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ABSTRACT
Matrix metalloproteinases (MMPs), such as collagenases, are a family of enzymes
capable of degrading most constituents of the extracellular matrix. MMPs are
thought to be involved in the aetiopathogenesis of tendon rupture. Additionally,
failure of healing has in some instances been associated with elevated levels of
MMPs. We have studied (a) the effects of the MMP-inhibitor doxycycline on
healing of tendons and intestines in experimental models and (b) systemic levels of
MMPs and their endogenous inhibitors (TIMPs) in patients with tendon rupture.
In the first study, systemic doxycycline treatment lead to weakened rat Achilles
tendons during healing after injury.
Subsequently, systemic doxycycline was shown to improve biomechanical
properties of tendon suture fixation in the rat Achilles tendon. Sutures were also
coated with doxycycline, leading to similar improvement in mechanical strength of
the suture construct during healing.
In the third study, doxycycline-coated sutures improved the strength of healing
intestinal anastomoses in an experimental model.
Finally, we showed that patients with a history of Achilles tendon rupture had
elevated levels of MMP-2, MMP-7 and TIMP-2 in serum. In addition, MMP-7
correlated inversely to mechanical strength of the tendon during healing.
In conclusion, MMP-inhibitors can be administered systemically and locally to
manipulate healing of tendons and intestines. Generalised alterations in the MMPTIMP system may be involved in the pathogenesis of Achilles tendon rupture and
associated with differences in outcome of healing.

Key words: Achilles tendon, colon, colorectal surgery, extracellular matrix, humans, matrix
metalloproteinases (MMPs), rats, surgical anastomosis, sutures, tendon injuries, tetracyclines, tissue
inhibitor of metalloproteinases (TIMP), wound healing.
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INTRODUCTION
Overview
tissue damage itself. Secondly, the insertion
of the suture evokes a tissue reaction, and
there is evidence of elevated MMPs at the
tendon-suture interface. Thirdly, application
of a plaster cast, i.e. unloading, leads to an
increase in the expression of MMPs. Since
these enzymes degrade the extracellular
matrix, the weakening of tendons after
injury, suturing and unloading should all
principally be the result of increased MMP
activity. Specifically, the upregulation of
MMPs in the direct vicinity of the suture
probably allows the suture to cut through the
tendon when exposed to tensile stress. With
this background, we have have studied the
effect of an MMP-inhibitor on suture
fixation in tendons.

Matrix metalloproteinases (MMPs) appear
to be involved in the pathogenesis of several
conditions involving the extracellular
matrix. A better understanding of the roles
of MMPs in tissue injury and the effects of
their inhibition has the potential to improve
outcome after injury and surgery. This thesis
seeks to increase this understanding in order
to provide the surgeon with novel tools.
Tendon rupture occurs in tendons that are
altered by a degenerative process, in which
their normal structure is broken down and
replaced by disorganised connective tissue.
This process is thought to be mediated in
part by MMPs. One study in this thesis has
dealt with the role of systemic MMPs in
patients with tendon rupture. Since MMP
enzymes are known to participate in all
phases of tissue healing, we also addressed
the hypothesis that variations in levels of
MMPs are linked to variations in parameters
of mechanical strength of the tendon during
healing. In an experimental model, we have
also studied whether inhibition of MMPs
has any effect on mechanical characteristics
of tendons during healing.

An intestinal anastomosis is constructed
after resection of a segment of the large
bowel. Interestingly, there are similarities
between failure of the suture construct in
tendons and failure of the anastomosis
during healing (anastomotic leakage).
MMPs have been established as important
mediators of tissue breakdown in this
common and serious complication after
colorectal resection. One study in this thesis
has adressed the effect of MMP-inhibition
in an experimental model of colonic anastomosis healing.

There are several mechanisms that contribute to the upregulation of MMPs in the
clinical setting of acute tendon rupture.
Firstly, induction occurs as an effect of the
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Tendon structure

Tendons are composed out of collagens, proteoglycans and glycoproteins.

The smallest structural unit in tendons is the
fibril, which largely consists of strictly
organised collagen molecules. Tendon
fibrils make up the fibres. Fibres in turn, are
bundled to represent the fascicles, which are
enclosed in the endotenon which supplies
blood vessels and nerves to the tendon.
Bundles of fascicles are surrounded by the
epitenon, which is continuous with the
endotendon. Tendon fibre bundles exhibit a
crimp pattern. The stretching out of the
crimp accounts for the toe region of tendon
stress-strain curve (Figure 1), and thus
protects against fibre damage. The ability
for elastic deformation is limited. It is
thought that the tendon withstands up to 4 %
strain, thereafter partial ruptures start to
develop in the fibrils.1

Collagens provide the raw mechanical
strength of the tendon. Collagen I is the
dominating collagen subtype representing
approximately 95 % of the total collagen,
while collagen III is the second most
common (~3 %). Proteoglycans, e.g.
decorin, biglycan and aggrecan, carrying
glucosaminoglycans as side chains, link
together and demarcate the collagen fibrils.
They also provide water-binding characteristics and resist compressive load.
Tenascin C is another example of the
functional importance of non-collagenous
structural proteins. This glycoprotein is
found throughout the tendon and is thought
to play a role in the organisation and
orientation of the extracellular matrix
(ECM).2 It appears to be important for
elasticity and responds to mechanical load
by increased synthesis, which is also
regulated by growth factors and cytokines.2

The basic constituents of tendon fibres are
collagens, proteoglycans and glycoproteins.

Stress
(force/area)

2
toe region

4

6

8

partial ruptures

Strain (%)
complete rupture

Figure 1. Tendon stress-strain curve.
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Matrix metalloproteinases and their endogenous inhibitors
The extracellular matrix turnover is a dynamic equilibrium between synthesis and
degradation. Degradation is principally mediated by MMP enzymes, which are antagonised
by TIMPs.

Matrix metalloproteinases (MMPs) are a
family of at least 24 zinc-dependent
endopeptidases capable of degrading practically all components of the extracellular
matrix (Table 1). MMPs contribute to many
physiological processes through modification of the ECM.3 Recent insights suggest
that MMPs also have a broader spectrum of
function including regulation of the
inflammatory response, e.g. through effects
on chemokine and cytokine signalling and
by release of neoepitopes from the ECM.4

MMP activation and inhibition of active
enzymes.
There are four tissue inhibitors of matrix
metalloproteinases (TIMPs), which reversibly inhibit all MMPs by 1:1 interaction
with the zinc-binding site.7 TIMP-1, -2 and 4 are found in the tissues as well as in the
circulation while TIMP-3 is sequestered in
the ECM.12 The specificity of TIMPs to
individual MMPs is quite overlapping,
although MT-MMPs appear to be resistant
to TIMP-1.6, 12 TIMPs have several functions besides MMP-inhibition, such as roles
in regulation of angiogenesis and cellular
proliferation.13 Additional endogenous inhibitors of MMPs include the soluble proteins
α-1-antitrypsin and α-2-macroglobulin,14 as
well as cell-membrane-linked MMPinhibitors.12

While most MMPs are secreted into the
extracellular space immediately after synthesis as proenzymes (pro-MMP), some
may also be stored within cells (e.g. MMP-9
in neutrophil granules), and others are
bound to cell surface membranes (e.g. MT1MMP). The pro-MMPs are activated by
proteolytic cleavage in the extracellular
space, and MMP-3 seems to be a key player
activating other MMPs in this manner.5, 6
Baseline production of MMPs is low.
Synthesis of MMPs is induced by a broad
range of stimuli including cytokines
(interleukin-1, -4, -6, -10, tumor necrosis
factor-α), growth factors, EMMPRIN* and
cell-cell or cell-matrix interactions, which
all signal through intracellular pathways,
such as the mitogen-activated protein
(MAP) kinase pathway.7-11

MMPs appear to have prominent roles in
several diseases with a component of tissue
destruction, such as osteoarthritis, rheumatoid arthritis and abdominal aortic aneurysm.15, 16 It should be mentioned, however,
that the view of MMPs as solely tissue
degrading enzymes is somewhat oversimplified. This is exemplified by data from
a case study on patients with a phenotype of
multicentric osteolysis with e.g. carpal and
tarsal resorption, arthritis and osteoporosis.
These patients originated from consanguineous families, and were shown to
have complete absence of pro- and active
MMP-2 in serum, explained by two specific
mutations in the MMP-2 gene.17 This
underlines the important physiological and
developmental roles of MMPs.

The composition of the ECM depends on
the balance between tissue formation and
breakdown. The latter is mediated mostly by
MMPs. Therefore, strict regulation of MMP
production and activity is an essential part
of ECM homeostasis. This regulation takes
place at the levels of gene transcription, pro-

*

EMMPRIN: extracellular MMP inducer
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TIMP
MMP-3
IL-1

active MMP

pro-MMP

IL-1R
MAPK

mRNA

pro-MMP

Figure 2. Simplified drawing of the MMP system. MMP gene transcription is typically induced by stimuli
such as inflammatory cytokines, which signal via specific intracellular pathways. MMPs are produced as
inactive pro-enzymes, which are subsequently cleaved to become active enzymes. MMP-3 appears

particularly important in this regard, since it is known to activate several of the MMPs. TIMPs inhibit
MMPs mainly at the active level. MAPK: mitogen activated protein kinase

12

MMP<TIMP

Balance

MMP>TIMP

Figure 3. Degradation of the extracellular matrix is principally mediated by MMPs, which are
counterbalanced by TIMPs. Disturbances of this equilibrium may lead to disease processes of fibrotic
(left) or degradative (right) nature.
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Table 1. The MMP family. Compiled from refs4, 7, 14, 18-21. MMP-18 (collagenase 4) is not listed since it is
considered a Xenopus collagenase, however, it has been detected in human ligaments.22 Stromelysin 3
is grouped with “other MMPs”, since the enzyme has different properties from stromelysins. Among
collagenous substrates for collagenases, bold numbers for collagens indicate strongest enzymatic

activity. ADAMTS: a disintegrin and metalloproteinase with thrombospondin motifs, ECM: extracellular matrix, TGF: transforming

growth factor, TNF: tumour necrosis factor, RASI: rheumatoid arthritis synovial inflammation, IGFBP: insulin growth factor binding

protein, CXCL: CXC chemokine ligand.
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Group

