
Research Article
0022-2836/� 2022 The Author
licenses/by-nc-nd/4.0/).
Decorin knockdown is beneficial for
aged tendons in the presence of
biglycan expression
Zakary M. Beach a, Mihir S. Dekhne a, Ashley B. Rodriguez a, Stephanie N. Weiss a,
Thomas H. Adams b, Sheila M. Adams b, Mei Sun b, David E. Birk b and
Louis J. Soslowsky a⇑

a - McKay Orthopaedic Research Laboratory, University of Pennsylvania, Stemmler Hall, 36th and Hamilton Walk,

Philadelphia, PA 19104-6081, United States

b - Department of Molecular Pharmacology & Physiology, Morsani College of Medicine, University of South Florida, Tampa, FL

33612, United States
Correspondence to Louis J. Soslowsky: McKay Orthopaedic Research Laboratory, 307A Stemmler Hall, 3450
Hamilton Walk, Philadelphia, PA 19104-6081, United States. soslowsk@upenn.edu (L.J. Soslowsky)
https://doi.org/10.1016/j.mbplus.2022.100114

Abstract

Decorin and biglycan are two major small leucine-rich proteoglycans (SLRPs) present in the tendon
extracellular matrix that facilitate collagen fibrillogenesis, tissue turnover, and cell signal transduction. Pre-
viously, we demonstrated that knockout of decorin prevented the decline of tendon mechanical properties
that are associated with aging. The objective of this study was to determine the effects of decorin and
biglycan knockdown on tendon structure and mechanics in aged tendons using tamoxifen-inducible
knockdown models. We hypothesized that the knockdown of decorin and compound knockdown of dec-
orin and biglycan would prevent age-related declines in tendon mechanics and structure compared to
biglycan knockdown and wild-type controls, and that these changes would be exacerbated as the tendons
progress towards geriatric ages. To achieve this objective, we created tamoxifen-inducible mouse knock-
down models to target decorin and biglycan gene inactivation without the abnormal tendon development
associated with traditional knockout models. Knockdown of decorin led to increased midsubstance mod-
ulus and decreased stress relaxation in aged tendons. However, these changes were not sustained in the
geriatric tendons. Knockdown in biglycan led to no changes in mechanics in the aged or geriatric tendons.
Contrary to our hypothesis, the compound decorin/biglycan knockdown tendons did not resemble the dec-
orin knockdown tendons, but resulted in increased viscoelastic properties in the aged and geriatric ten-
dons. Structurally, knockdown of SLRPs, except for the 570d I-Dcn-/-/Bgn-/- group, resulted in
alterations to the collagen fibril diameter relative to wild-type controls. Overall, this study identified the dif-
ferential roles of decorin and biglycan throughout tendon aging in the maintenance of tendon structural
and mechanical properties and revealed that the compound decorin and biglycan knockdown phenotype
did not resemble the single gene decorin or biglycan models and was detrimental to tendon properties
throughout aging.
� 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CCBY-NC-ND license (http://crea-
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Introduction

Tendon is a hierarchically organized tissue
composed of highly aligned extracellular matrix
(ECM) whose predominant function is to transmit
tensile forces from muscle to bone. The primary
unit of the tendon is the tendon fibril, a
heteropolymeric structure assembled from multiple
fibril-forming collagens, glycoproteins,
glycosaminoglycans (GAGs), and proteoglycans
[1]. A major component of proteoglycans in tendon
are small leucine-rich proteoglycans (SLRPs),
which are a class of proteins involved in a variety
of biological processes including collagen fibrilloge-
nesis, tissue turnover, and cell signal transduction
[2]. Decorin (Dcn) and biglycan (Bgn) are two highly
expressed fibril associated class I SLRPs that
assist in the development and maintenance of ten-
don structure during development, homeostasis,
healing, and aging by binding fibrillar collagens
and regulating fibrillogenesis [3–8]. Fibromodulin,
lumican, and keratocan are class II SLRPs that
are structurally and functionally similar to decorin
and biglycan, and regulate fibrillogenesis by binding
to fibrillar collagens. Gene clustering balances the
expression of these SLRPs, creating a regulatory
network among these molecules. This regulatory
network can result in compensatory upregulation
of other SLRPs after knockdown of one of these
genes. Due to the functional redundancy between
fibril associated SLRPs during fibrillogenesis, it is
important to investigate the expression of all these
molecules when using knockdown models to better
understand these relationships. Given the wide
range of processes in which these proteins are
involved, a complete definition of their individual
and synergistic roles is required for developing
novel treatments to address tendon pathologies.
With an increasingly aging and active population

