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Abstract Tendons and ligaments are elastic collagenous
tissues with similar composition and hierarchical structure,
contributing to motion. Their strength is related to the
number and size of the collagen fibrils. Collagen fibrils
increase in size during development and in response to
increased physical demands or training. Tendon disorders
are commonly seen in clinical practice and give rise to
significant morbidity. Treatment is difficult and patients
often suffer from the symptoms for quite a long time.
Despite remodelling, the biochemical and mechanical
properties of healed tendon tissue never match those of
intact tendon. The prerequisite for focussed treatment
strategies in the future will be an improved understanding
of the molecular events both in the embryo and contributing
to regeneration in the adult organism. Novel approaches
include the local delivery of growth factors, stem- and
tendon-cell-derived therapy, the application of mechanical
load and gene-therapeutic approaches based on vehicles
encoding selected factors, or combinations of these.
Important factors are proteins of the extracellular matrix
like the metalloproteinases, growth factors like the bone
morphogenetic proteins but also intracellular signalling
mediator proteins, such as the Smads and transcription
factors from the helix–loop–helix and other families. In this
review, we focus specifically on such molecular approaches
based on mesenchymal stem cells.

Résumé Les tendons et les ligaments sont constitués de
fibres élastiques de collagène dont la composition est
similaire de même que leur structure contribuant au
mouvement. Leur résistance est parallèle au nombre et à
la taille des fibres collagènes. Si les fibres collagènes
grossissent durant la croissance, il en est de même en
réponse à une augmentation de l’entraînement physique. A
titre clinique on rencontre relativement fréquemment les
problèmes tendineux responsables d’une certaine morbidité.
Le traitement en est difficile, les patients sont affectés sur
un temps relativement long de troubles secondaires à ces
lésions. En dépit du remodelage, les propriétés biomécani-
ques et biochimiques d’un tendon, d’un tissu tendineux
guéri ne peuvent être comparés à ceux d’un tendon sain.
Les prérequis d’une stratégie thérapeutique devrait, dans le
futur, permettre de mieux comprendre ce qui se passe au
moment du développement embryologique et de la régén-
ération au niveau de l’organisme adulte. Une nouvelle
approche thérapeutique doit prendre en compte l’adminis-
tration de facteurs de croissance et l’utilisation de cellules
souche dans le cadre d’une thérapie génique. Les facteurs
importants sont les protéines de la matrice extracellulaire
comme les métalloprotéinases de même que les facteurs de
croissance de type BMP mais il faut prendre en compte
également les facteurs de transcriptions chromosomiques.
Pour cette étude, nous nous sommes spécialement centrés
sur de telles molécules et sur les cellules souches mesen-
chymenteuses.

Structure and composition of tendons and ligaments

Ligaments connect bones to each other in order to restrict
their relative motions. According to this definition, the
patellar tendon in fact is a ligament. Ligaments are pliable
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but essentially not elastic, contrasting with tendons.
Tendons link muscles to bone at the musculo-tendinous
junction and osteo-tendinous junction or enthesis, respec-
tively. The structure and composition of tendons and
ligaments are similar: water is predominant at 55–70%
(higher in tendons). Additional components are collagen
(type I predominant, some type III) amounting to 70–80%
of the dry weight, elastin, proteoglycans, glycosaminogly-
cans and glycoproteins (e.g. fibronectin, thrombospondin).
Fibrillar collagen type I gives ligaments and tendons their
high tensile strength and is responsible for the hierarchical
structure (Fig. 1): soluble tropocollagen molecules (a triple
helix with two alpha-1 chains and one alpha-2 chain)
spontaneously self-assemble after secretion and cross-link-
ing (which results in the formation of insoluble collagen
molecules) into collagen microfibrils. Microfibrils arrange
themselves into larger units, called subfibrils, in ligaments
or subfascicles/primary fibre bundles in tendons. The fibrils
then gather into collagen fibres or fascicles/secondary fibre
bundles. In addition, tendons are bound together by the
endotenon, a loose connective tissue that also includes
blood, lymph vessels and nerves and is continuous with the
epitenon which surrounds the whole tendon. Surrounding
the epitenon superficially, another thin layer, called para-
tenon, is present, which allows free movements within the
surrounding tissue. Epi- and paratenon together constitute
the peritenon. Long tendons such as the digital flexor
tendon are additionally enclosed in a synovial sheath that
gives lubrication and enhances gliding.