MMP

Collagenous

Noncollagenous

substrates

component substrates

collagens I, II, III, VII,

proteoglycans, fibronectin,

α-1-antiprotease, pro-TNFα

VIII, X, XI, gelatins

entactin, laminin, tenascin,

Collagenases
Collagenase 1

MMP-1

Nonstructural ECM

ECM substrates

vitronectin
Collagenase 2

Collagenase 3

MMP-8

MMP-13

ADAMTS-1, pro-MMP-8

collagens I, II, III, V,

fibronectin, laminin,

VII, VIII, X

proteoglycans

collagens I, II, III, IV,

proteoglycans, fibronectin,

fibrinogen, proMMP-9 and -

V, VII, IX, X, gelatins

laminin, tenascin
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gelatins, collagens I,

laminin, elastin,

pro-MMPs -9 and -13, α-1-

II, III, IV, VII, X

fibronectin, proteoglycans

antiprotease, IGFBPs, IL-1β,

gelatins, collagens IV,

laminin, elastin,

α-1-antiprotease, CXCL5, IL-

V, VII, X, XI

fibronectin, proteoglycans

1β, TGFβ, plasminogen

collagens III, IV, V, VII,

laminin, fibronectin,

pro-MMPs, pro-TNFα, E-

IX, X, XI, gelatins

elastin, proteoglycans

cadherin, L-selectin,

collagens I, III, IV, V,

laminins, proteoglycans

Gelatinases
Gelatinase A

MMP-2

TGFβ
Gelatinase B

MMP-9

Stromelysins
Stromelysin 1

MMP-3

fibrinogen
Stromelysin 2

MMP-10

pro-MMPs

IX, X, gelatins
Matrilysins
Matrilysin 1

Matrilysin 2

gelatins, collagens I

laminin, elastin,

pro-MMPs, pro-α-defensin,

and IV

fibronectin, proteoglycans,

pro-TNFα, E-cadherin

MMP-26

as above

as above

as above

MMP-14

gelatin, collagens I, II,

proteoglycans, fibronectin,

Pro-MMP-2 and -13

III

tenascin, fibrinogen

gelatins, collagen III

fibronectin

Pro-MMP-2

fibronectin

Pro-MMP-2

fibronectin

α-1-antiprotease, serpins

elastin, proteoglycans

plasminogen

MMP-7

tenascin

Membrane-type
(MT) MMPs

MT1-MMP

MT2-MMP

MMP-15

MT3-MMP

MMP-16

MT4-MMP

MMP-17

MT5-MMP

MMP-24

MT6-MMP

MMP-25

Pro-MMP-2

gelatin

Other MMPs
Stromelysin 3

MMP-11

Metalloelastase

MMP-12

RASI

MMP-19

Enamelysin

MMP-20

-

MMP-21

-

MMP-23

-

MMP-27

Epilysin

collagens, gelatins

components of basement
membranes
amelogenin
gelatin

Pro-TGFβ

MMP-28
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Tendinopathy and tendon rupture
Tendinopathy

DEFINITIONS28-30

Tissue breakdown and regeneration are

Painful tendinopathy

upregulated simultaneously.

A

clinical

condition

caused

by

degenerative changes in the tendon

extracellular matrix. If this condition

Painful tendinopathy is common in patients
consulting primary care and orthopaedic
surgeons. Patients present with pain
originating from e.g. Achilles, patellar or
supraspinatus tendons. These conditions are
thought to result from repetitive microtrauma,23 and are often described as overuse
injuries. The typical histopathologic finding
in patients presenting for surgery for painful
Achilles tendinopathy is degeneration, i.e.
disorganised tissue, variation in the density
of tendon cells, ranging from hypercellularity to hypocellularity, and increase in
vascularity.1, 24, 25 The findings are consistently defined as non-inflammatory,
which forms the basis for the histological
description termed tendinosis, as opposed to
tendinitis. Although there is little doubt that
tendinosis is non-inflammatory, it has to be
remembered that histological studies are
invariably performed on tendons from
patients who have come to the attention of
surgeons, i.e. from patients with long
standing painful tendinopathy, often longer
than a year.26 Thus, the biochemical
processes that lead to the observed state are
quite unknown and the inciting event could
still have an inflammatory component.24 In
fact, in cellular models, tenocytes release
proinflammatory cytokines and prostaglandins in response to repetitive mechanical overloading.23, 27

causes

trouble

for

a

considerable

amount of time, it is called chronic
painful

tendinopathy.

Partial

tendon

tears also fall under the spectrum of

painful tendinopathy. Tendinosis is a
term to describe tendinopathy histopathologically. The terms tendinitis and
tendonitis are no longer in use.

Tendon rupture

A complete rupture of the tendon

Maintenance of the biochemical composition of the ECM is essential for optimal
structure and function of the tendon. Studies
of tendinopathy show aberrant ECM
composition and high ECM turnover rate, as
evidenced by elevated MMP activity,
markers of collagen turnover and collagen
gene expression.26, 28 Thus, tissue breakdown and regeneration are upregulated
simultaneously.
Gene expression studies on biopsy samples
have shown elevated levels of both collagen
type I and III in painful tendinopathy.26
Studies on tendon cell cultures from patients
with painful tendinopathy and tendon
rupture showed elevated immunostaining
for type III collagen and decreased staining
for type I collagen in both conditions, as
compared to non-tendinopathic tendons.31
An extensive gene expression mapping of
tendon samples from patients with chronic
painful Achilles tendinopathy showed
elevated expression of MMP-11, -16 and 23, and downregulation of MMP-3, -10, -12,
-27 and TIMP-3.32 The finding of MMP-3
downregulation is especially interesting
since this protease is considered an
16

important regulator of MMP activation. Its
down-regulation might represent an attempt
to limit total MMP activity as a response to
excessive tissue damage. In another gene
expression study, tendinopathic tendons had
higher levels of proteoglycans.33 This,
together with reduced activity in one of the
MMPs that degrades proteoglycans (MMP3) and an altered regulation profile of the
proteoglycanolytic ADAMTS†, may lead to
net accumulation of proteoglycans. Since an
increase in proteoglycans would lead to
altered mechanical properties, this process
might be involved in a vicious circle
stimulating further tendinopathic changes.
Tenascin C, a glycoprotein important for
structural and biomechanical properties of
the ECM, is also elevated in tendinopathy,34
further supporting the view of the ECM in
dysbalance.

healing, while the addition of NO improves
healing. Three randomised trials have
shown that NO, administred via a dermal
patch, reduces symtoms in Achilles and
supraspinatus tendinopathies, and in tennis
elbow, with improvement most apparent in
the long term.44 The role of NO in the
pathogenesis of tendinopathy is however
unclear.
A couple of studies suggest that tendon
disease is associated with variations in
primary connective tissue composition;
patients with painful Achilles tendinopathy
differ from control subjects in a variant of
the collagen Va gene,45 and Achilles tendon
rupture and painful tendinopathy are
coupled to a single nucleotide polymorphism in the tenascin C gene.46 In
addition, patients who have suffered
Achilles tendon rupture are at excessive risk
of a new rupture in the contralateral
tendon.47 Thus, a genetic predisposition to
Achilles tendon disease seems likely. This is
supported by studies showing the
importance of hereditary factors in rotator
cuff rupture and anterior cruciate ligament
injury.48, 49 Tendinotic histological alterations have been shown not only in
macroscopically tendinopathic Achilles
tendon lesions in patients with tendinopathy,
but also in apparently healthy portions of the
Achilles tendons in these patients.26 This
further supports the view that tendon disease
might be part of generalised alterations of
the ECM.

Presence of neovascularisation is thought to
signal chronic disease and forms the basis
for the concept of sclerotherapy with
polidocanol, which seems a promising
method.35 There are, however, conflicting
results as to whether there is any correlation
between pain level and neovascularisation.36, 37
Pain in tendinopathy might be mediated by
the neurotransmitters glutamate and
substance P (SP).38, 39 Interestingly, SP
upregulates the gene expression of MMPs
and TIMPs in fibroblasts,40 which may
connect SP to the altered regulation profile
of MMPs and TIMPs observed in
tendinopathy. SP is also involved in repair
processes and, when administered exogenously, appears to enhance proliferation
of fibroblasts and tendon healing.41-43

Tendon rupture

Tendon degeneration might lead to rupture

The annual incidence of Achilles tendon
rupture is approximately 5 to 30/100000,
with an incidence peak at around 40 years of
age, affecting men more commonly than
women.50-53 Sudden high-load stress, e.g. a
rapid turn during sport activity, is the typical
direct cause of rupture. Degenerative
changes are invariably found in ruptured
tendons54 and degeneration in ruptured
tendons appears more severe than in

Nitric oxide (NO) is very promising in the
treatment of tendinopathy. Animal studies
have shown that NO participates in healing
and that inhibition of NO reduces
mechanical strength of tendons during
†

ADAMTS: a disintegrin and metalloproteinase with
thrombospondin motifs. These enzymes degrade e.g.
proteoglycans.
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tendinopathy.55 Although there are many
similarities between the histopathological
appearances of tendons from patients with
painful tendinopathy and tendon rupture,
there are some biochemical and molecular
findings that point towards the notion that
these are two distinct entities. For example,
the gene expression profiles of MMPs,
TIMPs, ADAMs, ADAMTS and proteoglycans in ruptured tendons are somewhat
different from the ones in painful tendinopathy.32, 33

be first-line. A meta-analysis has shown that
Achilles tendon re-rupture is more common
in patients treated conservatively, while the
incidence of complications such as infections and adhesions is increased in those
treated surgically.56 There is now also
growing interest in the role of early
(postoperative) motion and loading.57
Some risk factors for re-rupture have been
proposed (Table 2), but a large proportion of
patients who suffer re-rupture of the
Achilles tendon do not have any of the
suggested risk factors.58 In large, the clinical
outcome of tendon healing is inherently
difficult to predict.59

The aetiology of tendon rupture is
incompletely understood but several risk
factors are recognised (Table 2). Treatment
is either conservative, i.e. immobilisation in
plaster cast for six to eight weeks, or
surgical, i.e. suturing of the ruptured tendon
ends followed by a similar period of
immobilisation. There is still some controversy as to which treatment modality should

Thus, there is some evidence for an
aetiopathologic role of MMPs in tendon
rupture and some reasons to suspect a
genetic predisposition to tendon rupture.60

Rupture

Re-rupture

•

previous tendon rupture47

•

corticosteroid therapy?58

•

polymorphism in tenascin C gene46

•

age?58

•
•
•
•
•
•
•
•
•

male sex61

•

sports activity, e.g.
corticosteroid

use61

badminton52, 62

•

smoking?58

delay in treatment?58

fluoroquinolone antibiotic use61, 63 *
osteoarthritis61

autoimmune arthritis61
gout61

transplants/dialysis61
blood group?