the incidence of tendon injury is on the rise [9]. Ten-
don aging is typically characterized by changes to
mechanics and structure including decreased stiff-
ness, modulus, and alterations to collagen fibril
diameter [7,10]. While the mechanisms that cause
tissue to become more susceptible to injury with
increased age are largely unknown, SLRPs are
known regulators of collagen fibril organization
and matrix assembly in tendon, and could play a
role in the age-related changes to tendon mechan-
ics and structure. Previous work using traditional
(non-inducible) mouse knockout models found that
knockout of decorin ameliorated the age-related
alterations to mechanics and structure that is nor-
mally observed in tendon, while minimal changes
were associated with knockout of biglycan [7]. The
traditional knockout models used previously found
upregulation of lumican after biglycan knockout,
potentially masking the true roles of biglycan during
aging, and did not allow for temporal control of
SLRP expression.
2

While studies have been conducted to explore the
roles of decorin and biglycan in tendon aging, these
results are confounded due to the limitations
inherent to traditional knockouts that cannot
isolate effects during aging from developmental
effects. Recently, our lab has utilized tamoxifen-
inducible decorin, biglycan, and compound
decorin and biglycan knockdown mouse models to
provide temporal control over SLRP expression.
The compound model was initially used to
determine the roles of decorin and biglycan during
tendon homeostasis in mature mice 30 days after
Cre induction. Despite the short timeline, the
model successfully resulted in reduced decorin
and biglycan gene and protein expression levels
as well as a decrease in mechanical and structural
properties of the mouse patellar tendon [11]. The
present study extends this work by utilizing
tamoxifen-inducible decorin, biglycan, and the com-
pound decorin and biglycan knockdown models to
study the effects of these proteins on tendon struc-
ture and function in aged tendons without disrupting
tendon development.
Therefore, the objective of this study was to

determine the effects of decorin and biglycan
knockdown on tendon structure and mechanics in
aged (300d) and geriatric (570d) tendons. We
hypothesized that decorin and compound decorin/
biglycan knockdown in aged and geriatric mice
would result in improved tendon mechanical
properties compared to biglycan knockdown and
wild type (WT) control mice. We also expected to
find alterations to tendon fibril structure after
decorin or biglycan knockdown, while the
compound decorin/biglycan knockdown mice were
expected to have a fibril phenotype identical to the
decorin knockdown mice. Further, we
hypothesized that the differences present in the
aged tendons would be exacerbated in the
geriatric tendons. Overall, our findings revealed
that knockdown of decorin attenuates the decline
in tendon mechanics associated with aging in
aged (but not geriatric) mice, and knockdown of
decorin and biglycan produced tendons with
increased viscoelastic mechanics with age.
Results

Isolated knockdown of decorin and biglycan
did not induce upregulation of other fibril-
associated SLRPs

The expression of various SLRPs were analyzed
to investigate compensatory upregulation within our
transgenic models. Expression levels confirmed
knockdown of decorin and biglycan in the
respective transgenic models at 300d and 570d,
and no compensation was present among the
class I SLRPs in the single-target models (Fig. 1A-
B, D-E). To confirm that the transgenic models did



Fig. 1. SLRP and Collagen I Gene Expression in Aged and Geriatric Mouse Patellar Tendons. Gene
expression was measured at 300 d and 570 d after Cre induction at 120 d (n = 3-4/genotype/age). Knockdown of Dcn
was confirmed in I-Dcn-/- and I-Dcn-/-/Bgn-/- tendons (a, d) and knockdown of Bgn was confirmed for I-Bgn-/- and
I-Dcn-/-/Bgn-/- tendons (b, e) at 370d and 570d. No upregulation of Dcn or Bgn was detected in I-Dcn-/- or I-Bgn-/-

tendons, respectively, at 300 d or 570 d (a, b, d, e). No changes in Col1a1 were detected between genotypes at 300 d
or 570 d (c, f). Increased compensatory expression of Fmod (j) and Kera (l) was detected in I-Dcn-/-/Bgn-/- tendons.
Data shown as median with interquartile range.
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not alter expression of collagen ICol1a1 expression
was measured, and no changes in expression were
found at either timepoint (Fig. 1C, F). Finally, to
determine if compensation was present among
3

the class II SLRPs, we measured fibromodulin,
lumican, and keratocan expression. No
compensation of class II SLRPs was observed
within any of the transgenic models at 300d
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(Fig. 1G-I). The lack of class II SLRP compensation
was constant for the I-Dcn-/- and I-Bgn-/- models at
570d (Fig. 1J-L). Fibromodulin (Fig. 1J) and
keratocan (Fig. 1L) were upregulated in I-Dcn-/-/
Bgn-/- tendons at 570d, while lumican (Fig. 1K)
was not. Overall, each of the transgenic models
demonstrated effective knockdown of the target
genes, and no compensation of SLRPs was
present in the I-Dcn-/- or I-Bgn-/- models. The
compound knockdown of decorin and biglycan
was compensated with increased fibromodulin and
keratocan expression at 570d.

