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to exercise and exercise type (eccentric (ECC) and 
concentric (CON)) in young and old patellar tendon. 
Healthy younger males (age 23.5 ± 6.1 years; n = 27) 
and older males (age 68.5 ± 1.9 years; n = 27) under-
took 8 weeks of CON or ECC training (3 times per 
week; at 60% of 1 repetition maximum (1RM)) or 
no training. Subjects consumed  D2O throughout the 
protocol and tendon biopsies were collected after 4 
and 8 weeks for measurement of fractional synthetic 
rates (FSR) of tendon protein synthesis and gene 
expression. There were increases in tendon protein 
synthesis following 4 weeks of CON and ECC train-
ing (P < 0.01; main effect by ANOVA), with no dif-
ferences observed between young and old males, or 
training type. At the transcriptional level however, 

Abstract Exercise training can induce adap-
tive changes to tendon tissue both structurally and 
mechanically; however, the underlying compositional 
changes that contribute to these alterations remain 
uncertain in humans, particularly in the context of the 
ageing tendon. The aims of the present study were 
to determine the molecular changes with ageing in 
patellar tendons in humans, as well as the responses 
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ECC in young adults generally induced greater 
responses of collagen and extracellular matrix-related 
genes than CON, while older individuals had reduced 
gene expression responses to training. Different train-
ing types did not appear to induce differential tendon 
responses in terms of protein synthesis, and while 
tendons from older adults exhibited different tran-
scriptional responses to younger individuals, protein 
turnover changes with training were similar for both 
age groups.

Keywords Tendon · Protein synthesis · Collagen · 
D2O · Training 

Introduction

Ageing is associated with progressive structural and 
mechanical changes to collagen-rich tissues such as 
tendon [1], and in elderly individuals, this can have 
negative impacts on tissue function and contribute to 
functional disabilities and injuries [2–4]. Tendon tis-
sues are predominantly composed of collagen and non-
collagenous extracellular matrix (ECM) components 
including proteoglycans, the turnover of which is regu-
lated by matrix metalloproteinases (MMPs) and tissue 
inhibitors of metalloproteinases (TIMPs). Resistance 
exercise (RE) appears to attenuate age-related func-
tional declines in tendons by altering tendon mechani-
cal properties [2]; however, the molecular changes that 
underlie these responses are uncertain.

The majority of data regarding the effects of age-
ing on tendon structural and functional properties have 
been generated from in vitro and animal models. Teno-
cytes cultured from mice of different ages revealed a 
decrease in rates of proliferation with age and a reduc-
tion in expression of stem cell markers [5, 6]. In rat ten-
dons, Kostrominova et al. [7] observed decreased gene 
expression of collagen types I, III and V, as well as key 
proteoglycans and ECM-related proteins, with increas-
ing age. At the structural level, ageing patellar tendons 
from mice were demonstrated to have deterioration of 
viscoelastic properties, with reduced collagen fibre 
alignment and altered tenocyte shape [8]. In humans, 
transcriptomic analysis of Achilles tendons with ageing 
found distinct differences between old and young ten-
dons, with altered expression of genes important in cell 
growth and cell cycle pathways [9].

While it is known that RE can result in ten-
don tissue adaptive changes both structurally and 

mechanically [10], the underlying regulatory factors 
that contribute to these changes remain uncertain, 
particularly in the context of the ageing tendon. In 
humans, acute (4  h) RE resulted in reduced expres-
sion of collagen type I and III and MMPs [11], while 
additional studies in human tendon have shown that 
acute exercise induced few changes in gene expres-
sion (related to collagen, growth factors and matrix 
proteins) compared to the changes in muscle [12]. In 
relation to ageing, a recent study in older rats demon-
strated that resistance training increased growth factor 
expression and proteoglycan content in tendons of old 
rats [13], while 10 weeks of uphill running resulted in 
reduced tendon stiffness and increased gene expres-
sion of collagen turnover related genes in Achilles 
tendons of older mice [14].

Studies have also focused on the effects that differ-
ent exercise intensities and types may have on tendon 
adaptation. In the work of Xu et  al. [15], moderate 
intensity treadmill running induced collagen synthe-
sis and collagen fibril organisation, while high inten-
sity running appeared to cause collagen degradation 
and disturbance in rat Achilles tendons. Two further 
studies compared 4  days of concentric (CON) and 
eccentric (ECC) training in female rats (as the greater 
absolute mechanical load in ECC vs. CON could pro-
duce differential anatomical, cellular and molecular 
responses), observing that acute exercise upregulated 
IGF-1 isoforms in Achilles tendon, as well as genes 
related to collagen synthesis and processing; how-
ever, no difference between contraction mode was 
observed [16, 17]. In humans, studies have suggested 
that different contraction types and intensities can 
differentially influence tendon mechanical properties 
in young and older adults [18, 19]; however, the cel-
lular/molecular factors underlying those differences 
require further study.