64, 65

Table 2. Suggested risk factors for tendon rupture and re-rupture. Question marks signify preliminary
or conflicting results. Factors are not listed in order of importance. *Interestingly, fluoroquinoles have
been shown to affect expression and activity of MMPs in tendon cells and in epithelial cells.66-68
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Tendon healing

A classical tissue healing process

Tendon healing occurs in three overlapping
phases. Platelets form a clot and initiate the
healing response. In the initial inflammatory
phase neutrophils enter the site of injury.
Macrophages arrive and clean up necrotic
material. Vasoactive and chemotactic
factors are released with increased vascular
permeability, initiation of angiogenesis,
stimulation of tenocyte proliferation, and
recruitment of more inflammatory cells.
Cells from the paratenon gradually migrate
to the wound and after a few days, the
proliferative phase begins. Synthesis of type
III collagen peaks, and water content and
glycosaminoglycan concentrations remain
high during this stage. This is followed by
the remodelling phase. Initially, the repair
tissue changes from cellular to fibrous while
tenocyte metabolism remains high, and

tenocytes and collagen fibres become
aligned in the direction of stress. A higher
proportion of type I collagen is synthesised
during this stage. Later on, the fibrous tissue
gradually changes from scar to a tendon-like
tissue.
Only a few studies have dealt with the role
of MMPs in tendon healing. Based on
mRNA data from unloaded healing rat
flexor tendons, it has been suggested that
MMP-9 and -13 participate only in tissue
degradation during the early phase of
healing, while MMP-2, -3 and -14
participate both in tissue degradation and
later remodelling.69 This is largely
supported by mRNA data from cutaneous
wound healing.70

Tendon suturing

The strength of the suture construct in tendons decreases transiently in the immediate
postoperative period. A degradative process, mediated by MMPs, is thought to occur in the
direct vicinity of the sutures.

In surgical repair, the ends of the ruptured
tendon are sutured. The suture holding
capacity of the repair site decreases in the
immediate postoperative period by somewhere between 10 and 70 % (variation
between mobilised and immobilised tendons
and animal models).71-73 The tendon tissue
around the suture seems to be weakened,74
which facilitates the suture to cut through
the tendon when exposed to tensile stress,
i.e. during mobilisation. Studies concerning
finger flexor and Achilles tendon repair
report a re-rupture rate of 3 to 6 %.75, 76
Repair-site elongation and gap formation are
more common, resulting in compromised
healing and with that, poorer functional
outcome in flexor tendons.77-79 One study

also reports inverse association between
tendon elongation and clinical outcome in
Achilles tendon healing.57 Improvement of
suture techniques has decreased the initial
weakening of the repair site, but it still is a
problem in orthopaedic and hand surgery.
Implantation of a foreign material into the
tendon invariably evokes a tissue reaction,
and there is evidence of elevated MMP
levels at the tendon-suture interface.74 These
enzymes degrade the extracellular matrix,
which probably allows the suture to cut
through the tendon. Inhibition of MMPs
could thus serve to improve tendon suture
holding capacity.

19

Anastomotic leakage

In this life threatening complication after intestinal surgery, tissue breakdown is mediated
largely by MMPs.

During surgery for pathologic alterations a
piece of the intestine is removed and the two
remaining ends are sewed or stapled
together - an anastomosis is constructed.
Although colorectal anastomoses usually
heal well, in approximately 5-15 % of
patients the intestinal ends do not hold
together and intestinal contents spill into the
abdominal cavity.80 Anastomotic leakage
remains a major unresolved problem in
patients undergoing colonic or rectal
resection. The strength of a newly constructed anastomosis is approximately 30 %
of that of intact colon.81 Pathophysiologically, the integrity of a newly
constructed anastomosis is mainly determined by the suture holding capacity of the
wound margins. This may deteriorate by as
much as 50 % during the first few days after
surgery, mainly because of degradation of
extracellular matrix proteins through the
action of MMPs.82, 83 Several MMPs are
strongly upregulated in the direct vicinity of
the anastomotic suture line.84, 85 Anastomotic MMP activity is yet higher in
concurrent bacterial peritonitis, generating

further deterioration of anastomotic
strength.83 Furthermore, a recent study
showed that patients with higher peroperative levels of MMP-1, MMP-2 and
MMP-9 in the large bowel wall had an
increased rate of anastomotic leakage.86
This demonstrates the critical roles of
MMPs as mediators of a decreased sutureholding capacity and indicates that MMPs
are potential drug targets to improve
anastomotic integrity. Accordingly, animal
studies consistently show that the strength
of the healing colon is enhanced by systemic
MMP-inhibitors,82, 87, 88 an effect most
evident on the third postoperative day.
There is only one published clinical study
evaluating the effect of a protease inhibitor.89 This randomised controlled trial
failed to show any effect of the general
protease inhibitor aprotinin on colorectal
anastomotic leakage (se comments in
discussion).
In summary, MMP-inhibitors appear to be
promising pharmacological tools to prevent
anastomotic leakage after colorectal surgery.

Prediction of tissue healing quality by MMPs
Several studies have shown associations
between alterations in MMP levels and
poorer outcome of tissue healing. Preoperative MMP-9 in nasal secretions was
shown to correlate inversely to healing
quality after sinus surgery.90 MMP-9 in
wound fluid obtained at 24 hours after
inguinal hernia surgery correlated inversely
to collagen deposition at 10 days.91 MMP-1,
-2 and -9 in intestinal biopsies were higher
in patients who developed anastomotic
wound failure after colorectal resection.86

Serum MMP-1 and -8 were higher and
TIMP-1 was lower in patients who
developed non-union in long bone fracture
healing.92 A polymorphism in the MMP-1
gene was overrepresented in patients who
developed aseptic loosening of hip prostheses.93 These results not only show that
MMPs are important in the pathogenesis of
impaired healing by also indicate that
MMPs are potential markers to predict
outcome of tissue healing.
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MMP-inhibitors

Doxycycline is the most potent among the clinically available MMP-inhibitors

There are several classes of pharmacological
MMP-inhibitors. The most common
mechanism of action is binding to the zinc
site of the MMP enzyme, thereby blocking
its activity. The tetracycline antibiotics
have several important non-antibiotic
mechanisms (Figure 4).94-100 Doxycycline is
considered the most potent MMP-inhibitor
among the tetracyclines and exhibits a broad
spectrum by inhibiting MMPs -1, -2, -7, -8,
-9, -12 and -13.99, 101 Besides zinc-binding,
tetracyclines also inhibit MMPs at the gene
expression level and by reducing activation
via the inflammatory cascade and via
reactive oxygen species. Chemically
modified tetracyclines (CMTs) have been
developed to avoid unnecessary effects on
the endogenous microbial flora while
retaining the MMP-inhibitory action. Effects

on the microbial flora can also be avoided
by administering “low-dose” doxycycline,
i.e. 20 mg twice a day instead of the
standard dose 100 mg twice a day. This
way, doxycycline still retains its clinical
(MMP-inhibitory) efficacy102, 103 but has no
effect on the vaginal or gut microbial
floras.104 Synthetic MMP-inhibitors constitute a large heterogeneous group of
compounds, modified to increase inhibitory
potency and to produce increased specificity
against particular MMPs.105 The bone
resorption-inhibitors bisphosphonates also
have potent MMP-inhibitory properties,
probably
working
through
cationchelation.7, 106, 107 Examples of MMPinhibitors and experimental and clinical
applications are presented in Table 3.

Tetracyclines inhibit:
Protein synthesis
TNF-α
IL-1
NO
PGE2

Bacteria
Inflammation

Angiogenesis

Tissuedegrading
enzymes
MMPs

Figure 4. Mechanisms of action of tetracyclines. Tetracyclines have several non-antimicrobial effects.
The ability of these drugs to inhibit matrix metalloproteinases is well established. Based on this

mechanism, tetracyclines have come into clinical use for rheumatoid arthritis and periodontitis.
Doxycycline and minocycline are the two tetracyclines that have been studied most extensively. TNF:
tumour necrosis factor, IL: interleukin, NO: nitric oxide, PG: prostaglandin.
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MMP-inhibitor

Experimental studies

Clinical studies

Prevents weakening of

Effective as adjunctive therapy

mechanically unloaded

against rheumatoid arthritis (RCT).

Tetracyclines
Doxycycline

tendons108

Same effect of low dose* (20 mg x

2) as standard dose (100 mg x 2)102
Improves mechanical strength
of intestinal anastomoses88

Low-dose* doxycycline approved as
adjunctive therapy for periodontitis

Antinociceptive and anti-

(several RCTs)103

inflammatory effects109
Slows the expansion rate of
abdominal aortic aneurysms
(RCT)113
Minocycline

Effective in model of multiple
sclerosis110

Improves symptoms in rheumatoid
arthritis (RCT)114

Reduces infarct size in stroke
model111

Effective in pilot study for multiple
sclerosis115

Reduces hyperthrophic
scarring112
Chemically
Modified

CMT-3/COL-3

Tetracyclines (CMTs)

Prevents ARDS and shock in

Effective in phase II-trial for

sepsis model116

Kaposi’s sarcoma117

Synthetic
MMP-inhibitors

GM 6001

Improves mechanical strength
of intestinal anastomoses and
cutaneous wounds82, 118

Numerous synthetic MMP-inhibitors
have failed in cancer trials due to

BB-1101

Improves mechanical strength

either lack of efficacy or side

of intestinal anastomoses87

effects101

Preserves brain anatomy and
function from damage due to
meningitis119

Table 3. Three major classes of pharmacological matrix metalloproteinase-inhibitors and examples of
studies on the efficacy of these drugs in various experimental and clinical applications.

*Low-dose doxycycline (20 mg x 2) does not affect the composition or pattern of resistance of faecal
and vaginal microbial floras in humans104. RCT: randomised controlled trial. ARDS: acute respiratory
distress syndrome.
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AIMS, with background in brief
Background

Aim

MMPs participate in tendon healing.

To investigate the effect of the MMP-inhibitor

Drugs that inhibit MMPs are needed in
tendon applications. The effect of an

doxycycline on experimental tendon healing.

MMP-inhibitor on mechanical properties
of the tendon during healing is not
known.

Tendon suture-holding capacity
decreases during the postoperative

period. MMPs are thought to be involved.

To develop a rat model for the study of tendon
suture-holding capacity and to investigate the
effect of the MMP-inhibitor doxycycline on
tendon suture fixation in this model,
administered systemically and locally.

Strength of intestinal anastomoses

decreases in the early postoperative
period. Degradation is mediated by

MMPs. Systemic MMP-inhibitors have

To investigate the effect of local administration
of the MMP-inhibitor doxycycline on
experimental colonic anastomosis healing.

positive effects on mechanical strength.

MMPs are involved in the pathogenesis of

tendinopathy and tendon rupture. Studies
have suggested that there are possible
systemic factors in the aetiology of

To compare serum levels of MMPs and TIMPs
between patients who have suffered Achilles
tendon rupture and controls.

tendon rupture.
Healing of tendons varies between

patients. Poor tissue healing has been
associated with elevated levels of MMPs
in some settings.

To investigate the association between baseline
serum MMP and TIMP levels and biomechanical
parameters of the tendon during healing.
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METHODS
Below is presented a condensed overview. Please refer to the papers for further details.

immediately after killing to serve as freshly
inserted (day 0) controls.

STUDY DESIGNS

Study I: Effect of doxycycline on rat

Doxycycline-coated sutures

tendon healing

This substudy consisted of two experiments.
In the first (Experiment 1), male SD rats
were randomised to doxycycline-coated
sutures (n=17) or uncoated control sutures
(n=16). Biomechanical parameters were
evaluated at three days postoperatively. As a
reference, another 10 rats were operated and
immediately evaluated to serve as freshly
inserted (day 0) controls. In Experiment 2,
male SD rats were randomised to
doxycycline-coated sutures (n=24) or carrier
(fibrinogen)-coated controls (n=24) and
evaluated mechanically at 3 days postoperatively. Another 10 rats served as
freshly inserted (day 0) controls. Data were
analysed by two-way ANOVA, without
post-hoc tests, with treatment as one independent factor and the two experiments as
the other. Day 0 controls were not included
in the statistical analyses.