The cellular elements within ligaments and tendons—
fibroblasts that synthesise and secrete the collagen and all
components of the extracellular matrix—are interspersed
between the collagen bundles and lie along the long axis.
The fibroblasts are termed “tenoblasts” or “ligamento-
blasts” when still immature. They are spindle-shaped. As
they age, teno-/ligamentoblasts become elongated and
transform into “teno-/ligamentocytes.” Together, tenoblasts
and tenocytes account for 90–95% of the cellular elements
of tendons. The remaining 5–10% consists of chondro-

cytes at the bone attachment and insertion sites, synovial
cells of the tendon sheath and vascular cells, including
capillary endothelial cells and smooth muscle cells of
arterioles [39].

Properties and functions

Ligaments and tendons are extraordinarily strong in resist-
ing tensile loads. For example, the digital flexor tendon of a
horse is strong enough to support the weight of two large
automobiles [28]. Tendons are viscoelastic tissues in
exhibiting time-dependent strain and relaxation rates.
Below a strain of about 4%, a tendon behaves in an elastic
way, which means that it returns to its original length and
performance upon strain release. A strain in excess of 4%
causes microscopic or macroscopic failure [22].

A second and less often mentioned function of tendinous
and ligamentous tissue is proprioception: mechanoreceptors
serve to protect, e.g. the knee, from extremes of motion,
thereby, maintaining the stability of joints or provide
feedback control that changes muscle activity when
resistance to movement is encountered.

Tendons and ligaments consume comparatively low
amounts of energy by themselves, resulting in a modest
metabolic rate. Concomitant to their well-developed anaer-
obic energy generation (glycolysis and pentose phosphate
cycle as opposed to the aerobic Krebs or citrate cycle), this
enables them to bear loads and maintain tension for
extended periods of time. This, in turn, reduces the
incidence of ischemia and, consequently, necrosis. On the
other hand, the low metabolic rate entails slow healing after
injury, as will be discussed below.

Pathology and healing

Tendon and ligament injuries account for considerable
morbidity and often prove disabling for several months.

Fig. 1 The organisational struc-
ture of tendons
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They can be acute or chronic and are caused by intrinsic
and/or extrinsic factors. Intrinsic factors are: age, gender,
biomechanics, systemic diseases like rheumatoid arthritis
and probably genetic factors as discussed by Rees et al.
[35]. They can be manipulated only marginally. Extrinsic
factors include: physical load, environment, occupation and
training. There are different terms for tendon injuries: the
term “tendinosis” describes a degenerative tendon without
accompanying inflammation, while “tendinopathy” depicts
an inflammatory reaction subsequent to rupture or vascular
damage [35]. “Tenosynovitis” implies inflammatory changes
in synovial sheaths and is a term commonly used in any
tendon sheath disorder [6].

Tendon healing occurs in three overlapping phases [40]:
first, the inflammatory stage lasting hours to a few days;
second, the remodelling stage with collagen type III syn-
thesis; and third, the modelling stage after about 6 weeks,
which can be divided into a consolidation and a final
maturation phase, during which, the healing tissue is
resized and reshaped. During the consolidation phase,
collagen type I synthesis is initiated. In the maturation
stage, the fibrous tissue slowly (within several months)
transforms into scar tissue.