Decorin and biglycan knockdown increased
viscoelastic mechanics with age while decorin
knockdown attenuated Age-Related decline in
mechanics

After determining that minimal masking effects
were present from upregulation of SLRPs in our
knockdown models we determined the effects of
decorin and biglycan knockdown on tendon
mechanics. Before sacrifice no changes in gait
were noted among the mice. I-Dcn-/- tendons had
an increased midsubstance modulus at 300d
(Fig. 2A) compared to WT and I-Dcn-/-/Bgn-/-.
Decorin knockdown did not produce the same
increase in midsubstance modulus at 570d, where
no changes across the genotypes were observed
(Fig. 2B). Additionally, no changes in the insertion
modulus were found at 300d or 570d (Fig. 2C, D).
Stress-relaxation tests performed at 3 % strain
found decreased relaxation in I-Dcn-/- tendons
compared to WT and I-Dcn-/-/Bgn-/- at 300d
(Fig. 2E), and I-Dcn-/-/Bgn-/- had increased
relaxation compared to WT at 570d (Fig. 2F).
Additionally, relaxation increased between 300d
and 570d for I-Dcn-/- tendons (Fig. 2E, F).
However, there was a significant interaction
between genotype and age during the stress-
relaxation tests performed at 3 % strain. At 4 %
strain I-Dcn-/-/Bgn-/- showed increased relaxation
compared to I-Dcn-/- at 300d (Fig. 2G) and
increased relaxation compared to WT, I-Dcn-/-,
and I-Bgn-/- at 570d (Fig. 2H). Stress relaxation at
5 % strain did not change between groups
(Fig. 2I, J).
To further determine the roles of decorin and

biglycan in aging tendon viscoelastic mechanics
we measured the dynamic modulus (E*) and
phase shift (tangent of loss angle, tan (d)) during
dynamic loading. E* and phase shift showed no
changes between genotypes at 300d or 570d, but
changes were found within genotypes between
ages. Specifically, I-Dcn-/- reduced dynamic
modulus at 3 % and 4 % strain across all loading
frequencies, and at 5 % strain at 0.1 and 1 Hz
(Fig. 3A). Changes in phase angle shift were also
found between 300d and 570d for both I-Dcn-/-

(Fig. 3B) and I-Dcn-/-/Bgn-/- (Fig. 3C) tendons.
Reductions in I-Dcn-/- phase shift were observed
at 3 % strain at 1, 5, and 10 Hz, 4 % strain at 0.1,
4

1, 5, and 10 Hz, and 5 % strain at 0.1, 5, and
5 Hz. I-Dcn-/-/Bgn-/- reductions in phase shift were
found at 3 % strain at 0.1, 1, and 5 Hz and 4 %
strain at 5 Hz.
Small Leucine-rich proteoglycan knockdown
produced minimal changes to collagen fiber
realignment

Decreased circular variance ratio, which
correlates with increased collagen fiber
realignment, was found for WT and I-Dcn-/-

tendons at 300d (Fig. 4A) and I-Dcn-/-/Bgn-/-

tendons at 570d between 1 % and 3 % strain
(Fig. 4B). Analysis of the midsubstance revealed
increased realignment for WT, I-Dcn-/-, I-Bgn-/-,
and I-Dcn-/-/Bgn-/- tendons at 300d (Fig. 4C) and
570d (Fig. 4D) between 1 % and 3 % strain, and
no further realignment occurred at 5 % or 7 %
strain. No differences in realignment were found in
either the insertion or midsubstance between
genotypes or ages.
Alterations to collagen fibril diameter were
consistently present after knockdown of
decorin and biglycan

After TEM imaging no gross changes to fibril
shape were apparent after SLRP knockdown in
aged or geriatric tendon (Fig. 5A). 300d I-Dcn-/-, I-
Bgn-/-, and I-Dcn-/-/Bgn-/- tendons revealed altered
fibril diameter distributions compared to WT
tendons (Fig. 5B, C). Additionally, at 300d, the I-
Dcn-/- tendon collagen fibrils showed increased
diameter heterogeneity and decreased minimum
fibril diameter. At 570d only I-Dcn-/- and I-Bgn-/-

tendons exhibited altered collagen fibril diameter
distributions compared to WT. The I-Dcn-/-

tendons also displayed reduced fibril diameter in
quartiles 2–4 of the fibril diameter distribution
compared to WT (Fig. 5B, D).
Biglycan knockdown resulted in minimal
changes to nuclear shape in aged tendons