The aims of the present study were to determine 
the molecular changes with ageing in tendons in 
humans (specifically, at the level of tendon protein 
synthesis and gene expression changes), as well as 
the subsequent impacts of 4 and 8  weeks of train-
ing. ECC and CON training types were compared in 
order to evaluate whether there were any differences 
in tendon remodelling based on training mode. Our 
hypothesis was that older tendons would exhibit dif-
ferences in molecular properties (including collagen 
and ECM-related molecular changes), and that train-
ing would induce tendon cellular adaptations in both 
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age groups, but that these changes would be attenu-
ated in older individuals.

Methods

Ethical approval, participants, study protocol and 
sample collection

Fifty-four healthy, recreationally active individu-
als were recruited, 27 of which were younger 
males (age (mean ± SD): 23.5 ± 6.1  years; body 
weight: 74.4 ± 13.2  kg) and 27 older males (age: 
68.5 ± 1.9 years; body weight: 78.7 ± 9.4 kg). All par-
ticipants underwent a full medical screening prior to 
enrolment, whereby those with any musculoskeletal, 
metabolic, respiratory, neurological or cardiovascu-
lar medical conditions were excluded from the study. 
None of the participants utilised in this study was 
deemed as frail or having had a history of falls. All 
participants provided written informed consent to this 
study. The study was approved by the University of 
Nottingham Ethics Committee and was performed in 
accordance with the Declaration of Helsinki (approval 
number B13032014 SoMSGEM).

For both younger and older males, participants 
were randomised into 3 groups: eccentric (ECC; 
n = 9), concentric (CON; n = 9) or control (n = 9). As 
tendon biopsy limitations meant pre-training samples 
could not be collected from each individual, inclu-
sion of the control (non-trained) group provided base-
line measures and basal enrichment measurements. 
CON and ECC groups underwent 8  weeks train-
ing with 3 sessions per week, utilising a custom leg 
press machine, which enabled the isolation of CON 
and ECC only contractions (a set-up that has previ-
ously been described in detail [20]). The first 4 weeks 
was bilateral and was switched to unilateral for final 
4  weeks, due to the tendon biopsy acquired. Each 
exercise bout consisted of 4 sets of 12–15 repetitions 
at 60% load of either CON or ECC 1 repetition maxi-
mum (1RM), with 2-min rest between sets. Train-
ing load was monitored and progressively increased 
according to changes in ECC or CON 1RM. Func-
tional outcomes of the training responses, and tendon 
biomechanical properties for this study, have previ-
ously been described in Quinlan et  al. [21]. Partici-
pants were provided with  D2O which was taken as a 
bolus of < 250  ml (based on body weight) followed 

by < 100 ml per week. Two saliva samples were col-
lected each week for determination of body water 
enrichment. At the 4- and 8-week timepoints, patel-
lar tendon biopsies were collected from the partici-
pants (60 min after a training session). Briefly, under 
sterile conditions and ultrasound guided, an auto-
matic disposable 14 G Bard Monopty Biopsy Instru-
ment (Bard Inc., Covington, GA, USA) was utilised 
to obtain ~ 10  mg of tissue from the proximal patel-
lar tendon via a single pass (Supporting Fig. 1). The 
tissue was consequently snap frozen in an RNase-
free tube and placed in a − 80  °C freezer for future 
analysis.

RNA extraction, cDNA synthesis and real-time PCR

Portions of tendon samples (weights ~ 4–8 mg) were 
placed in 2-ml tubes along with 500 µl ice-cold TRI 
Reagent® (Sigma-Aldrich, UK) and 5-mm stain-
less steel beads (Qiagen, UK). Tissue was lysed by 
homogenising for 2–3 rounds of 30  s using a Tis-
sueLyser II (Qiagen, UK), until tissue was visibly 
homogenised. Samples were kept on ice in-between 
each round of homogenisation.

Following homogenisation, RNA extraction was 
carried out according to the TRI Reagent® manu-
facturer’s protocol (Sigma-Aldrich, UK). The RNA 
pellet was resuspended in 10  µl RNase-free water, 
and RNA quantity and quality (260:280  nm and 
260:230  nm ratios) were determined using a Nan-
oDrop™ 2000 (Thermo Fisher Scientific). At the 
stage of phase separation, the lower (protein-contain-
ing) phase was kept for protein isolation to be used for 
the stable isotope enrichment analyses (see below).

RNA (500  ng) was reverse transcribed using the 
high-capacity cDNA synthesis kit (Applied Biosys-
tems, Thermo Fisher Scientific), which was diluted 1:5 
using RNase-free water. For targeted real-time PCR 
measurements, 1  µl of cDNA was loaded into 384-
well plates (in duplicate) with SYBR™ Select Master 
Mix (Applied Biosystems, Thermo Fisher Scientific) 
and gene-specific primers (for list of primers used, see 
Table 1). Genes were selected to represent a range of 
biological pathways related to structural and regula-
tory proteins in tendon. The ΔΔCt method [22] was 
used to quantify mRNA expression, with ACTB expres-
sion being used for normalisation (during initial tests, a 
total of 5 potential housekeeping genes were assessed, 
including PPIA, ACTB, RPL13A, TBP and UBC, and 
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ACTB was the most stable gene across age and training 
type).

