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Induced Knockdown of Decorin,
Alone and in Tandem With
Biglycan Knockdown, Directly
Increases Aged Murine Patellar
Tendon Viscoelastic Properties
Tendon injuries increase with age, yet the age-associated changes in tendon properties
remain unexplained. Decorin and biglycan are two matrix proteoglycans that play com-
plex roles in regulating tendon formation, maturation, and aging, most notably in extrac-
ellular matrix assembly and maintenance. However, the roles of decorin and biglycan
have not been temporally isolated in a homeostatic aged context. The goal of this work
was to temporally isolate and define the roles of decorin and biglycan in regulating aged
murine patellar tendon mechanical properties. We hypothesized that decorin would have
a larger influence than biglycan on aged tendon mechanical properties and that biglycan
would have an additive role in this regulation. When decorin and biglycan were knocked
down in aged tendons, minimal changes in gene expression were observed, implying that
these models directly define the roles of decorin and biglycan in regulating tendon
mechanical properties. Knockdown of decorin or biglycan led to minimal changes in
quasi-static mechanical properties. However, decorin deficiency led to increases in stress
relaxation and phase shift that were exacerbated when coupled with biglycan deficiency.
This study highlights an important role for decorin, alone and in tandem with biglycan,
in regulating aged tendon viscoelastic properties. [DOI: 10.1115/1.4048030]
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Introduction

Tendon is a highly aligned, collagen I-rich tissue that transmits
forces from muscle to bone, and when injured, presents a large
clinical burden [1–3]. While varied across distinct tendons, there
is an overall increase in tendon injury risk with age [1,2]. The
cause of this age-associated injury risk remains unknown and is
not directly explained by changes in tendon mechanical properties.
While some animal studies report decreases in tendon mechanical
properties with age [4–7], other studies report moderate or no dif-
ferences in mechanical properties across ages [8–10]. Age-related
mechanical changes (or lack thereof) may be tissue-specific, but
dynamic properties, especially dynamic modulus, are affected by
age when measured [4,7]. Studies that report no differences in
mechanical properties through aging did not analyze dynamic
properties, which may explain the discrepancy in conclusions
about the effect of aging on tendon mechanical properties. Ex vivo
testing of human tendons has also demonstrated uncertainty in the
effect of age on mechanical properties. While most mechanical
properties are unaffected by age, moderate correlations between
decreased mechanical properties and age have been observed
[11–13]. These studies measured viscoelastic and quasi-static, but
not dynamic, properties. These conflicting results highlight the
need for better understanding of the mechanisms by which aging
affects tendon function, including dynamic properties.

Decorin and biglycan are two small leucine-rich proteoglycans
(SLRPs) present in tendon. Decorin and biglycan share a similar
structure, with one and two glycosaminoglycan (GAG) chains
attached to a protein core, respectively [14]. Decorin and biglycan
expression peaks in mice during early tendon development, but

decorin expression is maintained at consistent levels into maturity
while biglycan expression tapers off by 10 days of age [15]. Both
decorin and biglycan play vital roles in collagen fibrillogenesis
during tendon development. The absence of either molecule
results in irregular fibril shape and abnormal shifts in fibril diame-
ters [15,16]. These perturbations in fibril structure correspond
with changes in tissue-scale mechanical properties, highlighting a
role of these SLRPs in regulating tendon mechanical propertiess.
While the effect of SLRP knockout on tendon mechanical proper-
ties is tissue-specific, in general there is an increase in stress relax-
ation and a decrease in strain sensitivity with decorin deficiency
[17,18] and changes in dynamic modulus with deficiency of
decorin or biglycan [19–21]. In addition to the isolated roles of
decorin and biglycan in regulating collagen fibrils and tendon
mechanical properties, there is evidence that these SLRPs work in
tandem to regulate tendon properties. Biglycan expression
increases in the absence of decorin [15,22]. The dual knockout of
decorin and biglycan results in a more severe fibril phenotype
than seen with knockout of either SLRP alone [22,23]. Further,
induced knockdown of both decorin and biglycan results in
increased stress relaxation and phase shift and decreased stiffness,
dynamic modulus, and failure load [24]. These studies demon-
strate that decorin and biglycan, both alone and in tandem, play
critical roles in regulating tendon function.