Sixty female Sprague Dawley (SD) rats
were randomised to receive doxycycline
hyclate (130 mg/kg; Sigma Aldrich,
St.Louis, USA) in the drinking water or no
treatment. The left Achilles tendon was cut
in all animals. Biomechanical evaluation
was performed at 5, 8 and 14 days (n=10 per
group) after surgery. Data were evaluated
using two-way ANOVA, with Bonferroni
post-hoc
tests‡.
Serum
doxycycline
concentration was determined in five
randomly selected rats in the day 14
doxycycline-group.
Study II: Effect of doxycycline on rat
tendon suture fixation

All rats were subject to Achilles tendon
surgery. The left Achilles tendon was
transected, and a suture was inserted only
into the distal portion of the cut tendon.
Biomechanical suture pull-out strength was
measured.

Study III: Effect of doxycycline-coated
sutures on mechanical strength during
healing of colonic anastomoses.

Systemic doxycycline treatment

In a pilot study, 20 male SD rats were
randomised to receive doxycycline in the
drinking water or no treatment. Biomechanical parameters were evaluated at 3
days postoperatively. Thereafter, 60 male
SD rats were randomised to systemic
doxycycline or no treatment and evaluated
at 3, 5 and 7 days after operation. Data from
the 80 animals together were evaluated by
two-way ANOVA, without post-hoc tests.
As a reference, the contralateral tendons of
the day 3 control group were sutured

This study consisted of two experiments. In
the first (experiment A), 40 male SD rats
were randomised to three groups. A colonic
anastomosis was constructed in all animals.
Biomechanical properties of the colonic
anastomoses treated with doxycyclinecoated sutures (n=15) and carrier
(fibrinogen)-coated sutures (n=15) were
compared at three days postoperatively
using Student’s t-test. Additionally, biomechanical properties were evaluated
directly after the operation of anastomoses
constructed using carrier-coated sutures in
10 rats. These immediate day 0 controls
were compared to day 3 controls by the
Student’s t-test to evaluate the decrease in

‡

Post-hoc tests were not part of the evaluation in the
original report, but added during preparation of this
text.
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anastomotic strength. As a reference, five
additional rats were not operated on and
used to determine the mechanical properties
of uninjured colon.
In experiment B, 40 rats were randomised to
equally sized groups which received
uncoated sutures or carrier-coated sutures.
Biomechanical properties were determined
at three days postoperatively.

two women and ten men, age range 35-50
years. These subjects were recruited during
routine blood donation. Their history
concerning tendon disease was not known.
MMP-1, -2, -3, -7, -8, -9 and -13, and
TIMP-1 and -2 were determined in all
subjects. Differences between the two
groups were evaluated by Mann-Whitney U
tests.
Small tantalum beads were implanted into
the ruptured tendon ends at surgery and used
as markers during biomechanical measurements (figure 5). Tendon mechanical
properties were measured at 6, 12 and 18
weeks after rupture using radiostereometry
(RSA), which generated data for Young’s
modulus of elasticity. The mean value of
these three measurements was used for
analysis. The change in distance between
the tantalum beads from 6 to 18 weeks was
used as a measure of elongation of the
healing tendon callus. Tendon crosssectional area was determined by ultrasonography at the same time points, again
the mean value of the three measurements
was used for analyses. The relations
between MMPs and TIMPs at three years
and mechanical parameters during the early
phase of healing were evaluated by
calculating
Spearman’s
correlation
coefficients.

Study IV: Serum MMPs and TIMPs in
patients with a history of Achilles
tendon rupture

Eight patients who had participated in a
prospective study concerned with biomechanical evaluation of Achilles tendon
healing were recruited.120 All patients were
treated surgically in local anaesthesia, using
the Kessler suture technique and fibrin glue
to adapt the ruptured tendon ends. The
original study included 10 consecutive
patients but only eight of these were willing
to participate in the current study. There
were two women and six men, age range 3552 years. Patients had suffered their Achilles
tendon rupture a median 37 (range 35-40)
months prior to the collection of blood
samples for MMP and TIMP analyses.
Exclusion criteria for providing blood
samples were surgery or bacterial infection
within the preceding month. Control serum
was obtained from 12 healthy blood donors,

Figure 5 b. RSA examination

Figure 5 a. 3D CT scan at 12 weeks after
tendon rupture.

The tantalum markers are

enlarged due to artefacts.
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to a materials testing machine (100 R; DDL
Inc., Eden Praire, USA) and pulled at a
constant speed of 0.1 mm/s until failure.
Peak force, stiffness and energy uptake at 10
% drop of the curve were recorded.

LABORATORY METHODS
Achilles tendon transection model (I)
Surgical procedure

The animals were anaesthetised with isoflurane gas and given preoperative subcutaneous injections of trimetoprimsulfadoxine and buprenorphine. The skin on
the left hind paw was shaved and washed
with chlorhexidine. A skin incision was
made over the lateral side of the Achilles
tendon. The plantaris tendon was removed.
Thereafter, the Achilles tendon was cut
transversely 3 mm proximal to the calcaneal
insertion. The skin was sutured. Animals
were allowed free cage activity immediately
after the operation.

Achilles tendon suture model (II)
Surgical procedure

Animals were anaesthetised with isoflurane
gas and given preoperative subcutaneous
injections of trimetoprim-sulfadoxine and
buprenorphine. The skin was shaved and
washed with chlorhexidine. A skin incision
was made over the left Achilles tendon. The
tendon was dissected free and the suture was
inserted into the intact tendon to make a
modified
(one-sided)
Kessler
stitch
spanning 1 cm longitudinally, starting at the
tendon’s proximal end 2 mm from the
musculotendinous junction. Thereafter, the
free ends of the thread were approximated
with a double knot, leaving a 1 cm free loop
for attachment during pull-out testing. The
Achilles tendon was then cut transversely
just proximally to the suture to unload the
tendon. Thus, the Kessler stitch was only
inserted into the distal portion of the cut
Achilles tendon to specifically evaluate
suture holding capacity (Figure 6). The
plantaris tendon was cut and the skin was
sutured. Animals were allowed free cage
activity immediately after surgery.

Mechanical testing

Directly following killing by CO2
asphyxiation, the tendon with the attaching
calcaneus was transected free from other
tissues and removed. The callus diameter
was measured sagittally and transversely
with a digital calliper, and the crosssectional area was calculated assuming
elliptical geometry. The tendon was then
fixed between two clamps, one of them a
custom made calcaneal clamp holding the
bone in 30° dorsiflexion relative to the
direction of traction and the other sandwiching the tendon’s proximal end between
fine sand papers. The clamps were attached

Figure 6. Achilles tendon suture model. Using
the Kessler technique, the suture was inserted
only into the distal portion of the cut Achilles

tendon to specifically evaluate suture holding
capacity. A free loop was left for attachment
during mechanical testing
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each side in a radio frequency plasma
chamber (Plasmaprep 100; Nanotech, Sweden). Thus, the sutures were exposed to a
reactive gas plasma containing free
electrons, gas radicals and ions. This causes
the surface polymer chains to become
cleaved to shorter units, ionised, and radicalised, i.e. chemically activated. The
activated sutures were incubated for 30 min
in 6 % glutaraldehyde in phosphate buffered
saline (PBS) at pH 9. The surfaces were
extensively rinsed in PBS at pH 9. Ten
layers of fibrinogen (Hyphen BioMed,
Neuville-sur-Oise, France) were prepared as
follows121:
the
glutaraldehyde-coated
sutures were incubated for 30 min in 1
mg/ml fibrinogen dissolved in PBS at pH
7.4. The sutures were extensively rinsed in
PBS followed by incubation during 30 min
in PBS, pH 5.5, containing 0.2 M ethyldimethyl-aminopropylcarbodiimide (EDC;
Sigma-Aldrich) and 0.05 M N-hydroxysuccinimide (NHS; Sigma-Aldrich). Then a
new 1 mg/ml fibrinogen solution was
prepared in PBS buffer, pH 5.5, and the
sutures incubated for 30 min in this, rinsed
in PBS buffer, and again incubated in the
EDC/NHS solution. As the EDC solution is
unstable at room conditions, new solutions
were prepared every second hour. This
procedure was repeated until approximately
10 fibrinogen layers were immobilised. The
crosslinked fibrinogen surface was subsequently incubated in EDC/NHS as above,
and for 3 hours in a 1 mg/ml doxycycline
hyclate solution or for 3 hours in PBS
(carrier-coated control sutures), and finally
rinsed in distilled water.

Mechanical testing

After euthanasia, the tendon with the
attaching calcaneus was removed and
dissected clean from surrounding tissue. The
calcaneus was fixed in a custom made
clamp, while the suture loop was attached to
a hook via a freely movable metal device to
allow a straight pull. The complex was
mounted in a materials testing machine (100
R) and pulled at a constant speed of 0.1
mm/s until pull-out. Peak force and energy
at 10 % drop of the curve were recorded.
Anastomosis healing model (III)
Surgical procedure

Anaesthesia was induced by a subcutaneous
injection of a mixture of fentanyl citrate,
droperidol and midazolam. After laparotomy, a standardised 10 mm segment of the
colon was resected 6 cm proximally to the
anal orifice. An end-to-end anastomosis was
constructed using 8 interrupted sutures
placed approximately 2 mm from the
resection margin. The abdomen was closed
with continuous polyglactin suture in the
musculofascial layer and metal clips in the
skin. The animals were given carprofen for
analgesia, and allowed immediate mobilisation.
Mechanical testing

After euthanasia, the abdomen was opened
and the colon freed from adhesions. A 4 cm
segment of the colon was resected and
cleaned of faecal contents. A corresponding
segment was resected in the unoperated rats.
The segments were mounted in a materials
testing machine (LF Plus; Lloyds Instruments, Fareham, UK) with 10 mm between
the clamps, and stretched at a constant speed
of 10 mm/min until rupture, recording the
maximal load (breaking strength) and the
area under the curve to the breaking point
(energy uptake).