Protein extraction, hydrolysis and determination of 
protein-bound alanine enrichment

Due to the limited size of tendon biopsies, we aimed 
to measure protein-bound alanine enrichment from the 
protein fraction that was generated during the TRI Rea-
gent® RNA extractions. Initial tests determined that 
comparable fractional synthetic rates (FSR) were gen-
erated using this method and protein extraction meth-
ods that have previously been published ([23]; data not 
shown). In addition, initial tests aimed to fractionate the 
samples into alkali-soluble and alkali-insoluble parts; 
however, tests with human tendons did not yield con-
sistent results/sufficient alkali soluble protein for mass 
spectrometric analysis. Protein was extracted from the 
lower phase of TRI Reagent® extractions by adding 
isopropanol and centrifuging for 10 min at 12,000 × g. 
Protein-containing pellets were washed twice with 
ethanol, and then protein was hydrolysed by incubat-
ing in 0.1 mol  L−1 HCl in Dowex  H+ resin overnight 
at 110  °C. Samples were isolated by passing through 
Dowex resin columns, eluted with 2 mol  L−1 NH4OH 
and dried down. Amino acids were derivatised as their 
N-methoxycarbonyl methyl esters. Protein-bound ala-
nine enrichment was determined by gas chromatogra-
phy-pyrolysis-isotope ratio mass spectrometry (Delta V 
Advantage; Thermo Scientific). Within the same sam-
ple run, the samples were used to determine the ratio of 
hydroxyproline/proline.

Protein synthesis was calculated from the incorpo-
ration of deuterium-labelled alanine into protein, with 
enrichment of body water as precursor labelling, as pre-
viously described [24]. Fractional synthetic rate (FSR) 
was calculated using the following equation:

where t is time in days,  APEAla is the deuterium enrich-
ment of protein-bound alanine and  APEP is the average 
enrichment of the body water precursor, i.e. saliva, over 
the time between biopsies. Since there were no biopsies 

FSR(%∕day) = −In
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collected at time = 0, additional tendon biopsies were 
collected from individuals who did not receive  D2O, 
and these were used for baseline enrichment.

Body water enrichment

Enrichment of body water was determined using 50 µl 
saliva which was evaporated onto inverted autosa-
mpler vials (4 h at 100  °C) and then placed upright 
onto ice. Enrichment of body water was determined 
by injecting into a high-temperature conversion ele-
mental analyser (Thermo Finnigan, Thermo Scien-
tific, Hemel Hempstead, UK) connected to a Delta V 
Advantage Isotope Ratio Mass Spectrometer (Thermo 
Finnigan, Thermo Scientific).

Tendon cross sectional area (CSA)

Transversal magnetic resonance imaging (MRI) 
scans were performed at each timepoint for all train-
ing groups via a 3 T scanner. Participants were lying 
supine, with the knee joint fixed at 180°. Slice thick-
ness was set at 3 mm with no interslice gap. Tendon 
CSA values were calculated to correspond to the 
biopsy site (Supporting Fig. 1). A total of three CSA 
images were manually measured via offline digital 
analysis software (OsiriX Lite 9.5.2, Pixmeo SARL), 
and an averaged value was generated for further anal-
ysis. Note that one elderly ECC was unable to have an 
MRI scan due to medical reasons and hence n = 8 for 
the old ECC group, whereas n = 9 for all others.

Statistical analyses

For gene expression analyses, genes were sub-cate-
gorised based on ontology, and 1-way ANOVA was 
used to assess main effects of each training type for 
each age group and timepoint. Sidak’s multiple com-
parison tests were used to determine any individual 
changes in gene expression between groups (P < 0.05 
was considered statistically significant). For protein 
synthesis analyses, exercise and age comparisons 
were made using two-way ANOVA with Sidak’s 
multiple comparisons tests. Statistical tests were per-
formed using Prism version 7 (GraphPad Software 
Inc., San Diego, CA, USA).
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Results

Gene expression comparisons in tendon tissue 
between young and older males

An age comparison of genes related to tendon struc-
ture, remodelling and turnover was evaluated in 
untrained young and old individuals. Individually, 
there were no significant differences between young 
and older males for collagen encoding genes; how-
ever, there was an overall (main effect by ANOVA) 
downregulation of collagen genes with age (P < 0.05 
vs. young), and there was a significant decrease 
in LOX expression in older males (0.5 ± 0.1-fold; 
P < 0.05 vs. young; Fig.  1A). There were no dif-
ferences between young and older males for genes 
involved in ECM remodelling or regulatory growth 
factors (Fig.  1B, C, respectively). In terms of ten-
don structural-related genes, there were specific 
decreases in DCN (0.6 ± 0.1-fold; P < 0.05 vs. young), 
ECM1 (0.5 ± 0.1-fold; P < 0.05 vs. young) and VCAN 
(0.5 ± 0.1-fold; P < 0.05 vs. young) mRNA expression 
in older individuals (Fig. 1D).