Tendons were stained with hematoxylin and
eosin to visualize the macroscopic tendon
structure and cellular population to measure
cellularity and nuclear aspect ratio. No
abnormalities were present in the overall tendon
structure at 300d or 570d (Fig. 6A, B). Cells
present in the I-Bgn-/- tendons exhibited an
increased nuclear aspect ratio, indicating a more
rounded nuclear shape, compared to WT and I-
Dcn-/-/Bgn-/- tendon cells at the 300d timepoint
(Fig. 6C), while no changes were present between
the genotypes at 570d (Fig. 6D). No changes
were found in cellularity between genotypes at
300d or 570d (data not shown).
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Discussion

Though the roles of decorin and biglycan in aged
and geriatric tendons have been previously
considered, this is the first study to examine the
differential and combined roles of decorin and
biglycan at these ages in tendon without the
confounding effects of abnormal tendon
development. This was achieved using TM-
inducible SLRP knockdown mouse models that
allowed decorin and biglycan knockdown after
musculoskeletal maturity. We hypothesized that
the knockdown of decorin and compound decorin/
biglycan knockdown in aged and geriatric mice
would result in improved tendon mechanical
properties compared to the biglycan knockdown
and WT tendons. Additionally, we expected
alterations to the tendon fibril structure after
decorin or biglycan knockdown, while the
compound decorin/biglycan knockdown tendon
fibril structure would resemble the structure of the
decorin knockdown tendons. Furthermore, we
hypothesized that the changes found in the aged
tendons would be exacerbated in the geriatric
tendons. A multidisciplinary approach was utilized
to determine that decorin and biglycan play
important differential roles in the regulation of
tendon mechanics and structure during aging. In
support of our hypotheses, the knockdown of
decorin resulted in an improved tendon aging
phenotype while knockdown of biglycan had no
impact on mechanics. We also found that the
knockdown of decorin or biglycan resulted in
alterations to tendon structure. Contrary to our
hypothesis, the compound decorin/biglycan
knockdown model did not mimic the decorin
knockdown model and resulted in increased
viscoelastic mechanics with age.
TM-inducible knockdown models were utilized in

this study to allow for normal development with
the targeted genes activated, avoiding the
confounding effects of abnormal development
associated with traditional knockout models
[12,13]. TM-inducible models require TM treatment
for Cre activation and subsequent excision of the
target genes. This process occurs after TM metab-
olizes into 4-hydroxytamoxifen, which binds to an
estrogen receptor and enables translocation of the
CreERT2 complex into the nucleus [14]. The ability
for 4-hydroxytamoxifen to bind to estrogen recep-
tors may interfere with the estrogen pathway and
Fig. 2. Patellar Tendon Modulus and Stress Relaxati
mechanical testing, the tendon midsubstance (a, b) and inse
tendons, respectively (n = 10–14/genotype/age). A stress-re
(g, h), and 5% (i, j) strain to determine the viscoelastic respo
13–16). Data shown as mean ± standard deviation. Bars ind
300 d or 570 d. * indicates significance of p < 0.05/12 betwee
made with two-way ANOVAs based on genotype and age w
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result in unintended side effects during tendon
homeostasis [15]. While TM treatment may result
in temporary disruption of the estrogen pathway,
the long timeline and treatment of control groups
with TM in this study mitigates any impact of unin-
tended side effects that TM may cause during ten-
don homeostasis.
To elucidate the regulatory roles of decorin and

biglycan throughout tendon aging two timepoints
were used that correlate with aged and geriatric
mice. 300-day old mice were selected as the aged
group because of the decline in mechanical
properties of the tendons compared to mature
(150-day) mouse tendons combined with the
similarities between the survival curves of mice at
this age and 60–65-year-old women, where both
survival curves fall below an 85 % survival rate
[16,17]. The 60–65-year-old population is still
active, less sedentary than older populations, but
also represent a population where tendon injuries
are common [18]. 570-day old mice were used to
represent an extremely aged group (termed geri-
atric) to further define the effects of SLRP knock-
down on geriatric tendon because intermediate
timepoints did not show additional age-related decli-
nes in tendon mechanics compared to 300d, and
later time points were not viable due to low survival
rates in our SLRP knockdown models.
The improved tendon aging phenotype