Thicknesses of the fibrinogen and doxycycline layers on the sutures were measured
by null ellipsometry (Auto-Ell III; Rudolph
Research, Flanders, NJ, USA) on a reference silicone surface in air, calculated
according to the McCrackin evaluation
algorithm122 and converted into an
approximate adsorbed amount per unit area
by de Feijter´s formula.123 The assumed
refractive index of the protein and
immobilised doxycycline film was nf =

Suture coating (II, III)

Sterile 3-0 (study II) or 6-0 (study III)
polybutester monofilament sutures (Novafil;
Tyco Healthcare, Schaffhausen, Switzerland) were activated during 10 seconds on
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1.465.124 During the measurements, a 1-nmthick layer of adsorbed proteins was
equivalent to approximately 120 ng/cm2.125

Analysis of MMPs and TIMPs (IV)

Concentrations of MMP-1, -2, -3, -7, -8, -9
and -13 were determined by a particle-based
flow-cytometric assay using Fluorokine
Multi Analyte Profiling (F-MAP) kits (R&D
systems, Minneapolis, USA) in a Luminex
100 Bioanalyzer (Luminex Corp., Austin,
USA). These assays recognise proforms,
active forms and TIMP-complexed forms of
the respective MMPs. The multiplex
technology utilises antibody-coated microspheres labelled with fluorescent dyes of
different intensities. After reaction with
patient samples, the fluorescence emission
from the microspheres is quantified in an
instrument similar to a flow cytometer.
Typically, fifty microspheres per data point
are analysed and the median value logged
by the software. There is strong correlation
between
conventional
enzyme-linked
immunosorbent assay (ELISA) and multiplex F-MAP measurements.127 The kits have
<0.5 % cross-reactivity between MMP
species analysed in this study, and the intraassay coefficient of variation is 5-10 % (data
from manufacturer). Concentrations of
TIMP-1 and -2 were analysed using
sandwich ELISA kits (Quantikine; R&D
systems). The TIMP-1 kit recognises free
TIMP-1, and TIMP-1 bound to pro-MMP-9
and, to some extent, TIMP-1 bound to active
MMPs. The TIMP-2 kit recognises free
TIMP-2, TIMP-2 bound to pro-MMP-2 and
TIMP-2 bound to active MMPs. All assays
were performed according to the
manufacturer’s instructions. Analyses were
performed at Clinical Immunology, Sahlgrenska University Hospital, Göteborg,
Sweden.

In study II, the sutures were stored at room
temperature in dark in a 1 mg/ml doxycycline PBS solution (pH 5.5), until use.
Fibrinogen-coated control sutures were
stored in PBS (pH 5.5) under identical
conditions. In study III, the sutures were
stored in 0.5 mg/ml doxycycline PBS
solution or PBS solution only for
experiment A. In experiment B, the sutures
were dried using nitrogen gas, and stored in
sterile bags.
Doxycycline concentration and
doxycycline release from the suture
surface (I, II)

In study I, five doxycycline-treated rats in
the 14 days group were randomly selected
shortly before killing. Rats were anaesthetised with isoflurane gas and blood was
collected by cardiac puncture. Blood
samples were centrifuged at 2000 x g for 10
min and the serum stored at -70° C until
testing. In study II, doxycycline-coated
sutures were immersed in sterile NaCl
solution. Doxycycline concentrations in the
solution at 24 and 72 hours were determined. Measurements were made in triplicates. Results are expressed as percentage
of the expected total amount of doxycycline
on the thread. The total amount was
calculated from ellipsometric measurements
on reference silicon surfaces. Concentrations of doxycycline were determined
by way of an agar well diffusion assay using
Bacillus cereus ATCC 11778 as the test
organism (Smittskyddsinstitutet, Solna,
Sweden)126.
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RESULTS IN BRIEF
Study I: Doxycycline impairs tendon repair in rats.
Force at failure and energy uptake were significantly decreased in doxycycline-treated rat
Achilles tendons, as compared to untreated controls (Table 4). Doxycycline serum
concentration was 3.4 SD 1.0 mikrog/ml.
5 days
Mean

Force (N)
Control
Doxy

SD

12.8 2.7
9.8

3.1

5.0

1.2

Decrease
(%)

23.1

8 days
Mean

SD

23.6

2.6

7.3

1.8

20.2

5.4

Decrease
(%)

14.5

14 days
Mean

SD

47.3

8.1

14.9

2.8

41.5

9.6

Decrease p-value
(%)

12.2

0.003

-3.0

0.36

28.2*

0.0005

12.0

0.18

0.0

0.20

Stiffness (N/mm)
Control
Doxy

Energy (Nmm)
Control
Doxy

Area (mm2)

4.2

1.3

24.8 6.4
18.9 6.1

Control

7.5

1.7

Doxy

6.3

1.4

1.8

0.5

Stress (MPa)
Control
Doxy

1.5

0.5

16.3

23.9

12.5

12.9

6.2

1.5

65.5 10.0
50.8 11.7

4.9

1.7

4.7

1.4

5.5

2.0
1.6

4.6

14.4

22.5

2.5

16.8

15.4

3.0

128.9 37.7
92.6 27.7

9.6

1.2

8.4

1.6

5.0

1.3

5.0

1.3

Table 4. Biomechanical evaluation of Achilles tendons in rats treated with systemic doxycycline.
p-values (two-way ANOVA) for the effects of treatment are based on ln-transformed values. *P < 0.05
for Bonferroni post hoc test for the effect of treatment. Other post-hoc comparisons for the effect of
treatment of force and energy had p > 0.05. P-values for the effect of time were <0.0001 for all
comparisons. There were no significant interactions between the effects of treatment and time.
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Study II: Doxycycline-coated sutures improve the
suture-holding capacity of the rat Achilles tendon.
Systemic doxycycline treatment and doxycycline-coated sutures improved the suture-holding
capacity of rat Achilles tendons (Table 5 and Figure 7). In vitro, most of the doxycycline was
released from the sutures after 72 hours (Figure 8).

Force at suture pull-out (N)
Day

Control

mean (SD)

n

3a

12.6 (3.6)

3

Doxycycline

Difference

p-value

mean (SD)

n
mean

min

max

9

15.0 (4.3)

9

2.4

-1.3

6.0

14.8 (2.0)

9

17.6 (4.1)

8

2.8

-0.4

5.9

5

16.7 (4.2)

9

14.8 (4.0)

9

-1.9

-5.6

1.9

7

15.4 (3.8)

9

18.6 (4.2)

8

3.2

-0.6

7.0

(95% CI)

0.08*, 0.1#

Energy uptake (Nmm)
Day

Control

mean (SD)

n

3a

59.5 (19)

3

Doxycycline

Difference

p-value

mean (SD)

n
mean

min

max

9

88.0 (36)

9

29

2.0

55

85.3 (17)

9

105.4 (21)

8

20

1.7

38

5

98.8 (30)

9

80.7 (24)

9

-18

-43

6.8

7

85.6 (23)

9

123.0 (70)

8

37

-13

88

(95% CI)

0.04*, 0.06#

Table 5. Systemic doxycycline treatment. Force (N) at suture pull-out and energy uptake (Nmm) 3, 5

and 7 days after tendon suture. One 3 day-group was operated on at a separate occasion (a). P-values
refer to two-way ANOVA for the effect of *treatment and #time.
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175
Energy uptake (Nmm)

Force at suture pull-out (N)

25
20
15
10
5
Day 0

Doxy

Contr

Doxy

Contr

150
125
100
75
50
25

Day 0

Doxy

Contr

Doxy

Contr

0

0
Experiment 1

Experiment 1

Experiment 2

Experiment 2

ANOVA p=0.01

ANOVA p=0.02

Figure 7. Local doxycycline treatment using drug-coated sutures. Force (N) at suture pull-out and
energy uptake (Nmm) three days after tendon suture. The p-values refer to the effect of treatment in a
two-way ANOVA. The second factor in the ANOVA model was experiment 1 vs experiment 2 (not

significant). Controls were uncoated in experiment 1 and carrier (fibrinogen)-coated in experiment 2.
Day 0 values (grey) are shown as a reference. Graphs show individual values, means and SDs.

Doxycycline released (%)

Figure 8. In vitro drug release from

doxycycline-coated sutures. The percentage
released was calculated from the expected total

100

amount of doxycycline on the thread, based on
measurements using silicone surfaces. Mean

75

and SD.

50
25
0

24 h

72 h
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Study III: Doxycycline-coated sutures improve
mechanical strength of intestinal anastomoses.
Doxycycline-coated sutures improved the mechanical strength of rat intestinal anastomoses at
three days postoperatively (Figure 9). In a second experiment, there was no difference
between carrier-coated sutures and uncoated sutures (Figure 10).

*

20

Energy (Nmm)

Breaking strength (N)

2.0
1.5
1.0
0.5
0.0

doxycycline

control

*

15
10
5
0

doxycycline

control

Figure 9. Anastomotic strength of the rat colon on the third postoperative day in experiment A.

Doxycycline-coated sutures increased the breaking strength (a) by 17 % (P=0.026) and the energy

uptake at failure (b) by 20 % (P=0.047) compared with carrier-coated sutures. Data are shown as mean
(thick horizontal line) and SD interval. Filled circles, doxycycline-coated sutures; open circles, carriercoated sutures. *P<0.05.

25

Energy (Nmm)

Breaking strength (N)

NS
2.0
1.5
1.0
0.5
0.0

uncoated control

carrier-coated control

NS

20
15
10
5
0

uncoated control

carrier-coated control

Figure 10. Anastomotic strength of the rat colon on the third postoperative day in experiment B.

Uncoated and carrier-coated sutures did not differ in breaking strength (P=0.64) or energy uptake at
failure (P=0.78). Data are shown as mean (thick horizontal line) and SD interval. NS; non significant.
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Study IV: Elevation of systemic MMP-2 and -7 and
TIMP-2 in patients with a history of Achilles tendon
rupture.
MMP-2 and -7, and TIMP-2 were elevated in patients (n=8) who had suffered Achilles tendon
rupture more than three years earlier, as compared to control blood donors (n=12; Figure 11).
MMP-7 had inverse correlation to modulus of elasticity, a trend towards positive correlation
to tendon cross-sectional area and positive correlation to tendon elongation (Table 6). MMP13 could not be detected in any samples, at a detection limit of 0.052 ng/ml.
MMP-1/TIMP-1 ratio

MMP-1 (ng/ml)

50

6

40

5

30

4
3

20

2

10
0

1

Tendon rupture

0

Control

Tendon rupture

p = 0.85

Control

p = 0.97

MMP-3 (ng/ml)

MMP-2 (ng/ml)

40

250
200

30

150

20
100

10

50
0

Tendon rupture

0

Control

Tendon rupture

Control

p = 0.97

p = 0.01
MMP-7 (ng/ml)

MMP-8 (ng/ml)

2.0

35
30

1.5

25
20

1.0

15
10

0.5

5
0.0

Tendon rupture

0

Control

p = 0.02

Tendon rupture

p = 0.38

35

Control

MMP-9 (ng/ml)
900
800
700
600
500
400
300
200
100
0

Tendon rupture

Control

p = 0.15
TIMP-1 (ng/ml)

TIMP-2 (ng/ml)
175

700

150

600

125

500
400

100

300

75

200

50

100

25

0

Tendon rupture

0

Control

Tendon rupture

p = 0.56

Control

p = 0.02

Figure 11. Serum MMPs and TIMPs in patients with a history of Achilles tendon rupture.
Comparison between patients (n=8) who have suffered Achilles tendon rupture more than three years ago and
control blood donors (n=12). MMP assays measure pro-MMPs, active MMPs and TIMP-bound MMPs. Data analysed
by two-tailed Mann Whitney U tests. Graphs show individual values, medians and interquartile range.