Protein synthesis and collagen proline hydroxylation 
in tendon tissue following 4- and 8-week eccentric or 
concentric training in young and older males

There were no differences in tendon protein synthe-
sis between young and older males in the control 
group (Fig.  2A). Following 4  weeks of CON train-
ing, there was a main effect (P < 0.01 by ANOVA) of 
training (increase) on tendon protein synthesis rates 
for both the young and old groups (0.23 ± 0.09%/day 
vs. 0.084 ± 0.012%/day in young CON vs. young con-
trols; 0.25 ± 0.06%/day vs. 0.085 ± 0.007%/day in old 
CON vs. old controls; Fig. 2A), whereas by 8 weeks 
of CON training, protein synthesis rates of tendon 
were no different from the control group, for both 
young and old adults (Fig.  2B). Following 4  weeks 
of ECC training, there was a main effect (P < 0.01 
by ANOVA) of exercise (increase) on tendon pro-
tein synthesis rates for both the young and old groups 
(Fig.  2A), and post hoc testing showed a significant 
increase in FSR in the old group (0.13 ± 0.014%/day 
vs. 0.085 ± 0.007%/day; P < 0.05). By 8  weeks of 
ECC training, protein synthesis rates of tendon were 
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Fig. 1  Expression of extracellular matrix (ECM)-related and 
regulatory growth factor genes between young and old individ-
uals in tendon tissue. Expression of genes related to collagen 
proteins (A), ECM remodelling (B), regulatory growth factors 
(C), and structural ECM-related proteins and proteoglycans 

(D) were compared between old and young untrained individu-
als in tendon tissue, with data normalised to actin expression 
and presented as fold change versus young group (n = 9 per 
group). Results are displayed as mean + SEM. aP < 0.05 versus 
young group
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Table 1  Sequences for primers used in the study

Gene symbol Gene name Forward (5′ to 3′) Reverse (5′ to 3′)

COL1A1 Collagen Type I Alpha 1 Chain ACT GGT GAG ACC TGC GTG TA GCC GCC ATA CTC GAA CTG GA
COL1A2 Collagen Type I Alpha 2 Chain CAG CCG GAG ATA GAG GAC CA CAG CAA AGT TCC CAC CGA GA
COL3A1 Collagen Type III Alpha 1 Chain TGG AGG ATG GTT GCA CGA AA ACA GCC TTG CGT GTT CGA TA
COL5A1 Collagen Type V Alpha 1 Chain CTG TGC TAC CAA GAA AGG CTA CTA GCC CAT GAA GCA AGC 
COL5A2 Collagen Type V Alpha 2 Chain ACA TGA TGG CAA ACT GGG CG TTC ACC ATA TCC TTC ATC CTCGT 
COL6A1 Collagen Type VI Alpha 1 Chain TAA AGG CTA CCG AGG CGA TG GCC GTC TTC TCC CCT TTC AC
COL6A2 Collagen Type VI Alpha 2 Chain CCT CGG GAC CAG GAC TTC AG GGT AGT GTC CGG CGA GAT G
COL6A3 Collagen Type VI Alpha 3 Chain CAG GTT TGC TCA GGG GTT CA CAG CCG CSCCSTTT TTG ACA 
COL12A1 Collagen Type XII Alpha 1 Chain CGG GGG ATG ACA GAA GAC TG ACC AGC CCT AAG TTC CTC CA
COL14A1 Collagen Type XIV Alpha 1 Chain CCT GTC AGT GTT CCT GGT CC CCA TTC CGC TGA GGA GGT TT
LOX Lysyl Oxidase CTG AAG GCC ACA AAG CAA GTT AGG ACT CAA TCC CTG TGT GT
P4HA1 Prolyl 4-Hydroxylase Subunit Alpha 

1
ACC TAG CAA AAC CAA GGC TGA TTC ATA GCC AGA GAG CCA GG

TIMP1 TIMP Metallopeptidase Inhibitor 1 CAT CCG GTT CGT CTA CAC CC TGC AGT TTT CCA GCA ATG AGA 
TIMP2 TIMP Metallopeptidase Inhibitor 2 GTT TAT CTA CAC GGC CCC CT TCG GCC TTT CCT GCA ATG AG
TIMP3 TIMP Metallopeptidase Inhibitor 3 ACC GAG GCT TCA CCA AGA TG CCA TCA TAG ACG CGA CCT GT
TIMP4 TIMP Metallopeptidase Inhibitor 4 CTG CCA AAT CAC CAC CTG CTAC GGT GCC GTC AAC ATG CTT C
ADAMTS1 ADAM Metallopeptidase With 

Thrombospondin Type 1 Motif 1
TGC AGC CCA AGG TTG TAG AT AGA TCC ATT TCC CCC GCA AA

MMP2 Matrix Metallopeptidase 2 ACA AAG AGT TGG CAG TGC AATA TCT GGG GCA GTC CAA AGA AC
MMP3 Matrix Metallopeptidase 3 CAC TCA CAG ACC TGA CTC GG AGG GGG AGG TCC ATA GAG GG
MMP9 Matrix Metallopeptidase 9 TTC TGC CCG GAC CAA GGA TA ACA TAG GGT ACA TGA GCG CC
MMP13 Matrix Metallopeptidase 13 GAC CCT GGA GCA CTC ATG TT CCT GGA CCA TAG AGA GAC TGG 
IGF1 Insulin Like Growth Factor 1 AAA TCA GCA GTC TTC CAA CCC GTG TGC ATC TTC ACC TTC AAG 