associated with decorin knockdown has been
previously shown using a traditional mouse
knockout model, where knockout of decorin
resulted in minor decreases in viscoelastic and
quasi-static mechanics with age relative to the
changes associated with biglycan knockout and
WT tendons [7]. It was speculated that decorin
knockout improved tendon aging due to its role in
fibrillogenesis, where continued decorin-fibril inter-
actions facilitated lateral growth of mature fibrils,
resulting in changes to the tendon ultrastructure
and mechanical properties. Overall, these results
are supported in the current study, where decorin
knockdown during homoeostasis in skeletally
mature mice resulted in improved quasi-static and
viscoelastic mechanics at 300d, although these
improvements were no longer present at the 570d
time point. Interestingly, we found that knockdown
of decorin resulted in a broadening of the collagen
fibril diameter distribution at 300d, where improved
mechanics were present, and a decrease in the fibril
diameter at 570d, where these improvements were
on After Decorin and Biglycan Knockdown. During
rtion (c, d) modulus was measured for 300 d and 570 d
laxation test was applied to the tendons at 3% (e, f), 4%
nse of the tendons at 300 d and 570 d (mean ± SD, n =
icate significance of p < 0.05/12 between genotypes at
n 300 d and 570 d within a genotype. Comparisons were
ith Bonferroni post-hoc comparisons.



Fig. 3. Age-related Changes to Patellar Tendon Viscoelastic Properties. Tendon viscoelastic properties were
evaluated with a series of frequency sweeps at 3%, 4%, and 5% strain at 0.1, 1, 5, and 10 Hz to evaluate the dynamic
modulus and phase shift (tangent of the phase angle (d), n = 10–16/genotype/age). I-Dcn-/- tendon viscosity increased
with age, represented by decreased elastic modulus (a) and increased phase shift (b). The increased viscous
response was less pronounced with age in I-Dcn-/-/Bgn-/- tendons, revealing an increased phase shift at 3% strain
while loaded at 0.1, 1, and 5 Hz, and 4% strain at 5 Hz (c). Data shown as mean ± standard deviation. Bars indicate
significance of p<0.05/4. Comparisons were made with two-way ANOVAs based on genotype and age with Bonferroni
post-hoc comparisons. Data for genotypes that did not change with age were not shown.
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no longer present. This supports the idea that dec-
orin is a mediator of fibrillogenesis whose role is
highly context dependent [19], but a repeatable pat-
tern in how decorin facilitates an improved tendon
aging phenotype has not been discovered.
Our dynamic mechanical loading data revealed

differences with age within individual genotypes
that were not apparent from the quasi-static
mechanics. While the quasi-static data did not
show differences between 300d and 570d
mechanics, dynamic modulus and phase angle
shift were sensitive to the changes between 300d
and 570d after decorin and compound decorin/
biglycan knockdown. This may be due to the
proposed role of proteoglycans in maintaining
hydrostatic pressure within the tendon by
interacting with the fluid phase to support
viscoelastic mechanics. However, multiple studies
have produced evidence rejecting this hypothesis
using various methods to reduce proteoglycan
content and deplete the GAG content from SLRPs
and the surrounding tissue [20–22]. Alternatively,
these differences found may reveal that dynamic
loading is more sensitive to changes to tendon
structure and function associated with SLRP knock-
down since dynamic loading is more representative
of the in vivo loading environment.
The observation that reduced decorin expression

has a greater impact than biglycan expression in
tissues rich in collagenous fibers is not new.
Previous data suggests that greater impact of
decorin deficiency compared to biglycan
deficiency on skin integrity is consistent with
greater abundance of decorin in the dermis [23].
Additionally, the similarity in ultrastructural changes
produced by decorin or biglycan deficiency is con-
7

sistent with the similar roles that each SLRP plays
in interactions with dermal collagen. Similarly, the
current study revealed a greater impact from dec-
orin knockdown relative to biglycan knockdown on
tendon mechanics; however, the ultrastructural
changes to tendon fibril diameter were similar.
While the relative abundance of decorin and bigly-
can likely plays a major role in the effects of knock-
down on tendon aging, an additional study
examining the effects of decorin and biglycan
knockdown during tendon aging noted the roles of
biglycan in tendon stem cell regulation. That stem
cell regulation will likely have less of an impact dur-
ing tendon aging due to senescence [24].
Contrary to our hypothesis, the compound