Modulus of

Cross-sectional

Elongation

rs

p-value

rs

p-value

rs

p-value

MMP-1/TIMP-1 ratio

0.21

0.62

-0.07

0.88

0.26

0.54

MMP-2

-0.17

0.70

0.19

0.66

0.26

0.54

MMP-7

-0.83

0.02

0.67

0.08

0.74

0.05

TIMP-2

0.05

0.93

0.19

0.66

-0.24

0.58

elasticity

area

Table 6. Correlation between serum MMPs/TIMPs and early mechanical parameters of tendon healing.
Serum samples were collected more than three years after rupture to obtain baseline levels of MMPs and TIMPs.
Modulus of elasticity, measured by radiostereometric analysis at different loading conditions, and cross-sectional
area, measured by ultrasonography, are represented by the average value of measurements at 6, 12 and 18 weeks
after injury. Tendon elongation was defined as change in distance between implanted metal markers from 6 to 18
weeks after rupture, as determined by radiography. The MMP-1/TIMP-1 ratio was prespecified as the primary
outcome variable in these analyses while MMP-2, MMP-7 and TIMP-2 were explorative, picked for correlation
analyses after obtaining results from the group comparisons. rs: Spearman’s correlation coefficient.
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DISCUSSION
particular example it might have been wiser
to focus on two time points (e.g. 8 and 14
days) and increase the number of animals in
each group (without increasing the total
number of animals) to decrease the risk of
type II error.

STUDY I

Comments on methodology and design

The scope of this study is limited to
evaluating the effect of doxycycline on
mechanical parameters of the tendon during
healing. Doxycycline has other nonantimicrobial effects than MMP-inhibition,
i.e. anti-inflammatory properties and
inhibition of angiogenesis.94, 99 Although
MMP-inhibition is considered the main nonantimicrobial effect of doxycycline, it was
not possible to firmly conclude that the
effect of doxycycline on tendon healing was
mediated via MMP-inhibition based upon
the current study design. The conclusion
that a general MMP-inhibitor affects tendon
healing could instead have been reached by
studying the effect of a drug that inhibits
MMPs more specifically or by measuring
MMP activity/levels.

My conclusion is that the main limitation of
this study is that we did not measure MMP
activity, which precluded the possibility of
firm conclusions. If we were to repeat the
study, I would have suggested measuring
MMP activity and using larger groups. The
MMP measurements, although based on
limited evidence, should probably primarily
aim at MMP-1, because it is the MMP most
strongly upregulated in human tendon
rupture,32 and MMP-13, since it is
upregulated in rotator cuff rupture and is
implicated in tendon degradation caused by
stress-deprivation.108, 128 MMP-9 could also
be added, since it appears to be an important
determinant of healing in several tissues.90,

The administration of doxycycline in the
drinking water was subject to some
variation (CV ~20 %), especially since we
housed two rats per cage. It was not possible
to administer doxycycline by subcutaneous
injections since this leads to skin necrosis,
and intraperitoneal injections would be
expected to cause similar effects. We made
a pilot study where we fed rats with
doxycycline per os (each rat individually
using a syringe), and although this did bring
us closer to the animals and facilitated
handling, there was quite some spillage.
Since this once again led to variation (not
known how large), we considered it more
practical to administer doxycycline in the
drinking water.
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Comments on the findings

The study showed that the general MMPinhibitor doxycycline impaired healing of
rat tendons. Doxycycline serum concentration was similar to the one obtained
by administering 100 mg twice a day to
humans.129 This dosage has shown clinical
effects for conditions such as rheumatoid
arthritis and periodontitis.114, 130 It should,
however, be noted that the concentration of
doxycycline in tendon tissue three hours
after a single infusion of 200 mg
corresponds to 15-25 % of the concentration
in serum, in comparison to levels in e.g.
intestines, which are equal to, or above,
serum levels.131, 132 Although not steadystate levels, these data indicate that drug
concentrations in (ininjured) tendons might
be low. On the other hand, the well perfused
tendon regenerates might have concentrations more similar to serum. Furthermore, the subantimicrobial dose of 20 mg

The time points 5, 8 and 14 days are used as
a standard for this model in our laboratory,
and represent the different phases of tendon
healing (inflammatory, proliferative and
early remodelling phases, respectively). I
think that this setup is relevant, but for every
pair of groups added, one loses statistical
power for the post-hoc tests. In our
37

twice a day also has significant clinical
effects on rheumatoid arthritis and periodontitis, and is able to inhibit at least some
of the MMPs.103, 114, 130

might be one of these. Secondly, general
inhibition of MMPs might show differing
effects on tendons depending on the time
point(s) of administration during healing, as
has been shown for COX-2-inhibitors.133
Finally, MMP-inhibitors have been shown
to attenuate the decrease in mechanical
properties induced by stress-deprivation in
vitro and to enhance tendon to bone healing
in a rabbit model,108, 134 which underlines
that there are several different orthopaedic
applications where MMP-inhibitors might
come in use. Thus, the conclusions from this
study are that (1) doxycycline has effects (of
any kind) on tendons and (2) doxycycline
impairs tendon healing, suggesting an
important role for MMPs during healing.

Our results suggest that MMPs are important for tendon healing and that doxycycline
can be used as a model drug for the study of
effects of MMP-inhibitors on tendons.
However, they do not rule out the possibility
that MMP-inhibitors could be used to
enhance tendon healing. This is for several
reasons. Firstly, studies of specific MMPs in
action during tendon healing might identify
those that are deleterious to healing,
allowing treatment with inhibitors specific
for certain subspecies of the MMPs. Our
results from study IV suggest that MMP-7
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Comments on the findings

STUDY II

This study showed that a minute dose of the
MMP-inhibitor doxycycline slightly improved tendon suture fixation. Pharmacological
improvement of suture fixation could have
important implications in hand surgery and
orthopaedics. A stronger suture construct
would allow earlier mobilisation. In hand
surgery, this has the potential to prevent
complications, since it is known from
experimental studies that early mobilisation
reduces the incidence of adhesions.135 The
positive effects on suture fixation in our
study were petite. The negative effects of
doxycycline on tendon healing in general,
observed in study I, might have been in
action in the suture-fixation model as well,
thus possibly antagonising the positive
effects. More knowledge on activity of
specific MMPs around the sutures is
required to fully appreciate whether use of
(selective) MMP-inhibitors is a feasible
approach to improve suture fixation.

Comments on methodology and design

A main problem is that the maximum
decrease in suture-holding capacity in this
model is about 30 %. We have tested several
approaches,
including
addition
of
inflammatory substances such as carrageenan and prostaglandin E1, without
further weakening of the suture-holding
capacity (unpublished results). We have also
done a pilot study in rabbits, and again we
had only a 30 % decrease in suture-holding
capacity at one week postoperatively
(unpublished results). This is surprising,
since another group reports 70 % decrease at
the same time point in an almost identical
model.73 With a small decrease there is not
much room for improvement with pharmacological agents. To increase statistical
power, we therefore had to use main results
from the two-way ANOVAs (without posthoc tests), thus basically comparing the
entire doxycycline group versus the control
group (3, 5 and 7 days grouped in the
systemic treatment experiment and the two
different subexperiments grouped in the
local treatment experiment).

Our study shows that suture fixation can be
manipulated by local treatment, which
supports findings from studies administrating growth factors via sutures (see below).
In a broader perspective, our study also
underlines that biocompatibility of medical
materials may be improved by pharmacological agents that inhibit tissue breakdown, as shown for bisphophonates in
fixation of bone implants.136-138 This
approach could have implications for
various applications, e.g. mesh surgery in
hernia repair.139

We did not study time points later than
seven days because the formation of the
tendon callus hindered specific mechanical
measurements of suture fixation. Day three
was chosen for the local treatment group,
since we knew from the systemic treatment
experiments that suture-holding capacity did
not decrease further after three days.
Although it is unclear whether this early
time point is clinically relevant, it may be
speculated that early improvement in sutureholding capacity will be sustained, thus
hypothetically
allowing
patients
to
commence physiotherapy at an earlier time
point.

How can doxycycline lead to negative
effects on tendons in study I but positive
effects in study II? Study II was designed to
specifically evaluate tendon suture fixation.
Study I evaluated tendon regenerate
formation. Thus, the studies addressed
different questions.
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whether breaking strength is representative
of the physiological load placed upon the
anastomosis. Some researchers argue that
bursting pressure (filling the anastomosis
with fluid until it breaks and recording the
pressure) is more representative of the
physiological situation. Others report both
breaking strength and bursting pressure. On
the other hand, the effects of MMP
inhibitors appear to be at least as pronounced in bursting pressure as in breaking
strength measurements (Table 7). Since we
did not have access to bursting pressure
measurement equipment, we were quite
content to be able to show a positive effect
with breaking strength measurements only.

STUDY III

Comments on methodology and design

We did not address the mechanisms of
action of the sutures in this study. This is
particularly important in view of the fact
that the bowel is full of bacteria, which
could possibly influence anastomotic
healing, and which of course could be
influenced by doxycycline. Future studies
will have to circumvent this by using nonantimicrobial MMP-inhibitors. To start
with, GM 6001 seems a good choice, since
it is the most efficacious MMP-inhibitor
delivered by the systemic route in this
model.82 Another approach might be to use
bisphosphonates, which possess potent
MMP-inhibitory properties, and are known
to work with the coating method.106, 136

To better evaluate the magnitude of the
effect of the doxycycline-coated sutures, we
could have considered adding another
experimental group with doxycycline
administered systemically. In our current
experimental setup, we were merely able to
do (non-statistical) comparisons to historical
data from other studies (see below).

We chose to focus our study on the third
postoperative day, because previous investigations had shown that anastomotic strength
is at its lowest at this time point.83, 87
Although day 7 may not be relevant because
the anastomosis can be considered as
already healed (similar breaking strength to
uninjured colon), studies of other time
points such as day 1 and 5 would have
added additional information. I suggest that
further studies with more potent and specific
MMP-inhibitors should include a full time
series (1, 3, 5 and possibly 7 days). An
inhibitor aiming at MMP-8 and -9, which
are upregulated in the direct vicinity of the
sutures and have synergistic collagenolytic
effects,84 may prove to be particularly
useful.