AAA 
TGFB1 Transforming Growth Factor Beta 1 AGT GGA CAT CAA CGG GTT CAC GAA GCA GGA AAG GCC GGT T
CTGF Connective Tissue Growth Factor ACC AAT GAC AAC GCC TCC TG TGC CCT TCT TAA TGT TCT CTTCC 
VEGFA Vascular Endothelial Growth Factor 

A
ACA ACA AAT GTG AAT GCA 

GACCA 
TAC CGG GAT TTC TTG CGC TT

PDGFA Platelet Derived Growth Factor 
Subunit A

CCG TAG GGA GTG AGG ATT CTT ACA GCT TCC TCG ATG CTT CT

FGF2 Fibroblast Growth Factor 2 GCT GTA CTG CAA AAA CGG GG TAG CTT GAT GTG AGG GTC GC
TNC Tenascin C GCC TCC ACA GGG GAA ACT C GTA CTC ATA GGC CCC TTC TGG 
DCN Decorin CTA GTC ACA GAG CAG CAC CT CAG GGA ACC TTT TAA TCC GGGAA 
TNMD Tenomodulin GTG TTT GGT ATC CTG GCC CT GTG CTC CAT GTC ATA GGC TTTT 
THBS1 Thrombospondin 1 GCA TCC GCA AAG TGA CTG AA AGT GCA GCT ATC AAC AGT CCA 
THBS2 Thrombospondin 2 CCA GGG AGC TGA GAT CAA CG CAC GTA CTC GGT GGT GAC AT
FN1 Fibronectin 1 CTG ACA GCT CAT CCG TGG TT TTG GTG GGC TGA CAT TCT CC
ECM1 Extracellular Matrix Protein 1 GGG ACA GAG TCA AGT GCA GC TTG GGC AGG TAG CAG CTT TT
SPARC Secreted Protein Acidic And Cysteine 

Rich
GAA CCA CCA CTG CAA ACA CG TGT CAT TGC TGC ACA CCT TC

VCAN Versican AGG TGG TCT ACT TGG GGT GA TGG TTG TAG CCT CTT TAG GTTT 
BGN Biglycan GAC ACA CCG GAC AGA TAG ACG CAT GGC GGA TGG ACC TGG AG
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no different from the control group, for both young 
and old adults (Fig. 2B).

The ratio of hydroxyproline to proline in tendon 
tissue was assessed with training and across age 
groups. There were no significant effects of either 
training type at 4 or 8 weeks (Fig. 3); however, there 
was a main effect of an increase in hydroxylated pro-
line with increased age (P < 0.01 by ANOVA; Fig. 3).

Gene expression in tendon tissue following 4- and 
8-week eccentric or concentric training in young 
males

Genes encoding collagen proteins and factors that 
regulate collagen cross-linking were assessed in 
tendons of young males following 4 weeks ECC or 
CON training. Following 4  weeks CON training, 
there were increases in COL1A1 (3.4 ± 0.5-fold; 
P < 0.001 vs. control) and COL6A1 (2.0 ± 0.4-fold; 
P < 0.05 vs. control) expression relative to young 

controls, while other collagen genes measured were 
unchanged (Fig.  4A). With ECC training, how-
ever, increases in mRNA expression of COL1A1, 
COL6A2, COL6A3, COL12A1, COL14A1, LOX and 
P4HA1 were observed, relative to untrained indi-
viduals (Fig.  4A). COL1A1, COL6A2, COL6A3, 
COL12A1 and LOX were also all upregulated with 
ECC relative to the CON group. Following 8 weeks 
of training, there were no changes in gene expres-
sion in the CON group, and in contrast to the 
changes observed after 4  weeks of training, the 
majority of genes were unchanged with ECC train-
ing, with only an increase in COL1A1 expression 
observed (2.4 ± 0.4-fold; P < 0.05 vs. control; Sup-
porting Fig. 2).

Gene expression of selected TIMPs and MMPs 
(encoding key ECM remodelling proteins) were also 
measured with training in patellar tendon tissue of 
young individuals. Expression of TIMP2 mRNA was 
increased with CON training (1.3 ± 0.1-fold; P < 0.05 

δ2
H

Fig. 2  Fractional synthetic rates (FSR) of protein synthesis in 
young and old individuals following 4- and 8-week eccentric 
or concentric training in tendon tissue. Tendon protein syn-
thesis rates with 4- (A) and 8- (B) week concentric training 
or eccentric training in young and older males, compared to 

control group. n = 9 per group. aP < 0.05 versus control group. 
Tendon protein 2H incorporation at 4 and 8  weeks in young 
and old combined (C). Baseline (black bar) represents 2H lev-
els in tendon prior to D2O consumption
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don tissue with 4- (A) and 8- (B) week concentric training or 
eccentric training in young and older males, compared to con-
trol group. n = 9 per group

GeroScience (2023) 45:331–344 337



1 3
Vol:. (1234567890)

vs. control), while TIMP1, TIMP3 and TIMP4, 
and all MMPs measured, were unaltered (Fig.  4B). 
With ECC however, TIMP1, TIMP2 and TIMP4 
mRNA were all elevated compared to control, while 
increases in MMP2 and MMP3 gene expression were 
also observed (Fig.  4B). Expression of ADAMTS1, 
however, was increased with CON training (1.6 ± 0.2-
fold; P < 0.05 vs. control), with no change observed 
in the ECC group.