Along with the detrimental effects seen during tendon develop-
ment, decorin and/or biglycan deficiency leads to a differential
response in tendon properties through aging. While wild-type
(WT) and biglycan-deficient murine patellar tendons exhibit sub-
stantial decreases in dynamic modulus and increases in phase shift
with age, these changes are mitigated with decorin deficiency [7].
In the murine supraspinatus tendon, biglycan deficiency protected
against age-associated decreases in stress relaxation [25]. These
studies highlight the complex effect of decorin and biglycan pres-
ence in regulating tendon mechanical properties throughout the
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tissue lifetime. These studies used conventional knockout models
in which tendons are SLRP-deficient during development. Given
that decorin and biglycan expression peaks during development, it
is unknown whether the effect of SLRP deficiency seen in aged
tendons is due to persisting differences from tendon development
or due to the specific role of decorin and biglycan in aged tendons.
Inducible knockdown mouse models allow for the role of SLRPs
in regulating tendon mechanics to be temporally isolated and
defined in the context of homeostatic aged tendons.

Therefore, the objective of this study was to temporally isolate
and define the role of decorin and biglycan in aged murine patellar
tendon mechanical properties. To address this objective, three
inducible mouse models were used in which decorin (Dcn), bigly-
can (Bgn), or both SLRPs were knocked down with temporal
specificity in aged mice. Mechanical properties and gene expres-
sion patterns of patellar tendons were defined to test the hypothe-
sis that decorin knockdown would decrease tendon mechanical
properties more than biglycan knockdown. We hypothesized that
knockdown of both SLRPs would cause larger mechanical defi-
ciencies than knockdown of either SLRP alone.

Materials and Methods

Mice. Forty-one female mice with a C57/BL6 Charles River
background were used in this study (IACUC approved). WT
(n¼ 6) mice were used as controls (Charles River, Wilmington,
MA). Dcnflox/flox, Bgnflox/flox, and Dcnflox/flox/Bgnflox/flox mice were
crossed with knockin tamoxifen (TM)-inducible Cre mice
(B6.129-Gt(ROSA)26Sortm1(cre/ERT2)Tyj/J, Jackson Labs, Bar
Harbor, ME) to achieve mouse lines in which excision of floxed
genes is achieved upon TM injection [24]. TM base (T5648,
Sigma, St. Louis, MO) in corn oil (C8267, Sigma) was used for
injections. All mice were aged until 485 days old, at which time
they received three consecutive daily TM injections (4 mg/40 g
body weight). The resulting I-Dcn�/� (n¼ 11), I-Bgn�/� (n¼ 9),
and I-Dcn�/�/Bgn�/� (n¼ 15) mice were sacrificed 30 days post-
TM injection (515 days of age). At the time of sacrifice, right
hindlimb tibia-patellar tendon–patella complexes were isolated
and flash frozen at �80 �C for gene expression analysis. Left hin-
dlimbs were preserved in the body and frozen at �20 �C for later
mechanical analysis.

Viscoelastic Mechanical Testing. Left limb tibia-patellar
tendon–patella complexes were prepared for mechanical testing as
previously described [7]. Following gross and fine dissection of
the bone-patellar tendon–bone complex, tendon cross-sectional
area (CSA) was measured using a custom laser device [26]. Ten-
dons were then stamped into a dog bone shape with a 2 mm biopsy

