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Abstract

Background: The attempted healing of tendon after acute
injury (overloading, partial tear or complete rupture) pro-
ceeds via the normal wound healing cascade involving he-
mostasis, inflammation, matrix synthesis and matrix remod-
eling. Depending on the degree of trauma and the nature
of the post-injury milieu, a variable degree of healing and
recovery of function occurs. Post-injury analgesia is often
achieved with NSAIDs such as Ibuprofen, however there is
increasing evidence that NSAID usage may interfere with
the healing process. This study aimed to investigate the
cellular mechanism by which IBU therapy might lead to a
worsening of tendon pathology.

Methods: We have examined the effect of oral Ibuprofen,
on Achilles tendon healing in a TGFb1-induced murine ten-
dinopathy model. Dosing was started 3 days after initial in-
jury (acute cellular response phase) and continued for 22
days or started at 9 days after injury (transition to matrix re-
generation phase) and given for 16 days. Cellular changes
in tendon and surrounding peritenon were assessed using
Hematoxylin/Eosin, chondroid accumulation with Safranin
O and anti-aggrecan immunohistochemistry, and neo-ves-
sel formation with GSI Lectin histochemistry. Markers of
inflammation included histochemical localization of hyal-
uronan, immunohistochemistry of heavy chain 1 and TN-
Fa-stimulated glycoprotein-6 (TSG6). Cell responses were
further examined by RT-qPCR of 84 NFkB target genes and
84 wound healing genes. Biomechanical properties of ten-
dons were evaluated by tensile testing.

Results: At a clinically-relevant dosage, Ibuprofen prevent-
ed the process of remodeling/removal of the inflammatory
matrix components, hyaluronan, HC1 and TSG6. Further-
more, the aberrant matrix remodeling was accompanied by
activation at day 28 of genes (Col1a2, Col5a3, Plat, Ccl12,
Iltga4, Stat3, Vegfa, Mif, Col4a1, Rhoa, Relb, F8, Cxcl9,
Lta, Ltb, Ccl12, Cdkn1a, Ccl22, Sele, Cd80), which were
not activated at any time without the drug, and so appear
most likely to be involved in the pathology. Of these, Vegfa,
Col4a1, F8, Cxcl9 and Sele, have been shown to play a role
in vascular remodeling, consistent with the appearance at
25 days of vasculogenic cell groups in the peritenon and
fat pad stroma surrounding the Achilles of the drug-dosed
mice. Tensile stiffness (p = 0.004) and elastic modulus (p
= 0.012) were both decreased (relative to age-matched un-
injured and non-dosed mice) in mice dosed with Ibuprofen
from day 3 to day 25, whether injured or not.

Conclusion: We conclude that the use of Ibuprofen for pain
relief during inflammatory phases of tendinopathy, might
interfere with the normal processes of extracellular matrix
remodeling and cellular control of expression of inflammato-
ry and wound healing genes. It is proposed that the known
COX2-mediated anti-inflammatory effect of ibuprofen has
detrimental effects on the turnover of a pro-inflammatory
HA matrix produced in response to soft-tissue injury, thus
preventing the switch to cellular responses associated with
functional matrix remodeling and eventual healing.
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Abbreviations

TGF-B1: Transforming Growth Factor beta 1; IBU: Ibupro-
fen; ECM: Extracellular Matrix; Ul: Uninjured; COV: Coeffi-
cient of Variation; NSAIDs: Non-Steroidal Anti-inflammato-
ry Drugs; HA: Hyaluronan; HC1: Inter-alpha-trypsin Heavy
Chain 1; EMT: Epithelial Mesenchymal Transition; lal: In-
ter-alpha-trypsin Inhibitor

Introduction

The Achilles tendon is the largest tendon in the body.
Its primary function involves push-off and maintaining
the overall position of the tibia during gait. Tendinopathy
of the Achilles is a major health care concern with specif-
ic focus to orthopaedic foot and ankle surgeons. It often
presents as pain and swelling within the tendon proper,
and has been found to be associated with obesity, hyper-
tension, and steroid use [1], each of which have shown an
end-organ effect of a decrease in local microvascularity.
While this correlation is consistent with a role for hypoxia
in the development of Achilles tendinopathy [2], effective
therapies to alleviate symptoms remain limited. Current
treatment protocols frequently include non-steroidal an-
ti-inflammatory drugs (NSAIDs such as Ibuprofen) in com-
bination with activity modification, rest, physical therapy
and various bracing modalities. Surgical options do exist
however they involve significant compliance during recov-
ery and may lead to worsening morbidity related to wound
complications or improper healing (reviewed in [3]). While
NSAIDs provide short-term relief of pain through inhibition
of cyclooxygenases-1 and -2, (and thereby inhibition of
prostaglandin production), it is also well established that
NSAIDs modulate multiple targets and can have multiple
molecular effects apparently unrelated to cyclooxygenase
inhibition [4]. These effects include binding to membrane
transporters, such as hPEPT1 [5], enhancing microtubule
formation in epithelial cells [6], modulation of cell mem-
brane topography [7], inhibition of caspases [8] and induc-
tion of apoptosis [9]. NSAIDs have also been implicated in
cardiac pathology [10] and there is mounting evidence that
ibuprofen may also interfere with tendon repair [11-13].

Objectives

We aimed to describe the effect of IBU therapy on
tendon pathological features in a murine model of ten-
dinopathy, and to provide mechanistic details of the cel-
lular responses involved.

Materials and Methods

Murine achilles tendinopathy model and ibupro-
fen administration

Unilateral tendinopathy was induced in the Achilles
tendon of skeletally mature male C57BI/6 mice by injec-
tions, on days 0 and 2, of 100 ng of active rhTGF-B1 (hu-
man recombinant, Peprotech, Inc., Rocky Hill, NJ) into
the mid-portion of the tendon [2,14-16]. The injections
were given between 2 pm - 4 pm and all euthanasia and
tissue collections were between 9 am - 11 am. Mice
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had free access to food and drinking water and were
allowed normal cage activity.

Ibuprofen (IBU) was administered orally as described
by Ezell, et al. [17]. Briefly, a pediatric IBU oral suspen-
sion (20 mg/mL, CVS Pharmacy) was diluted with puri-
fied water to a final concentration of 1 mg/mL. Drinking
bottles were wrapped in silver foil and the drug was re-
newed every 5 days. Drug was either initiated at 3 days
after initial injury (acute cellular response phase) and
administered for 22 days or initiated at 9 days after inju-
ry (matrix regeneration phase) and administered for 16
days. Average water consumption was ~3.8 mL (~3.8 mg
IBU) per mouse per day. Experimental groups, outcome
measures, and mouse numbers for each, are summa-
rized in Supplementary Table 1. Mice were weighed be-
fore induction of tendinopathy and again before eutha-
nasia, and no marked difference in average body weight
was observed between experimental groups. All animal
use was approved by the IACUC of Rush University.