knockdown of decorin and biglycan did not mimic
the I-Dcn-/- tendons but produced tendons with
increased viscoelastic properties. The role of
SLRPs in tendon viscoelastic mechanics is
controversial. The altered viscoelastic mechanics
observed in the 570d I-Dcn-/-/Bgn-/- group cannot
be explained by alterations to collagen fibril
structure since this group showed no changes in
these measures relative to WT. Previous work has
suggested that the decorin and biglycan GAG
chains play a direct role in the regulation of tendon
mechanics [25,26]. However, subsequent studies
digested the SLRP GAG chains did not observe
any changes to mechanics [21,22,27]. The mecha-
nisms driving the alterations observed in the com-
pound decorin and biglycan knockdown
viscoelastic mechanics in our present study are
unclear. Knockdown of decorin and biglycan could
produce alterations to viscoelastic mechanics due
to the wide range of biological functions of these
proteins including regulation of various collagens



Fig. 4. Collagen Fiber Realignment in the Patellar Tendon Insertion and Midsubstance. Collagen fiber
realignment was measured during the ramp to failure by analyzing the circular variance of the collagen fiber
distribution angles at 1%, 3%, 5%, and 7% strain, then normalizing those values by the circular variance at 0% strain
to obtain the circular variance ratio (n = 10–14/genotype/age). Differential responses were observed in the insertion,
with realignment occurring in 300 d WT and I-Dcn-/- tendons between 1–3% strain (a), while only I-Dcn-/-/Bgn-/- tendon
realignment increased between 1–3% strain at 570 d. All groups demonstrated similar realignment mechanics in the
midsubstance, with realignment occurring between 1–3% strain (c, d). Data shown as mean ± standard deviation.
Bars indicate significance of p < 0.05/36. Comparisons were made with a three-way ANOVA based on genotype,
age, and strain with Bonferroni post-hoc comparisons. Strain was the only significant factor.
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[19,28–30], innate immune receptors [31], and mul-
tiple signaling pathways including TGF-b [32], Wnt
[33], and VEGFA [34]. Additionally, the altered vis-
coelastic properties could be due to the upregula-
tion of class II SLRPs observed at 570d. The
upregulation of fibromodulin and keratocan could
disrupt additional pathways that are prevalent dur-
ing tendon aging, such as LOX mediated collagen
crosslinking [35–37]. While this study focused on
measuring the expression of class I and II fibril-
associated SLRPs to determine any compensatory
upregulation that may have occurred, a multiomic-
based approach can be applied to our I-Dcn-/-/
Bgn-/- model at 570d to determine the signaling
changes that may be driving the alterations to vis-
coelastic mechanics.
This study has several limitations. We focused

our studies on the patellar tendon, while

8

additional tendons, such as the Achilles, may
alter the impact that SLRP knockdown has on
tendon mechanics and structure throughout
aging. Future work will include additional tendons
to broaden the context of our current study.
Additionally, this study did not explore functional
changes alongside the mechanical and structural
analyses. However, our mechanical testing
protocol and multi-faceted structural analysis is
more sensitive to detecting changes within
tendon than functional measurements, such as
gait or running analyses. Since no changes in
gait were noted among our animals, we chose to
not include any of these functional measures.
Finally, this study used gene expression to
validate knockdown in our models and did not
include protein measures. We have previously
validated that knockdown of decorin and biglycan



Fig. 5. Effect of Decorin and Biglycan Knockdown on Patellar Tendon Collagen Fibril Diameter. Tendon
microstructure was examined using transmission electron microscopy to measure collagen fibril diameter (a, n = 4/
genotype/age). After obtaining the fibril diameter values, relative frequency distributions were created for each
genotype at 370 d and 570 d for comparisons (b). Alterations were consistently present after SLRP knockdown at
300d relative to WT (c), however I-Dcn-/-/Bgn-/- tendons were the only group with no alterations to the collagen fibril
distribution compared to WT at 570 d (d). Data shown as median with the box containing quartiles 1–3 and the range
spanning the minimum to maximum collagen fibril diameter. Bars indicate significance of p < 0.05/3. Kolmogorov-
Smirnov tests were used to compare the WT fibril diameter distribution to each experimental group.
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gene expression was accompanied by a
substantial reduction in decorin and biglycan
protein levels in tendon 30 days after Cre
induction [11]. Our current study showed similar
levels of gene expression after knockdown with a
timeline that was 6 to 15 times longer between
9

Cre induction and sacrifice, allowing a greater
degree of protein turnover to occur.
This study identified insights into the differential

roles of decorin and biglycan during tendon aging
without the confounding factor of abnormal
tendon development associated with knockout