punch to achieve a midlength width of 0.75 mm. Fiducial markers
using Verhoeff’s stain were applied to the tendon in 1 mm incre-
ments starting at the tibial insertion. The insertion was defined as
the region between the first and second stain line (0–1 mm from
tibial insertion), while the midsubstance was defined as the region
between the second and third stain line (1–2 mm from tibial inser-
tion). Tendon CSA was remeasured poststamping, and the tibia
was potted in custom three-dimensional-printed fixtures with
polymethyl methacrylate. Tendons were then loaded in a
37 �C 1� phosphate buffered saline bath within a tensile testing
machine (Instron 5848, Instron, Norwood, MA). Tendons were
imaged throughout the mechanical test using an established cross-
polarization light setup [27,28]. This setup involves a linear back-
light (Dolan-Jenner, Boxborough, MA), rotating polarizer sheets
offset by 90 deg (Edmund Optics, Barrington, NJ), and a digital
camera (Baxter, Exton, PA). The loading protocol began with ten
cycles of preconditioning at 0.25 Hz with an amplitude of 0.5%
strain. Tendons were then subjected to stress relaxations at 3%,
4%, and 5% strain magnitude. After loads equilibrated for 600 s,
tendons underwent frequency sweeps of ten cycles at 0.1, 1, 5,
and 10 Hz with an amplitude of 0.125% strain. Following the 5%
stress relaxation, tendons were unloaded for 60 s, followed by a
ramp-to-failure at 0.1% strain/s. From each stress relaxation and
frequency sweep, percent relaxation, dynamic modulus (E*), and
phase shift (d) were calculated. From the ramp-to-failure and CSA
data, stiffness, maximum load, and maximum stress were quanti-
fied. Optical tracking of the insertion and midsubstance tendon
regions during the ramp-to-failure allowed for calculation of
region-specific stiffness using a custom MATLAB program (MATLAB,
Natick, MA). This stiffness was normalized to CSA for region-
specific moduli values. Circular variance of fiber alignment was
calculated through the ramp-to-failure using a custom MATLAB

program to measure fiber realignment dynamics in response to
load [28].

Gene Expression Analysis. Patellar tendons were isolated
from frozen complexes and thawed in RNAlater-ICE (Thermo-
Fisher, Waltham, MA) for RNA stabilization. Tendon tissue was
disrupted in TRIzol (ThermoFisher) with a pestle and was vor-
texed. RNA was isolated from the supernatant using Direct-zol
RNA Microprep kits (Zymo Research, Irvine, CA). RNA was
reverse-transcribed using a High Capacity cDNA RT kit
(ThermoFisher). The resulting cDNA underwent 15 cycles of pre-
amplification with selected Taqman Gene Expression Assays
(Fluidigm, San Francisco, CA ThermoFisher). Pre-amplified
cDNA was loaded into a Fluidigm 96.96 Dynamic ArrayTM IFC
(Fluidigm) at the Molecular Profiling Facility (University of
Pennsylvania). Expression of 48 genes was measured in

Fig. 1 Effective knockdown of targeted genes in aged tendons. Knockdown models demonstrated effective
knockdown of Dcn (a) and Bgn (b) in the appropriate genotypes. Solid lines denote p £ 0.05, and dotted lines
denote p £ 0.1.
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duplicate. Taqman Assay information for the selected genes can
be found in the Supplemental Materials available on the ASME
Digital Collection. Rps17 and Abl1 were used as housekeeper
genes. DCt values for each gene were calculated by subtracting
the Ct value from the average Ct value of the housekeeper genes.
DDCt values were calculated for each sample by subtracting DCt
values from those of the WT average.

Statistics. For all mechanical properties, one-way ANOVAs
with Tukey post hoc tests were used to compare values across
genotypes. For fiber realignment data, two-way ANOVAs with
Tukey post hoc tests were used to compare values across geno-
types and strain levels. For gene expression data, principal compo-
nent analysis (PCA) was performed on DDCt values via ClustVis
to identify global patterns in differential expression [29]. One-

way ANOVAs with Tukey post hoc tests were used to compare
principal component (PC) scores and DCt values for all genes
across genotypes. Linear regression of selected parameters was
run on Prism 7 (GraphPad, San Diego, CA). Significance was set
at p� 0.05, and trends were set at p� 0.1.

Results

Mouse Models Demonstrated Effective Knockdown of
Targeted Genes. I-Dcn�/� had a 5.8-fold and I-Dcn�/�/Bgn�/�

tendons had a 5.9-fold significant decrease in Dcn expression
relative to WT tendons, while Dcn expression was unaffected
in I-Bgn�/� tendons (Fig. 1(a)). I-Bgn�/� had a 4.5-fold and
I-Dcn�/�/Bgn�/� tendons had a 10.7-fold significant decrease in
Bgn expression relative to WT tendons, while Bgn expression was

Fig. 2 Decorin-deficient aged tendons exhibited array-level differences in gene expression. PCA demonstrated
distinct clustering with genotype (a). Quantified PC2 scores revealed that I-Dcn2/2/Bgn2/2 tendons had
increased PC2 scores relative to WT and I-Bgn2/2 tendons, while I-Dcn2/2 tendons had increased PC2 scores
relative to I-Bgn2/2 tendons (b). Solid lines denote p £ 0.05.