QPCR Gene expression assays

Following euthanasia, Achilles tendons (including peri-
tenon) were immediately isolated from all surrounding
tissue, placed in RNA. Later and stored at -20 °C. RNA was
isolated from each pool of tissue generated for each ex-
perimental group (Supplementary Table 1), as previously
described [14]. Briefly, pooled tissue was fragmented un-
der liquid nitrogen in a Bessman Tissue Pulverizer and ex-
tracted in 1 mL of Trizol by vortexing for 60 seconds. RNA
purification was done with the RNeasy MiniKit (Qiagen,
Cat #: 74104, Valencia, CA), and yields were between
300-500 ng RNA per tendon. RNA quality (A260:A280)
was > 1.90 for all preparations, and 2 ug of each prepa-
ration was used for cDNA synthesis with the RT2 First
Strand Kit (Qiagen). mRNA abundance for 84 NFkb tar-
get genes and 84 wound healing genes were determined
using SYBR qt-PCR array plates (PAMM-121A, PAMM-
225ZA Qiagen, Valencia, CA). Alphabetic gene listings
are shown in Supplementary Table 2 and Supplementary
Table 3. The reproducibility of the QPCR array assay was
confirmed as described previously [3,18]. It should be
noted that data for individual pools represents the aver-
age expression in 14-20 individual tendons (Supplemen-
tary Table 1). Changes in transcript abundance (ACt = Ct
for transcript of interest minus Ct for the housekeeping
gene, B2m) were used to calculate the fold change (2/-
AACt) relative to un-injured levels for each experimental
and control group. A 1-way ANOVA with Tukey’s post-hoc
tests was conducted using GraphPad Prism 7 (La Jolla, CA)
on the ACt values to determine the significance (p < 0.05)
of differences in the expression of genes. Specifically, 25
d post-injury data was compared to Ul data and either
E-IBU or L-IBU data.

Histology and immunohistochemistry

Ankle joints (n = 3 per experimental group) were
processed as previously described [14,15]. Briefly, joints
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were fixed in formaldehyde, decalcified in EDTA, pro-
cessed, embedded in paraffin, and 5 um thin sagittal sec-
tions cut through the entire joint. Sections (n = 36) from
the mid-portion of each specimen, which included the
Achilles-calcaneus insertion and the bursa were stained
as follows: For histopathological evaluation of tissue re-
sponses to injury and drug treatment, section numbers
1,7,13,20,25,31 were stained with Hematoxylin/Eosin
[14] and section numbers 2,14,21,26,32 were stained
with Safranin-O (SafO) [15]. The remaining sections
were used for immunohistochemistry: Briefly, sections
(n = 6 per antibody) were deparaffinized and incubated
overnight at 4 °C with the following probes: anti-TSG6
(5 ug/mL [19]), anti- Inter-alpha-trypsin Heavy Chain 1
(HC1) (1 ug/mL [20]) or aggrecan-DLS (1 ug/mL [15]),
followed by biotinylated anti-rabbit IgG as secondary
antibody. HA (hyaluronan) was localized with biotinylat-
ed HABP [18]. Neovascularization in the peritenon and
the fat pad was assessed by immunochemistry with GSI
Lectin (10 ug/mL; Vector Laboratories, Inc. Burlingame,
CA 94010) [21]. All sections were counterstained with
methyl green. Negative control staining is shown in Sup-
plementary Figure 1.

Biomechanical testing

Tensile testing and analysis of mechanical properties
were carried out as described by Wang, et al. [22]. Brief-
ly, the Achilles/calcaneus complex was dissected from
the surrounding tissues, followed by measurements of
tendon width and thickness, from which cross-sectional
was computed. The foot was potted in dental cement
and the tendon-bone construct was mounted onto a
materials testing system (MTS Insight 10, Eden Prairie,
MN). Tensile testing (in a saline-filled chamber) consist-
ed of preconditioning followed by a load to failure test
at 0.05 mm/sec. 1-way ANOVA and Tukey’s Multiple
Comparison Tests were performed using JMP (SAS, Cary,
NC) for statistical analysis of the data obtained from the
5 experimental groups listed in Supplementary Table 1.

Results

Histological evaluation of Achilles tendon pathology
and ECM changes following TGFbl-induced injury
and subsequent recovery

Low magnification SafO of the ankle joint (Supple-
mentary Figure 2A) showed that by 3 d there was hy-

Figure 1: Histochemical localization of HA in Achilles tendon and surrounding tissues following TGFb1 induced injury.

Sections were treated and stained with HABP as described in the Methods. TB: Tendon Body; FP: Fat Pad; CB: Cancellous
Bone; P: Posterior; A: Anterior; IN: Insertion site. Peritenon regions are indicated by black arrows and the space bar in the

bottom panel = 100 um.
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Figure 2: Immunohistochemical localization of HC1 in Achilles tendon and surrounding tissues.

Sections were stained with anti-HC1 antibodies following Proteinase K treatment for antigen retrieval, as described in the
Methods. TB: Tendon Body; FP: Fat Pad; CB: Cancellous Bone; P: Posterior; A: Anterior; IN: Insertion site. Peritenon regions
are indicated by black arrows, and the space bar in the bottom panel = 100 um. The staining of the cancellous bone represents
non-specific staining due to binding of the secondary antibody in proteinase K pretreated samples.

perplasia of both the anterior peritenon and fat pad
and the posterior peritenon along with swelling of the
tendon body. By 9 d, remodeling of the tendon ECM
was evident as shown by chondroid deposition. At 25
d, there was evidence for reversal and repair as sug-
gested by chondroid removal and the essentially nor-
mal appearance of both the peritenon and fat pad.
The pattern of chondroid deposition in the model was
confirmed by IHC localization of aggrecan-positive cells
(Supplementary Figure 2B). Transient accumulation of
neutrophils in vascularized regions of the fat pad were
also observed in this acute phase response to the TGFb1
injury (Supplementary Figure 3).

To more closely define ECM changes in the inflam-
matory response to the TGFb1 injury, we performed IHC
localization of components of the well-characterized in-
flammatory HA matrix [22-25], typically containing HA
(Figure 1), HC1 (Figure 2) and TSG6, which transfers
HC1 from bikunin onto HA [25] (Figure 3). HA staining
increased between 3 d and 9 d, together with HC1 and
TSG6, and this was evident in the tendon body, inser-
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tion sites, the peritenon and adipose stroma. By d 25
however, HA and HC1 reactivity was greatly diminished,
indicating a clearance of this pro-inflammatory matrix
most likely by resident phagocytic cells, including mac-
rophages [27,28]. In contrast, TSG6 protein remained
elevated in tendon cells, even at d 25 post-injury, how-
ever this did not appear to maintain a high level of HC1-
HA matrix, presumably due to a lack of substrate HA or
Inter-alpha-trypsin inhibitor (lal), or inactivation of the
transferase activity of the TSG6.

Time course of expression of wound healing and
NFkb target genes in Achilles tendons following TG-
Fbl-induced injury and during subsequent recovery

The expression of genes in Achilles tendons (includ-
ing peritenon) from naive mice and at 3 d, 9 d and 25
d after injection of TGFb1l were determined. For each
array (Table 1 and Table 2), the genes are arranged al-
phabetically under each pathway group and the values
show the fold-change in expression at each time point,
relative to Ul levels.
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bottom panel = 100 pm.

Figure 3: Immunohistochemical localization of TSG6 in Achilles tendon and surrounding tissues.