Comments on the findings

We showed that breaking strength and
energy uptake of colonic anastomoses were
improved by approximately 20 % in the
doxycycline-coated sutures group. There
was no statistically significant difference
between carrier-coated (fibrinogen) and
uncoated sutures, suggesting that the carrier
itself has no effects on anastomotic strength.
The relative improvement of mechanical
parameters with local doxycycline treatment
was similar in magnitude to the improvement achieved by systemic doxycycline in
a previous study.88 Several animal studies
have consistently shown that anastomotic
strength during the early and sensitive
postoperative period can be improved with
MMP-inhibitors (Table 7). This, of course,
leads to speculations whether such treatment
might have effects in humans. In 1989,
British investigators published a randomised
study of approximately 200 patients in
whom anastomotic leakage after construction of colonic and rectal anastomoses was

Breaking strength and energy uptake were
used as biomechanical variables, acquired
by pulling the anastomosis longitudinally
until it breaks. These variables are thought
to represent the strength of the anastomosis,
based on the notion that the strength is
highly dependent on the extracellular matrix
holding the sutures. There is some controversy as to whether this type of biomechanical measurement is sensitive
enough for the study of early anastomotic
healing.140, 141 In addition, one may question
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investigated.89 The effect of the general
protease inhibitor, aprotinin, administered
intravenously, was studied. This drug had
been promising in animal models. In the
patients, there was no effect on the
composite endpoint, overall anastomotic
leakage, but the authors report a higher rate
of leakage in the colonic anastomosis
subgroup and a lower rate of leakage in the
rectal anastomosis group. This not only
provides an example of the difficulty of
transferring animal data to humans, but also
underlines the importance of understanding
the pathophysiologic process in humans in
order to identify specific molecules to be
targeted pharmacologically to try and
decrease the risk of leakage. This needs to
be addressed in future studies.

and frozen shoulder-like conditions, in a
considerable proportion of patients.142, 143
This underlines the important role of MMPs
in connective tissue homeostasis. It also
shows that administration of the drug on the
suture is a clinically relevant approach,
which probably would circumvent problems
with side effects since systemic doses are
negligible. On the other hand, in the clinical
postoperative setting after colorectal surgery
the duration of MMP-inhibitor therapy may
be expected to last for a week or so. It is far
from certain that side effects from systemic
therapy would be any problem in such a
short time period.105 Nonetheless, direct
comparisons between local and systemic
drug delivery need further study, as this will
give information on which form of therapy
would be most efficacious.

In this study we strengthen the conclusion
from study II that pharmacological agents
can be delivered on the suture surface in
minimal doses and improve tissue integrity.
Systemic administration of specific and
potent novel MMP-inhibitors to humans
results in musculoskeletal side effects, such
as arthralgias and Dupuytren’s contracture-

In addition to MMP-inhibitors, several
growth factors and growth factor
preparations have been shown to improve
anastomotic healing,144-146 and local administration by way of the suture might provide
an effective means of drug administration to
where it is needed, i.e. the suture line.

41

MMPI

Part of

Increase in breaking

Increase in bursting

BB-110187

Colon

48 %

NA

BE-16627B147

Colon

NA

28 %

BB-94148

Ileum

NA

none

(daily dose; route of
administration)

(30 mg/kg; s.c.)

intestine

strength by MMPI

pressure by MMPI

(10 mg/kg; s.c.)

(40 mg/kg; i.p.)
BB-94149

Ileum

108 %

58 %

(30 mg/kg; i.p.)

Colon

27 %

54 %

Doxycycline*88

Ileum

100 %

none

(40 mg/kg; s.c.)

Ileum

80 %

none

Colon

25 %

100 %

Colon

99 %

NA

Colon

17 %

NA

(40 mg/kg; p.o.)

GM 600182
(100 mg/kg; s.c.)
Doxycycline

Colon

36 %

none

(coated sutures; III)
Table 7. Relative effects of MMP-inhibitors (MMPIs) on mechanical properties of the healing bowel in
the rat anastomosis model on postoperative day 3 or 4. Studies in order of publication date.

* approximate per cent values - exact mean/median data not fully provided in the original article. p.o. per oral. s.c.:
subcutaneous. i.p.: intraperitoneal. NA: non applicable. GM6001:ilomastat. BB-94: batimastat.

such as improvement in efficacy, rapidity
and cost of the coating and factors related to
possibility of commercial production.
Although we did study the release of
doxycycline from the suture in vitro, the
experiments could have been extended by
measuring doxycycline release from coated
sutures that had been placed in animal
tendons for e.g. 24 and 72 hours.

Comments concerning drug-coated sutures
(II and III)

We used a suture coating procedure that
immobilises multiple layers of fibrinogen
onto the suture surface, with drug bound
into this fibrinogen film. The method is
simple and relatively cheap, but it is
probably more cumbersome than some of
the dip-coating techniques developed
recently. For the coating method to have
clinical potential, there is need for further
studies related to the coating procedure,

Only minute doses of the drug were
delivered by way of the suture. In study II,
about 30 ng of doxycycline were delivered
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by one centimetre of the suture thread (size
3-0), while approximately 7 ng per
centimetre suture (size 6-0) were delivered
in study III. We do not know whether these
doses are enough to inhibit a relevant
proportion of MMPs acting around the
sutures, and if they do, at which distance
from the sutures they affect MMPs. This
could have been addressed by measuring
local MMP activity or collagen breakdown.150, 151 Neither do we know where the
drug is deposited. This issue could be
addressed by utilising the fluorescent
properties of doxycycline.

via the suture surface, a couple of other
studies report growth factor-coating of
suture material and successful administration in tendon repair (Table 8). This
could open up for further studies evaluating
local
administration
of
drugs
in
orthopaedics. Local drug delivery is already
widely applied in several medical
disciplines, e.g. drug eluting stents in
coronary interventions. In orthopaedics,
local drug delivery is used in clinical
practice for various indications, e.g. cement
supplemented by antibiotics to prevent
infection after prosthetic surgery and locally
delivered anaesthetics and analgetics to
relieve postoperative pain.152, 153

Although our studies are the first to
administer inhibitors of tissue breakdown
Drug

Model

Results

GDF-5

Rat Achilles tendon transection and

GDF-5 improved mechanics at three but not six

suture.

weeks. Improved histological score with GDF-5

Rat flexor tendon transection and

bFGF improved mechanics at three but not one

suture.

or six weeks. bFGF accelerated cellular

Rat Achilles tendon transection and

GDF-5 improved mechanics at one, two and four

suture.

but not eight weeks. Induction of cartilage-like

In vitro human tenocyte cell culture.

Type I collagen induced adhesion, proliferation

bFGF

GDF-5

Collagen

treatment.154

proliferation.155

cells.156

and protein synthesis in tenocytes.157
EGF, PDGF,
KGF

In vitro human tenocyte cell culture.

Increased proliferation with EGF, to a lesser
extent PDGF but not KGF.158

Table 8. Summary of experimental studies using sutures coated with pharmacological agents to
improve tissue healing. GDF: growth and differentiation factor. bFGF: basic fibroblast growth factor. EGF:

epidermal growth factor. PDGF: platelet derived growth factor. KGF: keratinocyte growth factor. Studies concerned

with suture coating to prevent bacterial infections or to modulate the immune response are omitted.
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were performed so that a relation between
these and MMPs and TIMPs could be
studied.

STUDY IV

Comments on methodology and design

There are several factors that might have
affected the results in this study. Firstly, it is
based on a limited number of patients which
meant that we had 70 % power (alpha 0.05)
to detect a 30 % difference in means
between groups, assuming standard deviations corresponding to 20 % of the means.
This calculation is based on parametric
statistics and not fully applicable to our
data, but still gives a hint that there was a
risk of falsely missing relevant differences
(type II error). Secondly, we chose to use
controls selected among blood donors. This
is a potential source of systematic error, i.e.
selection bias, because of the possibility that
the blood donors, who are probably more
healthy than the general population, could
have lower MMP levels, increasing the risk
of false positive findings (type I error). It is
difficult to find healthy controls at the
department or the hospital and I would like
to argue that selection of controls our way is
reasonable. Although they do not have an
equal chance as any other healthy person in
the general population to be asked to
participate, it is likely that they represent
people who would be interested in
participating. An alternative approach would
be randomly selecting controls from the
general population, e.g. via the population
register. Thirdly, there is another potential
source of systematic error. We had no
knowledge of control subjects’ history of
tendon disease, the presence of which
(misclassification bias) would dilute the
differences and increase the risk of type II
error. Although the chance of anyone of
them having had tendon rupture is quite
low, tendon problems in general are quite
common, and since they all could have
similar aetiopathogeneses, patients with
these conditions should be excluded or at
least identified. A questionnaire concerning
tendon and ligaments problems is included
in our next study. On the other hand, a main
strength of this study was that detailed
mechanical measurements of tendon healing

There is some controversy as to whether
analysis of MMPs should be performed in
plasma or serum. Apparently, serum not
only contains MMPs released from tissues
but also enzymes relased during clotting of
thrombocytes and activation of leukocytes
in the serum tube during sample preparation.
Therefore, some argue that serum levels of
MMPs are innacurate and that plasma
always should be used for MMP analyses.159
Indeed, MMP levels in serum are higher
than in plasma. However, other researchers
have shown that correlation between serum
and plasma MMPs is good for several (but
not all) MMPs, as long as sampling
procedures are standardised.160, 161 In
addition, one could argue that if one wants
to study the full “proteolytic potential” in a
patient, one might want to include MMPs
also stored in blood cells. On the other hand,
if one wants to study MMPs released from
tissues, it is probably better to use plasma.
We were actually aiming at the former, why
serum samples ought to serve best to answer
our question. We are however currently
recruiting patients to a new study with a
similar research question, where we are
aiming at measuring MMPs in both serum
and plasma.
The MMP assay recognises active MMPs,
pro-MMPs and MMPs bound to TIMPs.
Several approaches could be used to further
study the proteolytic activity in these
samples, such as measuring only the active
component of specific MMPs, or measuring
total collagenolytic and gelatinolytic
activity. By applying different methods (that
hopefully show the same thing) one could
increase the validity of the findings.
Selection of MMP-1/TIMP-1 ratio as the
primary outcome variable had a weak basis.
The only real evidence behind it was that
MMP-1 mRNA was previously shown to be
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original composition after injury. Although
healing seems absent, it cannot be deduced
from these studies whether MMP activity
has returned back to normal. If true baseline
values are of interest, biobank based
research may be more suitable, since it
would allow access to preinjury samples.
Finally, we have preliminary data (not
shown) that suggest that MMP-7 is elevated
already at the time when patients are first
diagnosed with acute Achilles tendon
rupture. Although these results need
confirmation, they support the hypothesis
that elevation of (at least) MMP-7 is
constitutive and not a reflection of changes
induced by the rupture itself.

the most highly upregulated among the
MMPs in acute tendon rupture.32 Further,
MMP-1 is capable of degrading intact
fibrillar collagens, which means that it is
one of the MMPs that controls key limiting
steps in degradation of tendon tissue. The
available data suggested that TIMP-1 was
the only TIMP elevated in acute Achilles
tendon rupture.32 It was necessary for us to
have some primary hypothesis (besides
“MMPs are elevated”), and MMP-1/TIMP-1
ratio seemed reasonable since it represented
one degradatative and one protective
component.
Data were analysed by separate Mann
Whitney U tests and there was no correction
for multiple comparisons. This of course
increases the risk for false positives, but is a
reasonable approach for an exploratory
study.162, 163 We had one primary hypothesis, and this was rejected. Thus, the
results should be interpreted in the context
of an exploratory study, i.e. they need to be
confirmed.