Fig. 3 Deficiency of decorin or biglycan led to minimal changes in aged tendon gene expression. No differences in expres-
sion were observed across genotypes for Acan (a), Col2a1 (b), Mmp13 (c), or Eln (d). I-Bgn2/2 tendons had trending increases
in Fmod expression (e). Dotted lines denote p £ 0.1.
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unaffected in I-Dcn�/� tendons (Fig. 1(b)). I-Dcn�/�/Bgn�/�

tendons trended toward decreased Bgn expression relative to
I-Bgn�/� tendons.

Principal Component Analysis Revealed Altered Expression
Profiles in Decorin-Deficient Tendons. Principal Component
Analysis was run on DDCt values, and the first three principal
components accounted for 39.1%, 13.7%, and 11.4% of the over-
all variance, respectively (Fig. 2(a)). While PC1 scores correlated
with high or low abundant genes (e.g., ECM genes versus tran-
scription factors), PC2 scores significantly correlated with stand-
ard deviation of DDCt values across all genes (r2¼ 0.36,
p< 1� 10�4), indicative of divergence from WT controls.
I-Dcn�/� tendons had significantly increased PC2 scores relative
to I-Bgn�/� tendons (Fig. 2(b)). I-Dcn�/�/Bgn�/� tendons had
significantly increased PC2 scores relative to WT and I-Bgn�/�

tendons. A heatmap of DDCt values revealed a subset of
I-Dcn�/�/Bgn�/� and I-Dcn�/� tendons with elevated expression
of Mmp13, Col2a1, and Acan (Fig. S1, which is available in the
Supplemental Materials on the ASME Digital Collection). Mmp13
and Col2a1 had high PC2 loading scores (See Supplemental
Material).

Individual Gene Expression Was Largely Unaffected by
Small Leucine-Rich Proteoglycan Knockdown. ANOVAs
revealed that expression of two genes, Eln and Fmod, was signifi-
cantly influenced by genotype. While post hoc tests demonstrated
no significant differences in Eln expression between groups,
I-Bgn�/� tendons trended toward increased Fmod expression
compared to tendons from all other genotypes (Fig. 3). No differ-
ences in Mmp13, Col2a1, nor Acan expression were observed
across genotypes.

Fig. 5 Decorin deficiency, alone and in tandem with biglycan deficiency, increased aged ten-
don stress relaxation. I-Dcn2/2 tendons had a trending increase in stress relaxation at 4%
strain. I-Dcn2/2/Bgn2/2 tendons exhibited larger changes in stress relaxation, with increased
relaxation relative to WT and I-Bgn2/2 tendons at all strain levels. Solid lines denote p £ 0.05,
and dotted lines denote p £ 0.1.

Fig. 4 Decorin and biglycan knockdown led to minimal changes in aged tendon quasi-static properties. No differences
in CSA (a), stiffness (b), maximum load (c), insertion modulus (d), or midsubstance (e) were observed across genotypes.
I-Dcn2/2 tendons had decreased maximum stress relative to WT and I-Dcn2/2/Bgn2/2 tendons (f). I-Bgn2/2 tendons had
decreased maximum stress relative to I-Dcn2/2/Bgn2/2 tendons. Solid lines denote p £ 0.05, and dotted lines denote p £ 0.1.
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Quasi-Static Mechanical Properties Were Largely Unaf-
fected by Small Leucine-Rich Proteoglycan Knockdown. No
differences in tendon CSA were observed across genotypes
(Fig. 4(a)). No differences in stiffness or maximum load were
observed across genotypes (Figs. 4(b) and 4(c)). No differences in
insertion or midsubstance modulus were observed across geno-
types (Figs. 4(d) and 4(e)). I-Dcn�/� tendons trended toward
decreased maximum stress compared to WT tendons (Fig. 4(f)).
I-Dcn�/�/Bgn�/� tendons had significantly increased maximum
stress compared to I-Dcn�/� tendons and a trending increase in
maximum stress compared to I-Bgn�/� tendons.