Sections were stained with anti-TSG6 antibody, as described in the Methods. TB: Tendon Body; FP: Fat Pad; CB: Cancellous
Bone; P: Posterior; A: Anterior; IN: Insertion site. Peritenon regions are indicated by black arrows, and the space bar in the

Table 1: Fold Change expression (relative to Ul) of Wound  [gell Adhesion molecules
Healing genes after injection of TGF-B1. Cdh1 665 1354 6.1
Genet Fold Change* p* Itgat 23 |- -
3d [9d [28d ltga2 4 - -
ECM Structure Itga3 - 19 |-
Col14a1 - 12.6 |44 Itga4 2 2 -
Col1a1 - 10.7 |3 Iltgab 6.8 44 1.7
Col1a2 24 22 |- Itga6 - -
Col3at 35 6.1 |- Itgav 23 21 |15
Col4a1 - 27 |- Itgb1 2 3.1 |19
Col4a3 45 |17 |- Itgb3 - 2 1.6
Col5a1 5.6 10.1 |- Itgb5 - 1.7 1.6
Col5a2 4.4 7.8 |- Itgb6 116 |-26 |-
Col5a3 4 3 - Cytoskeleton
ECM Remodeling enzymes Acta2 1.5
Ctsk 22 |71 3.8 Actct 129 |15 |-2
Ctsl - 21 |16 Rac1 14 - -
Mmp2 - 11.7 |6 Rhoa 1.2 21 |-
Mmp9 9.7 104 |- Tagin -2 - -
Plat 3 46 1.5 Growth factors & cytokines
Plau 4.2 26 |- Angpt1 -1.7 27 |21
Plaur -4 6.7 |1.6 Ccl12 - 25 |-
Plg 42 |16 |- Ccl7 145 27 |-
Serpine1 108.1 |10.7 |1.9 Cd40lg 3.1 |2 -2
Timp1 13.3 93 |27 Csf2 - 25 |1.8
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Csf3 _ 17 - Table 2: Fold Change expression (relative to Ul) of Nfkb Target
Ctgf 16 |15 |18 genes after injection of TGF-1.
Ctnnb1 1.9 41 |21 Genet Fold Change** p*
Cxcl11 127 |22 |2 3d EX: 28 d
Cxcl5 510.2 |16.3 |-3.8 Cytokines & Chemokines
Egf -2.6 1.7 |- Ccl12 - 4 -
Egfr - 26 |- Ccl22 -4.6 3.2 -
Fgf10 11 -4 |28 | Ccl5 - 18 -
Fgf2 - 17 117 Csf3 - 3.6 -
Fgf7 17 |13 |15 Cxcl1 28 15.9 25
Hbegf 6.7 3.3 |- - Cxcl10 3.1 8.6 -
Hgf 7.1 6.9 |3.3 Cxcl3 136.7 7.5 4.6
Igf1 - 76 |- Cxcl9 -1.8 3.9 -
110 22 66 |- Ifng - 3.1 -
li6st -1.1 16 |24 112b - 13.7 2.2
Mapk1 - 1.7 1.8 1115 -5.4 2.2 -
Mapk3 - 3 31 I 111b 108.1 42.9 17.4
Mif 35 |28 - I1m 43 9.7 -
Pdgfa ) o1 I 114 55 -5.9 -3.2
Pten 3 19 |- 116 141.9 42.8 1.8
Stat3 26 (38 [16 Lia 2.5 - 2.8
Tgfb1 27 27 |16 Ltb - 25 -
Tgfbr3 1.8 1.9 Tnfsf10 -42.4 - -
Tnf 6 72 |15 Cerd 4.9 5.9 -
Vegfa ) T 16 I1r2 17.3 - -2
Wisp1 8.7 |78 |- lizra 192 - -
Acute inflammation

s . . .
Genes are organized in functional groups. Cda : 57 52

A complete listing of all genes on the array plates is shown in F3 7 24
Supplementary Table 2 and mRNA abundance values for each

gene in the Ul tendons is shown in Supplementary Table 4. gfat&’ :2'6 3'9 :

H3 replicgte tissue pools were analyzed for Ul and 28 d groups Agt 10 i )

and duplicate pools for 3 d and 9 d groups (see Table 1 for

details). Myd88 17 7 25

#Statistical analyses was performed for comparison of Ul and Pigs2 492.3 92.3 107

28 d groups, with p values () = 0.05, (") = 0.01, (") = 0.001, |[Sele - 2

(") = 0.0001. Tnfrsf1b 6.4 2.7 2.3

Genes for which expression was unaffected relative Ul sam-  |Type | Interferon Responsive

ples are marked with (-). Cd8o - 21 -

Cdknia -1.9 2.4 -

Wound healing pathway genes (Table 1) which were  [cfp 28 1.8 -

> 5-fold activated at 3 d included ECM structure genes  |Ncoa3 8.2 - -

(Col5a1), ECM remodeling factors (Timpl, Mmp9, Ser-  |irf1 2.2 - -

pinel), cell adhesion proteins (/tga5, Cdh1), growth fac- |NFkB Signaling

tors (Hbegf, Hgf, Wisp1) and chemokines (Ccl7, Cxcl5). |Nfkb1 -2 - -

NFkb target genes > 5-fold activated at 3 d (Table 2) in-  |Nfkb2 - 2.5 2.6

cluded chemokines and cytokines (Tnf, llr2, Cxcl1, Cxcl3, Relb 2.3 4.6 -

II1b, 116), acute inflammatory response proteins (Ptgs2, Cd40 2.1 28 -

Tnfrsflb, Myd88), a stress factor (Plau), an NFkb signal- Rel — " 4.9 -

. . Transcription factors

ing factor (Rel) and an apoptosis factor (Nr4a2). Of the Egr2 - 71 .

23 genes activated > 5-fold at 3 d, all but three (Co/5a1, Myc 26 )

Mmp9 and Tnf) were still activated at 9 d (Table 1 and Trp53 : 3.7 :

Table 2) but returned close to naive expression levels by  |stat5p 2.1 - -

25d, consistent with the histological changesindicatinga | Anti-Apoptotic - -

resolution of the inflammatory wound healing response  |Akt1 2.9

at that time (Figure 1, Figure 2 and Supplementary Fig-  |Bcl2ata - 53 -

ure 2). Notably, a different group of 21 genes (Col14a1, |Birc3 - 4 3.9

Collal, Col3al, Col5a2, Ctsk, Mmp2, Mmp9, Plaur, Igf1, |Fas -6 - -

1110, Tnf, Ccl5, Cxcl10, 1112b, Il1rn, Ccr5, C4a, Bcl2ala, |S092 -5.1 -1.9 -

Veam1, Cd83) were more highly expressed at 9 d than Xiap : -3.5 - -
at 3 d and for 10 of these (Col14a1, Collal, Mmp2, igf1, APOPtosis
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Birc2 -3.9 - -
Cd74 - 2 2
Egfr -2.8 3.1

Fasl 4.8 - 2.6
Map2k6 -10.8 - -
Mitf -19 - -
Mmp9 3.5 7.2 -
Nqo1 -26.1 - -
Nr4a2 18.6 18.3 8.6
Vcam1 - 13.8 5.8
Stress Responses

Cend1 - 29 -
Plau 8.4 - -
Other Immune Response

Cd83 - 7.4 32 |

*Genes are organized in functional groups.

A complete listing of all genes on the array plates is shown in
Supplementary Table 3 and mRNA abundance values for each
gene in the Ul tendons is shown in Supplementary Table 4.

#3 replicate tissue pools were analyzed for Ul and 28 d groups
and duplicate pools for 3 d and 9 d groups (see Table 1 for
details).

#Statistical analyses was performed for comparison of Ul and
28 d groups, with p values () = 0.05, (") = 0.01, (™) = 0.001,
(™) =0.0001.

Genes for which expression was unaffected relative Ul sam-
ples are marked with (-).

110, Ccl5, 1112b, C4a, Bcl2ala, Vcam1, Cd83) the initial
activation was even delayed until 9 d, consistent with a
primary role for these genes in the transition from acute
inflammation (3 d) to tissue recovery (25 d). Thus, the
initial increase in expression of Col14al, Collal, Col3al,
Col5a1, Col5a2 and Igf1 at 9 d would be expected to pro-
mote repair of the collagenous and proteoglycan matrix
respectively, and normalization of expression of these
genes at 25 d indicates that the repair was largely com-
plete, much as observed histologically (Figure 1, Figure
2 and Supplementary Figure 2). In contrast, seven genes
(l1b, C4a, Ptgs2, Nr4a2, Vcam1, Mmp2 and Cdhl1) re-
mained greater than 5-fold activated at 25 d, suggesting
that the initial inflammatory response, indicated by high
expression of //1b and Ptgs2, was not entirely resolved
even at 25 d, also consistent with the high TSG6 protein
at this time (Figure 3).

