rate. Thus,
previous studies of tendon protein synthesis rates (5, 6)
may have given a false impression of rapid tissue
replacement. In this context, the e bomb-pulse tech-
nique has a clear advantage because it allows determi-
nation of actual tissue replacement over a long time
span. Another potential explanation for at least part of
the divergence in estimated tendon turnover could be
that heterogeneity in tendon tissue turnover exists
between the outer and inner regions of the tendon.
Possibly the core tendon tissue, which was measured in
the present study, could have a lower turnover than the
outer part of the tendon, which was included in sam-
ples analyzed in previous stable isotope studies (5, 6). A
higher level of adaptability in the tendon periphery is
also compatible with observations made in microdialy-
sis studies (4). Here collagen synthesis markers (e.g.,
carboxy-terminal propeptide of type I procollagen)
were measured in the peritendinous tissue (just ventral
to the Achilles tendon), and shown to increase in
response to loading/training (4, 20). Thus, data from
stable isotope and microdialysis studies suggest that
human tendon tissue is relatively adaptable, at least in
the peripheral region. In further support of some
degree of tendon adaptability is the fact that tendon
hypertrophy can be induced by long-term training (8,
21). These observations, combined with the present
finding of negligible tendon core turnover, could indi-
cate that a large degree of tendon adaptation happens
in the outer region of the tendon.

Individual variation in tendon tissue turnover

We found relatively large differences in '*C content
between individuals from the same birth year and
considering previous observations in bone this is per-
haps not surprising (22). Thus, '*C levels measured in
femoral bone collagen were highly variable between
individuals; this was attributed to biological variation in
collagen turnover rates (22). In addition, tendons are
likely to have different loading histories during early
years, as opposed to more protected tissues, such as the
eye lens, that showed a very close association between
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birth year and ¢ content (11). Albeit speculative,
loading-induced overuse injury (of which we have no
donor history) may also have increased the tendon
tissue turnover in some individuals. Even a short period
with high turnover during adulthood could markedly
influence the '*C level in the tendon tissue at sampling
time, and this could be a potential explanation for the
deviation of some samples from the 0-17 yr moving
average (e.g., 3 samples marked with a circle in Fig.
2). It should be noted that the data set contains 3
clear outliers (samples 25, 28, and 30), which cannot
be explained by variation in tendon tissue turnover,
since they have '*C contents that are incompatible
with the birth year of the donors. Thus, samples 28
and 30 have higher '*C levels than the atmospheric
levels at any point in their lifetimes, while sample 25
is lower. Samples 25 and 28 were remeasured, to
ensure that the unexpected '*C values were not
related to technical errors, and no difference was
found in the second measurement (Table 1). Thus,
the outliers are not readily explained but could relate
to contamination due to, e.g., medical diagnostic use
of *C for donors 28 and 30. Also, erroneous birth
year registration at the time of sampling cannot be
excluded, and understated biological age could ex-
plain the results for all three samples.

Tissue preparation for AMS analysis

It may be speculated that the noncollagen components
of tendon tissue have higher turnover than the collagen
component and, since the collagen fibrils are the major
bearing element of the tendon (23, 24), it would be
desirable to separately analyze the '*C content of the
collagen fraction. However, to avoid the risk of contam-
ination with modern carbon, we did not attempt to
separate collagen from other constituents of the ten-
don. This decision was based on the following consid-
erations. Collagen constitutes at least 65-80% of ten-
don dry mass of tendon tissue (25), and the additional
components, including sugar-containing proteogly-
cans, make up a minor part of the tissue (25). A C/N
ratio of 3.36 = 0.14 (mean * sp) was measured in the
Achilles tendon tissue samples (Table 1). Compared to
a theoretical C/N ratio of 3.10 for type I and 3.09 for
type III collagen (the main collagens of tendon tissue),
this indicates a limited presence of components with
higher carbon contents, such as sugars and fat, and is in
agreement with a high collagen content (calculation of
the theoretical C/N ratios for collagens are explained
in Supplemental Data). It is important to note that even
if a minor portion of the tendon protein has normal
turnover, this would have little effect on the *C read-
ings. For example 10% carbon from a high-turnover
pool would only reduce a completely inert collagen '*C
content of, e.g., 140 pMC to a reading of ~137 (140 X
90% + 109 X 10%) due to dilution with carbon from
the sampling year 2000 (109 pMC atmospheric value,
Fig. 1). So, although most tendon protein does have
very low turnover during adult life, it is quite possible

LACK OF TISSUE RENEWAL IN HUMAN ADULT TENDON

(and very likely) that a subpool of the proteins do have
a more normal turnover, i.e., proteins within cells and
perhaps between the fibrils.

CONCLUSIONS

Despite a relatively large variation between individuals,
it is evident that the Achilles tendon tissue samples had
retained levels of "*C corresponding to the atmospheric
levels several decades before sampling. Based on this
observation, it can be concluded that renewal of adult
core tendon tissue is extremely limited. The lack of
tissue turnover likely explains the relatively poor regen-
erative capacity of tendon tissue and provides a funda-
mental basis for future investigation of tendon disease
and treatment.
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