Fig. 6. Patellar Tendon Cellular Nuclear Aspect Ratio After SLRP Knockdown. Tendons were stained with
hematoxylin and eosin to visualize the macroscopic collagen structure, cellularity, and nuclear aspect ratio at 300 d
(a) and 500 d (b, n = 4/genotype/age). Gray boxes denote areas of higher magnification to show greater detail. No
irregularities were noted in the tendon structure, and no changes to cellularity were observed (data not shown).
Nuclear aspect ratio was increased in I-Bgn-/- tendons at 300 d (c), but no changes were present between genotypes
at 570 d (d). Data shown as median with the box containing quartiles 1–3 and the range spanning the minimum to
maximum nuclear aspect ratio. Bars indicate significance of p < 0.05/6. Kolmogorov-Smirnov tests were used to
compare the nuclear aspect ratio distributions between groups.
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models. Knockdown of decorin resulted in
increased midsubstance modulus and decreased
stress relaxation at 300d. However, these
changes did not persist at 570d. Knockdown of
biglycan resulted in minimal changes to the
tendon throughout aging. Interestingly, the
compound knockdown of decorin and biglycan
resulted in a unique phenotype that was
detrimental to overall tendon mechanics and
structure.
10
Experimental procedures

Animal backgrounds & cre excision

This study was approved by the University of
Pennsylvania and University of South Florida
Institutional Animal Care and Use Committees.
Female Dcn+/+/Bgn+/+ control (WT, n = 16/age),
Dcnflox/flox (I-Dcn-/-, n = 16/age), Bgnflox/flox (I-Bgn-/-,
n = 16/age), and compound Dcnflox/flox/Bgnflox/flox
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(I-Dcn -/-/Bgn-/-, n = 16/age), mice with a tamoxifen
(TM) inducible Cre, (B6.129-Gt(ROSA)26Sortm1(c
re/ERT2)Tyj/J, Jackson Labs) were utilized
(Supplemental Fig. 1). Cre excision of the
conditional alleles was induced in mature
(120 day) mice with three consecutive daily IP
injections of tamoxifen (4.5 mg/40 g body weight).
WT mice were given TM injections to control for
potential side effects. Mice were euthanized at
300 and 570 days of age (n = 16/group/age).
SLRP & collagen I gene expression

Patellar tendons were collected after sacrifice and
preserved under liquid nitrogen. The frozen patellar
tendons were cut into small pieces, then total RNA
was extracted using a RNeasy Micro Kit (Qiagen).
Total RNA (4 ng/well) was subjected to reverse
transcription using the High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems)
and real-time PCR was performed with Fast
SYBR Green PCR master mix (Applied
Biosystems) using a StepOnePlus Real Time PCR
system (Applied Biosystems). The primer
sequences were as follows: decorin forward
primer, 50-TGAGCTTCAACAGCATCACC-30, and
decorin reverse primer, 50-AAGTCATTTTGCC
CAACTGC-30; biglycan forward primer, 50-CTACG
CCCTGGTCTTGGTAA-30, and biglycan reverse
primer, 50-ACTTTGCGGATACGGTTGTC-30; fibro-
modulin forward primer: 50-GAAGGGTTGTTACG
CAAATGG-30, and fibromodulin reverse primer: 50-
AGATCACCCCCTAGTCTGGGTTA-30; lumican
forward primer, 50-TCCACTTCCAAAGTCCCTG
CAAGA-30, and lumican reverse primer, 50-AAGCC
GAGACAGCATCCTCTTTGA-30; keratocan
forward primer, 50- CCTGGAAAGCAAGGTGCTG-
TA-30, and keratocan reverse primer, 50- TCATAG-
GCCTGTCTCACACTCTGT-30; Col1a1 forward
primer, 50-CTTCACCTACAGCACCCTTGTG-30,
and Col1a1 reverse primer, 50- TGACTGTCTTGC-
CCCAAGTTC; b-actin forward primer, 50- AGATGA-
CCCAGATCATGTTTGAGA-30 and b-actin reverse
primer, 50- CACAGCCTGGATGGCTACGT-30. The
samples were run in duplicate (n = 3–4/group),
then the data were analyzed with StepOne
software c2.0 (Applied Biosystems). The amount of
sample total RNA was standardized by using b-
actin as an internal control.
Tendon biomechanics and collagen fiber
realignment