A consideration of established functions, suggests that
at least some of the 23 genes activated > 5-fold on 3 d are
apparently involved in development of the 9 d patholo-
gy (tissue swelling, chondroid deposition, inflammatory
HA matrix deposition). For example, Serpinel and Timp1
can be broadly considered as markers of fibrosis [28,29]
whereas activation of Cdh1 (E-cadherin) suggests epithe-

(A)

9d

injury without (A) and with (B) IBU treatment.

and at 25d in E IBU and L IBU groups.

Figure 4: Histochemical Staining with GSI Lectin of the Achilles tendon and surrounding tissues following TGFb1 induced

Sections were treated and stained with GSI Lectin, as described in the Methods. TB: Tendon Body; FP: Fat Pad; P: Posterior;
A: Anterior; Peritenon regions are indicated by black arrows and the space bar in the bottom panel = 100 ym. White arrows
indicate the stained cell groups (indicative of vasculogenic mimicry) that accumulated in the fat pad stroma at 9 d post-injury

E-IBU

L-IBU
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lial-mesenchymal transitional (EMT) activity [31] in the
peritenon. Furthermore, activated expression of //1b and
I11r2 indicates both a pro-inflammatory response to the
injury and its local control by epithelial cells of the periten-
on [32,33]. Activation of /l6 (~142-fold) at 3 d is consistent
with a broad effect of the injury on immune and non-im-
mune cells with both, pro- and anti-inflammatory prop-
erties. In addition, the highly activated and coordinated
expression of Cxcl1 (~28-fold), Cxcl3 (~137-fold) and Cxcl5
(~510-fold) supports the occurrence of the pro-inflamma-
tory response that has been reported after IL1p treatment
of MSCs [34].

The expression of other genes (//15, /4, Tnfsf10, Il-
2ra, F3, Agt, Ncoa3, Fas, Sod2, Map2k6, Mitf, Ngol,
Itgb6, Actcl, Cxcli1, and Fgfi0) was inhibited greater
than 5-fold at 3 d and all were essentially normalized by
25 d. A putative function for these genes in the injured
tendon is not obvious, however in two cases where the
genes have been shown to be protective (//4 [35] and
Sod?2 [36]) the inhibition of expression would be expect-
ed to enhance the general inflammatory response.

Histological evaluation following TGFb1-induced
injury and recovery in the presence of Ibuprofen

When compared to no drug, E-IBU had marked ef-
fects on the histological appearance of tendon and peri-
tenon at 25 d. Tendons in dosed mice retained elevated
levels of chondroid in the tendon body (Supplementary
Figure 2A and Supplementary Figure 2B), indicating that
E-IBU interfered with reparative removal of the accu-
mulated post-injury ECM. Most notable however was
the increased abundance of blood vessels in the adja-
cent fat pad (Supplementary Figure 3A) in both E-IBU

and L-IBU groups at 25 d. The increased angiogenic re-
sponse of fat pad stromal cells was confirmed by GSI
lectin histochemistry (Figure 4), which has been used
to assess formation of new blood vessel at sites of in-
jury [3]. Without IBU dosing (Figure 4A) a minor and
transient increase in small vessels was seen in the fat
pad (white arrows) at 9 d, but no such structures were
detectable at 25 d. By comparison, multiple groups of
strongly GSl-positive cells were seen in the fat pads of
both E-IBU and L-IBU groups (Figure 4B, white arrows).
However, since the GSl-positive cells had not formed tu-
bular structures, as expected of neo-vessels, they may
represent either precursor neo-vessels, or partially dif-
ferentiated multi-potent adipose-derived stromal cells,
which can exhibit the ‘vascular mimicry’ which often ac-
companies epithelial-mesenchymal transition [37].

Additional histological differences between IBU-dosed
and non-dosed specimens were seen after staining for HA
and HC1 (Figure 5A and Figure 5B, respectively). In the
non-dosed samples, HA and HC1 reactivity had been large-
ly restored to low pre-injury levels by 25 d. This is likely
through clearance of the pro-inflammatory matrix by res-
ident phagocytic cells, including tissue macrophages [27],
However, in both E-IBU and L-IBU groups, HA (Figure 5A)
and HC1 (Figure 5B) staining remained elevated in the ten-
don body and throughout the peritenon, indicating that
the drug dosing impaired or delayed the clearance of this
pro-inflammatory matrix, and therefore prolonged inflam-
mation and ECM remodeling by resident cells.

Effect of Ibuprofen dosing on expression of wound
healing and NFkb target genes in Achilles tendons

At the histological level, IBU dosing resulted in in-

(A)
.;p
cB
ca
E-IBU | 9
cB
L-IBU A

and at 25 d in E-IBU and L-IBU groups (B).

Figure 5: Accumulation of HA (A) and HC1 (B) in the tendon body and the peritenon at 25 d with IBU treatment.

Sections were stained as described in the Methods. TB: Tendon Body; CB: Calcaneus; IN: Insertion; P: Posterior; A: Anterior;
Peritenon regions are indicated by black arrows and the space bar in the bottom panel = 100 ym. White arrows highlight ECM
regions of the tendon body with persistent HA accumulation after IBU treatment (A), and persistence of HC1 positive tendon
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Table 3: Fold Change expression in Wound Healing and Nfkb
Target Genes following Oral E-IBU and L-IBU dosing.

Wound Healing Nfkb Targets
Fold Change* Fold Change?*
Gene?* E-IBU |L-IBU Genet E-IBU |L-IBU
Cxcl5 284" |3.49 116 7.84 |3.17
Col3a1 10.02" |2.27" 1 6.81" |3.92
Mmp9 7.34° |45.01 Cxcl3 6.11" |2.56
Col5a1 6.9 432 Ptgs2 5.95 |4.07
Wisp1 569" |1.45 Ccl5 5.84" |3.41
Col1at 516" |1.39 Cxcl10 558" |2.73
Col5a2 499" |3.68 Relb 433 |2.35
Serpine1 |4.72° |1.66 F8 4.1 1.69
Timp1 391 |1.29 Rel 4.09° |2.01
Col1a2 3.83° |1.07 Cxcl9 3.78 |1.32
Col5a3 3.44° |1.66 Lta 3.46° |3.54
Cdh1 3.377  |-1.31 1112b 326" |2
Plat 3.19° |1.58 Ltb 3.23° |2.08
Ccl12 3147 |1.15 Cer5 3.2 2.92
Hgf 3.05 |1.44 Ccl12 292" |1.76
Iltga4 3.01" [1.11 Bcl2ala  |2.83° |1.53
Stat3 275 |2.27 Cdkn1a 246" |1.8
Iltgab 261" |1.16 Ccl22 234" |-1.09
Vegfa 249" |1.99 Selp 227 |2.98
Ctsk 247 |18 Tnf 2217 |1.32
Mif 222" |1.53 Rela 2.07 |1.98
Col4at 196" |1.27 Sele 2.06" |1.54
Rhoa 1.62° |1.65 Gadd45b |1.98" |1.21
Cd40lg 1.11 3.99° Cd80 1.84" [1.59°
Plg -3.80" |-1.98 I11b 176" |-2.7
Nfkbia 164" |1.51
Ifng 111|247
Csf3 1.07 |4.25

*Genes are organized from highest to lowest fold activation;
#Statistical analyses was performed for comparison with 25 d
No Drug groups and ‘indicates p < 0.05.