Decorin-Deficient Tendons Continued Fiber Realignment
Further Into Ramp to Failure. In the tendon midsubstance,
WT and I-Bgn�/� tendons experienced significant realignment
between 1% and 3% strain of the ramp-to-failure, while
I-Dcn�/� and I-Dcn�/�/Bgn�/� tendons significantly realigned
between both 1% and 3% strain and 3% and 5% strain (Fig. S2, in
the Supplemental Materials on the ASME Digital Collection). No
differences in realignment magnitude were observed at any strain
level across genotypes, including 0% strain. In the tendon inser-
tion, WT, I-Dcn�/�, and I-Bgn�/� tendons significantly realigned
between 1% and 3% strain (data not shown). I-Dcn�/�/Bgn�/�

significantly realigned between 1% and 3% strain and 3% and 5%
strain within the insertion, as they did in the midsubstance. No dif-
ferences in realignment magnitude were observed at any strain
level across genotypes, including 0% strain.

Decorin Deficiency, Alone and in Tandem With Biglycan
Deficiency, Increased Tendon Viscoelastic Properties. I-Dcn�/�

tendons exhibited a trending increase in stress relaxation at 4%
strain relative to WT tendons (Fig. 5). I-Dcn�/�/Bgn�/� tendons
exhibited significantly increased stress relaxation at 3% and 4%
strain, and trended toward an increase at 5% strain, relative to WT

and I-Bgn�/� tendons. No differences in dynamic moduli were
observed across genotypes at any strain level or frequency
(Fig. S3, in the Supplemental Materials on the ASME Digital
Collection).

At 3% strain, I-Dcn�/� tendons had trending increases in tan(d)
values relative to WT tendons at 5 Hz and 10 Hz (Fig. 6(a)).
I-Dcn�/�/Bgn�/� tendons had significantly increased tan(d)
values relative to WT tendons at all frequencies. I-Dcn�/�/Bgn�/�

tendons had significantly increased tan(d) values relative to
I-Bgn�/� tendons at 0.1 Hz and 1 Hz, with trending increases at
5 Hz and 10 Hz.

At 4% strain, I-Dcn�/� tendons had significantly increased
tan(d) values relative to WT tendons at 10 Hz, with a trending
increase at 5 Hz (Fig. 6(b)). I-Dcn�/� tendons had significantly
increased tan(d) values relative to I-Bgn�/� tendons at 1 Hz,
with a trending increase at 5 Hz. I-Dcn�/�/Bgn�/� tendons had
significantly increased tan(d) values relative to WT tendons
at 0.1 Hz, 5 Hz, and 10 Hz, with a trending increase at 1 Hz.
I-Dcn�/�/Bgn�/� tendons had significantly increased tan(d) values
relative to I-Bgn�/� tendons at 0.1 Hz, 1 Hz, and 5 Hz, with a
trending increase at 10 Hz.

At 5% strain, I-Dcn�/� tendons trended toward increased
tan(d) values relative to I-Bgn�/� tendons at 1 Hz (Fig. 6(c)).
I-Dcn�/�/Bgn�/� tendons trended toward increased tan(d) values
relative to I-Bgn�/� tendons at 1 Hz.

Viscoelastic Properties Correlated With Decorin Expres-
sion. For each mouse, Dcn and Bgn expression of the right patel-
lar tendon was plotted against stress relaxation and tan(d) values
at 4% strain of the left patellar tendon. Dcn expression signifi-
cantly correlated with stress relaxation and phase shift at every
frequency (Table S1, in the Supplemental Materials on the ASME
Digital Collection). Bgn expression did not significantly correlate
with any of these viscoelastic parameters.