Molecular players in tendon formation
and regeneration

The prerequisite for focussed treatment strategies in the
future requires an improved understanding of the molecular
events leading to tendon/ligament formation in the embryo
on one side and contributing to regeneration in the adult
organism on the other. During embryogenesis, a unique
compartment of the somite, called the syndetome, provides
tenocyte progenitors for the development of the axial
tendons. Inductive interactions between the well-described
myotome and sclerotome layers generate the syndetome,
demarcated at the earliest stages of development by the
expression of the basic helix–loop–helix (HLH) transcrip-
tion factor Scleraxis (Scx) [8]. A comparable system for the
development of appendicular tendons may be envisaged.
However, although Scx expression has been implicated as
necessary, it seems not sufficient to trigger tendon and
ligament formation: in C3H10T1/2 mesenchymal progeni-
tor cells, the overexpression of Scx in vitro is not sufficient
for tenocyte formation (own observations) and also retro-
viral misexpression in the chick limb bud did not exhibit a
significant phenotype [37]. Although it might be notewor-
thy to remember that tissue-specific HLH transcription
factors like Scx work rather like dimers with their
ubiquitously expressed partners, the E-proteins and simul-
taneous overexpression of E-proteins may be required to
elicit a significant phenotype. Other transcription factors

involved in tendon/ligament formation may be Six1, Six2
(sine oculis; [33]), as well as the Eya proteins, Eya1, Eya2
(eyes absent; [45]), which are expressed during limb
formation in developing tendons and ligaments. But,
strictly speaking, no master genes and not many real
marker genes for tendon or ligament development have
yet been identified.

Tendon healing studies have mainly been performed on
either transected animal tendons or ruptured human
tendons. Due to this fact, their relevance to degenerate
human tendons remains unclear. The management of
tendon injury still poses a considerable challenge for cli-
nicians: the body is able to heal most areas of damage with
fibrous scar tissue with collagen as a major component but
the fibres are randomly arranged in all directions. The
biochemical and mechanical properties of healed tendon
tissue never match those of intact tendon. Therefore, the
ultimate aim of all cellular and gene therapies would be to
restore functional tissue. In order to pursue this aim,
different studies have been undertaken. These include:
local delivery of growth factors, stem-cell and tendon-
derived cell therapy, application of mechanical load, and
gene-therapeutic approaches based on vehicles encoding
selected factors, or combinations of these (reviewed, e.g.
in [19]).

Local delivery of growth factors

The paracrine signals that fine-tune multipotent mesenchy-
mal progenitors to the unique tenocyte fate during normal
development are virtually unknown but they appear to
involve FGFs [7] and key members of the transforming
growth factor/bone morphogenetic protein superfamily,
such as growth and differentiation factor 5 (GDF5),
GDF6 and GDF7 [44]. The inactivation of GDF5 and
GDF6 genes in mice causes defects in ligaments [10, 29,
38, 41]. The injection of recombinant growth factors or on
carriers as supporting materials was performed on injured
tendons. GDF5, GDF6 and GDF7 were also successfully
used in dose–response studies for rat Achilles tendon
healing [12, 13, 42]. Most importantly, however, some of
these studies observed not only tendon formation in vivo
but also the formation of bone and/or cartilage, resulting in
reduced elasticity and stability of the newly formed tendon
tissue [1, 44]. Other factors like platelet-derived growth
factor [5, 18], epidermal growth factor and insulin-like
growth factor [36], alone or in combination, not only
directly influence tissue regeneration but are also beneficial
in terms of anti-inflammatory function and the chemo-
attraction of cells. Important issues in all of these
approaches are the amount of growth factor administered
and the time point of administration, as well as the
treatment regimens.
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Cell-derived therapies

One possibility is the use of tissue-restricted, in this case,
tendon-derived cells. Alternatively, stem cells have the
capacity to regenerate tissue (see section titled Genetically
modified stem cells: MSCs for gene delivery to tendons)
and the influence of the local surroundings may trigger their
differentiation into tendinous or ligamentous tissue. What-
ever their source, cells are applied to scaffolds and im-
planted or injected directly into the defect site.

Recently, four cellular sources from different tendon/
ligament tissue were investigated for a tissue-engineered
ligament replacement [11]. The investigators suggested cells
from the anterior cruciate ligament as the most suitable cells
for the development of tissue-engineered ligament and
tendon.