creased levels of chondroid and HA/HC1 in the tendon
as well as an apparent attempt at neovascularization of
the fat pad stroma. Taken together, this suggested that
the drug interfered with the capacity of cells to modu-
late inflammation associated pathways and to achieve
clearance via remodeling of the post-injury generated
ECM. To provide mechanistic insight we compared ex-
pression levels of Wound healing and NFkb target genes
in tendons from IBU-dosed and non-dosed mice (Table
3). This analysis revealed that E-IBU resulted in a higher
(p < 0.05) expression (relative to 25 d no drug), for 26
NFkb target genes and 24 wound healing genes, where-
as L-IBU enhanced expression of only 11 and 6 genes
respectively. This suggested that for most genes the
drug-enhanced expression seen at 25 d was dependent
on IBU administration starting in the acute inflamma-
tory post-injury period (at 3 d). Since the relatively low
expression at 25 d without IBU (Table 1 and Table 2) fol-
lowed normalization from stimulated levels at 3 d and
9 d, the elevated levels at 25 d (relative to no dosing)
would be consistent with a drug-mediated inhibition in
the normalization process. If the apparent loss of clear-
ing capacity with IBU dosing (i.e. accumulated chon-
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droid, vascular adipose, GSl-positive cells and HA/HC1
matrix) results from the enhanced expression of genes
(Table 3), this implicates up to 50 genes in the IBU-in-
duced pathology. Of the 50 genes, 25 were activated by
injury (relative to naive) at 3 d and/or 9 d without drug
(Table 1 and Table 2) and were also enhanced (relative
to no drug) at 25 d by IBU dosing.

Genes that were not activated at any time in the no
drug group, but enhanced by E-IBU appear most likely
to have been responsible for the IBU-induced changes
in cell responses and downstream pathology. Notably
all of those have been reported to play a role in vascular
remodeling (Vegfa [38], Col4al [39], F8 [40], Cxcl9 [41],
Sele [42]) consistent with the appearance at 25 d of vas-
culogenic cell groups in the peritenon and fat pad of the
IBU-dosed mice.

It is worth noting that those genes where expression
was inhibited (> 5-fold), rather than activated, at 3 d
were essentially normalized by 25 d with no drug, and
were not markedly affected by IBU dosing.

Notably, it was shown that IBU dosing of naive mice
for 22 days caused a 25-30% loss in stiffness and elastic
modulus, suggesting that a low-level of PGE2-mediated
inflammation is essential for normal homeostatic main-
tenance of tendon mechanics. However, IBU dosing also
activated genes such as u-PAR (Plaur) which has been
linked to tendon healing [43], Itga5 and RhoA which
have been linked to repair [44,45] and Cd40lg associ-
ated with inflammation control [46]. It is unknown how
activation of these genes might lead to the observed
loss of stiffness or elastic modulus in such tendons (Fig-
ure 6 and Supplementary Figure 4).

Effect of Ibuprofen dosing on biomechanical prop-
erties of Achilles tendons

Tensile stiffness (p = 0.004) and elastic modulus (p
= 0.012) were both decreased (relative to age-matched
uninjured and non-dosed mice) in mice dosed with IBU
from 3 d to 25 d, whether injured (E-IBU) or not (UI-IBU)
(Figure 6). This effect of IBU appears to be independent
of the changes in wound healing and NFkb gene expres-
sion in injured samples (Table 3) since those changes re-
quired TGFb1 injection. No statistically significant differ-
ences were noted among the experimental groups with
regard to cross-sectional area (p = 0.56), maximum load
(p = 0.90), or maximum stress (p = 0.89). Additionally,
no statistically significant differences were found for
displacement at maximum force (p = 0.09) and strain
at maximum stress (p = 0.10) (Supplementary Figure 4),
although a statistical trend towards increases in these
parameters with injury (with and without IBU) may
contribute to the significant changes in stiffness and
elastic modulus, respectively. Notably, the coefficient
of variation (COV) for both geometric and mechanical
properties was generally lowest for the UI-IBU group,
while the COV of the E-IBU group was consistently high-
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Figure 6: Effect of IBU administration on Achilles tendon mechanical properties.
deviation. Horizontal lines above the plots denote statistically significant differences between groups.

er than that of the L-IBU group, particularly for material
(in comparison to structural) properties.

Discussion

This study was motivated by the question of how
dosing with NSAIDs such as IBU for pain relief, might
influence the pathogenesis of tendinopathies [11-13].
For this purpose we studied the histopathological, bio-
chemical responses and biomechanics of the Achilles
tendon in a non-surgical model of tendinopathy in mice.
Using such outcome measures, a detailed characterizing
of phases of acute post-injury responses (1-2 weeks) fol-
lowed by a recovery and repair period (2-4 weeks) has
been reported [3,14,15].

The data obtained in this study reveals that IBU dos-
ing, especially when started during the acute injury re-
sponse period, prevents the restoration of ECM compo-
sition and re-establishment of pre-injury inflammation
and wound healing gene expression levels. Regarding
the mechanism of this effect, the analysis indicates that
enhancement of expression of one or more of the genes

Bitterman et al. J Musculoskelet Disord Treat 2018, 4:049

described in Table 3 might be responsible. The most ex-
treme activating effects of IBU on gene expression were
for inflammatory mediators and ECM turnover compo-
nents, including Cxcl5 (28-fold higher than without IBU
at 25d), Col3a1 (10-fold), Il6 (7.8-fold), Mmp9 (7.3-fold),
Col5a1 (6.9-fold), Cxcl3 (6.1-fold) and Ptgs2 (5.9-fold).

At the histological level, the finding that IBU prevents
the clearance of the HA inflammatory matrix indicates
that it interferes with the phagocytic activity of tendon
cells functioning as M2 tissue macrophages [47,48]. An
expected downstream effect of persistent inflammato-
ry activity at the ‘wound site” would be the deposition
of ‘scar’ collagens such as collagen types lll and V, the
expression of which was in fact found to be markedly
activated by E-IBU dosing (Table 1). Although we were
not able to detect extensive scar tissue deposition in
the tendon body, either histologically or geometrically
over the experimental time period used, it remains to
be determined if the maintenance of IBU-treated tend-
inopathic mice, either at cage or treadmill activity [14],
would generate pathological scarring in the tendon
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body and surrounding tissue. In the same context, ‘an-
giogenic’ stromal cell clusters in the peritenon and fat
pad (Supplementary Figure 3) could progress to aber-
rant vascularization that has been reported in impaired
wound healing [37] and in the stroma of rapidly growing
tumors [49].

Whereas histologic analyses showed marked ef-
fects of IBU on tendon cell and ECM morphology at 25
d post-injury (Figures 4 and 5) biomechanical deficien-
cies were noted only for stiffness (p = 0.004) and elas-
tic modulus (p = 0.012) for these tendons. This reflects
sub-failure mechanical compromise caused here by IBU
dosing both with and without TGF-B1 injury. In contrast,
the absence of an effect of injury (with or without IBU)
on maximum load, maximum stress and cross-sectional
area shows that none of these treatments caused bio-
mechanical changes typically associated with severe in-
jury and rupture. Most notably, it was shown that IBU
dosing of naive mice for 22 days caused a 25-30% loss
in stiffness and elastic modulus, which may be due to
trended increases in displacement at maximum force (p
= 0.09) and strain at maximum stress (p = 0.10) (Sup-
plementary Figure 4). Taken together with increased
expression of collagen types Ill, V, and IV, this data
suggests the presence of an immature (un-crosslinked)
and non-remodeled collagen matrix which contributes
to larger strains, and decreased elastic modulus, simi-
lar to the use of glucocorticoids for tendon injury [50].
Further studies are warranted to confirm this phenom-
enon. In addition there was a consistent, general trend
of increased spread (COV) in the E-IBU group for most
parameters (Figure 6). We interpret this trend as biolog-
ically significant, consistent with the more marked ef-
fects of E-IBU than L-IBU on the gene expression profile
(Table 3).