Fig. 6 Decorin deficiency, alone and in tandem with biglycan deficiency, increased aged tendon phase shift. I-Dcn2/2 tendons
exhibited increased phase shift relative to WT and I-Bgn2/2 tendons through multiple frequencies at 3% (a) and 4% (b) strain.
These increases were more pronounced in I-Dcn2/2/Bgn2/2 tendons. At 5% strain (c), these changes effectively disappeared.
Solid lines denote p £ 0.05, and dotted lines denote p £ 0.1.
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Discussion

Small Leucine-Rich Proteoglycan Knockdown Led to Mini-
mal Changes in Tendon Gene Expression. Our mouse models
demonstrated effective knockdown of targeted genes, with more
than 5.5-fold and 4.5-fold reduction in expression of Dcn and
Bgn, respectively. PCA revealed that the second principal compo-
nent (PC2) separated decorin-deficient tendons from WT and
I-Bgn�/� tendons. PC2 scores correlated with standard deviation
of DDCt values across all genes. This relationship suggests that
decorin knockdown led to perturbations in overall expression pro-
files across the genes analyzed. However, these array-level
changes did not translate to statistical differences in expression of
individual genes. Mmp13 and Col2a1 had high PC2 loading scores
and appeared to be upregulated in decorin-deficient tendons, but
no statistical differences were found in expression of these genes.

Fmod expression had a trending increase with knockdown of
biglycan alone. Prior data suggest that biglycan and fibromodulin
function in tandem to regulate tendon properties [16,30]. Here,
upregulation of Fmod in I-Bgn�/� tendons supports a compensa-
tory function of fibromodulin in the absence of biglycan.

Overall, the lack of robust genetic changes seen in response to
decorin and/or biglycan knockdown implies that the inducible
knockdown models used here allow for direct analysis of the role
of these SLRPs in regulating aged tendon mechanical properties.
Any mechanical changes seen are likely due to the direct function
of decorin or biglycan protein rather than the result of cellular
response to SLRP knockdown.

Small Leucine-Rich Proteoglycan Knockdown Lead to
Minimal Changes in Quasi-Static Properties and Fiber
Realignment Dynamics. Aside from trending decreases in maxi-
mum stress in I-Dcn�/� tendons, no quasi-static differences were
observed between genotypes. This result corroborates previous
findings that decorin and biglycan do not regulate quasi-static
mechanical properties in the patellar tendon [19,20]. Decorin-
deficient tendons experienced significant fiber realignment later in
the ramp-to-failure compared to WT and I-Bgn�/� tendons. How-
ever, no differences in realignment were observed between
genotypes at any strain level. This suggests that decorin deficiency
led to subtle changes in fiber realignment dynamics that do not
translate to significant decreases in realignment at any given
strain.

Decorin Deficiency, Alone and in Tandem With Biglycan
Deficiency, Increased Tendon Viscoelastic Properties. This
study found that induced knockdown of decorin, alone and in tan-
dem with biglycan knockdown, increased the viscoelastic proper-
ties of aged tendons. Compared to WT tendons, I-Dcn�/� tendons
had a trending increase in stress relaxation at 4% strain and trend-
ing or significant increases in phase shift at 3% and 4% strain
across multiple frequencies (Fig. 6). Increased phase shift indi-
cates a lag in tendon stress in response to strain, and increased
tan(d) values represent a higher ratio of loss modulus to storage
modulus. Both changes are indicative of increased tissue viscos-
ity. When biglycan was knocked down in tandem with decorin,
increases in stress relaxation and phase shift seen with decorin
deficiency alone became more pronounced. Compared to WT ten-
dons, I-Dcn�/�/Bgn�/� tendons had significant increases in stress
relaxation at 3% and 4% strain, and a trending increase in stress
relaxation at 5% strain. I-Dcn�/�/Bgn�/� tendons had significant
increases in phase shift at 3% and 4% strain across all frequencies
(except at 4% strain and 1 Hz, which was a trending increase).
This result suggests that biglycan can mitigate the effects of
decorin deficiency. These findings support our hypothesis, as
decorin deficiency led to larger changes in viscoelastic properties
than changes seen with biglycan deficiency. Knockdown of both
SLRPs led to larger changes in viscoelastic properties than those
seen with knockdown of either SLRP alone.