Strategies for a successful mesenchymal stem cell (MSC)
dependent repair of tendon tissue have been described in
several studies. MSC–collagen composites were used for
tendon repair of the patellar tendon, resulting in a higher
capacity to resist maximum stress [2]. A significant part of
these MSC–collagen grafted tendons developed bone in the
repair site probably due to the high cell to collagen ratios of
the implant [23].

Alternatively, many in vitro approaches try to mimic the
mechanical and chemical micro-environment that may be
necessary to provide tendon-derived cells or MSCs with the
cues to develop into tendo-/ligamentocytes. Tendon-derived
cells fabricated in a mechanically loaded, linear collagen
gel construction assume a phenotype that is similar to that of
a native tendon in terms of appearance and expression [14].
MSCs were formatted into a type I collagen gel, the ends
fastened to a spring to keep the cells under constant load.
The cells were oriented with regard to the suture and aligned
with the load axis within an Achilles tendon defect in adult
rabbits after implantation. At 3 months, efficient neo-tendon
tissue formation was observed in vivo [3, 4, 9, 46]. In
conclusion, the mechanical loading of stem cell or tendon-
derived cells appears to be a very promising alternative to
the classical treatment of tendon disorders but needs clinical
evaluation.

Gene-therapeutic strategies

Instead of using recombinant proteins or cells, the delivery
of therapeutic genes has been investigated. Two major mo-
dalities are available: in vivo local delivery of vehicles
(which is favoured in contrast to systemic delivery) or ex
vivo modification of cells and their subsequent reinjection
or reimplantation. This second approach will be separately
discussed in the next section.

Adenovirusses encoding lacZ were injected into rabbit
patellar tendon but resulted in only a few cells within the

tissue that subsequently actually expressed lacZ [15].
Alternatively, lacZ adenovirusses were transferred into
chicken tendon and tendon sheath. Here, tendon staining
was found in the epitenon layer and was, therefore, also
limited [26]. A third study used lacZ adenovirusses in a
model of ruptured versus non-injured medial and anterior
cruciate ligaments. In addition, the direct injection of
viruses was compared with the injection of virally modified
cells. Transfected cells were found incorporated in ligament
structures [17]. In conclusion, the direct administration of
(adeno)viruses is possible but may not be the optimal
choice, since the dense extracellular matrix apparently
interferes with efficient infection and also with gene
transfer into tenocytes.

Genetically modified stem cells: MSCs for gene
delivery to tendons

Adult stem cells open the possibility to treat diverse
diseases by autologous transplantation (i.e. using the
patient’s own cells after ex vivo expansion), either through
local application or through systemic infusion. Alternative-
ly, since human MSCs are thought to be non- or only
faintly immunogenic, even the use of allogenic donor cells
might become feasible. MSCs have—due to their potential
use in regenerative medicine and tissue engineering—
obtained high therapeutic relevance.

The implantation of a three-dimensional polycaprolac-
tone fibre scaffold was performed at the knee joint of
rabbits to support and deliver lacZ gene-marked allogenic
MSCs in combination with a fibrin glue [16]. GDF7-
transfected mesenchymal stem cells contributed to the
healing of a tendon defect [27].

A novel approach from our group resulted in both
ectopic tendon formation and repair of a rat Achilles tendon
partial defect [20]: plasmids encoding the growth factor
bone morphogenetic protein-2 (BMP2) and a biologically
active variant of the Smad8 signalling mediator protein
(constitutively active Smad8, Smad8ca) were stably intro-
duced into mesenchymal progenitor cells C3H10T1/2.
Smads are a group of related intracellular proteins that
transmit TGF-β/BMP-superfamily signals from ligand-
activated cell surface receptors to the nucleus (Fig. 2). A
constitutively active R-Smad, i.e. a Smad protein that is
constantly active, even in the absence of ligand, can be
generated artificially. This molecule is also depicted in
Fig. 2. In the presence of both BMP2 and Smad8ca,
C3H10T1/2 mesenchymal progenitor cells adopt a teno-
genic fate as demonstrated in vitro and in vivo on a
molecular level, histologically and through double-quantum
filtered micro-MRI analysis, which specifically highlights
water in oriented collagen bundles. Neither cells expressing
Smad8ca alone (in the absence of BMP2), wild-type Smad8
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plus BMP2 nor GDF5 or TGF-β are able to give rise to a
similar phenotype. Importantly, no bone formation was
observed, despite the presence of BMP2.