The current work supports the reported findings of
deleterious effects of NSAIDs in the treatment of ten-
dinopathies [11-13], but appears to conflict with the
finding [51,52] that 7 days of oral IBU in patients with
chronic Achilles tendinopathy produced no detectable
changes in expression of COL1A1, TGF-B and PTGS2 in
affected tendon tissue. The non-effect in the human
studies however could be attributable to the short dos-
ing period, chronic end-stage tendinopathy was studied
and the dose (22.5 mg/kg/day) was low compared to
the present model study (133 mg/kg/day). In addition,
it may be relevant that a HA-HC-TSG6 inflammatory ma-
trix and extensive scarring is found in the ligaments of
DSLD affected horses [53] which are typically provided
NSAIDs such as Phenylbutazone or Flunixin meglumine
for pain relief (Brounts, S, personal communication).

To place the current findings in a broader clinical
context, it appears useful to consider them in relation to
the so-called continuum model [54,55], which predicts
that treatment might be optimized (quote) “by tailoring
interventions to the stage of pathology and targeting
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the primary driver (cell activation)”. Indeed, the present
study has provided support for the use of stage-specific
treatments and has also generated novel information on
the molecular aspects of the “cell activation” processes
likely to be involved in different phases of the human
pathology. The high animal to animal reproducibility of
gene expression and histological changes in the model
reported previously [3,14-16] and in the present study,
revealed the existence of three phases, an initial inflam-
mation (day 3), transition to a reparative phase (at day
9) and successful repair (by day 25) (see Results for de-
tails). In support of the importance of staged treatment,
the start of IBU at day 3 resulted in poor repair at 25
days and over-expression of 50 target genes, whereas
the start of IBU at 9 days enhanced repair and increased
the expression of only 17 genes. Most notably, staged
treatment also showed that early IBU dosing activated
some genes unaffected by the TGFbl-injury itself and
interestingly these have all been implicated in vascular
remodeling (see Results for details), a feature of chronic
tendinopathic tissue sections.

Conclusion

Our study with a non-surgically induced murine model
of tendinopathy, showed that the use of Ibuprofen for
pain relief during inflammatory phases of tendinopathy,
might interfere with the normal processes of extracel-
lular matrix remodeling and cellular control of expres-
sion of inflammatory and wound healing genes. In ad-
dition, the turnover of the post-injury inflammatory HA
matrix was impaired, which may contribute to causing
impaired cellular healing responses.

Limitations

Although we were not able, using the current exper-
imental design, to detect extensive scar tissue deposi-
tion in the tendon body or surrounding tissues, either
histologically or biomechanically, it remains to be deter-
mined if more prolonged maintenance of IBU-treated
tendinopathic mice, either at cage or treadmill activity
would lead to such degeneration and eventual rupture
of the tendon itself. Furthermore, to what extent the
results obtained here can inform clinical decisions will
require analysis of human post-injury tendons using the
molecular probes we have described. If tissues from
human tendon injury patients on anti-inflammatory
medication become available, it will be interesting to
determine whether the analgesic benefits are accompa-
nied by unacceptable levels of pro-inflammatory matrix
accumulation and pro-inflammatory macrophage polar-
ization.
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Supplementary Table 1: Experimental Groups and Replicates assayed for outcome measures.

Experimental group Histology/IHC? qt-PCR Arrays? Biomechanics*
Un-Injured (Ul)! N=3 N =3 (16,16,20) N=8

3 days (3 d) N=3 N =2 (14,16) not determined
9 days (9 d) N=3 N=2(16,16) not determined
25 days (25 d) N=3 N =3 (16,16,18) N=9

Oral IBU 3-25 days (E-IBU) N=3 N =3 (16,16,18) N=11

Oral IBU 9-25 days (L-IBU) N=3 N =3 (14,16,18) N=11

Oral IBU 3-25 days (UI-IBU) N=3 N =2(16,18) N=9

Number of Mice 21 238 48

Ul for Histology and qPCR 12-week-old mice; Ul for Biomechanics 16-week-old mice;2Individual legs;
3Replicate Tissue pools with number of tendons per pool in parenthesis; “Individual Tendons.