Regulatory growth factor genes were also assessed 
in tendons of young individuals following 4-week 
CON or ECC training. None of the measured growth 
factor genes was altered with CON training; how-
ever, IGF1 and TGFB1 were significantly increased 
with ECC training (2.0 ± 0.5-fold; P < 0.05 vs. control 
and 1.6 ± 0.2-fold; P < 0.01 vs. control, respectively; 
Fig. 4C). There were, however, no changes in CTGF, 
VEGF, PDGF or FGF2 in tendons of trained individ-
uals relative to controls (Fig. 4C).

Genes encoding structural ECM-related proteins 
and proteoglycans were measured, with no observed 

changes seen with 4-week CON training. With ECC 
however, increases in DCN (3.0 ± 0.4-fold; P < 0.001 
vs. Control), FN1 (2.1 ± 0.4-fold; P < 0.05 vs. Con-
trol) and VCAN (3.9 ± 0.6-fold; P < 0.001 vs. Control) 
were observed in tendon relative to untrained controls 
(Fig. 4D).

Gene expression in tendon tissue following 4- and 
8-week eccentric or concentric training in older 
males

Gene expression changes were assessed in tendons 
of older males following 4  weeks ECC or CON 
training. There were no changes in genes encoding 
collagen proteins for either training type at 4 weeks 
(Fig. 5A). Similarly, genes encoding ECM remod-
elling proteins and regulatory growth factors were 
unaltered with either training type in older males 
after 4 weeks (Fig. 5B, C).

In terms of genes encoding structural pro-
teins and proteoglycans, 4 weeks of CON training 
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Fig. 4  Expression of extracellular matrix (ECM)-related and 
regulatory growth factor genes in young individuals follow-
ing 4-week eccentric (ECC) or concentric (CON) training in 
tendon tissue. Expression of genes related to collagen proteins 
(A), ECM remodelling (B), regulatory growth factors (C) and 
structural ECM-related proteins and proteoglycans (D) were 

compared in young individuals following 4-week ECC or CON 
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sion and presented as fold change versus controls (n = 9 per 
group). Results are displayed as mean + SEM. aP < 0.05 versus 
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resulted in an increase in FN1 (2.8 ± 0.8-fold; 
P < 0.05 vs. control) and VCAN (3.1 ± 1.1-fold; 
P < 0.05 vs. control) expression, while TNC expres-
sion was decreased (0.6 ± 0.1-fold; P < 0.05 vs. 
control), and other measured genes remained 
unchanged (Fig. 5D). With ECC training, no genes 
encoding structural-related ECM proteins were 
altered after 4 weeks.

At 8 weeks of training, there were no changes in 
gene expression for most targets analysed, although 
there was a decrease in THBS2 and ECM1 mRNA 
with CON training and a significant decrease in 
THBS1 expression (0.5 ± 0.1-fold; P < 0.05 vs. con-
trol) following 8-week ECC training (Supporting 
Fig. 3).

Proximal CSA changes in response to 4 and 8 weeks 
of eccentric or concentric training

Proximal tendon CSA was significantly increased 
following 8  weeks of CON (0.71 ± 0.04cm2 vs. 
0.75 ± 0.05cm2, P < 0.01) and ECC training in the 

young groups (0.75 ± 0.09cm2 vs. 0.78 ± 0.08cm2, 
P < 0.05) (Fig.  6). However, no changes were 
observed in either CON or ECC elderly groups.

Discussion

Although it is known that exercise training can result 
in adaptive changes to tendon tissue at the structural, 
functional [25] and metabolic level [26], the underly-
ing regulatory factors that contribute to these altera-
tions are poorly understood in humans, particularly in 
the ageing tendon. In the present study, we aimed to 
examine the molecular changes with ageing in patel-
lar tendons in humans, as well as the impact of 4- and 
8-week eccentric (ECC) and concentric (CON) train-
ing. We found that while ECC appeared to induce a 
greater remodelling response of tendon than CON at 
the level of gene expression, this did not impact on 
tendon protein turnover, since increases in protein 
synthesis were comparable between training types 
in young and older individuals. Furthermore, despite 
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Fig. 5  Expression of extracellular matrix (ECM)-related and 
regulatory growth factor genes in older individuals following 
4-week eccentric (ECC) or concentric (CON) training in ten-
don tissue. Expression of genes related to collagen proteins 
(A), ECM remodelling (B), regulatory growth factors (C) and 
structural ECM-related proteins and proteoglycans (D) were 

compared in older individuals following 4-week ECC or CON 
training in tendon tissue, with data normalized to actin expres-
sion and presented as fold change versus controls (n = 9 per 
group). Results are displayed as mean + SEM. aP < 0.05 versus 
control group. bP < 0.05 versus CON group
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transcriptional changes indicating reduced respon-
siveness of training in older adults, protein synthe-
sis responses with training were similar for both 
age groups. These findings provide novel insights 
into tendon adaptation to mechanical loading at the 
molecular level with human ageing.