Decorin Directly Modulated Aged Tendon Viscoelastic
Properties. The structure–function role of decorin remains con-
troversial. Decorin knockout studies demonstrate a role of decorin
in regulating tendon viscoelastic properties [17,19,24,31]. It is
hypothesized that decorin directly regulates tendon mechanical
properties via matrix interactions with its GAG chain [32,33].
When GAGs are digested in ex vivo tendons, however, no
changes in tendon viscoelastic properties are observed [34–36].
These findings suggest that decorin does not regulate viscoelastic
properties through its functional GAG chain. Here, Dcn expres-
sion correlated with viscoelastic parameters while Bgn expression
did not. This relationship strengthens the conclusion that decorin
modulates tendon viscoelastic properties. Given that no changes
in expression of analyzed genes were observed with decorin
knockdown at the time of mechanical testing, this regulation of
viscoelastic properties likely originates from the direct function of
decorin rather than compensatory expression of other genes.
While this study corroborates that decorin modulates tendon
viscoelastic properties, this regulation may not occur directly
through the GAG chain structure. Decorin may regulate tendon
viscoelastic properties by maintaining proper collagen fibril size.

As mentioned, decorin deficiency through tendon development
and aging led to less pronounced age-associated changes in
mechanical properties [7]. Here, when decorin is knocked down
in aged tendons, the opposite effect is seen. Decorin deficiency
increased viscoelastic properties—a change seen in WT aging.
This result suggests that the role of decorin in aged tendon
mechanics is predicated on the duration of decorin deficiency.
Tendons that are decorin-deficient from birth may adapt to this
deficiency through aging, while aged tendons do not have the
capacity to adapt to decorin deficiency.

In this study, biglycan deficiency alone did not lead to meaning-
ful changes in aged tendon mechanics. It is hypothesized that
biglycan comprises a stem cell “niche” within the tendon, leading
to its large regulatory role within the tissue [37]. Due to the old
age of the mice studied here, there is likely a decreased role of res-
ident stem cells in regulating tendon functional properties. This
may explain the lack of changes seen in biglycan-deficient ten-
dons, as stem cell regulation is less impactful in aged tendons.
Better understanding of the relationship between biglycan and ten-
don cells is needed to fully explain these results.

Limitations and Future Directions. This study is not without
limitations. Gene expression was measured 30 days post-knock-
down, and changes in gene expression that lead to functional
matrix changes may have been missed at this later timepoint.
While expression data at this timepoint suggests effective knock-
down of decorin and/or biglycan, this knockdown was not further
validated with matrix protein measurements. However, previous
work using these models demonstrated significant reduction in
matrix presence of decorin and biglycan 30 days post-TM injec-
tions [24]. While our results suggest that decorin regulates tendon
viscoelastic properties without a genetic response from other
matrix molecules, this study lacks a true mechanistic understand-
ing of this viscoelastic regulation. Future work will analyze matrix
content and fibril size distributions to better explain the mecha-
nisms by which decorin alters tendon viscoelasticity.

This study found that Col2a1 and Mmp13 had high PC2 loading
scores, and PC2 score was significantly increased in decorin-
deficient tendons. A subset of decorin-deficient tendons also dem-
onstrated elevated Acan expression. These results would suggest a
relationship between Dcn, Col2a1, Acan, and Mmp13 expression.
While no statistical differences in expression of these genes was
observed, such a change may be apparent in other musculoskeletal
tissues. Tissues that experience compression, such as cartilage,
have higher levels of collagen II, aggrecan, and MMP-13.
Increased presence of these molecules may lead to more robust
expression changes in response to decorin knockdown. Therefore,
future work will define the role of decorin in regulating expression
and presence of these molecules in compressive tissues.

111006-6 / Vol. 142, NOVEMBER 2020 Transactions of the ASME



Conclusions

Overall, this work demonstrated that decorin regulates visco-
elastic properties in homeostatic-aged tendons. This regulation is
in part coordinated with biglycan, as biglycan moderately com-
pensates for decorin deficiency. These changes in viscoelastic
properties were not accompanied by altered expression of other
matrix proteins, however, suggesting a more direct role of SLRPs
in regulating viscoelastic properties of aged tendons. This work
provides a better understanding of the roles of decorin and bigly-
can in aged tendon homeostasis. Understanding the age-dependent
function of SLRPs can better inform therapeutic targets to miti-
gate the age-associated increases in tendon injury risk.
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