Right patellar tendons were prepared for
mechanical testing (n = 10–16/genotype/age) as
described [6]. Briefly, patella-tendon-tibia com-
plexes were dissected, then scanned using a cus-
tom laser device to measure cross-sectional area
[38]. Verhoeff’s stain was used to apply stain lines
at the tibial insertion, 1 mm and 2 mm from the tibial
insertion, and at the distal patella for optical strain
tracking. The tibia was secured in a custom 3D-
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printed pot using poly(methyl methacrylate). Cus-
tom fixtures were used to secure the pot during
mechanical testing.
During testing, tendons were loaded into a 1x

phosphate-buffered saline bath at 37 �C secured
to a tensile testing system (Instron 5848, Instron,
Norwood, MA) integrated with an established
cross-polarized light setup [11,39]. The viscoelastic
testing protocol consisted of preconditioning, stress
relaxations (3%, 4%, and 5% strain) each followed
by a series of frequency sweeps (0.1, 1, 5, and
10 Hz), a return to gauge length for 60 s, and ending
with a ramp-to-failure at a strain rate of 0.1 %/s. A
series of image maps, each consisting of 18
images, was taken throughout the ramp to failure
at 20 s intervals for collagen fiber realignment and
optical strain tracking data [39]. Collagen fiber
realignment, outputted as circular variance ratio,
was calculated separately for the tendon midsub-
stance and insertion using a custom program, and
has an inverse relationship with the realignment of
collagen fibers (Matlab, Natick, MA) [40]. Circular
variance measures the distribution of collagen fiber
alignment on the surface of the tendon. The circular
variance ratio is the circular variance at a given
strain normalized by the circular variance of the
same sample at gauge length. Maximum stress
was calculated from stress-strain data. Optical
tracking was used to compute midsubstance and
insertion modulus (Matlab, Natick, MA). Dynamic
modulus and phase shift were calculated at each
strain-frequency combination.

Collagen fibril diameter

Left patellar tendons were analyzed using TEM
(n = 4/genotype/age). Samples were fixed in situ
using Karnovsky’s fixative, then dissected from
the mouse and placed in Karnovsky’s fixative for
an additional 2–4 h [11,41,42]. Post-fixation the
samples were rinsed in 0.1 M sodium cacodylate
buffer, then placed in a 1 % osmium tetroxide solu-
tion for staining and secondary fixation for 1 h. Next,
the samples were dehydrated using ethanol
solutions (ranging from 50 % to 100 % ethanol in
water), then the samples were placed on a shaker
for 3 12-hour cycles for epoxy infiltration (ranging
from 33 % to 100 % epoxy resin in propylene oxide)
and embedded in fresh epoxy resin before being
placed in a 60 �C oven overnight for curing. Post-
staining with 2 % aqueous uranyl acetate followed
by 1 % phosphotungstic acid, pH 3.2 was utilized
for contrast enhancement. Cross sections through
the midsubstance of the patellar tendons were
examined at 80 kV using a JEOL 1400 transmission
electron microscope. Images were digitally cap-
tured at an instrument magnification of 60,000x
using an Orius widefield sidemount CCD camera
at a resolution of 3648 � 2672. The digital images
were masked and transferred to a RM Biometrics-
Bioquant Image Analysis System (Memphis, TN)
for analysis. Image magnification was calibrated
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using a line grating replica (PELCO�, Product No.
606). Fibril diameter analyses were completed
using images from the central portion of the tendon.
10 images were analyzed per animal, and 3500 fib-
rils were analyzed for each group. All fibrils within a
predetermined region of interest (ROI) on the digi-
tized image were analyzed. Non-overlapping ROIs
were placed based on fibril orientation (i.e., cross
section) and absence of cells. Diameters weremea-
sured along theminor axis of the fibril. For measure-
ments of fibril density, the total number of fibrils
within the ROI was normalized for area.
Cell nuclear shape and cellularity

For histological analysis, the left knee joint was
isolated by cutting through the femur and tibia at
the time of sacrifice (n = 4/genotype/age). The
knee was flexed to 90�, placed into a cassette,
fixed in formalin, and processed using standard
paraffin histological techniques. Samples were
embedded in paraffin and sections were cut at
7 mm thickness before staining with hematoxylin
and eosin. Cell nuclear shape, determined by
measuring the nuclear aspect ratio, and cellularity
were calculated using commercial software
(Bioquant).
Statistics

A two-way ANOVA with Bonferroni post-hoc
analysis was used to evaluate the effect of
genotype and age on tendon mechanics and
cellularity. Realignment data was analyzed using a
three-way ANOVA to evaluate the factors of
genotype, age, and strain level with Bonferroni
post-hoc analysis using the open-source Python
package Pingouin [43]. Kolmogorov-Smirnov tests
with Bonferroni post-hoc analysis were used in the
analysis of collagen fibril diameter and nuclear
shape. The significance level was set at p < 0.05.
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