What may be the molecular events triggered by the
transcription factor Smad8 that ultimately lead to tendon/
ligament formation? Our hypothesis is that the highly

ordered collagen structure of tendons, which is the principal
difference to other connective tissues, is related to the
BMP2/Smad8ca signalling system, resulting in the synthe-
sis of secreted matrix components that are necessary and
sufficient for the ordered collagen structure and organised
extracellular matrix (ECM) micro-environment to form.

The most important system involved in ECM remodel-
ling are the matrix metalloproteinases (MMPs) [34]. In
addition, the TIMPs (tissue inhibitor of metalloproteinases)
and α2-macroglobulin serve to regulate MMP activity. The
interplay between MMPs and TIMPs may be one of the key
factors in the generation of the specialised collagen
structure of tendons and ligaments [24, 25]. This is in
particular highlighted by the activities of MT-1/MMP14.
This membrane-bound MMP binds to the tissue inhibitor of
metalloproteinase-2 (TIMP2), which binds to pro-MMP2,
thereby, positioning it for activation by a second molecule
of MMP14 and processing it to active MMP2 [34, 43].
Interestingly, Mmp14 knockout mutants are grossly defec-
tive in the remodelling of the connective tissue, show
increased bone degradation and also exhibit a tendon
phenotype [21]. Based on these observations, one may
postulate that a stem-cell-mediated overexpression of, e.g.
MT-1/MMP14, in tendons will result in significantly
increased tendon remodelling and higher levels of tendon
formation.

Moreover, collagen-associated proteins contribute to in
vivo collagen fibrillogenesis and regulate the mechanical
properties of connective tissues: tenascin-X [30], decorin,
biglycan [47] or periostin [32]. Although not explicitly
demonstrated in the latter study, periostin may be deeply
involved in the structural regulation of collagen fibrillo-
genesis in tendons. In gene profiling analyses, we could
show that periostin is dramatically upregulated in the Smad8-
dependent model of tendon formation described previously
(unpublished observation). Decorin downregulation exhibited
a deep impact on collagen fibrillogenesis and led to a
significantly improved healing of tendon defects [31].

Future aspects

The current options for the therapy of tendon and ligament
injuries do not provide satisfactory long-term results and
new therapeutic modalities are required. New and improved
scaffolds have to be developed which exhibit a greater
balance between stiffness and elastic compliance. Mechan-
ical stimulation, growth factors and hormones may be
needed for an optimal control of the differentiation process
during regeneration. The first successful cell and gene
therapy approaches involving tendon-derived cells or MSCs
for tendon and ligament engineering have been reported
and may evolve as an attractive option.

Fig. 2 a BMP-mediated Smad-signalling. The constitutively active
BMP-type II receptors (blue) phosphorylate the BMP-type I receptors
(ALKs; activin-like kinase receptors; green) on specific serine and
threonine residues in the GS domain (yellow). These activated BMP-
type I receptors propagate the signal downstream by directly
phosphorylating the latent and inactive BMP-specific R-Smads
Smad1, 5 or 8. The R-Smads form heteromeric complexes with the
common mediator Smad4 that translocate into the nucleus. In
combination with transcription factors (TF), Smads regulate gene
transcription. b R-Smad and L+MH2 structures. The SxS motif
located at the distal end at the carboxyterminus of R-Smads is directly
phosphorylated by BMP type I receptors to convert the latent Smads
to active signalling mediators. Since the Smad8 L+MH2 fragment
lacks intrinsic DNA binding, its tenogenic actions are mediated by
regulatory protein–protein interactions
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