Age differences in tendon protein metabolism and 
gene expression

In the present study, we sought to determine basal 
age-related differences in tendon properties in terms 
of protein metabolism and gene expression. In the 
group of non-exercised individuals, there was no 
difference in protein turnover throughout the period 
studied. In terms of mRNA changes, there was an 
overall downregulation of tendon collagen genes, and 
specific proteoglycan genes (DCN, ECM1 and VCAN) 
in older age, which is in general agreement to previ-
ous work in rat tendons with ageing [7]. While these 
changes did not appear to impact on global protein 
turnover, they could feasibly contribute to specific 
structural and/or mechanical changes in tendons of 
older individuals.

One observed age-related difference was the 
increase in proline hydroxylation observed in tendons 
of older males (but no alterations with training), an 
observation that has previously been reported [23]. 
Proline hydroxylation is an important component of 
collagen formation since it provides structural stabil-
ity of the triple helix [27, 28]. Proline hydroxylation 
may also have additional biological functions, since 
many collagen-interacting proteins contain hydroxy-
proline functional motifs [28]. Thus, the potential 
impacts of increased proline hydroxylation in ten-
don collagen, and how this may have mechanical/

functional consequences, require further study. We 
recently observed, in these same individuals [20], that 
while there were adaptations in the tendon with train-
ing in both the older and younger groups, in terms of 
changes in tendon biomechanical properties (tendon 
stiffness and Young’s modulus), the older tendon 
appeared to take longer to maximally respond. While 
the underlying factors that contribute to this observa-
tion are not clear, it is possible that the age-related 
differences in collagen-related gene expression and 
hydroxyproline could (at least partially) influence ten-
don mechanical properties.

Tendon tissue remodelling following 4- and 8-week 
eccentric or concentric training in young males

Tendon tissue changes in protein synthesis and gene 
expression were measured in young males undergo-
ing 4 and 8 weeks of ECC or CON exercise, relative 
to untrained controls. After 4 weeks of training, ten-
don protein synthesis was increased in young males, 
with no significant differences between training types. 
Tendon collagen synthesis has been previously dem-
onstrated to increase in response to acute exercise 
in healthy young males [29], and longer-term train-
ing [30]; however, the effects of specific contrac-
tion types on tendon protein synthesis remain poorly 
understood. In skeletal muscle, 4-week ECC or CON 
training did not result in any differences in protein 
synthesis [31] and not even after 8 weeks of the same 
training program [32], while a study in rats reported 
that tendons were not responsive to contraction type 
in terms of transcriptional changes in collagen and 
anabolic growth factor genes [16, 17]. Our study pro-
vides further insight into the adaptive responses of 
tendon tissue with training, specifically, that in terms 

Fig. 6  Proximal tendon 
cross-sectional area (CSA) 
in both young and older 
individuals following 4- and 
8-week eccentric (ECC) or 
concentric (CON) training. 
The tendon proximal CSA 
in young (A) and old (B) 
individuals following ECC 
or CON training (n = 9 for 
all except Old ECC, n = 8). 
a = P < 0.05 vs. baseline, 
b = P < 0.01 vs. baseline
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of protein synthesis, tendon may be unresponsive to 
contraction type in humans, but shown to be respon-
sive to contraction load.

Gene expression changes (related to collagen, 
growth factor, proteoglycan and ECM remodelling 
genes) were also evaluated in tendon tissue with ECC 
and CON training in young individuals, with the 
aim of further understanding the molecular changes 
underlying tendon remodelling with exercise. We 
found that changes with exercise appeared to occur 
early in tendon (with few changes seen after 8 weeks 
of training), while ECC appeared to induce greater 
remodelling responses in tendon than CON (in terms 
of gene expression). A previous study in humans 
demonstrated that acute RE induced changes in ten-
don gene expression of collagen and matrix remodel-
ling genes [11]. In that study, there were no observed 
changes in proteoglycan genes, although previous 
work has demonstrated tendon proteoglycans to be 
responsive to mechanical loading [33, 34]. Several 
MMP/TIMP genes were also induced after 4  weeks 
of ECC training in younger adults, including MMP2 
and MMP3. MMP proteins are responsible for ECM 
breakdown, and MMP2 and MMP3 have been previ-
ously shown to be upregulated with mechanical stim-
uli [35, 36]. Whether the different contraction type 
with ECC exercise induced greater ECM breakdown 
in the tendon requires further evaluation. Overall, 
ECC appeared to induce a greater gene expression 
response than CON training in young individuals, 
but these differences were not reflected in overall 
rates of protein synthesis. It should be noted that the 
gene expression changes reflect a single point in time, 
while the protein synthesis measures represent cumu-
lative changes over a 4-/8-week period. However, 
while ECC appeared to have a greater impact on gene 
expression, changes in tendon CSA showed no differ-
ence between CON and ECC training. Both training 
modalities increased the CSA in the tendon’s proxi-
mal region, which corresponded to the biopsied site; 
this region of the patellar tendon has previously been 
reported to increase in size in response to mechani-
cal loading [37, 38]. This tendon size increase would 
at least partly be accounted for by hypertrophy of 
the tendon, as suggested via the increased expres-
sion of COL1A1 and the increase in tendon FSR that 
occurred in both groups. However, it should also be 
considered that the patellar tendon’s proximal region 
in particular is subjected to large compressive loading 

due to it wrapping around the patellar bone [39, 40]. 
Compressive loads are linked with the expression of 
large aggregating proteoglycans such as versican and 
biglycan, which increase water content in the tendon 
to provide greater resistance to compression.