Comments on the findings

The results suggest that people who have
suffered Achilles tendon rupture differ from
the normal population in their proteolytic
capacity. Such differences might be genetic.
If one wants to study whether there is
possible genetic influences to a disease,
there are several other approaches. The
classical one is the epidemiological
approach to heredity. There are no reports
on family history of Achilles tendon rupture
in the literature, although one study lends
support to a generalised predisposition to
tendon rupture.47 Epidemiologic studies
have also shown increased family risk of
rotator cuff and anterior cruciate ligament
injuries.48, 49 Another approach could be
studies of genetic polymorphisms. Previous
reports have shown an association between
a polymorphism in the tenascin C gene and
tendon rupture.46 In the field of MMPs, a
couple of findings relevant to tissue healing
have been reported. There is an association
between a polymorphism in the MMP-1
gene and aseptic loosening of hip prostheses.93 In addition, a polymorphism in the
promotor region of the MMP-1 gene was
found to be associated with early failure of
dental implants.168

We measured MMPs and TIMPs in patients
who had suffered tendon rupture more than
three years earlier. This was done to acquire
baseline values, based on the assumption
that the healing process is finished by three
years. Studies of human Achilles tendon
lesions created by collecting tendon biopsies
suggest that tendons have healed at one year
after injury, as assessed by magnetic
resonance imaging.164 On the other hand,
histological and ultrastructural studies of
patellar tendons suggest that a certain
degree of abnormality in the structure of the
ECM and increase in cellularity and
vascularity is evident even up to 10 years
after injury.165, 166 However, in biopsy
material obtained at two years after harvest
of the central third of the patellar tendon
there is no immunohistochemical staining
for type III collagen, strongly suggesting
that there is no active healing.167 These data
show that tendon tissue never regains
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SPECULATIONS AND FUTURE RESEARCH
MMPs IN TENDON RUPTURE AND HEALING

levels of molecular forms of MMPs (e.g.
pro- and active forms) should be
investigated, as well as polymorphisms in
MMP and TIMP genes in patients with
tendon rupture.

Our results from study I, which show that
doxycycline impairs mechanical properties
of the Achilles tendon during healing,
underline that MMPs are important for
physiological healing of tendons. Future
research in this area should be aimed at
studying gene expression, levels and activity
of tendon MMPs and TIMPs during healing.
Preferably, healing should be studied in
models that involve healthy tendons as well
as tendinopathic tendons, to delineate
whether there is any difference between the
two. This might identify MMPs that are
deleterious to tendon healing, thus allowing
selective inhibition of these MMPs to
enhance healing. This type of study is
intimately intertwined with issues that have
evolved from study IV, which shows that
baseline systemic levels of MMP-7 are
closely related to mechanical parameters of
the tendon during healing. That is, higher
MMP-7 levels are associated with lower
tendon modulus of elasticity, and larger
cross-sectional area and tendon elongation,
indicating poorer tissue quality. This
indicates that MMP-7 might be a relevant
target to improve tendon healing. Hopefully,
some day, we will see an MMP-inhibitor in
clinical use for tendon disorders.

An epidemiological approach to the
aetiology of Achilles tendon rupture has,
this far, hardly been applied. These types of
studies could provide insight into the
hereditary component of tendon disease.
With the extensive amount of data available
in Scandinavian registries this could be done
on a population-based basis. In addition,
registries could be used to study connections
between diseases with possible common
pathobiological features, i.e. conditions
where the extracellular matrix is affected.
As an example, studies have revealed that
alterations of the extracellular matrix have a
prominent role in inguinal hernia. Intriguinly, there are finding that suggest that
these alterations are generalised. Studies on
cultured dermal fibroblasts obtained from
skin of patients with primary and recurrent
inguinal hernia revealed lowered type I/III
collagen ratio, mainly explained by
elevated levels of type III collagen.169, 170 In
addition, total and active MMP-2 was
elevated in cell cultures from transversalis
fascia samples of patients with direct
inguinal hernia.171 Results for MMP-1 and 13 are somewhat inconsistant, but point
toward a minor role for these proteinases. In
addition, an association between abdominal
aortic aneurysm, a disease where the role of
MMP-mediated collagen degradation is
firmly established,16 and inguinal hernia, has
been reported.172 Furthermore, alterations in
the ratio between type I and III collagens,
and elevation of MMPs are associated with
anastomotic leakage after colorectal surgery.

We showed that MMP-2, MMP-7 and
TIMP-2 were elevated in patients with a
history of Achilles tendon rupture. This has
implications for the aetiopathogenesis of
tendon rupture and needs further
exploration. Firstly, we plan to study
systemic levels of the relevant MMPs and
TIMP in patients with acute Achilles tendon
rupture. There are then several studies that
could be done to further investigate the roles
of MMPs and TIMPs in tendon rupture and
outcome of tendon healing. The relative
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space narrowing during a 30 month period,
as compared to patients in the lower tertile
(odds ratio 4).173 Studies of tendon healing
could also be directed at investigating
whether there is any utility in measuring
systemic MMPs at different time points to
monitor the healing process. This could
provide important information with regard
to the intensity of rehabilitation. Studies of
patients with long bone fractures suggest
that it is possible to monitor the healing
process by measuring systemic levels of
several molecules thought to be important in
repair.92, 174

Together, this has key implications for the
results of study IV, supporting the
hypothesis that local manifestations of an
altered extracellar matrix might have a
generalised background. Thus, there may be
a subset of individuals with weaker collagen
composition and an elevated capacity for
proteolysis. Preoperative identification of
these putative individuals may lead to
improved peri- and postoperative care.
Is there any clinical utility in measuring
systemic MMPs? We showed that baseline
MMP-7 was strongly related to mechanical
parameters of the healing tendon. Future
studies should be directed at investigating
the feasibility of measuring systemic MMP
in prognostic studies. These will reveal if
there is any relationship between MMPs or
TIMPs sampled at admission to hospital and
final clinical outcome, e.g. at one or three
years after tendon rupture. A similar
approach has been used in prediction of the
disease course in osteoarthritis. Patients
with plasma MMP-3 levels in the upper
tertile of the baseline distribution were more
likely to suffer progression of knee joint

Although study II shows that MMPinhibitor-coated sutures could serve to
improve suture fixation, it is doubtful
whether this approach is worth pursuing,
since improvement of mechanical strength
was very small. One approach could be to
test MMP-inhibitors selective for certain
MMP-subspecies. Before that, studies on
which MMPs to target are needed.

MMPs IN ANASTOMOTIC LEAKAGE
Anastomotic leakage is a severe complication after colorectal surgery and there has
been a long search for strategies and
medications to decrease its incidence. Is
prophylactic treatment with MMP-inhibitors
the way to go? Our study shows that the
strength of experimental anastomoses can be
improved by minute doses of an MMPinhibitor administrered via the suture and
there is relatively robust experimental
evidence that systemic MMP-inhibition
improves the strength of the anastomosis.
Before starting up clinical trials, the
pathophysiology of anastomotic leakage in
humans needs further attention. Which
particular MMPs are responsible for the

deterioration of the anastomosis? Would
inhibition of some of the MMPs even be
harmful? Studies of the colorectal MMP
response to surgery in patients with and
without anastomotic leakage will answer
some of these questions and form the basis
for selection of an MMP-inhibitor selective
for certain species of the MMPs. Short term
systemic treatment is probably feasible with
regards to side effects.105 Local treatment
could be an option would side effects from
systemic therapy be limiting. However, to
confirm the feasibility of local treatment,
studies in species larger than rats are
needed.
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DÅLIGT LÄKKÖTT [dawlicked lairk-shot§]
Dåligt läkkött is a Swedish expression. Dåligt means bad, while bra means good.
Läkkött is a word that is intranslatable to a specific English word or phrase (Nigel
Musk, personal communication). Läkkött decribes, in a somewhat raw, but precise,
vitalising and colloquial way, the healing ability of wounds. Läkkött literary means
healing flesh, and there is dåligt läkkött (bad healing ability of the flesh) and bra
läkkött (good healing ability of the flesh). Every Swedish speaking person knows
the meaning of the phrase, and probably everyone has used it sometime; “You
know, he has dåligt läkkött so he couldn’t play soccer for 11 months after that

ankle sprain”. As the reader might have guessed, I love this expression. As any
other expression commonly used in the community, it ought to have some degree
of truth behind it. Haven’t you wondered; “how’s this one going to heal”; after

finishing up the stitches of another operation? In many instances, it would be very
useful to know the outcome of healing on beforehand. We should also attempt to
prevent complications of tissue healing. Maybe, MMPs are the way to go.

MMP?

Future scenario?

§

British English prononciation
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SAMMANFATTNING PÅ SVENSKA
Kirurger behöver ständigt nya verktyg. Sådana kan vara av plast och stål, men det
finns också verktyg att hämta från sjukdomsbiologin. Det har visat sig att
proteinnedbrytande enzymer, s.k. metalloproteinaser, har betydelse vid sjukdomar
som drabbar bindväven. Våra studier handlar om metalloproteinaser och deras
hämmare. Syftet är att förse kirurger med nya verktyg.
Akut bristning av hälsenan drabbar aktiva människor, oftast i samband med
idrottsutövning. Skadan tar lång tid att läka, och en andel av patienterna kommer
inte tillbaka till tidigare aktivitetsnivå. Tidigare studier har visat att
metalloproteinaser har betydelse vid hälseneskador. Vi fann att patienter som
tidigare drabbats av hälseneskada hade förhöjda nivåer av metalloproteinas-2 och 7 samt metalloproteinashämmare-2. Det fanns också ett samband mellan
metalloproteinas-7 och styrkan i den läkande senan, där högre nivåer var kopplade
till sämre styrka. Vår undersökning fann de förhöjda halterna av proteinerna i
blodet, något som antyder att det föreligger en generell förändring i förmågan att
bryta ned proteiner hos dessa patienter. En sådan förändring skulle kunna vara
genetisk. Denna studie öppnar vägen för fortsatta studier av betydelsen av
systemiska faktorer för senskador.
Vi har också undersökt hur metalloproteinashämmare påverkar läkningen av
hälsenan. I ett experiment fann vi att en brett verkande hämmare som gavs till
försöksdjur i dricksvattnet hämmade läkningen av hälsenan. Detta var den första
studien som visade att metalloproteinashämmare påverkar senor. Vi visade sedan
att en metalloproteinashämmare förbättrar infästningen av kirurgiska sytrådar i
hälsenan. Denna effekt sågs både när läkemedlet gavs i drickvattnet och när vi
tillförde det lokalt, fäst på sytrådens yta. Vi kunde i ett annat experiment bekräfta
att lokal tillförsel av metalloproteinashämmare på sytråden också fungerade i en
modell för grovtarmsläkning, där försöksdjur som fått läkemedlet hade starkare
tarmskarv än gruppen som inte fått denna behandling.
Kanske får vi i framtiden se kirurger använda sig av farmakologiska och
diagnostiska vertyg baserade på kunskaper om metalloproteinaser.
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