Supplementary Table 2: Wound healing gene arrays. Mm.4364  |l6st Interleukin 6 signal transducer
Mm.213025 |Acta2 Actin, alpha 2, smooth muscle, aorta Mm.482186 |ltga1 Integrin alpha 1
Mm.686 Actc1 Actin, alpha, cardiac muscle 1 Mm.5007 |ltga2 Integrin alpha 2
Mm.309336 |Angpt1 Angiopoietin 1 Mm.57035 |ltga3 Integrin alpha 3
Mm.867 Ccl12 Chemokine (C-C motif) ligand 12 Mm.31903 |ltga4 Integrin alpha 4
Mm.341574 |Ccl7 Chemokine (C-C motif) ligand 7 Mm.16234 |ltga5 Integrin alpha 5 (fibronectin receptor
Mm.4861 |Cd40lg |CD40 ligand alpha)
Mm.35605 |Cdh1 Cadherin 1 Mm.225096 |ltga6 Integrin alpha 6
Mm.297859|Col14a1 |Collagen, type XIV, alpha 1 Mm.2272  |ltgav Integrin alpha V
Mm.277735|Col1a1 Collagen, type |, alpha 1 Mm.263396 |ltgb1 Integrin beta 1 (fibronectin receptor
Mm.277792|Col1a2  |Collagen, type |, alpha 2 beta)
Mm.249555|Col3a1  |Collagen, type IIl, alpha 1 Mm.87150 |ltgb3 Integrin beta 3
Mm.738  |Col4a1  |Collagen, type IV, alpha 1 Mm.6424  |ltgb5 Integrin beta 5
Mm.389135|Col4a3  |Collagen, type IV, alpha 3 Mm.98193 |ltgb6 Integrin beta 6
Mm.7281 |Col5a1 Collagen, type V, alpha 1 Mm.196581 Mapk1 Mitogen-activated protein kinase 1
Mm.10299 |Col5a2 |Collagen, type V, alpha 2 Mm.8385 |Mapk3 Mitogen-activated protein kinase 3
Mm.334994 [Col5a3  |Collagen, type V, alpha 3 Mm.2326  |Mif Macrophage migration inhibitory factor
Mm.4922 |Csf2 Colony stimulating factor 2 Mm.156952 Mmp1a  |Matrix metallopeptidase 1a
(granulocyte-macrophage) (interstitial collagenase)
Mm.1238 |Csf3 Colony stimulating factor 3 Mm.29564 |Mmp2 Matrix metallopeptidase 2
(granulocyte) Mm.4825 |Mmp7 Matrix metallopeptidase 7
Mm.390287 |Ctgf Connective tissue growth factor Mm.4406 |Mmp9 Matrix metallopeptidase 9
Mm.291928|Ctnnb1  |Catenin (cadherin associated Mm.2675 |Pdgfa Platelet derived growth factor, alpha
protein), beta 1 Mm.154660 |Plat Plasminogen activator, tissue
Mm.4858 |Ctsg Cathepsin G Mm.4183 |Plau Plasminogen activator, urokinase
Mm.272085 |Ctsk Cathepsin K Mm.1359 |Plaur Plasminogen activator, urokinase
Mm.9304 |Ctsl Cathepsin L receptor
Mm.21013 |Cxcl1 Chemokine (C-X-C motif) ligand 1 Mm.971 Plg Plasminogen
Mm.131723|Cxcl11  |Chemokine (C-X-C motif) ligand 11 Mm.245395 |Pten Phosphatase and tensin homolog
Mm.244289 |Cxcl3 Chemokine (C-X-C motif) ligand 3 Mm.292547 \Ptgs2 Prostaglandin-endoperoxide
Mm.4660 |Cxcl5 Chemokine (C-X-C motif) ligand 5 synthase 2
Mm.252481 |Egf Epidermal growth factor Mm.292510 |Rac1 RAS-related C3 botulinum substrate 1
Mm.8534 |Egfr Epidermal growth factor receptor Mm.757 Rhoa Ras homolog gene family, member A
Mm.235105|F13a1  |Coagulation factor XIII, A1 subunit Mm.250422 Serpine1 |Serine (or cysteine) peptidase
Mm.273188 |F3 Coagulation factor Il |n.h|b|tor, clade E, membe.r 1
Mm.88793 |Fga Fibrinogen alpha chain Mm.249934 |Stat3 tSlgnal f[r?_nsd;cer and activator of
Mm.317323|Fgf10 | Fibroblast growth factor 10 ranscription
. Mm.283283|Tagln Transgelin
Mm.473689 |Fgf2 Fibroblast growth factor 2 -
. Mm.137222|Tgfa Transforming growth factor alpha
Mm.330557 |Fgf7 Fibroblast growth factor 7 -
T ; Mm.248380 | Tgfb1 Transforming growth factor, beta 1
Mm.289681 |Hbegf Heparin-binding EGF-like growth -
factor Mm.200775|Tgfbr3 Transforming growth factor, beta
receptor ll|
Mm.267078 |Hgf Hepatocyt th fact
m g epatocyle growth factor Mm.8245 |Timp1 Tissue inhibitor of metalloproteinase 1
Mm.240327 |Ifng Interferon gamma :
— Mm.1293 |Tnf Tumor necrosis factor
Mm.268521 |Igf1 Insulin-like growth factor 1 :
Mm.874 110 Interleukin 10 Mm.282184 |Vegfa Vascular endothelial growth factor A
- . Mm.3667 |Vitn Vitronectin
Mm.222830|1I1b Interleukin 1 beta Mm.10222 |Wisp1 WNT1 inducible sianali =
Mm.14190 |[l12 Interleukin 2 m- 'SP proteinlq ucible signaling pathway
Mm.276360 li4 Interleukin 4 Mm.287544 |Wnt5a | Wingless-related MMTV integration
Mm.1019 |II6 Interleukin 6
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Mm.328431 |Actb Actin, beta Mm.4392 |lI15 Interleukin 15
Mm.163 B2m Beta-2 microglobulin Mm.15534 |ll1a Interleukin 1 alpha
Mm.343110|Gapdh Glyceraldehyde-3-phosphate Mm.222830 |lI1b Interleukin 1 beta
dehydrogenase Mm.1349  |lI1r2 Interleukin 1 receptor, type Il
Mm.3317 |Gusb Glucuronidase, beta Mm.8827 |II1rn Interleukin 1 receptor antagonist
Mm.2180 |Hsp90ab1 |Heat sh_ock protein 90 alpha Mm.14190 |12 Interleukin 2
(cytosolic), class B member 1 Mm.915 l12ra Interleukin 2 receptor, alpha chain
Mm.276360 |114 Interleukin 4
Supplementary Table 3: NFkb target genes array. Mm.1019 16 Interleukin 6
Mm.1408 |Adm Adrenomedullin Mm.4946 |Ins2 Insulin 1l
Mm.301626 |Agt Angiotensinogen (serpin peptidase Mm.105218 |Irf1 Interferon regulatory factor 1
inhibitor, clade A, member) Mm.87787 |Lta Lymphotoxin A
Mm.6645 |Akt1 Thymoma viral proto-oncogene 1 Mm.1715 |Ltb Lymphotoxin B
Mm.398221 |Aldh3a2  |Aldehyde dehydrogenase family 3, Mm.14487 |Map2k6é |Mitogen-activated protein kinase
subfamily A2 kinase
Mm.425593 |Bcl2ata B-cel! leukemia/lymphoma 2 related Mm.333284 |Mitf Microphthalmia-associated
protein Ala transcription factor
Mm.238213 |Bcl2I1 Bel2-like 1 Mm.4406 |Mmp9 Matrix metallopeptidase 9
Mm.335659 |Birc2 Baculoviral IAP repeat-containing 2 Mm.2444  |Myc Myelocytomatosis oncogene
Mm.2026 |Birc3 Baculoviral IAP repeat-containing 3 Mm.213003 |Myd88 Myeloid differentiation primary
Mm.19131 |C3 Complement component 3 response gene 88
Mm.477109 |C4a Complement component 4A Mm.476883 |[Ncoa3 Nuclear receptor coactivator 3
(Rodgers blood group) Mm.256765 |Nfkb1 Nuclear factor of kappa light
Mm.867 Ccl12 Chemokine (C-C motif) ligand 12 polypeptide gene enhancer in
Mm.12895 |Ccl22 Chemokine (C-C motif) ligand 22 B-cells 1, p105
Mm.284248 |Ccl5 Chemokine (C-C motif) ligand 5 Mm.102365 | Nfkb2 Nuclear factor of kappa light
Mm.273049 |Ccnd1 Cyclin D1 polypeptide gene enhancer in
Mm.14302 |Ccr5 Chemokine (C-C motif) receptor 5 . B-cells 2, p49/p100
Mm.271833 |Cd40 CD40 antigen Mm.170515 |Nfkbia Nulclear fgctor of kapﬁa Ilght_
Mm.439737 |Cd74 CD74 antigen (invariant polypeptide Eoc};ﬁ)lzﬁ::h(iebﬁg?eaﬁ;aancer n
of major histocompatibility complex - :
Mm.89474 |Cd80 CD80Jantigen P Y plex) Mm.252 Nqgo1 NAD(P)H dehydrogenase, quinone 1
Mm.57175 |Cd83 CD83 antigen Mm.3507 |Nrd4a2 'l:u::riee?nrbreefzptor subfamily 4, group
Mm.195663 |Cdkn1a |Cyclin-dependent kinase inhibitor 1A Mm. 144089 |Pdgfb P;atelet derived growth factor, B
Mm.653 Cfb 2302;1) lement factor B polypeptide
Mm.795 Csfl Col P timulating factor 1 Mm.4183 |Plau Plasminogen activator, urokinase
m- S olony stimuating factor Mm.292547 |Ptgs2 |Prostaglandin-endoperoxide
(macrophage) synthase 2
Mm.4922 |Csf2 g:laonnu);;éI)/Teu-ﬁtellr:;?ofsgazrez) Mm.4869 |Rel Reticuloendotheliosis oncogene
Mm.235324 |Csf2rb Colony stimulating factor 2 receptor, Mm.249966 Rela XAT;&EEZU:\%?SIZST?:\Z:;al
beta, low-affinity (granulocyte-
macrophage) v (@ y Mm.1741  |Relb Avian reticuloendotheliosis viral
Mm.1238 |Csf3 Colony stimulating factor 3 M 5245 |Sele gglr:::)tﬁn(;?]%irtferl‘?zaliecjl B
(granulocyte) : —
Mm.21013 |Cxcl1 Chemokine (C-X-C motif) ligand 1 Mm.3337 _ |Selp Selectin, platelet .
Mm.877 Cxcl10 Chemokine (C-X-C motif) ligand 10 Mm.45953 |Snap25 Synaptoymgl-assomated protein 25
Mm.244289 |Cxcl3 Chemokine (C-X-C motif) ligand 3 Mm.290876 | Sod2 Superoxide dismutase 2,
Mm.766  |Cxcl9  |Chemokine (C-X-C motif) ligand 9 s g't°°h°”d”2' T f
Mm.8534  |Egfr Epidermal growth factor receptor Mm.277406 | Stat1 tr;gnnsaclr;[;)?ir;?l ;Jcer and activator o
Mm.290421 [Egr2 Early groyvth response 2 Mm.249934 |Stat3 Signal transducer and activator of
Mm.273188 |F3 Coagulation factor IlI transcription 3
Mm.1805 |F8 Coagulation factor Vill - Mm.34064 |Stat5b Signal transducer and activator of
Mm.1626 |Fas Fas (TNF receptor superfamily transcription 5B
memper 6) : Mm.1293 |Tnf Tumor necrosis factor
Mm.3355 Fasl Fas Ilé]ang (TNF superfamily, Mm.235328 | Tnfrsf1b | Tumor necrosis factor receptor
member 6) superfamily, member 1b
Mm.1360 |Gadd45b .Ggow.tglar;zstt) atnd DNA-damage- Mm.1062 |Tnfsf10  |Tumor necrosis factor (ligand)
Inducible cta - superfamily, member 10
Mm.435508 |lcam1 Intercellular adhesion molecule 1 Mm.3399 |Traf2 Tnf receptor-associated factor 2
Mm.1245 |lfnb1 Interferon beta 1, fibroblast Mm.222 Trp53 Transformation related protein 53
Mm.240327 Ifng Interferor.1 gamma Mm.76649 |Vcam1 Vascular cell adhesion molecule 1
Mm.239707 |I112b Interleukin 128 Mm.259879 | Xiap X-linked inhibitor of apoptosis
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Mm.328431 |Actb Actin, beta Itgav 66.3 Lta 0.2