Tendon tissue remodelling following 4- and 8-week 
eccentric or concentric training in older males

While RE has been shown to improve tendon mechan-
ical properties [25] and induce structural changes in 
humans [2], the specific adaptations with exercise 
in older individuals, and especially the mechanisms 
responsible for these changes, remain incompletely 
understood. In the present study, there were rela-
tively few altered genes following either 4 or 8 weeks 
ECC or CON training in older males, compared to 
the young group. However, despite transcriptional 
changes indicating reduced responsiveness of train-
ing in older adults, protein synthesis responses with 
training were similar for both age groups. As with the 
ECC versus CON comparisons, there was no rela-
tion between gene expression responses to training 
in the older group, and protein synthesis responses, 
although temporal differences in gene responses 
could account for observed differences. Overall, 
the present work demonstrates that similar adaptive 
changes, in terms of tendon protein synthesis, were 
observed in healthy older individuals to younger 
adults. Similarly, we also observed no change in prox-
imal tendon CSA. This is in contrast to the younger 
groups, but there are some potential explanations as 
to why this is the case. It is possible that as the elderly 
individuals have a higher proximal tendon CSA value 
at baseline; while an increase in proximal CSA is pos-
sible in the young, this may not the case in the elderly 
groups. Indeed, larger tendon CSA values have previ-
ously been reported in elderly compared to younger 
individuals [41, 42], likely due to prolonged habitual 
loading.

This study advances our understanding on the 
mechanisms of tendon collagen remodelling with 
exercise and age; however, our study is not without 
some limitations. Due to the complexity and extent 
of collagen crosslinking, there is evidence suggesting 
the existence of both dynamic and inactive collagen 
pools within ECM, resulting in incomplete turnover 
[43, 44]. This has been demonstrated in the liver and 
muscle of mice [43, 44], yet complete turnover has 
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been predicted in rodent bone collagen measurements 
[45]. However, due to the very slow turnover rate of 
collagen in ECM tissues, these primarily rely on pre-
dicted plateaus, and therefore extremely long label-
ling studies are required to fully determine the size 
of any inactive collagen pool, especially in humans. 
That being said, the possible impact of inactive and 
heterogeneous collagen pools on turnover measure-
ments needs to be acknowledged.

Our data in human patellar tendon represents ini-
tial tracer incorporation (~ 5% fraction new) and only 
follows the very early phase of a rise to plateau curve; 
we believe in this early phase that it is both valid and 
appropriate to calculate FSR assuming 100% renewal. 
Currently, there is no human data that defines the size 
or relative proportion of inactive and dynamic col-
lagen pools, nor how they might change in response 
to a chronic intervention. Though we would postulate 
that any increase in the proportion of the active pool, 
e.g. in response to loading/exercise, would result in 
greater overall incorporation of tracer resulting in 
a greater FSR, a reduction in the active pool would 
result in less tracer incorporation and an apparent 
reduction in FSR. Given our intervention is relatively 
short in relation to the time involved for the tendon 
collagen pool to fully turnover, we contend that the 
data reflect the physiological responses of tendon to 
eccentric and concentric exercise. There is evidence 
from human Achilles tendon studies that some ten-
don made during early growth remains throughout 
life [46]. However, tendon has demonstrated active 
collagen synthesis at rest, with an increase in the rate 
of synthesis in response to exercise [29]. That being 
said, if large proportions of tendon are inactive, then 
FSR would be increased [43], yet comparisons across 
conditions would still be warranted.

Conclusions

In summary, we report a general downregulation of 
tendon collagen/cross-linking genes, and specific 
proteoglycan genes in older age, while there was 
evidence of increased tendon proline hydroxylation 
with age. While it appeared that the older tendon 
was less responsive to exercise training, in terms of a 
molecular remodelling perspective, protein synthesis 

was similar for both age groups. Finally, changes in 
remodelling with exercise appeared to occur early in 
tendon (with few changes seen with 8 weeks of train-
ing), and although ECC appeared to induce greater 
remodelling of tendon than CON at the molecular 
level, there was no observable difference in terms of 
protein turnover between training types. Nevertheless, 
similar responses of protein turnover with ECC train-
ing relative to CON, in relation to the lower meta-
bolic cost and greater application of strain that can be 
achieved with this training type, could provide sup-
port for an overall more beneficial response of ECC 
training for tendon tissue. The present investigation 
provides novel insights into the influences of longer-
term training on cellular responses in the human ten-
don. Future work should aim to investigate whether/
how these cellular changes to tendon may/may not 
translate to functional outcomes with training in older 
individuals.
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