Mm.163 B2m Beta-2 microglobulin Iltgb1 361.2 Ltb 1.3

Mm.343110 |Gapdh Glyceraldehyde-3-phosphate ltgb3 9 Map2k6 12.4
dehydrogenase Itgh5 285.7 Mitf 47.4

Mm.3317 |Gusb Glucuronidase, beta Itgh6 12.6 Mmp9 3.8

Mm.2180 |Hsp90ab1 |Heat sh_ock protein 90 alpha Mapk1 107.5 Myc 19.9
(cytosolic), class B member 1 Mapk3 379 Myd88 19

Supplementary Table 4: Mean mRNA Abundance of individu- %’f 7 :\I?I’DOS x?;;f 2?;

al genes in Ul pools (ND" = Not detectable, ACt > 14.0). mp'a :

_ Mmp?2 459.4 Nfkb2 4.4

Wound healing |n =3 pools |Nfkb Targets |n =3 pools Mmp7 ND' Nfkbia 139.4

Acta2 362 Adm 5 Mmp9 15 Ngo1 57

Actct 43 Agt 4.9 Pdgfa 24.2 Nrda2 10

Angpt1 25 Akt1 81.8 Plat 201 Pdgfb 258

Ccl12 13.8 Aldh3a2 35 Plau 19 Plau 18.6

Ccl7 18 Bcl2at1a 15 Plaur 7 Pigs2 06

Cd40lg 0.2 B(':IZI1 40.4 Plg 02 Rel 6.8

Cah1 0.1 Birc2 44.8 Pten 165.1 Rela 17.8

Col14at 35 Birc3 14.9 Pigs2 08 Relb 14

Col1at 4219 C3 230.2 Rac1 346.4 Sele 42

Col1a2 11944.7 C4a 0.2 Rhoa 413.9 Selp 17.2

Col3a1 5239.6 Ccl12 13 SerpineT 15 Snap25 ND'

Col4at 101.3 Ccl22 0.8 Stat3 143 Sod? 150.6

Col4a3 0.7 Cel 23 Tagin 172 Stat1 30.1

Col5a1 183.2 Ccend1 58.9 Tqfa 07 Stat3 108.9

Colbaz 421.9 Cers 6.7 Tgfo1 69.8 Stat5b 35.2

Colba3 113 Ca40 3.5 Tqfbr3 1515 Tnf 16

Csf2 0.1 Car4 563.8 Timp1 0.1 Tnfrsfib 19.5

Csf3 0.5 Cas0 5.4 Tnf 0.5 Tnfsf10 11.6

Clgf 1315.3 Cd83 4 Vegfa 535 Traf2 12.2

Ctnnb1 137.5 Cdkn1a 89.2 Vin 16.8 Trp53 142

Cisg 0.1 Cib 135.9 Wisp1 12.4 Veam1 52

Ctsk 209.1 Csf1 77.% Wnt5a 6.6 Xiap 30.2

Ctsl 430.7 Csf2 ND

Cxcl1 0.3 Csfrb 18.3

Cxcl11 15 Csf3 ND’

Cxcl3 0.2 Cxcl1 0.2

Cxcl5 0.2 Cxcl10 1.9

Egf 1.8 Cxcl3 0.1

Egfr 53.6 Cxcl9 0.4

F13a1 138.7 Egfr 84.4

F3 41.2 Egr2 4

Fga ND’ F3 47.7

Fgf10 124 F8 0.6

Fgf2 25.9 Fas 494

Fgf7 294 Fasl ND’

Hbegf 29.3 Gadd45b 22.6

Hgf 1.6 Ilcam1 18.3

Ifng ND* Ifnb1 ND’

Igf1 75.5 Ifng ND*

110 0.3 1112b 0.1

111b 0.7 15 12.1

112 ND* I1Ma 0.5

114 04 11b 0.7

116 0.3 r2 2

116st 332.8 1rn 0.5

Itgat 43.7 12 ND’

Itga2 18.1 I12ra 2.6

Itga3 3 114 1.1

Itga4 2.6 16 0.1

Itga5 34.2 Ins2 ND’

Itgab 46.7 Irf1 15.9
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Supplementary Figure 1: Negative control Images for IHC and Immunochemistry.

Sections were treated (A) with non-immune rabbit serum, following Proteinase K treatment, (B) without GSI Lectin or (C)
biotinylated HABP following Streptomyces Hyaluronidase digestion of HA. TB: Tendon Body; FP: Fat Pad; P: Posterior; CB:
Calcaneus Bone; A: Anterior; Peritenon regions are indicated by black arrows. The staining of the cancellous bone represents
non-specific staining due to binding of the secondary antibody in proteinase K pretreated samples.

(A)

B3

100 um

Supplementary Figure 2: SafO staining (A) and Aggrecan IHC (B) of the Achilles tendon and surrounding tissues, pre- and
post-injury and after IBU dosing.

Sagittal sections were stained as described in the Methods. TB: Tendon Body; FP: Fat Pad; B: Bursa; CB: Cancellous Bone;
Ch: Chondroid; P: Posterior; A: Anterior; IN: Insertion site. Areas of increased cellularity of the periosteum and adipose stroma
are indicated by white arrows. Anterior and Posterior peritenon regions are indicated by black arrows.
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Supplementary Figure 3: Altered cellularity in posterior Peritenon and fat pad following injury and after IBU treatment.

Panel A : Sagittal sections were stained as described in the Methods. TB: Tendon Body; FP: Fat Pad; N: Neutrophils; BV:
Blood vessel; black arrows show the peritenon regions. Accumulation of neutrophils in the fat pad stroma in 3 d samples,
hyperproliferated stromal cells at 9 d and persistent accumulation of hypercellularity in the adipose stroma after IBU treatment
are marked by black arrow heads. A high magnification of these cells is shown in panel B.
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Supplementary Figure 4: Effect of IBU administration on Achilles tendon mechanical properties.

The scatter plots show data for individual tendons in each group. For each group, horizontal lines denote mean * one standard
deviation.
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